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Abstract 
 
Like any other flying system, Kitepower poses risks to third-parties on the ground. Therefore, in 
this thesis a safety risk assessment is performed for the system of Kitepower. The research 
question of this thesis is: Which third-party risks are posed by Kitepower operations and how high 
are these? Kitepower uses a kite attached to a fixed ground station via a tether to harvest energy. 
This tether is reeled out by performing crosswind manoeuvres with the kite. The tether is retracted 
in a situation where the kite is in a gliding configuration with different aerodynamic settings. 
Therefore, there is a net energy gain between these two modes. 
 
Firstly, a pure hazard brainstorm is performed to identify the hazards of the Kitepower operations. 
With these hazards four safety-relevant scenarios are constructed. The identified safety-relevant 
scenarios are: the kite, KCU, and tether fly away; the kite and KCU fly away; the kite flies away; 
and the complete system slides over the ground. Only the first scenario is modelled in this thesis 
because the first scenario is the most likely scenario. 
 
The first scenario is modelled by using a model framework that is developed to estimate the third-
party risk posed by a drone-based parcel delivery service. This model is adapted to the situation in 
which the kite, KCU, and tether fly away. A flight path model is used from a preceding MSc thesis. 
The non-nominal descend model is developed by simulating the forces on the kite. These models 
have been integrated in a Monte Carlo simulation that simulates the tether failure and subsequent 
landing of the kite multiple times at the proposed test location in Rutten, the Netherlands.  
 
In the results it is found that the individual risk is the most critical in terms of regulation limits. The 
operational zone should be enlarged to a radius of 500m in the dominant wind direction at location 
Rutten to comply with the individual risk limits. The system operations comply with the regulations 
in terms of collective ground risk. However, it is also observed that the population density and wind 
conditions have a large impact on the individual risk and collective ground risk. Therefore, these 
parameters should be adapted if the risk is assessed for new locations. Furthermore, the tether 
failure rate should be based on operational data and not on the Kitepower expert his assumptions. 
Lastly, the scenarios that are not analysed yet should be analysed in further research. 
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1 Introduction 
 
In this chapter the topic of this thesis is introduced. Firstly, the research motivation and context 
around the safety evaluation of the system is discussed. Next, the research question is introduced. 
Lastly, there is elaborated on the report structure. 
 

1.1 Research Motivation 
Global warming is a significant challenge that the world is currently facing. Therefore, a shift in 
energy generation from fossil energy to renewable energy is needed. Wind energy has developed 
from an experimental source of energy to one of the most important renewable energy sources in 
the past decades. At the moment, wind energy delivers more than 590 GW of energy, which is 5% 
of the global energy consumption [Wiser and Bolinger, 2018]. The main disadvantage of wind 
energy was its cost per kilowatt hour, but even the cost has dropped to a competing level: below 4 
cents per kWh at different locations [Wiser and Bolinger, 2018]. Therefore, wind energy is able to 
compete with fossil energies. However, the world still needs to make a significant shift from fossil 
to renewable energy, creating a need to harvest more wind energy. Harvesting more wind energy 
can be achieved in several ways, such as more efficient wind turbines, larger wind turbines, and 
more wind turbines. This causes some problems. Firstly, ground-level winds are not present 
everywhere on earth. Therefore, only a small part of the world is able to generate energy at such a 
low level of cost. Furthermore, 71% of the earth is covered by water [Gleick, 1993]. Thus, deep-
water offshore location are needed to generate energy. These floating platforms and systems are 
expensive and therefore economically less relevant. A lot of research is performed on this topic, 
economic development of floating offshore wind energy. A solution is airborne wind energy (AWE). 
In AWE, the tower is replaced by a tether, allowing AWE to harvest wind energy at higher altitudes. 
These heights cannot be reached with conventional wind turbines since their economically feasible 
maximum hub size is around 200m [de Castro et al, 2011], because structural costs increase 
enormously at these lengths. Since AWE does not have these cost, it can reach the high altitudes 
with steadier and stronger winds. AWE is also cheaper to manufacture than conventional wind 
turbines because of the lower total mass of materials. 
 
One of the AWE system solutions is developed by the Dutch company Kitepower. Kitepower uses 
a kite attached to a fixed ground station via a tether to harvest energy. This tether is reeled out by 
performing crosswind manoeuvres with the kite. The tether is retracted in a situation where the kite 
is in a gliding configuration with different aerodynamic settings. Therefore, there is a net energy 
gain between these two modes. AWE and Kitepower operations are more complex than 
conventional wind turbines. Furthermore, there are currently no regulations for AWE since it is a 
new industry. At the moment Kitepower is only allowed to operate at two spots in the Netherlands. 
Therefore, regulations become more and more important because the system comes closer to the 
commercial utilisation and to be able to operate at new locations. The safety risks to third-parties 
on the ground posed by Kitepower are a concern for the operator and the third-parties on the 
ground. Furthermore, it is difficult to regulate Kitepower, but also AWE in general, in an existing 
legal European framework. Therefore, there is a need to conduct a systematic safety evaluation. 
 
Thus far, only reliability assessments are performed on the system of Kitepower by Salma et al. 
(2019). Even for other AWE systems than Kitepower there is no quantitative safety risk 
assessment available publicly. Therefore, a quantitative third-party safety risk assessment of the 
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Kitepower operations is needed. The outcome of this quantitative safety risk assessment of 
Kitepower operations will give new insights for the design team of Kitepower and will be a sole 
basis for the discussion with regulators. 
 

1.2 Research Question 
The aim of this research is to quantify the third-party risk posed by the operations of Kitepower. 
This is done by adapting the existing third-party risk model framework from Blom et al. (2020). In 
this thesis the operations of Kitepower is modelled as an agent-based system. Next, the hazards 
are identified by a performed pure hazard brainstorm. Subsequently, an identified safety-relevant 
scenario is modelled by the adapted third-party risk model. Lastly, the results are compared with 
the current third-party risk regulations. The critical components or processes are identified and 
communicated with the design team of Kitepower. Therefore, the research question for this thesis 
is defined as follows: 
 

Which third-party risks are posed by Kitepower operations and how high are these? 
 

1.3 Report Outline 
This master thesis consists of ten chapters. Firstly, in chapter 2 the operations of the system are 
explained. Secondly, in chapter 3 third-party risk modelling is introduced. Thirdly, in chapter 4 an 
overview of the regulations on AWE and third-party risk is given. In chapter 5 the operations of the 
system are modelled as an agent-based system, as a first step in the safety risk assessment. Next, 
in chapter 6 the safety-relevant scenarios are identified by using the performed pure hazard 
brainstorm. Subsequently, the developed third-party risk model is described in chapter 7. In 
chapter 8 the model implementation, validation, and verification are discussed. Furthermore, in 
chapter 9 the results are depicted and the sensitivity analysis is performed. Finally, in chapter 10 
the thesis is concluded and recommendations are given for further research. 
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2 Operations Description 

To understand this thesis two important research fields are needed, the operations of Kitepower, 
and third-party risk modelling. Firstly, in this chapter the operations of Kitepower are introduced. 
The operations of Kitepower are currently in the testing phase. This means that the design of the 
system will still change in the future. The current system design is analysed in this thesis, therefore 
the current system is described in this chapter. In section 2.1 the major system components are 
introduced. Secondly, in section 2.2 the influence of humans on the operations is explained. Next, 
the major operational phases of Kitepower are discussed in section 2.3. Lastly, in section 2.4 the 
different operational modes are discussed. 
 

2.1 System Components 
In this section the major system components are introduced. In Figure 2.1, the overview of the 
system is depicted. The system consists of four major components: kite, kite control unit (KCU), 
tether, and ground station.  
 
 

 
Figure 2.1: Components overview of the system [Kitepower, 2021]. 

 
Kite 
The wing of the system is a kite which looks similar like a kite from kite surfing. The kite is a sail 
with inflatable beams in two directions, span and chord direction. The kite, that is analysed, has a 
surface area of 60 m2. The kite is attached to the tether and KCU, both introduced in the next 
paragraphs, with the bridle system as depicted in Figure 2.2. The bridle system consists of three 
major components. Firstly, the leading edge of the kite is attached with bridles to the tether, the 
front tube suspension. The main function of the front tube suspension is the load transfer from the 
kite to the tether. Secondly, the wing tips of the kite are attached at the rear to the KCU, the 
steering lines. The KCU influences these two steering lines. The angle of attack is changed by 
symmetrically changing the length of the steering lines. The heading of the kite is changed by 
asymmetrically changing the length of the two steering lines. Lastly, the kite is attached to the 
tether with a safety line. The attachment point is different than the front tube suspension. There is 
a weak link and a redundant safety release mechanism in between. The weak link breaks if the 
load on the tether is too close to the tether limit. The redundant safety release mechanism 
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separates the tether from the KCU if an unsafe situation is detected by the KCU, the ground 
station, or the operator. The safety line is still attached to the tether in these situations. While the 
front tube suspension is not attached in these situations. The safety line is only under tension in 
these emergency situations. 
 

 
Figure 2.2: Schematic layout of the kite, bridle system, and KCU [van der Vlugt et al., 2013]. 

 
In the kite there are also GPS and two Inertial Measurement Units (IMU’s) present to measure the 
state. The GPS has a redundancy of two. The IMU’s have both a redundancy of three. The GPS 
and IMU’s together determine the location, velocity, and (rotational) accelerations of the kite. The 
GPS and IMU’s are attached with a four core cable to the KCU. 
 
Kite Control Unit 
The KCU is a cable robot that is suspended below the wing and steers the kite. The KCU is 
located between the kite and the tether, as depicted in Figure 2.1 and Figure 2.2. The KCU is 
attached by the bridle system and the tether. The KCU has the following components: 
 

• Depower tape: The depower tape is attached to both steering lines, of the bridle system, 
and the depower winch. 

• Depower winch: The depower winch influences the angle of attack of the kite by changing 
the length of the depower tape. This influences the depower state of the kite, the power the 
kite generates. 

• Depower brake: The depower brake is used to arrest the depower winch. 
• Steering tapes: The steering tapes are attached to both steering lines, of the bridle system, 

and the steering winch. 
• Steering winch: The steering winch influences the heading of the kite by changing the 

length of the steering tapes asymmetrically.  
• Gearboxes: Gearboxes are present for the depower winch and steering winch. 
• Ram air turbine: The ram air turbine is present on the KCU. This module generates energy 

for the battery, winches, and computer of the KCU. 
• Battery: The rechargeable battery supplies electrical energy to the computer, depower 

winch, steering winch, and sensors (GPS and IMU’s) in the kite. 
• Computer: The computer is the brain of the robot. The software of the computer consists of 

the following components: 
 



       

14 
 

o Message forwarder KCU: The message forwarder routes all messages between the 
KCU and ground station. The communication, between the KCU and the ground 
station, is performed by a 5 GHz WIFI link. 

o Kite control daemon: The kite control daemon reads the kite sensors and the state 
of the kite. Furthermore, it receives the desired state of the depower winch and the 
steering winch from the flight path controller. Based on this information, commands 
are sent to the depower winch and the steering winch. 

o Kite state estimator: The kite state estimator reads the kite state, KCU state, and 
ground state, received by the message forwarder. Next, it estimates the future state 
of the kite. The estimated future state is sent to the flight path controller. 

o Flight path controller: The flight path controller sends messages to the kite control 
daemon to steer the kite. Moreover, the kite receives the estimated future state of the 
kite, the current state of the kite and the KCU, and the desired trajectory from the 
message forwarder if the path is adapted during the operation. 

o Health supervisor KCU: The health supervisor KCU normally only monitors the 
health of the connection to the ground station. However, if this connection is lost it 
monitors the health of the KCU and the kite. Furthermore, in the scenario of 
connection loss, the health supervisor turns on the system state controller. 

o System state controller KCU: The system state controller is turned on by the health 
supervisor if needed. The system state controller checks the state of all components 
of the system and sends this information to the health supervisor. 

 
Tether 
The tether connects the ground station and the kite. The tether is depicted in Figure 2.1 and is a 
14mm dyneema rope with a total length of 360m. The main function of the tether is the load 
transfer from the KCU to the ground station, no electricity is transferred via the tether. Due to the 
length of the tether, only one tether is present. The tether is designed in a “safe-life” philosophy. 
This means that the tether is designed to not fail within a certain amount of time or number of 
cycles. The tether is replaced after a certain amount of time or number of cycles. 
 
Ground Station 
The ground station is located at the ground. The ground station is attached with the tether to the 
rest of the system. The ground station has two main functions. Firstly, it converts the tether force 
into electrical energy. The second main function is the tether retraction. The ground station has the 
following components: 
 

• Winch: The winch is the component that reels-in or out the tether.  
• Generator: The generator generates electrical energy with the torque of the winch during 

the reel-out of the tether and generates the torque for the winch during the reel-in of the 
tether. 

• Gearbox: The gearbox is the mechanism between the generator and the winch. 
• GPS: The GPS measures the location of the ground station. 
• Weather sensor: The weather sensor measures the weather at the ground station. It 

measures the wind velocity and wind direction. The weather sensor is located close to the 
ground station. A cable connects the weather sensor with the computer. 

• Computer: The computer is the brain of the ground station. The software of the computer 
consists of the following components: 
 

o Message forwarder ground station: The message forwarder routes all messages 
between the ground station and KCU. The communication, between the KCU and the 
ground station, is performed by a 5 GHz WIFI link. 
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o Winch control daemon: The winch control daemon is the control centre of the 
winch. It receives the winch control commands from the KCU and sends back the 
winch state to the KCU. Furthermore, it sends the winch state to the ground state 
estimator. The winch control daemon is programmed in a way that the tether is 
always reeled in if there is no or too little tether force. 

o Sensor daemon: The sensor daemon reads the GPS sensor and weather sensor. 
The output is the ground state. The ground state is sent to the ground state estimator 
and to the KCU, via the message forwarder. 

o Ground state estimator: The ground state estimator estimates the future ground 
state with the winch state and ground state.  

o Health supervisor ground station: The health supervisor monitors the complete 
system, including kite and KCU. Furthermore, the health supervisor sends orders to 
the system its components if actions are needed. 

o System state controller ground station: The system state controller checks the 
state of all components of the system and sends this information to the health 
supervisor. 

o Proto logger daemon: The proto logger daemon receives all messages sent around 
and logs them. 

 

2.2 Human Intervention 
The human intervention in the operation of Kitepower is explained in this section. Two human 
teams are present in the operations of Kitepower, the caravan team and the field team. The 
caravan team monitors the operation from a display and intervenes if needed. The caravan team 
could be located remotely. The field team prepares the system before launch and monitors the 
system visually in the field. Both teams are discussed in more detail in this section. 
 
Caravan Team 
The caravan team has a display in front of them. This display is connected to the system. This 
display depicts the following: 
 

• System state: The state of the ground station, KCU, and kite are depicted. 
• Top view: The display depicts the position of the kite from above, centred around the 

ground station. 
• Front view: The display depicts the position of the kite in the hemisphere around the 

ground station. 
• Control state: The display depicts the information about the current control state of the kite 

(steering and depower position) and which device controls the kite. 
 
Next to the observing task, the caravan team can also intervene. This is done by starting another 
mode. These modes are discussed in section 2.4. However, in principle the caravan team does not 
intervene, only when anomalies occur. The caravan team usually consists of only one person. 
 
Field Team 
The field team always stands in the field. Before launch the field team prepares the ground station, 
kite, and KCU. During and after launch the field team monitors the system and the environment, 
only one person is needed for these tasks. If needed, the field team intervene physically to the 
ground station. If actions are needed, for example, the mode needs to be changed, the field team 
communicates the observations to the caravan team. During landing, the field team secures the 
kite and packs the complete system.  
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2.3 System Phases 
In this section the operations phases of the system are described. The kite has the following 
operations phases: launch, normal operation or pumping cycle, and landing. The phases are as 
follows: 
 

• Launch: The first phase is the launch of the kite. The kite, KCU, and ground station are 
prepared by the field team. The caravan team monitors the system and orders the system 
to launch the kite. The kite is anchored with magnets to the ground and raised. The bridle 
system and tether are tensioned. The kite releases and takes-off at the point that the bridle 
system and the tether are under tension. If not enough wind is present the tether is reeled in 
to make sure the kite takes off.  

• Pumping cycle: The second phase is the pumping cycle or normal operation. After the 
launch phase the kite starts the normal operation, if no anomalies are detected. This normal 
operation is a so called “pumping cycle”. An overview of the pumping cycle is depicted in 
Figure 2.3. The pumping cycle has four sub-phases. The sub-phases are: 
 

o Reel-out: In the reel-out phase, the most energy is gained by reeling out the tether. 
In the reel-out phase, the kite flies a figure of eight, crosswind manoeuvring, to 
optimally gain energy. 

o First transition: In the first transition phase, the kite depowers, decreases the angle 
of attack, and moves to the highest point of the operation, the pointtozenith, before it 
is retracted by the tether. 

o Reel-in: In the reel-in phase, the tether of the kite is retracted. The kite has a smaller 
angle of attack in this phase. This results in less drag than during the reel-out phase. 
This drag difference causes a net generation of energy. 

o Second transition: In the second transition phase, the kite powers, increases the 
angle of attack, and moves to the starting point of the reel-out phase. After this 
transition, the reel-out phase starts again. 
 

 
Figure 2.3: Overview of the pumping cycle [Schmehl, 2019, Fechner, 2016]. 

 
• Landing: The landing phase consists of three parts. Firstly, the kite is reeled in to a low 

altitude to park the kite. During this manoeuvre the aerodynamic settings are constantly 
adjusted to the wind speed to prevent overflying of the zenith, and to keep the tether force 
within the limits. The second part starts when the tether has reached a certain length and all 
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the landing requirements are met. At this point a landing path is followed. This path is 
depicted in Figure 2.4. In the second part three waypoints are followed by adapting the 
aerodynamic settings. The last part of the landing phase starts if the kite is at a certain 
height. At this point the kite starts landing. In the final manoeuvre, the kite is powered and 
moved to the edge of the wind window. Therefore, the kite starts flaring and in the end 
drops to the ground. 
 

 
Figure 2.4: Landing paths with different wind speed [Salma et al.,2019]. 

 

2.4 System Modes 
In this section the operation modes of the system are described. These modes are activated by the 
caravan team or automatically initiated by one of the health supervisors. The system has the 
following modes: 
 

• Normal operation mode: The normal operation mode is started at the start of every 
operation. The normal operation mode is normally started with the launch phase described 
in section 2.4. After the launch, the pumping cycle is followed as described in section 2.4. If 
the kite starts in the parking mode, it immediately starts the pumping cycle. The normal 
operation mode is ended by one of the other modes.  

• Parking mode: In the parking mode, the kite moves to point towards zenith and terminates 
the normal operation mode. This manoeuvre is fairly similar as the first transition phase. The 
parking is initiated due to weather conditions, an anomaly, or to prevent a landing and 
relaunch. 

• Landing mode: The landing mode is set when the kite needs repair/maintenance or the 
fault detection, isolation and recovery (FDIR) system detects a problem with the operational 
safety. In this mode the landing manoeuvre is executed as described in section 2.3. The 
landing phase described in section 2.3 is started in this mode. 

• Emergency landing mode: The emergency landing mode is initiated when the redundant 
safety release mechanism is initiated or the weak link is broken. In this situation the KCU is 
separated from the tether. The KCU hangs under the kite with the safety line under tension. 
The kite is retracted to the ground in a gliding configuration with the KCU stabilising the kite. 
The emergency landing follows a landing path with only one navigation point. The tether 
reels in constantly until it has reached a certain touchdown point. At this point the kite 
depowers and falls to the ground. 

 
All these modes are executed in the operational zone of the system. The operational zone is a 
circle centred around the ground station with a radius of 400m. Only the operator is allowed in the 
operational zone, no third-parties are allowed. 
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3 Third-party Risk Modelling 

Two important research fields are needed to understand this thesis, the operations of Kitepower, 
and third-party risk modelling. In chapter 2 the operations of Kitepower are introduced. In this 
chapter third-party risk modelling is introduced. The safety risk indicators are introduced and the 
modelling of the safety risk indicators are described. The safety risk indicators are used to identify 
the acceptability of the risk. Therefore, the safety risk indicators are compared with the regulations. 
The regulations around the safety risk indicators are discussed in chapter 4. Firstly, in section 3.1 
the most important safety risk indicators for hazardous installations and commercial air transport of 
third-party risks are introduced and formally defined. Furthermore, the mathematical definition of 
these most important risk indicators are explained. Secondly, in section 3.2 there is focused on the 
risk indicators of unmanned aircraft systems (UAS) operations. The risk indicators are formally 
defined for the UAS operations. Moreover, the mathematical definition of the risk indicators for 
UAS operations are discussed. The focus on UAS operations is chosen because of the similarities 
with the operations of Kitepower. Lastly, in section 3.2 there is focused on the type of accidents for 
UAS operations. Several types of UAS crashes are a risk for third-parties.  
 

3.1 Safety Risk Indicators for Hazardous Installations 
The safety risk indicators for hazardous installations and commercial air transport of third-party risk 
are introduced in this section. In literature there are three main safety risk indicators identified. 
Firstly, the individual risk indicator is discussed in this section. Secondly, the societal risk indicators 
are discussed in this section. The most important societal risk indicators are collective risk and FN-
curve.  
 
Individual Risk 
Individual risk is the risk indicator that is mostly used by authorities, such as the Dutch ministry of 
housing, spatial planning, and environment. Individual risk is a common safety risk indicator in the 
commercial air transport. The definition of individual risk in commercial air transport is defined as 
follows [Blom et al., 2020]: 
 
“Individual risk, , is the probability that an average unprotected person, who resides 
permanently at ground location y, would get killed or fatally injured due to the direct consequences 
of an aircraft accident during a given annum.”  
 
The assumption is made here that the individual is permanently unprotected and permanently 
present at a certain location. Therefore, the individual risk is location dependent. 
 
Individual risk is often used to determine the risk of hazardous objects. Hazardous objects can be 
all kinds of objects, such as an airport, transport routes, or Kitepower operations. A common way 
to depict individual risk is a contour map. In Figure 3.1 two example contour maps are depicted, 
the left map is a contour map of a point source, such as an factory. The right map is a contour map 
of a line source, such as an runway or road. It is observed that the individual risk is independent of 
the population density. Authorities have set a standard for individual risk for populated areas 
[Bottelberghs, 2000]. The value used in the Netherlands is depicted in Equation 3.1. Equation 3.1 
is valid if y is outside the operational area of the hazardous object. 
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            (per year)    (3.1) 
 
This standard is set for involuntary risk, third-party risk is involuntary risk. The regulations on 
hazardous installations in the Netherlands and other countries are discussed in more detail in 
chapter 4.  
 

 
Figure 3.1: Individual risk contour maps for a point source and a line source [Jonkman et al., 2003]. 

 
The individual risk is independent of the population density, as mentioned before. Therefore, 
individual risk is mathematically defined for commercial air transport in Equation 3.2 [Ale and Piers, 
2000, Blom et al., 2020].  
 

           (3.2) 

 
In Equation 3.2,  is the yearly number of flights of flight type  flying in area Y.  represents 
the crash area size of flight type . 	represents the accident probability model of flight type  
[Blom et al., 2006]. This model represents the probability that a flight of type  crashes [Ale and 
Piers, 2000]. The determination of specific accident rate models for third-party risk are widely 
available for commercial air transport.  
 
In Equation 3.2,  represents the accident location probability model [Ale and Piers, 2000]. 
This model describes the probability of ending up at a particular location if a crash occurs. There 
are three types of accident location probability models, according to Ale and Piers (2000): non-
dependent accident location probability models, runway referenced accident location probability 
models, and traffic-route referenced accident location probability models. All these models depend 
on historical data. 
 
Lastly, in Equation 3.2, represents the conditional probability that an unprotected 
person dies in crash impact area by a flight of type  [Blom et al., 2020]. This is an accident 
consequence model. Fatal accidents on the ground are the only consequences considered in third-
party risk modelling around airports [Ale and Piers, 2000]. Accident consequence models are 
divided in three categories:  
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• Subjective estimation accident consequence models (Category I): Models that 
subjective estimates the fatalities inside an area and estimates the size of this area 
[Hillestad et al., 1993, Solomon, 1974].  

• Deterministic accident consequence models (Category II): Analytical models on the 
lethal consequences which estimate the size of the crash area [Ale and Piers, 2000].  

• Probabilistic accident consequence models (Category III): This statistical models are 
mostly based on accident data from accident reports [Evans et al., 1997, Piers, 1998].  

 
Societal Risk Indicators 
Societal risk indicators are another important way to identify third-party risk. Societal risk 
represents the number of fatalities within a certain area per time unit. Individual risk does not take 
the population density into account. Societal risk does take population density into account, as 
depicted in Figure 3.2. Figure 3.2 represents the difference between societal and individual risk. 
Both figures have the same individual risk. However, the right figure has a higher societal risk than 
the left figure due to the population density. As mentioned before, there are two main societal risk 
indicators, the FN-curve and collective risk. The FN-curve is first discussed. The formal definition 
of the FN-curve for hazardous installations is defined as follows [Laheij et al., 2000]:  
 
“The FN-curve, , is the probability that a group of n or more third party persons will be killed 
or fatally injured due to the direct consequences of an aircraft accident during a given annum.” 
 
The FN-curve is obtained by deriving the probability density function from the number of fatalities 
per year. Mathematically the FN-curve is defined in Equation 3.3 [Jonkman et al., 2003].  

 
   , for     (3.3) 

 
Where  is the number of persons on the ground in a given area Y that are killed or fatally injured 
due to the direct consequences of a hazardous installations during a given year. Other literature, 
for example, Jonkman et al. (2003) define the FN-curve different, these sources refer to “more 
than n”. This definition is depicted in Equation 3.4.  
 

, for     (3.4) 
 

 

 
Figure 3.2: This figure represents the difference between societal and individual risk [Jonkman et al., 2003]. 
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Several authorities regulate third-party risk via an FN-curve. This is done by setting a limit to the 
FN-curve. A limit line is set since an FN-curve is a curve and not one value. The line is defined 
according to Equation 3.5.  

 
          (3.5) 

 
In Equation 3.5,  represents the number of fatalities,  is the constant that sets the location of the 
line, and set the steepness of the limit line. If the line is set at risk neutral, 	is set at 1. If the line is 
set at risk averse, 	is set at 2. In chapter 4, the different regulations on the FN-curve are 
discussed. 
 
The second important societal risk indicator is collective risk. The formal definition of collective risk 
for hazardous installations is explained as follows [Blom et al., 2020]:  
 
“The collective risk, , is the expectation value of the number of fatalities in a given area Y that 
are killed or fatally injured due to the direct consequences of a hazardous activity during a given 
annum.” 
 
Therefore, collective risk is mathematically defined in Equation 3.6.  

 
          (3.6) 

 
Where 	is the number of yearly fatalities in a given area Y, the same as for the FN-curve. The 
collective risk is obtained from the FN-curve. The collective risk is calculated by the summation of 
the FN-curve, as depicted in Equation 3.7 [Laheij et al., 2000].  

 

       (3.7) 

 
Furthermore, collective risk and individual risk are related to each other if the assumption is made 
that people are unprotected to a hazard caused by the hazardous installation. In Equation 3.8, the 
relation between the individual risk and collective risk is depicted. In Equation 3.8, 	is the 
population density at location . 
 

            (3.8) 

 

3.2 Safety Risk Indicators for Unmanned Aircraft Systems 
In this section, the general safety risk indicators discussed in section 3.1 are discussed for the 
UAS operation. The most important risk indicators are the same as for hazardous installations, 
namely individual risk, FN-curve, and collective ground risk. The mathematical definitions of 
individual and collective ground risk for UAS operations are per flight and not per year. Blom et al. 
(2020) have adapted these indicators. In this section individual risk and both societal risk indicators 
for the UAS operations are explained in more detail. The adaptations on the risk indicators 
performed by Blom et al. (2020) are discussed and other types of collective risks than ground risks 
are introduced. 
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Individual Risk 
The individual risk indicator for UAS operations is adapted from the commercial air transport model 
described in section 3.1. The formal definition of individual risk for UAS operations is defined as 
[Blom et al., 2020]:  
 
“Individual risk per UAS operation, , is the probability that an unprotected average person at 
a location y is killed or fatally injured due to a ground crash by UAS flight .” 
 
Now the formal definition of individual risk is known, the mathematical definition of individual risk is 
depicted in Equation 3.10 [Bertrand et al., 2017, Cour-Harbo, 2019, Primatesta et al., 2019]. 

 
           (3.9) 

 
Where represents the probability of a crash type  by flight .  is the accident 
location probability model for flight  due to crash type .  is the impact area of crash type  
of vehicle . Lastly,  is the probability that an unprotected average person is killed 

by a crash in area .  depends on the kinetic energy ( ). Therefore, 
 mainly depends on the impact velocity [Bertrand et al., 2017, Cour-Harbo, 2019, 

Primatesta et al., 2019]. There are two main differences between Equation 3.9 and Equation 3.2. 
Firstly, Equation 3.9 gives the individual risk per flight, while Equation 3.2 gives the annual 
individual risk. Secondly, Equation 3.2 only looks at different types of flights, while Equation 3.9 
looks into different types of flights and also into different crash events.  
 
Thus far, individual risk per flight was the most commonly used individual risk indicator for UAS 
operations. However, most regulations are on individual risk per year, as described in section 3.1. 
Therefore, Blom et al. (2020) have developed the individual risk indicator .	The formal 
definition of  is as follows [Blom et al., 2020]:  
 
“The individual risk per year for UAS operations, , is the probability that an average 
unprotected person, who resides permanently at ground location y, would get killed or fatally 
injured due to the direct consequences of a ground crash by a UA flight during a given annum.” 
 
In Equation 3.10, the relationship between  and  is depicted. In Equation 3.10 N is 
the number of UA flights per year. 
 

         (3.10) 

 
Societal Risk Indicators 
The two main societal risk indicators of UAS operations are the FN-curve and collective ground 
risk, as mentioned before. Firstly, the FN-curve is introduced for the UAS operation. The formal 
definition of an FN-curve for UAS operation is defined as follows [Blom et al., 2020]: 
 
“The FN-curve for UAS operation, , is the probability that in an area Y a group of n or more 
third-party persons will be killed or fatally injured due to the direct consequences of ground 
crashes by UA flights during a given annum.”  
 
Therefore, the FN-curve is mathematically defined by Equation 3.11. 
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 , for     (3.11) 
 
Where 	is the number of people on the ground that are killed by a ground crash of UA flight . 

 is mostly smaller or equal to one because UA are often small vehicles [Blom et al., 2020]. 
Therefore, the FN-curve is a steep curve for UAS operations, the FN-curve decreases quickly with 
an increasing number of fatalities.  
 
As mentioned before, the second important societal risk indicator for UAS operation is collective 
ground risk. Collective ground risk per UA flight, , is formally defined as follows [Blom et al., 
2020]: 
 
“The collective ground risk per UA flight,  , is the expected number of persons on the ground 
in a given area Y that are killed or fatality injured due to the -th UA flight colliding to the ground.”  
 
Collective ground risk per UA flight, , is mathematically defined by Equation 3.12 [Ancel et 
al., 2017, Bertrand et al., 2017].  

 
          (3.12) 

 
Where  is the individual risk for an average unprotected person at location  by flight .  

 is the probability that a person is protected against a crash of flight  at location . 
Lastly, 	represents the population density at location . 
 
Blom et al. (2020) have adapted the collective ground risk per UA flight, , to the collective 
ground risk per year, . The formal definition of the collective ground risk per year, , is 
as follows [Blom et al., 2020]:  
 
“The collective ground risk per year, , is the expected number of persons on the ground in a 
given area Y that are killed or fatally injured due to the direct consequences of ground crashes by 
flights of the UAS operation during a given annum.” 
 
The collective ground risk per year, , is calculated by the summation of the collective ground 
risk per flight as depicted in Equation 3.13.  

 

     (3.13) 

 
The collective ground risk per year, , can also be calculated from the FN-curve, as depicted 
in Equation 3.14 [Blom et al., 2020].  

 

     (3.14) 

 
The curve that sets the regulations for the FN-curve, depicted in Equation 3.5, is adapted to set 
regulations on collective ground risk. This adaptation is based on the assumption that a crash of a 
UA flight leads to maximum one fatality. This is observed by the slope of the FN-curve of UAS 
operations. This adaptation is depicted in Equation 3.15 [Blom et al., 2020]. 
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      (3.15) 

 
In Equation 3.15, 	should always be larger than 1 because otherwise Equation 3.15 is unbounded 
[Blom et al., 2020]. In section 4.3 an overview of these parameters are given of different countries. 
 
Thus far, the only collective risk considered is the ground risk, third-party risk in the air is not 
considered. Jiang et al. (2020) have identified five types of UAS accidents that have the potential 
of third-party fatalities, these types are as follows:  
 

• Type 1: The UA flight collides to a commercial air transport flight. 
• Type 2: The UA flight collides to a general aviation flight.  
• Type 3: The UA flight collides to an urban air mobility UA carrying on-board passengers. 
• Type 4: The UA flight collides to the ground as a consequence of a mid-air collision of types 

1 until 3 or with another UA flight.  
• Type 5: The UA flight collides to the ground without preceding mid-air collision.  

 
Therefore, the collective risk per flight, , is calculated by summing the expectation value of the 
number of fatalities per flight for every type of accident, this is depicted in Equation 3.16 [Jiang et 
al., 2020].  

 
             (3.16) 

 
In Equation 3.16  is the expected number of fatalities due to a collision type 1 of flight , 

 is the expected number of fatalities due to a collision type 2 of flight ,  is the 
expected number of fatalities due to a collision type 3 of flight ,  is the expected number 
of fatalities due to a collision type 4 of flight , and  is the expected number of fatalities 
due to a collision type 5 of flight . 
 
The collective risk per year is obtained by substituting Equation 3.16 in Equation 3.13. This is 
depicted in Equation 3.17, the collective risk per flight is summed over N, the number of flights per 
year [Jiang et al., 2020].  

 
            (3.17) 

 
In this thesis the focus is on collective ground risk. On some parameters discussed in this chapter 
there are limits set by authorities. Therefore, in the next chapter there is a research performed on 
the regulations on these parameters but also on the regulations on AWE in general. These limits 
are used in this thesis to identify if the system is safe or not.  

i
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4 Regulations 

In this chapter the focus is on the regulations of AWE and for Kitepower in particular. In this 
chapter the safety risk criteria are found that are used for the safety risk assessment. Currently, 
there are no regulations on AWE. Kitepower operates at two locations at the moment. At 
Valkenburg, the first test site, the kite operates under art. 2 (a) and (b) of the Regulation Cable 
Kites and Small Balloons since 2019. At the second test site, Melissant, the kite operates under 
the same conditions as the first test side since 2020 [Overheid, 2014].  
 
The current operational regulations are complex and not usable for commercial usage. Therefore, 
Salma et al. (2018) have looked into the regulations of other systems comparable to AWE. Salma 
et al. (2018) describe that AWE can be regulated in three categories. Namely, in the regulations of 
unmanned air systems (UAS), air traffic obstacles, and for tethered gas balloons. However, Salma 
et al. (2018) describe that tethered gas balloons is not a feasible option for Kitepower because 
Kitepower has a complex control system. Therefore, this option is not discussed in this chapter. 
The regulations of UAS are discussed in section 4.1. The regulations of air traffic obstacles are 
discussed in section 4.2. In these sections no quantitative limits on the third-party risk indicators of 
chapter 3 were found. Therefore, there is looked into the regulations of hazardous installations in 
section 4.3. 
 

4.1 Unmanned Aircraft Systems 
In this section the regulations around UAS are discussed. The regulations of UAS are a hot topic 
these days for international aviation organizations and national aviation agencies due to the 
increasing popularity of UAS. However, one of the main challenges is the different types of UAS. 
For example, some UAS only weight 16 grams [de Croon et al., 2012], while other vehicle weight 
up to 14 tons [Clegg, 2021]. Currently, there is not one classification method for this high range in 
UAS. Some UAS are certified by the FAA or EASA with a case by case risk evaluation for specific 
operations. Kitepower and other AWE systems can be classified in the UAS category. For the 
operations of AWE applications an airworthiness certificate is needed [Salma et al., 2018]. Two 
types of airworthiness certifications exist in aviation: the standard airworthiness certificate and the 
restricted airworthiness certificate. The restricted airworthiness certificate restricts operational 
limitations, such as manoeuvres, speed, and location [Salma et al., 2018]. It is unclear if AWE 
systems, such as Kitepower, fall into the UAS regulations. Therefore, there is looked into the 
definition of UAS used by ICAO, EASA, and FAA in this section. ICAO (International Civil Aviation 
Organization) is an important organization in terms of regulation. ICAO develops international 
standards and recommended practices. These are used by member states for their regulations. 
EASA (European Aviation Safety Agency) advises the European Commission and the countries of 
the European Union regarding new regulations. FAA (Federal Aviation Authority) is the civil 
aviation agency of the US and sets the regulation in the US. EASA and the FAA are authorized to 
certify civil aircraft for international use.  
 
ICAO  
ICAO does not use the term UAS but RPA (Remotely Piloted Aircraft). ICAO defines RPA as 
follows [ICAO, 2005]: “An unmanned aircraft which is piloted from a remote pilot station”. An 
interesting point is made here by ICAO, ICAO states the following [ICAO, 2005]: “autonomous 
unmanned aircraft and their operations including unmanned free balloons or other types of aircraft 
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which cannot be managed on a real-time basis during flight is not in the scope of DOC 10019”. 
This means that there are currently no rules by ICAO for tethered aircraft or AWE systems. In 
annex 7 of ICAO (2005) it is only observed that kites are categorised as a non-power driven 
heavier than air aircraft.  
 
EASA  
The regulations of the European Union define that the following aircraft do not lie within the EASA 
regulations [EASA, 2008]: “Unmanned aircraft with an operational mass of no more than 150kg”. 
The national aviation authorities (NAA’s) are responsible for the aircraft that are not regulated by 
EASA. The NAA’s should certify Kitepower since the weight of the kite is below 150kg. EASA still 
advises the NAA’s of the EU for regulations around UAS lighter than 150kg. Ampyx Power, one of 
the AWE concepts, and EASA have concluded that Ampyx is more an unmanned glider than a 
normal UAS [Salma et al., 2018]. Therefore, it is decided that Ampyx falls in the sailplanes 
category. EASA also states in NPA-2014-09 that tethered aircraft are remotely piloted aircraft 
[Salma et al., 2018]. Therefore, according to EASA, AWE falls into the UAS regulations. EASA 
created a Concept of Operations for Drones [EASA, 2015], regulations for UAS. In this concept 
three UAS categories are stated: open, specific, and certified. For the open category no 
certification is required as long as the UAS operate within certain boundaries. UAS in this category 
present lower risk and should not require the official aeronautical procedures. Kitepower 
operations are too complex to fall in the open category according to Salma et al. (2018). The UAS 
that fall in the specific category present a higher risk to its environment. Therefore, a specific risk 
assessment is needed to identify the requirements to ensure operational safety. The specific risk 
assessment method is called SORA (Specific Operations Risk Assessment). SORA aims to cover 
qualitatively third-party fatalities on the ground and third-party fatalities on board of manned 
aircraft, according to Jiang et al. (2020). In Figure 4.1 an overview is depicted of the third-party 
fatality terms that are addressed by EASA and FAA. This overview is made by Jiang et al. (2020). 
The third-party fatality terms are introduced in section 3.2. It is observed that SORA does not 
include consequences of a preceding mid-air collision between a UAS and a manned aircraft or 
another UAS. Furthermore, in Figure 4.2 the applicable UAS third-party risk indicators per 
regulator are depicted. There is no third-party risk indicator contribution from SORA due to its 
qualitative nature. All in all, Kitepower could fall in the specific category since non-fixed wing 
concepts fall in this category according to Salma et al. (2018). The last category, certified, is for 
UAS where very high risks are identified during the performed risk assessment. The UAS in the 
certified category are subject to rules on certification of the operator, licensing of remote pilots, and 
the aircraft itself. The airworthiness certification process (AMC RPAS.1309), of the certified 
category, assess the risk per hazard and the risk per flight hour [Jiang et al., 2020]. AMC 
RPAS.1309 assess the ground fatalities due to system failure and the mid-air fatalities due to a 
mid-air collision, excluding mid-air collision between two UAS. This is depicted in Figure 4.1. 
However, ground fatalities due to mid-air collision are not covered according to Jiang et al. (2020). 
All in all, the second, fourth, sixth, and eight term in Figure 4.1 are not covered by the certified 
category. 
 
Salma et al. (2018) state that at this moment the concepts of AWE systems fall in the specific 
category. This is also confirmed by EASA, soft wing concepts, such as Kitepower, fall in the 
specific category of the implementing regulation 2019/947 if the operational mass is below 150kg. 
Fixed wing and more heavy concepts, such as Ampyx, is categorized in the certified category 
according to Salma et al. (2018). 
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Figure 4.1: An overview of third-party fatality terms that are addressed by EASA and FAA regulations, created by Jiang et al. 

(2020). 
 

 
Figure 4.2: An overview of applicable UAS third-party risk indicators, crated by Jiang et al. (2020). 

 
FAA  
Every civil aircraft must operate with a valid airworthiness certificate, according to the regulations 
of the FAA (2013). Currently, UAS are certified by the FAA to be able to operate in the airspace of 
the US. The UAS are certified in the experimental category. However, UAS are certified as 
conventional aircrafts by subsystem. Thus far, subsystems, such as command and control links, 
and ground control systems do not have any regulations. Therefore, UAS operations for civil use 
are restricted in the airspace of the US, according to Salma et al. (2018). The FAA classifies the 
operation of UAS at very high level. There are three main UAS categories, according to Jiang et al. 
(2020). The first category is the recreational category, the recreational category focuses on small 
drones flown for recreational purposes. No safety risk assessment is required in this category. The 
second category is the work/business category. The work/business category has some 
constraints, for example, the UAS should be lighter than 25kg and flying below 400 feet. The 
Advisory Circular 107-2 is the risk assessment method of the work/business category. This risk 
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assessment method states that a qualitative overall safety risk assessment is encouraged but not 
obliged. In this safety risk assessment method only the ground collision is considered, as depicted 
in Figure 4.1. There is no applicable third-party risk indicator, as depicted in Figure 4.2, since there 
is no quantification. All UAS operations that are not in the recreational category or work/business 
category are in the advanced category. A safety risk assessment is needed for this category. 
There are two optional safety risk assessment methods for the advanced category, the Order 
8040.4B and the ATO SMS Manual. In Figure 4.1 and Figure 4.2 the difference between the two 
safety risk assessments is depicted. 
 
However, the FAA has a different approach than EASA regarding AWE systems. As mentioned 
before, EASA defines tethered aircraft as UAS. However, the FAA excludes the tethered aircraft 
from the UAS category in the following statement [FAA, 2013]: “A device used or intended to be 
used for flight in the air that has no on-board pilot. This device excludes missiles, weapons, or 
exploding weapons, but includes all classes of aircrafts, helicopters, airships, and powered-lift 
aircraft without an on-board pilot UA do not include traditional balloons, rockets, tethered aircraft 
and un-powered gliders”. The FAA has made a “Notification for Airborne Wind Energy Systems”, 
this notification states that each AWE system that has an impact on the aviation environment 
should be studied for every scenario to ensure safety for the aviation [FAA, 2011].  
 

4.2 Air Traffic Obstacle 
In this section the regulations around air traffic obstacles are discussed. Air traffic obstacles are 
objects that hinder the civil air traffic. Some AWE companies register the current AWE concepts as 
air traffic obstacles [Salma et al., 2018]. This is to prevent collision with the aviation system. Masts 
and wind turbines are also often registered as air traffic obstacles. ICAO definition of an "obstacle" 
is as follows [ICAO, 2009]: “All fixed and mobile objects, or parts thereof, that: are located on an 
area intended for the surface movement of aircraft; or extend above a defined surface intended to 
protect aircraft in flight; or stand outside those defined surface and that have been assessed as 
being a hazard to air navigation”. Even mobile objects can be air traffic obstacles, this is important 
since AWE systems are often mobile. Furthermore, it is defined by ICAO that the zones around the 
airports should be obstacle free [ICAO, 2013]. Most AWE applications operate outside the airport 
zones. In terms of certification ICAO describes the required marking and lighting. Lightning is 
necessary for obstacles if the height of the system exceeds the altitude of 150m. All in all, Salma 
et al. (2018) state that AWE can be certified as an air traffic obstacle for the aviation. However, this 
might reduce the flexibility to move the systems easily to all spaces. This flexibility is one of the big 
advantages of AWE. 
 

4.3 Hazardous Installations 
In this section the regulations around third-party risk of hazardous installations are discussed. The 
regulations around third-party risk heavily depends per country, in the EU there are no EU wide 
regulations. In some countries, the regulations even differ per region. There are also no federal 
wide regulations on third-party risk in the US. Furthermore, there is also a difference in type of 
regulation. In some countries there is a basic safety limit (BSL). This means that the BSL 
separates the risks that are tolerated from the risks that are not tolerated under certain conditions 
[Zielinski and Eng, 2014]. In other countries a basic safety objective (BSO) is set. A BSO 
separates the risks that are tolerated under certain conditions from the risks that are broadly 
acceptable or that are considered as negligible [Zielinski and Eng, 2014]. In some countries both 
BSO and BSL are set. In this section the regulations for a few countries are discussed. In Figure 
4.3 an overview of some authorities is given. This overview is made by Zielinski and Eng (2014) 
during a research on individual and societal risk criteria for safety of dams. A note needs to be 
made that most of these criteria are from one authority, often for one specific type of risk. The 
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regulations from Figure 4.3 are considered as examples since for some countries the regulations 
heavily depend on the region or some countries do not even have any regulations. These 
examples can be used during the thesis to state whether the risk is acceptable or not.  
 

 
Figure 4.3: Individual risk criteria for several regulatory agencies [Zielinski and Eng, 2014]. 

 
Regulations around hazardous installations are mostly on individual risk and FN-curves. 
Furthermore, due to the chemical accident in Seveso in 1976, European countries are the leaders 
in third-party risk regulations. Therefore, an overview is made of the individual risk of European 
countries in Table 4.1. Furthermore, an overview of the regulations on FN-curves of European 
countries is depicted in Table 4.2. The regulations of Germany, one of the important AWE markets, 
is not found in literature. Therefore, this section discuses some example countries since countries 
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deal different with the regulations. It is observed that 63% of the researched countries regulate on 
individual risk. Furthermore, 83% of the researched countries regulate on the FN-curve. The 
countries that do not regulate on either the FN-curve or individual risk have developed country 
specific methods. The FN-curve limitations can also be used as collective ground risk limitations if 
a hazard leads to maximum one fatality, as stated in section 3.2.  
 

Table 4.1: Overview of individual risk limits within the EU [Gooijer et al., 2011, Pitblado et al., 2012,Trbojevic, 2005]. 

 
 

Table 4.2: Overview of FN-curve regulations within the EU [Pitblado et al., 2012, Trbojevic, 2005]. 

 
 
Netherlands  
In the Netherlands regulations are set by the RIVM and are put together in the reference manual 
Bevi Risk Assessments [RIVM, 2009]. The two common safety risk indicators are used in the 
Netherlands, individual risk and FN-curve. Next to the regulations on the third-party risk indicators, 
there are also regulations on the way the quantitative risk assessment is performed. In the 
reference manual Bevi Risk Assessments it is stated that [RIVM, 2009]: “In order to be able to use 
the results of a quantitative risk assessment for decisions, they must be verifiable, reproducible, 
and comparable”. 
 
For new “vulnerable objects” the limit for individual risk is set in the Netherlands at 10-6 per year, 
according to Pitblado et al. (2012). “Vulnerable objects” are firstly residences/areas for children, 
elderly, or sick/disabled. For example, schools, hospitals, and nursing homes. Secondly, large 
stores and hotels that have more than 1500m2	of floor space are also “vulnerable objects”. Lastly, 
campground for over 50 people are also “vulnerable objects”. For “less vulnerable objects” the 
individual risk of 10-6 per year is a target value. This target value may be exceeded under certain 
conditions. Therefore, the ALARP principle is applied in the Netherlands, as discussed in section 
3.8. “Less vulnerable objects” are scattered residences (less than two per hectare), small shops, 
business areas, hotels, recreational objects, and infrastructure objects [Pitblado et al., 2012]. For 
existing installations the individual risk of 10-5 per year is set by the RIVM.  
 
There are also regulations on the FN-curve in the Netherlands. As described in section 3.1, a 
linear function is established to set a limit for the FN-curve with a defined  and . For this criteria 
curve certain guide values are used [Gooijer et al., 2011]. The authority involved should account 
for the height of the societal risk in relation to social-economic benefits. Therefore, the FN-curve is 
not a strict regulation. The parameters of the FN-curve limitation equation in the Netherlands are 
depicted in Table 4.2.  
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United Kingdom  
The regulations around risk assessment of major hazard facilities are complex and nuanced in the 
United Kingdom, according to Pitblado et al. (2012). The regulatory body for major hazard facilities 
in the United Kingdom is the Health & Safety Executive (HSE). The HSE has a statutory role for 
enforcement with major hazard installations. The individual risk criteria for the United Kingdom are 
depicted in Table 4.1. An important safety risk indicator for the United Kingdom is the FN-curve. 
The FN-curve parameters of the United Kingdom are depicted in Table 4.2. The United Kingdom 
use a so called “three band approach” which is depicted in Figure 4.4. The United Kingdom has 
two criteria curves to limit the FN-curve instead of one. The area above the two lines is the 
intolerable region, which is the same for the Dutch approach. However, in the area between the 
criteria curves the ALARP principle applies [Pitblado et al., 2012].  
 

 
Figure 4.4: Example of an FN-curve and the three band approach made by Pitblado et al. [2012]. 

 
A quantitative risk assessment is needed to generate an FN-curve, this is time consuming. 
Therefore, the HSE has developed several alternative methods [Carter et al., 2002, Hirst and 
Carter, 2002]. One of the methods developed by HSE is the risk integral. The risk integral is 
depicted in Equation 4.1.  

 
         (4.1) 

 
Where 	is the frequency of outcome ,  is the number of fatalities resulting from outcome , and 
	is the scale aversion factor. The scale aversion factor means that it depends on the measure 

being computed. For example, for the potential loss of life  is set to 1. In Figure 4.5 the limits for 
the risk integral are depicted.  
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Figure 4.5: UK societal risk regulations [Pitblado et al., 2012]. 

 
Belgium  
In Belgium the land use planning policy is regional performed. Therefore, the country is divided in 
three regions Flanders, Walloon, and Brussels. Only Walloon and Flanders have third-party risk 
regulations in place. Furthermore, it is unfeasible that Kitepower will operate in the city of Brussels.  
 
Flanders 
The main criteria for third-party risk regulations in Flanders is individual risk, according to Pitblado 
et al. (2012). However, also the FN-curve is used as a safety risk criterion. The criteria are the 
same for existing and new installations. For individual risk there are three limits. Firstly, the 
maximum individual risk on the hazardous installation boundary line is 10-5. Secondly, at 
residential areas the limit of the individual risk is set at 10-6. Lastly, at vulnerable areas the limit of 
individual risk is set at 10-7. The criterion around the FN-curve are depicted in Figure 4.6 with the 
parameters in Table 4.2. A clear description must be given of the technical and organizational 
measures taken to prevent the most important accident scenarios if the criteria of societal or 
individual risk are not met. Furthermore, additional safety measure might be required. A safety 
information plan needs to be made if the criterion of the boundary line of the individual risk is not 
met. This is a formal agreement between the major hazard installation and the surrounded area 
[Pitblado et al., 2012].  
 

 
Figure 4.6: FN-curve criterion for Flanders made by Pitblado et al. [2012]. 
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Wallonia 
In Wallonia the safety risk indicator that is used to quantify the third-party risk is individual risk, 
societal risk is not taken into account according to the Gooijer et al. (2011). The area with 
individual risk higher than 10-6 is called the consultation zone [Gooijer et al., 2011]. Inside this zone 
the advice from the competent authority must be taken into account for every hazardous 
installation. The authority bases its advice on the matrix depicted in Figure 4.7.  
 

 
Figure 4.7: Matrix for decision-making in the consultation area in Wallonia [Gooijer et al., 2011]. 

 
Ireland  
In Ireland the Health and Safety Authority (HSA) is the authority that regulates hazardous 
installations. In 2003 an approach to land use planning was developed [Pitblado et al., 2012]. This 
plan was developed to provide a high level of protection. In Ireland the main criteria are on societal 
risk. The HSA uses the British integrated risk. The HSA uses a scale aversion factor of 1.4 and an 
integrated risk of 2000 is considered to be acceptable. An integrated risk of 500.000 is regarded as 
significant. An FN-curve can also be included and used by the considerations of the HSA. No strict 
FN-curve limits are specified by the HSA, according to Pitblado et al. (2012).  
 
France  
In France there are two tools used to decide on the risk acceptability. Firstly, the “Matrice de 
Mesure de Maitrise des Risques” (MMR) is used. This matrix depicts the risk level of an accident 
based on a combination of the probability of occurrence and its severity. The severity is based on 
the persons exposed and not on fatalities [Gooijer et al., 2011]. In Figure 4.8 the MMR matrix is 
depicted. There are three regions in the MMR matrix. Firstly, the acceptable areas which is marked 
green. Secondly, the ALARP region where operators should continuously improve the safety of 
their installation. Lastly, the unacceptable area, in this area operators should implement new safety 
measures [Gooijer et al., 2011].  
 



       

34 
 

 
Figure 4.8: The risk matrix of France (MMR) [Gooijer et al., 2011]. 

 
The second tool is the “Plan de Prévention des Risques Technologiques” (PPRT). This method 
creates dangerous maps according to a specific governance process. In these maps there are 
different dangerous levels, these are depicted in Figure 4.9. Kooi et al. (2011) describe the 
process of establishing the risk zones. The red, orange, and yellow zones are prevented because 
the risk is not acceptable in these regions [Pitblado et al., 2012].  
 

 
Figure 4.9: Danger levels of the PPRT [Gooijer et al., 2011]. 

 
Abu Dhabi  
The authority that regulates risk in Abu Dhabi is the Abu Dhabi National Oil Company (ADNOC), 
this company is both the national oil company as the regulating authority. ADNOC has 
both individual risk and societal risk criteria. ADNOC uses the British approach to set criteria for 
societal risk with the three band approach, unacceptable, ALARP, and acceptable. In Figure 4.10 
the FN-curve criterion is depicted. Currently, no societal risk criteria are in place for offshore 
facilities. Kitepower has a big opportunity in off shore wind energy, this regulation gap gives 
opportunities [Pitblado et al., 2012].  
 

 
Figure 4.10: FN-curve criterion of ADNOC [Pitblado et al., 2012]. 
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Brazil  
Risk is regulated in Brazil on both federal and state level. On state level regulations are only in 
place for certain types of installations. The general risk assessment methods and criteria differ per 
state. Pitblado et al. (2012) describe the different quantitative risk assessment methods per state. 
Rio de Janeiro, São Paulo, Rio Grande do Sul, and Bahia State have developed guidelines for the 
risk assessment. The other states mostly use the method and criteria of São Paulo. All the states 
only regulate on societal risk. In all states FN-curve criteria were set in the British way, the three 
band approach. However, the values for the FN-curve differ per state as depicted in Figure 4.11.  
 

 
Figure 4.11: State FN-curve criteria in Brazil [Pitblado et al., 2012]. 
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5 Agent-based Approach 

In this chapter the safety risk assessment is started, now all the needed background knowledge is 
explained in the previous chapters. The system is explained as an agent-based model as a first 
step of the safety risk assessment. In this model there are eight agents identified for the Kitepower 
operations. The agents are defined as follows: 
 

• Environment: The environment is a non-agent that represents the external influence on the 
complete system. The most important factor is the wind. A non-agent is an agent that may 
be influenced by its environment, but does not perceive it [Blom, 2018-2019]. 

• Kite: The kite is a reactive agent that consists of the kite. The kite includes the bridle 
system but excludes the safety line, IMU, GPS, and pump. 

• Tether: The tether is a reactive agent that consists of the tether, weak link, and safety line. 
• KCU: The KCU is a proactive agent that consists of the KCU, redundant safety release 

mechanism, and the sensors of the kite. These sensors are the IMU, GPS, and the pump. 
• 5 GHz WIFI link: The WIFI link is a reactive agent that represents the communication link 

between the KCU and the ground station. 
• Weather sensor: The weather sensor is a reactive agent that measures the wind from the 

environment. 
• Ground station: The ground station is a proactive agent that consists of all components of 

the ground station, as described in chapter 2, and the display in the caravan. 
• Field team: The field team is a proactive agent that consists of the two humans in the field. 
• Caravan team: The caravan team is a proactive agent that consists of the human in the 

caravan. 
 
The interaction of the agents are depicted in Figure 5.1. All the agents are discussed in a separate 
section in this chapter. 
 

 
Figure 5.1: Schematic display of Kitepower as a multi agent system. 
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5.1 Environment 
In this section the non-agent that represents the environment is introduced. The environment has 
several state variables in real life, such as the temperature, the wind vector, the humidity, and the 
visibility. This influences the complete system with for example, dust/sand wearing out the system, 
corrosion in mechanical components, or the temperature influencing the batteries. 
 
Assumption 5.1: The environment only influences the system in the model with the wind vector.  
 
Due to assumption 5.1 the only state variable of the environment is the wind vector .  
 

5.2 Kite 
In this section the state variables and local modes of the kite are introduced. Furthermore, the 
interaction between the kite and the environment are discussed. The kite has the following state 
variables: 
 

• Orientation: The orientation of the kite is present in three dimensions: roll angle (𝜙), pitch 
angle (𝜃), and yaw angle (𝜓). 

• Turn rate: The turn rate of the kite is present in three dimensions: roll rate (𝑝), pitch rate (𝑞), 
and yaw rate (𝑟). 

• Angle of attack (𝜶) 
• Side slip angle (𝜷) 
• Position: The position is measured in three directions: , , and  direction. 
• Velocity: The velocity is also measured in three directions: , , and  direction. 
• Acceleration: The acceleration is also measured in three directions: , , and  direction. 
• Bridle forces 
• Relative depower: The relative depower represents the length of the bridle lines that 

influence the depower state, the depower tapes. 
• Relative steering: The relative steering represents the length of the bridle lines that 

influence the steering, the steering tapes. 
 

The orientation, turn rate, angle of attack, side slip angle, position, velocity, and acceleration are 
measured by the sensors in the kite. These sensors are not part of the kite but part of the KCU 
agent. The bridle forces, relative depower, and relative steering are measured at the KCU. The kite 
also has local modes. There are eight local modes identified for the kite. These are defined as 
follows: 
 

• Launching mode: In the launching mode, the kite is launched from the ground. The kite is 
stabilised by the KCU and the loads are transferred via the bridle system to the tether. 

• Reel-out mode: In the reel-out mode, the kite flies a figure of eight. The radial distance to 
the ground station increases during this mode. 

• First transition mode: In the first transition mode, the kite reduces the angle of attack. 
Furthermore, the kite flies to the highest point of the operation, pointtozenith. The radial 
distance to the ground station is constant during this mode. 

• Reel-in mode: In the reel-in mode, the kite is retracted with a small angle of attack. The 
radial distance to the ground station decreases during this mode.  

• Second transition mode: In the second transition mode, the kite increases the angle of 
attack. Furthermore, during the second transition mode the radial distance to the ground 
station is constant again. 
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• Landing mode: In the landing mode, the kite is landed according to the procedure 
described in chapter 2. The kite is at the ground at the end of this mode. 

• Parking mode: In the parking mode, the kite reduces the angle of attack and parks the kite 
in the air. The kite is located at a constant location. The radial distance to the ground station 
is constant during this mode. 

• Emergency landing mode: In the emergency landing mode, the kite is in a gliding 
configuration because the safety line is under tension and the front tube suspension is not 
attached to the tether anymore. The kite is stabilised by the KCU. The loads are transferred 
via the safety line to the tether. The tether is retracted and the kite is landed.  

 
Interaction Environment and Kite 
The environment has several effects on the kite. However, only the wind vector is assumed to be 
relevant as explained in assumption 5.1. The wind vector has a large influence on the velocity 
vector of the kite and the location of the kite. Furthermore, gusts influence the orientation, turn 
rate, side slip, angle of attack, position, velocity, and acceleration of the kite. Next, there are also 
other environmental factors that influence the kite. However, these are negligible compared to the 
impact of the wind. An example of this other factor is the temperature. The temperature influences 
the strength of the kite since there is pressurised air in the kite. However, assumption 5.1 neglects 
these effects. 
 

5.3 Tether 
In this section the state variables and local modes of the tether are introduced. Furthermore, the 
interactions between the tether and the other agents are discussed. The tether agent consists of 
the tether, weak link, and the safety line. The kite has the following state variables: 
 

• Tether force 
• Tether length 
• Tether mass 
• Tension safety line: If the safety line is under tension either the redundant safety release 

mechanism, part of the KCU agent, or the weak link, part of the tether agent, is activated. 
 
The tether length and tether force are measured at the ground station. The tension in the safety 
line is not measured. However, the safety line is tensioned if the weak link or the redundant safety 
release mechanism is activated. The tether has three different local modes: 
 

• Reel-in mode: In the reel-in mode, the tether length is reduced.  
• Reel-out mode: In the reel-out mode, the tether length is increased. 
• Constant mode: In the constant mode, the tether length is held constant. 

 
Interaction Environment and Tether 
The interaction between the tether and environment is neglected during the modelling of the kite. 
However, in real life the environment does have influence on the tether, such as UV radiation, 
dust/sand wear, and temperature effects. 
 
Interaction Kite and Tether 
The interactions between the tether and the kite are mainly forces. The tether transfers forces 
between the kite and the ground station. This is the tether its main function. The forces between 
the kite and tether are transferred via the bridle system in the normal operation situation. In the 
emergency situation the forces between the kite and tether are transferred via the safety line. 
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5.4 KCU 
In this section the main functions, state variables, and local modes of the KCU are introduced. 
Furthermore, the interactions between the KCU and the other agents are discussed. The KCU has 
the following main functions: 
 

• Steering the kite: The KCU steers the kite via its two winches. 
• Control the kite: The KCU controls the kite its flight path. The KCU adapts the flight path if 

needed. It is the control centre of the system. 
• Health analyser of the system: The KCU constantly analyses the health of the 5 GHz 

WIFI link. If the link is not working, the KCU takes over the health analysis of the KCU and 
the kite. 

• State estimator of the kite: The ground station estimates its own future state. 
 
The KCU has the following state variables: 
 

• Main battery charge 
• Voltage of main battery 
• Electric current of main battery 
• Safety release mechanisms battery charge: Both safety release mechanisms have their 

own battery. These batteries are also charged by the wind turbine of the KCU. 
• Voltage of safety release mechanisms batteries 
• Electric current of safety release mechanisms batteries 
• Voltage of wind turbine 
• Electric current of wind turbine 
• Magnetic flux of wind turbine 
• Torque depower winch 
• Electric current depower winch 
• Torque steering winch 
• Electric current steering winch 

 
All these state variables are measured by the KCU itself. The local modes of the KCU are the 
same as the kite. The KCU has the following local modes: 
 

• Launching mode: In this mode, the KCU follows the launch path programmed in the flight 
path controller. 

• Reel-out mode: In this mode, the KCU follows the figure of eight programmed in the flight 
path controller. 

• First transition mode: In this mode, the KCU rotates the depower winch to decrease the 
angle of attack. 

• Reel-in mode: In this mode, the KCU keeps both winches still. Only for stabilisation 
purposes the steering winch is used. 

• Second transition mode: In this mode, the KCU rotates the depower winch to increase the 
angle of attack. 

• Landing mode: In this mode, the KCU follows the landing path programmed in the flight 
path controller. 

• Parking mode: In this mode, the KCU parks the kite in the air. The KCU first uses the 
depower winch to decrease the angle of attack. Next, the KCU only uses the steering winch 
to stabilise the kite. 

• Emergency landing mode: In this mode, the KCU agent separates the tether and the KCU 
by initiating the redundant safety release mechanism or the weak link, part of the tether 
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agent. In this situation, the KCU is only attached via the bridle system to the rest of the 
system. The KCU stabiles and steers the kite in this emergency landing mode. 

 
Interaction Environment and KCU 
The interaction between the KCU and environment is neglected during the modelling of the kite. 
However, in real life the environment does have influence on the KCU. Such as UV radiation, 
dust/sand wear, and temperature effects. 
 
Interaction Tether and KCU 
The only interaction between the KCU and the tether is the redundant safety release mechanism. 
The redundant safety release mechanism is activated if the system decides that the tether needs 
to be separated from the bridle system. In this situation the safety line becomes tensioned and the 
KCU hangs directly under the kite without an attachment to the tether. 
 
Interaction Kite and KCU 
The kite and KCU only interact via forces. The kite and KCU interact via the forces on the bridle 
system. Therefore, there is interaction via two ways. Firstly, the interaction via the steering tapes, 
the length of the steering tapes are changed by changing the torque of the steering winch of the 
KCU. This influences the heading of the kite. Secondly, the interaction via the depower tape, the 
length of the depower tape is changed by changing the torque of the depower winch of the KCU. 
This influences the angle of attack of the kite.  
 

5.5 5 GHz WIFI Link 
In this section there is elaborated on the 5 GHz WIFI link. The different modes are discussed and 
the interaction with the KCU is discussed. The 5 GHz WIFI link transfers all the information 
between the KCU and ground station. The 5 GHz WIFI link has therefore two modes: 
 

• Connected: In the connected mode there is a healthy connection between the KCU and the 
ground station via the 5 GHz WIFI link. In this mode all the information is transferred 
between the KCU and the ground station via the 5 GHz WIFI link. 

• Disconnected: In the disconnected mode there is no connection between the KCU and the 
ground station via the 5 GHz WIFI link. The KCU tries to find and connect to the 5 GHz WIFI 
link.  

 
Interaction KCU and 5 GHz WIFI Link 
The 5 GHz WIFI link interacts with the KCU in two ways. Firstly, the 5 GHz WIFI link transfers the 
information received from the ground station to the KCU. Secondly, the 5 GHz WIFI link receives 
the information from the KCU that needs to be transferred to the ground station. 
 

5.6 Weather Sensor 
The weather sensor is only influenced by the environment. The weather sensor measures wind 
vector . This information is communicated to the ground station by a cable. Therefore, it is a 
reactive agent since it only reacts to the environment. The weather sensor is located close to the 
ground station. 
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5.7 Ground Station 
In this section the main functions, state variables, and local modes of the ground station are 
introduced. Furthermore, the interactions between the ground station and the other agents are 
discussed. The ground station is an agent with several functions. The ground station has the 
following main functions: 
 

• Tether control: The ground station continuously analyses if the tether force and reeling 
velocity is not too low or too high. 

• Electrical energy generation: The ground station generates energy by the generator when 
the tether is reeled out. 

• Physical energy provision: The ground station retracts the tether by the generator when 
the tether is reeled in. 

• Health analyser of the system: The ground station constantly analyses the health of all 
components of the system. 

• State estimator of the ground station: The ground station estimates its own future state. 
• Receiving commands: The display in the caravan is part of the ground station agent. 

Commands are entered on this display. The following commands can be entered:  
 

o Launch: The launch mode is activated by entering launch on the display if the kite is 
on the ground. The kite launches as described in section 2.3. 

o Landing: The landing mode is activated by entering landing on the display. In this 
situation the kite lands as described in section 2.3. 

o Emergency landing: The emergency landing mode is activated by entering 
emergency landing on the display. In this situation the safety release is activated and 
the emergency line becomes tensioned. The kite lands by an emergency landing as 
described in section 2.3. 

o Parking: The parking mode is activated by entering parking on the display. In this 
situation the kite is parked as described in section 2.3. 

 
• Displaying information: On the display all the measurements are found. In Figure 5.2 an 

example menu is depicted. In Figure 5.2 the following is depicted: 
 

o Top left menu: The top left menu is a system monitor that displays the state of the 
different subsystems of the ground station and KCU. 

o Top middle menu: The top middle menu depicts the following: 
 

§ The situation at the ground station, including the wind speed, wind direction, 
and the position of the ground station. 

§ The state variables of the KCU, including the position and battery level. 
§ The current path of the kite. 
§ The loaded paths of the kite. 

 
o Top right menu: The power setting of the kite. In this menu it is displayed how much 

the kite is powered and steered by the KCU. 
o Centre menu: The centre menu consists of three different windows: 

 
§ Top view: This menu depicts the position of the kite from above, centred 

around the ground station. 
§ Front view: This menu depicts the position of the kite in the hemisphere 

around the ground station. 
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§ Headings: This menu depicts the heading of the kite that is received from the 
three heading sensors. 
 

o Bottom middle menu: The bottom middle menu is the data display. The data 
display consists of the wind speed at the ground, the azimuth of the kite, the 
elevation of the kite, the heading of the kite, the battery level of the KCU, the tether 
force at the winch, the reel-out speed, and the tether length. 

o Bottom right menu: The bottom right menu is also a system monitor that displays 
the state of the different systems and sensors. 
 

 
Figure 5.2: Overview of the ground station’s display. 

 
The ground station has the following state variables: 
 

• Winch speed: The rotating speed of the winch. 
• Mechanical power: The mechanical power of the winch. 
• Mechanical energy: The mechanical energy of the winch. 
• Electrical power: The electrical power generated or used by the generator. 
• Electrical energy: The electrical energy generated or used by the generator. 

 
All these states are measured by internal sensors. The local modes of the ground station are the 
same as the kite. The ground station has the following local modes: 
 

• Launching mode: In this mode, the ground station is always ready to reel-in the tether if 
there is no or too little tension on the tether.  

• Reel-out mode: In this mode, the ground station reels-out the tether. The generator is 
activated and generates electrical energy. 

• First transition mode: In this mode, the winch is stopped. The tether length is held 
constant. The tether is reeled in by the generator if the tether force is too low. 

• Reel-in mode: In this mode, the ground station reels-in the tether. The generator is 
activated and supplies mechanical energy. 

• Second transition mode: In this mode, the winch is stopped. The tether length is held 
constant. The tether is reeled in by the generator if the tether force is too low. 
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• Landing mode: In this mode, the tether is reeled in by the winch according to the orders of 
the KCU. 

• Parking mode: In this mode, the winch is stopped. The tether length is held constant. The 
tether is reeled in only if the tether force is too low. 

• Emergency landing mode: In this mode, the tether is reeled in by the winch. If there is still 
a connection between the KCU and ground station, the ground station receives orders from 
the KCU. 

 
Interaction Environment and Ground Station 
The interaction between the ground station and environment is neglected in the agent-based 
model. However, in real life the environment does have influences on the ground station, such as 
UV radiation, dust/sand wear, and temperature effects. 
 
Interaction Tether and Ground Station 
There are two interactions between the tether and ground station. The first interaction between the 
ground station and the tether is the tether force. The kite pulls the tether due to its aerodynamic 
forces. The winch of the ground station also generates a pulling force, either to retract the kite or to 
generate energy. The second interaction between the ground station and the tether is the length of 
the tether. The tether length is controlled by the ground station. The tether length also influences 
the mass of the tether. 
 
Interaction Weather Sensor and Ground Station 
The interaction between the weather sensor and the ground station is performed via a cable. Via 
this cable the wind vector is communicated from the weather sensor to the ground station. The 
heading and velocity of the wind is used by the ground station. 
 
Interaction 5 GHz WIFI Link and Ground Station  
The 5 GHz WIFI link interacts with the ground station in two ways. Firstly, the ground station 
transfers the information received from the KCU to the ground station. Secondly, the 5 GHz WIFI 
link receives the information from the ground station that needs to be transferred to the KCU. 
 
Interaction KCU and Ground Station via 5 GHz WIFI Link 
The interaction between the KCU agent and ground station agent only consists of communication, 
this is performed via the 5GHz WIFI link agent. Three different types of information are 
communicated. Firstly, the measured state variables of all components are communicated to both 
agents. Secondly, orders from the flight path controller are communicated to the winch control 
daemon. Lastly, if one of the health supervisors detects an anomaly, the operational mode of the 
entire system is switched. This mode change is also communicated between the KCU and ground 
station. 
 

5.8 Field Team 
The field team is an agent that represents the humans in the field. In this section the exact tasks 
are explained of the field team. Furthermore, there is elaborated on the interaction with the other 
agents. The field team always stands in the field. Before launch the field team prepares the ground 
station, kite, and KCU. Furthermore, the field team checks the complete system in the field by the 
cross checking principle. During and after launch the field team monitors the system and the 
environment. The field team intervene physically to the ground station if needed. The field team 
communicates the observations to the caravan team if actions are needed, for example, the mode 
needs to be changed. The field team secures the kite and packs the complete system during 
landing. Therefore, the field team interacts with the environment, kite, KCU, ground station, and 
caravan team. All these interactions are explained in more detail in this section. 
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Interaction Environment and Field Team 
The interaction between the environment and field team mainly consists of visual observation. For 
example, the field team observes the local weather conditions. This is performed by the human 
eyes from the field team and observing weather data. 
 
Interaction Kite and Field Team 
The interaction between the kite and field team consists of three parts. Firstly, the kite is prepared 
and checked for the launch by the field team. The field team rolls out the tether and attaches 
everything correctly. At the end, the field team performs safety checks. Secondly, the field team 
observes the kite during launch, normal operation, and landing. Lastly, the field team secures the 
kite and clears up the kite after landing. 
 
Interaction KCU and Field Team 
The interaction between the KCU and field team consists of three parts. Firstly, the KCU is 
prepared and checked for the launch by the field team. The field team attaches the KCU to the rest 
of the system and inserts the battery. At the end, the field team performs safety checks. Secondly, 
the interaction between the field team and the KCU consists of the observation of the KCU by the 
field team during launch, normal operation, and landing. Lastly, the field team clears up the KCU 
after landing.  
 
Interaction Ground Station and Field Team 
The interaction between the ground station and field team consists of three parts. Firstly, the 
ground station is prepared and checked for the launch by the field team. At the end, the field team 
performs safety checks. Secondly, the field team observes the ground station during launch, 
normal operation, and landing. Furthermore, the field team can physically take action if needed in 
an anormal situation. The field team also receives updates via Telegram from the ground station. 
Lastly, the field team clears up the ground station after landing. 
 

5.9 Caravan Team 
The caravan team is an agent that represents the human in the caravan. In this section the exact 
tasks are explained of the caravan team. Furthermore, there is elaborated on the interaction with 
other agents. The caravan team is the control room of the operation. The main decisions made in 
the operation by humans are performed by the caravan team. The caravan team interacts with the 
ground station and field team. The field team interacts with the caravan team by voice. Secondly, 
the caravan team communicates with the ground station via the display. These interactions are 
explained in more detail in this section. 
 
Interaction Field Team and Caravan Team 
The interaction between the field team and caravan team consists of voice communication via a 
radio connection. The interaction between the field team and caravan team consists of the 
following communication: 
 

• Setup checks before lifting: The field team communicates the setup checks before lifting 
to the caravan team. The list of setup checks before lifting are depicted in Figure 5.4. Lifting 
means that the kite stands upright but is still at the ground and attached to the launch 
system. 

• Lifting: The caravan team communicates to the field team when the kite is lifted. 
• Setup checks after lifting: The field team communicates the setup checks after lifting to 

the caravan team. The list of setups checks after lifting are depicted in Figure 5.5 and 
Figure 5.6. 

• Launch: The caravan team communicates the moment of launch to the field team. 
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• System monitoring: The caravan team and field team constantly communicate their 
observation of the system to each other. 

• Landing: The caravan team communicates to the field team if the landing button is 
pressed. During landing the observations of the caravan team and field team are constantly 
communicated to each other. 

• Kite secured: The field team communicates to the caravan team when the kite is secured 
to the ground by the field team. 

 
Interaction Ground Station and Caravan Team 
The main interaction between the caravan team and the ground station is the display of the ground 
station. All the measured state variables are depicted on this display. However, in Figure 5.2 an 
example overview of the ground station’s display is depicted with its most important information. 
Figure 5.2 is clarified in section 5.5. The interaction between the caravan team and the ground 
station consists of the following: 
 

• Hardware checks: The hardware checks are performed by the caravan team by pushing 
buttons on the display depicted in Figure 5.3. The following checks are performed: 

 
o Sensors 
o Pressure in the kite 
o KCU motors 
o Emergency release: With this button the emergency landing mode is started. 

 

 
Figure 5.3: Display overview of hardware checks. 

 
 

• Setup checks before lifting: The setup checks before lifting are performed and 
communicated by the field team and are entered in the display. In Figure 5.4 an overview of 
this display is depicted. The caravan team enters “Continue and enter Operational” after 
these checks are entered in the system. 
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Figure 5.4: The display overview of the setup checks performed by the field team before the kite is lifted. 

 
• Press lift kite: The kite is lifted by pressing “Lift kite” on the display after performing the last 

checks before lifting. This display is depicted in Figure 5.5. 
 

 
Figure 5.5: The first display overview of the setup checks performed by the field team after the kite is lifted. 

 
• Setup checks after lifting: The setup checks after lifting are performed and communicated 

by the field team and are entered in the display. In Figure 5.5 and Figure 5.6 an overview of 
this display is depicted. The caravan team enters “Continue to Launch” after these checks 
are entered in the system. 
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Figure 5.6: The second display overview of the setup checks performed by the field team after the kite is lifted. 

 
• Press launch: The caravan team orders to launch the kite on the display as depicted in 

Figure 5.7. 
 

 
Figure 5.7: Overview of launch display. 
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• Monitor the system: All the flight parameters are monitored during the operation by the 
caravan team. This display is depicted in Figure 5.8. However, the most important flight 
parameters are: 
 

o Tether force 
o Tether length 
o Wind direction 
o Wind speed 

 
If the caravan team recognizes that these flight parameters are exceeding the limits the 
caravan team changes the setting of the kite via the display depicted in Figure 5.8. The 
setting changes could be a higher elevation angle, a change in figure eight from down loops 
to up loops, parking, or even an emergency landing mode can be initiated. 

 
• Press “Land Left” or “Land Right”: If there is decided that the kite should be landed by 

the caravan team. The caravan team needs to press “Land Left” or “Land Right” on the 
display, as depicted in Figure 5.8. 

 

 
Figure 5.8: Overview of the display during operation. 
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6 Scenario Identification 
 
In chapter 5 the first step of the safety risk assessment is performed, namely describing the system 
as an agent-based system. The second step is the hazard identification and safety-relevant 
scenario generation. These steps are performed in this chapter. Safety-relevant scenarios are 
scenarios were the kite could harm third-parties. This is the situation in which the kite is outside the 
operational zone, the circle of 400m around the ground station. To obtain these scenarios a hazard 
brainstorm is performed. The hazards from the hazard brainstorm and the top-events of the FTA 
and FMEA performed by Salma et al. (2019) are used. All these hazards are merged in section 6.1 
and pre-processed in section 6.2. Next, in section 6.3 the potential safety-relevant scenarios are 
identified. Subsequently, in section 6.4 the crystallization of the hazards is performed according to 
the method of Blom (2018-2019). In section 6.5 the consequences of the identified scenarios are 
discussed. Lastly, the findings are compared with the FTA and FMEA performed by Salma et al. 
(2019) in section 6.6. 
 

6.1 Hazard Merge 
In this section all the hazards are merged in Table 6.1. The hazards are obtained from the 
performed hazard brainstorm and from an already performed FTA by Salma et al. (2019). Firstly, 
the hazard brainstorm with operational experts is performed. The hazards generated during the 
hazard brainstorm that could result in the kite leaving the operational zone are added to Table 6.1. 
Secondly, the basic events of the top fault tree from Salma et al. (2019), depicted in Figure 6.1, are 
included in Table 6.1 as well. This results in the complete list of hazards before pre-processing. 
 

 
Figure 6.1: Basic events of top fault tree made by Salma et al. (2019). 
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Table 6.1: Overview of hazards that might result in a kite outside the operational zone. 

 Originator Description 
A Christian Tether failure 
B Christian Safety line failure 
C Christian Helicopter crash into the kite 
D Bert Airplane crash into the kite 
E Alexandre Birds crash into the kite 
F Joep Sabotage 
G Alexandre Goats on the tether 
H Christian Kite crashing into house 
I Joep Tether not attached to the ground station 
J Joep Ground Station slides away 
K Alexandre Safety release does not work when needed 
L Alexandre Lightning hitting the system 
M FTA Kite steering is wrong or non-existing 
N FTA All tethers are off 
O FTA Winch system problem 
P FTA Winch control SW problem 
Q FTA System state controller SW problem 
R FTA Ground control HW problem 

 

6.2 Potential Hazard Pre-processing 
In this section the hazard list made in section 6.1, depicted in Table 6.1, is pre-processed. 
Duplicate and irrelevant hazards are removed and some hazards are generalised. Firstly, duplicate 
hazards are removed. Hazard N, “All tethers are off”, is similar as hazard A, “Tether failure”. 
Therefore, hazard M is removed. Also hazard G, “Goats on the tether”, and hazard L, “Lightning 
hitting the system”, are merged to one hazard because of its similarity. This merge is named 
“Damaged tether by external factor”. Next, the irrelevant hazards are removed. Only one irrelevant 
hazard is found, hazard F. Hazard F, “sabotage”, is removed because it is not a safety issue. 
Sabotage is a security issue because with sabotage people have a malicious intent. Lastly, some 
hazards are generalised. In Table 6.1 only hazard H needs to be generalised a bit more. It is a 
very specific description. Therefore, hazard H is generalised to “Third-party harm due to kite 
crash”. This results in the following list of hazards: 
 

1. Tether failure: This hazard represents a broken tether. The tether can break at the top or at 
the bottom of the tether.  

2. Safety line failure: This hazard represents a safety line failure, if the safety line fails there 
is no back-up if a safety release mechanism or weak link is initiated.  

3. Helicopter crash into the kite: This hazard represents a helicopter crash into the kite. The 
helicopter can separate the kite from the ground station at various locations.  

4. Airplane crash into the kite: This hazard represents an airplane crash into the kite. The 
airplane can separate the kite from the ground station at various location. However, it can 
also move the complete system. 

5. Birds crash into the kite: This hazard represents a bird crash into the kite. The bird can 
damage the kite with the result that it is separated from the KCU, tether, and ground station. 

6. Damaged tether by external factor: This hazard represents the possibility that external 
factors damage or even break the tether. This separates the tether, KCU, and kite from the 
ground station. 
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7. Third-party harm due to kite crash: This hazard is the renamed hazard “Kite crashing into 
house”. This hazard is generalised to a collision with a third-party. 

8. Tether not attached to ground station: This hazard represents that it can be forgotten to 
attach the tether to the ground station. If the drum of the ground station rolls too far off the 
kite, KCU, and tether are separated from the ground station. 

9. Ground station slides away: This hazard represents a sliding ground station due to too 
high forces. 

10. Safety release does not work when needed: This hazard represents a defect safety 
release and weak link. This could lead to too high loads on the tether and even a tether 
failure if other systems are not able to reduce this load. 

11. Kite steering is wrong or non-existing: This hazard represents an uncontrollable kite. 
This could lead to too high loads on the tether and even a tether failure if other systems are 
not able to reduce this load.  

12. Winch system problem: This hazard represents a not working ground station winch. This 
could lead to too high loads on the tether and even a tether failure if other systems are not 
able to reduce this load. 

13. Winch control software problem: This hazard represents a not working ground station 
winch due to a software issue. This could lead to too high loads on the tether and even a 
tether failure if other systems are not able to reduce this load. 

14. System state controller software problem: This hazard represents a not working system 
state controller. This leads to unidentified dangerous situations. Therefore, the system is not 
in control of the system. This could lead to too high loads on the tether and even a tether 
failure if subsystems do not notice the situation. 

15. Ground control hardware problem: This hazard represents a hardware problem for the 
ground control. This could lead to several dangerous situations, also a tether failure. 

 

6.3 Scenario Identification 
In this section potential safety-relevant scenarios are identified based on the potential hazard list of 
section 6.2. There are four safety-relevant scenarios identified based on the hazard list of section 
6.3. These scenarios are as follows: 
 

I. Tether, KCU, and kite fly away: In this scenario the tether, KCU, and kite are not attached 
to the ground station anymore. The ground station is still at its original position. The tether, 
KCU, and kite fly away with the wind. The tether is broken close to the ground station in this 
situation. 

II. KCU and kite fly away: In this scenario the KCU and kite are not attached to the ground 
station anymore. The ground station is still at its original position. The KCU and kite fly away 
with the wind. The tether is broken close to the KCU or/and the safety line has failed in this 
situation. 

III. Kite flies away: In this scenario only the kite flies away and is not attached to the KCU, 
tether, or ground station. The ground station is still at its original position. 

IV. The system slides away: In this scenario the complete system is not at its original position 
anymore and the ground station slides over the ground. 
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6.4 Crystallization 
In this section the crystallization is performed of the previously mentioned potential hazards and 
safety-relevant scenarios. With crystallization each potential safety-relevant scenario is used as 
crystallization point upon which all applicable hazards are fitted. In section 6.2 the hazards are 
identified. In section 6.3 the safety-relevant scenarios are identified. These numbering of these 
sections are used in the crystallization. The crystallizations are depicted in Figure 6.3 and Figure 
6.4, in Figure 6.2 the legend is found. 
 
Firstly, hazard one, two, four, six, or eight can immediately lead to scenario I, without the 
accumulation of another hazard, as depicted in Figure 6.3. A combination of hazard fifteen, 
fourteen, thirteen, or twelve with hazard ten and eleven can also lead to scenario I, the scenario 
where the tether, KCU, and kite fly away. For example, hazard eleven, “kite steering is wrong or 
non-existing”, can only lead to a close to the ground tether failure if the redundant safety release 
and weak link do not work (hazard ten) and the ground station is not able to adapt to the high 
forces. This happens with hazard fifteen, fourteen, thirteen, or twelve. Scenario I can lead to 
hazard seven, “third-party harm due to kite crash”, if the kite, KCU, and tether crash on a third-
party. 
 
The crystallization of scenario II is very similar as scenario I, as depicted in Figure 6.3. Hazard 
one, three, or four can immediately lead to scenario II, without the accumulation of another hazard. 
Situation II can also occur if hazard eleven happens in combination with hazard ten or two and in 
combination with hazard fifteen, fourteen, thirteen, or twelve. Scenario II can also lead to hazard 
seven, “third-party harm due to kite crash”, if the kite, KCU, and tether crash on a third-party. 
 
The crystallization of scenario III is rather simple. Hazard three, four, and five can immediately lead 
to situation where the kite flies away, as depicted in Figure 6.4. The kite crash on third-parties in 
this situation and therefore scenario III can also lead to hazard seven “third-party harm due to kite 
crash”. 
 
Lastly, hazard nine and four can immediately lead to scenario IV, without the accumulation of 
another hazard, as depicted in Figure 6.4. Furthermore, hazard eleven in combination with hazard 
fifteen, fourteen, thirteen, or twelve can lead to scenario IV. Scenario IV can eventually also lead to 
hazard seven. 
 

 
 

Figure 6.2: Legend of the crystallizations in Figure 6.3 and Figure 6.4. 
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Figure 6.3: Overview of the crystallizations of situation I and II. 
 

 
 

Figure 6.4: Overview of the crystallizations of situation III and IV. 
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6.5 Consequences 
In this section the consequences of the four identified safety-relevant scenarios are described. It is 
discussed if the system leaves the operational zone. Furthermore, the consequences of leaving 
the operational zone are discussed. 
 
Scenario I 
Scenario I is the safety-relevant scenario in which the tether, KCU, and kite fly away. In this 
scenario various consequences are possible. Firstly, the tether, KCU, and kite can crash within the 
operational zone. This happens if the kite flies at a low altitude or if the kite flutters/whirls. In this 
situation the system does not harm any third-parties since no parties are present in the operational 
area. 
 
Secondly, the tether, KCU, and kite can fly away outside the operational zone if the kite flies at a 
high altitude and with higher wind velocities at the moment of the hazard. In this situation the kite 
flies with the wind and is controlled by the KCU. The KCU balances the kite. The consequence can 
be a crash of the tether, KCU, and/or kite on third-parties. The KCU and kite can crash on third-
parties which might result in a fatality. 
 
Lastly, the end of the tether can snag behind something after a (short) flight. In this situation the 
kite and KCU can come down with a high velocity outside the operational zone. This nosedive can 
lead to dangerous situations due to the high impact velocity of the KCU and kite. 
 
Scenario II 
Scenario II is the safety-relevant scenario in which the KCU and kite fly away. The consequences 
of this scenario are fairly similar as scenario I. Only the last consequence of scenario II, the 
nosedive, is not possible in this scenario. Therefore, the first consequences of scenario II is that 
the KCU and kite crash on the ground within the operational zone. This happens if the kite flies at 
a low altitude or if the kite flutters/whirls. In this situation the system does not harm any third-
parties since no parties are present in the operational area. 
 
The second possible consequence is the situation in which the kite and KCU fly away outside the 
operational zone. This happens if the kite flies at a high altitude and with higher wind velocities at 
the moment of the hazard. In this situation the kite flies with the wind and is controlled by the KCU. 
The KCU balances the kite. The possible consequence is the harm of third-parties by a crash of 
the KCU and/or kite. This can lead to a fatality.  
 
Scenario III 
Scenario III is the safety-relevant scenario in which the kite flies away. In this scenario the kite flies 
away with the wind. However, the KCU is not attached to the tether. Therefore, the kite will flutter 
and whirl like a piece of paper. The crash location depends on the location of the kite at the 
moment of the hazard and the wind. The kite can flatter outside the operational zone but also can 
stay inside the operational zone. Of course, outside the operational zone the kite can crash on 
third-parties. However, the impact velocity will not be very high. Therefore, the chance on a fatality 
is very low.  
 
Scenario IV 
Scenario IV is the safety-relevant scenario in which the complete system slides over the ground. 
There are two types of consequences of this scenario. Firstly, the situation in which the tether is 
not completely reeled out and the ground station slides over the ground. In this situation there are 
no consequences for third-parties because the system stays within the operational zone.  
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The second situation is the situation in which the tether is reeled out and the ground station slides 
over the ground. In this worst case scenario, the kite can leave the operational zone and crash on 
the ground. In this situation there are high forces on the kite since it moves the ground station. 
Therefore, the chance of a high impact velocity increases and therefore the chance of a fatality 
increases as well. However, only the kite and KCU will leave the operational zone. The situation in 
which the ground station slides outside the operational zone is unfeasible because the movement 
will never be more than a few meters in the worst case scenario. 
 

6.6 Comparison FMEA and FTA 
In this section the comparison is made between the performed hazard brainstorm and the 
performed analyses by Salma et al. (2019), an FMEA and FTA. Firstly, the comparison is made 
between the FMEA and the performed hazard brainstorm. Secondly, the comparison is made 
between the FTA and the performed hazard brainstorm. 
 
FMEA Comparison 
For the FMEA 80 failure modes of electronic hardware and software components were 
investigated. During the hazard brainstorm these failure modes were not considered. Furthermore, 
the identified hazards in the hazard brainstorm were not considered in the FMEA. Therefore, the 
hazard identified during the performed hazard brainstorm are complementary to the FMEA 
performed by Salma et al. (2019). The four identified safety-relevant scenarios in section 6.3 and 
its consequences of section 6.5 were not considered in the FMEA.  
 
FTA Comparison 
The FTA has three main differences with the performed hazard brainstorm. Firstly, the FTA only 
has one safety-relevant scenario. While, the hazard brainstorm resulted in four different safety-
relevant scenarios. Furthermore, the scenarios that resulted from the hazard brainstorm are also 
more specific. 
 
Secondly, in the performed hazard brainstorm new hazards were identified that were not identified 
in the FTA. The hazards identified in the FTA were also used in the analysis of the hazard 
brainstorm. 
 
Lastly, there is a difference in definition of the operational zone between the FTA and the hazard 
brainstorm. In the FTA the operational zone is a small airspace. The definition of the operational 
zone during the hazard brainstorm is the complete circle around the ground station. 
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7 Model Description  

In chapter 6 four safety-relevant scenarios are generated. The next step in the safety risk 
assessment is the development of a safety risk model. This chapter develops the third-party risk 
model of scenario I of chapter 6. The tether snag that results in a nosedive situation is not included 
in the model. 
 
The third-party risk model framework of the UAS operations from Blom et al. (2020) is used as a 
basis for the third-party risk model. Furthermore, the differential equations from the non-nominal 
descend model are established by the information form the airborne wind energy book from 
Ahrens (2013) and the thesis on third-party risk from Vettorato (2021). 
 
Firstly, in section 7.1 every step of the third-party risk model framework of the UAS parcel delivery 
operation from Blom et al. (2020) is evaluated. The third-party risk model for the Kitepower 
operations is explained for every step. Secondly, the flight path model is explained. In section 7.2 
there is elaborated on the flight path model from Johnson (2019). This flight path model is used in 
this thesis. In section 7.3 there is elaborated on the event rate of the tether failure. The tether 
failure leads to scenario I. Next, in section 7.4 the non-nominal descend model is explained. In this 
section there is elaborated on the differential equations. Furthermore, the accelerations are 
modelled by the force calculations. Lastly, in section 7.5 the fatality model is explained. This model 
is the Range Commanders Council (2001) adopted Feinstein model and also used by Blom et al. 
(2020) in the third-party risk assessment of the UAS parcel delivery operation. 
 

7.1 Evaluation Steps 
In this section the third-party risk model framework for UAS delivery developed by from Blom et al. 
(2020) is evaluated. This model framework considers N flights per annum over an area Y. The 
objective of this model is to estimate the Individual risk  for each position . A Monte 
Carlo simulation is conducted for the generation of N nominal flight paths, and subsequently to 
conduct a Monte Carlo simulation of K flights in which the failure event occurs that leads to a 
ground crash for each of these N nominal flight paths. 
 
For Kitepower the area Y is considered to be the area around the ground station. The ground 
station is located near the town Rutten, the Netherlands, for this third-party risk model. The ground 
station is located at 52°48'45.30"N 005°42'39.30"E	in the simulation. In Figure 7.1 the location of 
the ground station is depicted with respect to its surroundings. Furthermore, the depicted circle has 
a radius of 400m. This circle represents the operational zone of 400m. In the third-party risk model 
of the Kitepower operations N is the number of cycles per annum. One flight cycle consists of the 
four phases: reel-out phase, first transition phase, reel-in phase, and second transition phase. K is 
also considered to be flight cycles. Therefore, a Monte Carlo simulation is developed of K flight 
cycles in which a failure event occurs that leads to a ground crash for each of these N nominal 
flight paths of the flight cycles. 
 
In this section every step of the risk model is explained. In italics the description of the step is 
given. Below the step a more detailed explanation is given. Step 0 is not discussed because this 
step is not relevant for the Kitepower operations. 
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Figure 7.1: Overview of the surroundings of the proposed test location in Rutten, the Netherlands. 

 
Step 1: Determine nominal flight paths for each of the N flight cycles. 
 
In step 1 the nominal flight paths are determined. For the 4-dimensional nominal flight path the 
model of Johnson (2019) is adopted. This is described in detail in section 7.2. An example flight 
path from the flight path model of Johnson (2019) is depicted in Figure 7.2 for a wind velocity of 7 
m/s. Firstly, N nominal wind conditions  are obtained from historical data from KNMI by 
introducing a wind condition grid to keep N finite. For each of these N nominal wind conditions, the 
Johnson model yields the duration  of -th nominal flight path, the 3D position  and 
velocity  of the kite at every , as well as the attitude .   
 

 
Figure 7.2: Nominal flight path of the kite at a wind velocity of 7 m/s. 
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Step 2: Evaluate ground crash probability. Calculate for each of the N flight cycles and each event 
e ∈ E the probability of a crash. 
 
In this step the ground crash probability is modelled. The ground crash probability  is 
modelled for each of the N flight cycles and each event e ∈ E in Equation 7.1. 

 

    (7.1) 

 
Where  is the rate of event e to happen at moment  during the -th flight cycle. In this model 
there is only one event, the tether failure.  is not always constant. The tether failure event 
occurs more often in the reel-out phase. Therefore,  is higher during this phase. The rate of 
event  is described in detail in section 7.3. 
 
Step 3: Simulate kite cycles that crash. 
 
In this step ground crashes are simulated. A Monte Carlo simulation consisting of  runs that 
crash to the ground is conducted for each of the N flight cycles and each event e ∈ E, i.e. for

.  is defined as the absolute value of the nominal duration of one cycle: 
 

           (7.2) 
 
The nominal duration depends on the flight cycle N. The Monte Carlo simulation consists of three 
substeps. 
 
Substep 3.1: Generate a random moment of event time. 
 
In this substep a random event time  is generated for every crash simulation. This is the starting 
moment of the non-nominal kite descend that ends into a ground crash 
 
Substep 3.2: Simulate for the -th flight, for each event e ∈ E the kite state at moment of failure 
event . 
 
In this step the state components are generated at moment of failure event . These state 
components are obtained from the flight path model. These states are updated in substep 3.3 by 
obtaining the acceleration. The state components at failure time , that are generated, are 3D 
position , 3D velocity , 3D wind velocity , and attitude , as depicted in Equation 7.3. 

 

   (7.3) 

 
Where  is the position of the kite at failure time  with nominal flight path .  is the deviation 
from the nominal flight path at failure time . The deviation from the nominal flight path is defined 
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by Equation 7.4. Where , , and  is the standard deviation of the normal distribution in the ,  
, and  direction, respectively.  is the velocity of the kite at failure time  with the nominal 

flight path .  is the wind velocity vector of the nominal flight path .  is the randomly 
generated wind gust at failure time . In section 7.4 there is elaborated on these randomly 
generated wind gusts.  is the wind sampling error. This error has an almost uniform 
distribution1. Lastly,  is the attitude of the kite at failure time  according to the nominal flight 
path . 

 

     (7.4) 

 
Substep 3.3: Simulate non-nominal descend. 
 
In this step the non-nominal descend to the ground is simulated. The non-nominal descend occurs 
between the time interval , i.e. from the start of the event  until the moment of the 
ground crash . This yields the state  of the kite. During the non-nominal descend the kite 
evolves according to the following differential equations: 
 

         (7.5) 

 
Where is the lift force of the kite. The lift force depends on the angle of attack .  is the 
drag force of the kite and also depends on the angle of attack .  is the gravitational force of the 
airborne parts of the system.  is the tether force.  is the mass of the kite,  is the mass of 
the KCU, and  is the mass of the airborne part of the tether. Therefore, the mass of the 
tether depends on the length of the tether . A detailed explanation of these differential equations is 
given in section 7.4. 
 
Step 4: Evaluate the crash location model. 
 
In this step the results from the Monte Carlo simulation are used to model the estimate of the local 
hit density and the estimate of the probability that the simulated crash locations are in a certain 
grid cell. The area around the ground station is divided in square grid cells  of size . The 
estimated probability  that the simulated crash locations  is in grid cell  is obtained by 
Equation 7.6. 

 

       (7.6) 

 
 

1 In this thesis the wind sampling error is assumed 0.0m/s. This assumption is explained in section 9.1.  

i
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Where 1 is a binary function, i.e.  and . The estimate of the local hit density 
 for an arbitrary location  in grid cell  in area Y is obtained by Equation 7.7. 

 

             (7.7) 

 
Where  is the area size of the -th grid cell. 
 
Step 5: Estimate the probability of fatality for hitting an unprotected person in each grid cell. 
 
In this step the unprotected fatality probability  is modelled, for each  for which  

. The equations used are: 
 

          (7.8) 

 
With nominator: 

 

           (7.9) 

 
The crash fatality model  is explained in section 7.5.  
 
Assumption 7.1: The crash of the kite consists of two objects: the kite and the KCU. 
 
Step 6: Evaluate the individual risk per flight cycle. 
 
In this step the individual risk per cycle  is estimated. Equation 7.10 is used to obtain the 
estimate of the individual risk per cycle  for an arbitrary location  in grid cell  , for each  -th 
flight cycle. 

 

    (7.10) 

 
Where  is the size of the crash impact area of flight cycle  with event type e. Due to 
assumption 7.1 there are two crash impact areas, one from the KCU  and one from the 
kite .  
 
 
Step 7: Evaluate the individual risk per year. 
 
In this step the estimated individual risk per year  for an arbitrary location  in grid cell  is 
obtained by Equation 7.11.

 
 

 

       (7.11) 
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Step 8: Compare the individual risk with regulations. 
 
In this step the individual risk is compared with the applicable threshold values of acceptable level 
of individual risk for hazardous installations. The threshold in the UK and the Netherlands is 10-6 
per annum for individual risk that is posed to new objects, as discussed in section 4.3.  
 
Step 9: Assess the population map for each grid cell. 
 
In the introduction of this section the operation location is explained in detail. In this step the 
estimated population density  for every grid cell is obtained by: 

 
         (7.12) 

 
Where  is the population density at location . The population density map was obtained from 
the CBS (2020). 
 
Step 10: Assess the probability of shelter protection against a ground crash. 
 
In this step the probability of shelter protection against a ground crash for each grid cell  
of the -th flight cycle of the kite is established. 
 
Assumption 7.2: In every grid cell the probability of shelter protection is the same.  
 
Step 11: Estimate collective ground risk per flight cycle. 
 
In this step the estimated collective ground risk per flight cycle  in area Y is modelled.  
The estimated collective ground risk per flight cycle  is obtained by Equation 7.13. 

 
          (7.13) 

 
Step 12: Estimate collective ground risk per flight hour. 
 
In this step the estimated collective ground risk per flight hour is modelled for each flight cycle. 
This is obtained by Equation 7.14. 
 

              (7.14) 

 
The nominal flight time  is different for every wind velocity. The result of this step is a 
histogram of simulation results for the N flight cycles. 
 
Step 13: Compare the collective ground risk per flight hour with the regulations. 
 
In this step it is verified if the empirical density obtained in step 12 passes an applicable threshold 
level. There is looked at the regulations of UAS. For example, Jarus (2017) sets a threshold of 10-6 
fatal injuries on the ground per flight hour. It should be observed if the operations of Kitepower 
meet this requirement.  
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Step 14: Estimate collective ground risk. 
 
In this step the estimated collective ground risk per year  is modelled by Equation 7.15. 

 

              (7.15) 

 
In Equation 7.15 the collective ground risk of all N flight cycles are accumulated. 
 
Step 15: Compare the collective ground risk with the regulations.  
 
In this step the estimated collective ground risk is compared with the applicable threshold level of 
collective ground risk. These thresholds are based on requirements posed on FN-curves which are 
found in chapter 4. Most regulations are on FN-curves and can be converted to regulations on 
collective ground risk as described in Equation 3.15. In this thesis . The collective ground risk 
is limited by Equation 7.16 with  [Blom et al., 2020]. 
 

     (7.16) 

 
The collective ground risk is not modelled for the current number of flight hours due to the low 
number. It is assessed for the commercial operations. 

 
7.2 Flight Path Model 
In this section the flight path model used in step 1 is explained. Several flight paths models are 
already developed for the simulation of the flight path of the kite. Faggiani (2014) developed a 2D 
flight path model. This 2D model assumes that the azimuth of the kite is constant during the 
complete cycle. The figure eight manoeuvres are neglected in this 2D model. In Figure 7.3 the 2D 
flight path model from Faggianni (2015) is depicted. Johnson (2019) extended the flight path model 
developed by Faggianni (2015). The extension is mainly the addition of the figure eight 
manoeuvres. This extension turns the simulation from a 2D model into a 3D model. In Figure 7.4 
the flight path of the model developed by Johnson (2019), the 3D model, is depicted. This figure 
eight movement is significant for the risk assessment, as the exact kite location and (tangential) 
velocities have a large impact on the final crash location. Not accounting for the (tangential) 
velocities can result in an inaccurate risk assessment. In this section the 3D flight path model is 
briefly explained. The details of the 3D flight path model are explained in the thesis report of 
Johnson (2019). 
 

 
Figure 7.3: 2D flight path model [Faggiani, 2015]. 
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Figure 7.4: 3D flight path model [Johnson, 2019] 

 
Introduction of the quasi-steady model 
The 3D model is a quasi-steady model, this means that it is assumed that at each time step there 
is a force equilibrium at the kite. A single point mass is used to represent all airborne mass. The 
mass of all airborne components are taken into consideration. The force equilibrium depends on 
the phase. In the transition phases and the reel-in phase the force equilibrium is 2D. In the reel-out 
phase the force equilibrium is 3D. The velocity is obtained from the force equilibria at every time 
step. Therefore, it is important to specify the flight phase of the kite at every moment in time. The 
3D model starts the cycle just after the reel-out phase, at this point the time  is zero. The 3D 
model starts with the first transition phase, after the first transition phase the reel-in phase starts. 
This phase starts if a certain elevation is reached. The next phase is the second transition phase. 
This phase starts if the minimum radial distance is reached. The last phase in the 3D model is the 
reel-out phase. The reel-out phase starts if a certain azimuth is reached. The simulation ends if the 
maximum radial distance is reached. Therefore, the input parameters for the 3D model are: 
 

• The reel-in force : The force on the tether during the reel-in phase. This value is 
calibrated for different wind velocities.  

• The reel-out force : The force on the tether during the reel-out phase. This value is 
calibrated for different wind velocities. 

• The minimum radial distance of the kite : The second transition phase is started when 
the minimum radial distance  is reached during the reel-in phase.  

• The maximum radial distance of the kite : The flight cycle ends if the maximum radial 
distance of the kite  is reached during the reel-out phase. 

• The magnitude of the wind velocity at the ground : The wind velocity has a high 
impact on the location and velocity of the kite. In the 3D model the wind velocity at the kite 
is not assumed to be constant. The wind velocity increases with an increasing height above 
the ground . This due to the roughness of the terrain . The classification of the surface 
roughness is depicted in Table 7.1. In the 3D model the wind velocity is assumed to follow a 
logarithmic profile. The input wind velocity  is wind data from the KNMI station 

Marknesse. The height above the ground of this wind sensor is . The wind velocity at the 
kite  is obtained by Equation 7.17 [Johnson, 2019]. 
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       (7.17) 

In the model of Johnson (2019) the magnitude of the wind is obtained by Equation 7.18. 
 

            (7.18) 
 

Table 7.1: Classification of roughness [Stull, 2000] 

Roughness Terrain Characteristics 
0.0002 Sea Sea, paved area, snow-

covered flat plain, tide flat, 
smooth desert. 

0.005 Smooth Beaches, pack ice, morass, 
snow-covered fields grass 
prairie or farm. 

0.03 Open Grass prairie or farm fields, 
tundra, airports, heather. 

0.1 Roughly open Cultivated area with low crops 
and occasional obstacles 
(single bushes). 

0.25 Rough High crops, crops of varied 
height, scattered obstacles 
such as trees. 

0.5 Very rough Mixed farm fields and forests 
clumps, orchards, scattered 
buildings. 

1 Closed Regular coverage with large 
size obstacles with open 
spaces roughly equal to 
obstacle heights, suburban 
houses, villages, mature 
forests. 

≥2 Chaotic Centres of large towns and 
cities, irregular forests with 
scattered clearings. 
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Figure 7.5: Reference coordinate system of Johnson (2019). 

 
Nominal Wind Fixed Reference Frame 
First the reference frame needs to be explained before explaining the force equilibrium for all the 
time steps. The reference coordinate system, used by Johnson (2019), is depicted in Figure 7.5. 
The reference frame represents the kite path in both spherical and cartesian coordinates. The kite 
position is defined by the radial vector , which is defined by the polar coordinates ( , , ). Where  
is the radial distance between the kite and the ground station,  is the polar angle, and  is the 
azimuth angle. Furthermore, it is important to note that the wind velocity is in the direction of the 
positive -axis with the origin at the ground station. Therefore, this is not an earth fixed reference 
frame but a wind fixed reference frame. The reference frame moves in the direction of the wind. 
Therefore, all the position vectors are converted from the wind fixed reference frame to the earth 
fixed reference frame at the end of the flight path model. This is performed by turning the reference 
frame by the wind direction around the -axis. Next, in Figure 7.5 it is depicted that the 
aerodynamic force  is the result of the addition of the lift and drag force vectors. The drag vector 
is in the same direction as the apparent wind speed vector , both vectors consist of a radial and 
tangential component. Lastly, the kite velocity  is defined by the radial velocity  and tangential 
velocity  in the 3D model. 

 
Figure 7.6: 2D reference coordinate system of Faggiani (2014). 
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Velocity Calculations 
The kite velocity is updated after every time interval . The calculations are performed by using 
the equilibrium force calculations. In Figure 7.6 the forces on the kite are depicted in 2D. In Figure 
7.6 the elevation angle  is depicted, the elevation angle is the complementary angle of the polar 
angle. In the transition phases and the reel-in phase only the 2D forces are relevant, as depicted in 
Figure 7.6. The 3D forces are important for the reel-out phase, as depicted in Figure 7.5.  
 
The velocity of the kite is modelled via the force equilibrium. Some ratios are introduced by 
Johnson (2019) that are important for the velocity calculation. Firstly, the tangential velocity factor  
is the relation between the tangential kite velocity  and the wind velocity  and is defined in 
Equation 7.19. 

 
             (7.19)  

 
The kinematic ratio  is defined as the ratio between the tangential apparent velocity  and the 
radial apparent velocity . The kinematic ratio is mathematically defined in Equation 7.20. 

 
             (7.20)  

 
The last important ratio is the reeling factor . The reeling factor is defined as the ratio between 
the radial kite velocity  and the wind velocity . The reeling factor is mathematically defined in 
Equation 7.21. 

 
            (7.21) 

 
Firstly, the radial kite velocity is found by obtaining the reeling factor. The reeling factor is mostly 
zero in the transition phases. It is assumed that the aerodynamic force is equal to the tether force 
in the reel-out and reel-in phase, neglecting the gravity effects in the radial direction. The 
aerodynamic force is modelled by: 

 
           (7.22) 

 
Where  is the resultant coefficient. The resultant coefficient is obtained from the kite lift and drag 
coefficients.  is the dynamic air pressure and  is the projected surface area of the kite. The 
reeling factor is obtained by equalizing the aerodynamic force  with the tether force . In the 
reel-out phase the tether force is equal to . During the reel-in phase the tether force is equal to 

. Therefore, the reeling factor is obtained by: 
 

         (7.23) 

 
The reeling velocity is obtained from the reeling factor by Equation 7.20. The tangential velocity 
factor is obtained by Equation 7.24. 

 
            (7.24) 
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Where  is defined as: 
 

 
 

And  is defined as: 
 

 
 
This equation is based on the tangential force equilibrium. The complete derivation is explained in 
the thesis of Johnson (2019). The tangential velocity is obtained from the tangential velocity factor 
by Equation 7.18. This results in the nominal velocity vector, depicted in Equation 7.25. 

 
               (7.25) 

 
Attitude Calculations 
The only important angle in terms of attitude is the course angle because the other angles that 
represent the attitude can be deduced form the polar position coordinates. The course angle 
represents the direction of the tangent velocity of the kite. The zero degrees course angle points in 
the positive -axis if the polar angle is zero. The course angle of the kite is in the first transition 
phase upwards and therefore . In the next phase, the retraction phase, the course angle is 
also . In the second transition phase the course angle points downwards and is therefore zero 
degrees. The course angle of the kite during the retraction phase depends on the shape of the 
figure eight, or so called Lissajous curve, and on the location in the figure eight. The course angle 
is defined in the reel-out phase by Equation 7.26. 

 

         (7.26) 

 
Where  defines half of the figure eight curve height and  represents half the width of the figure 
eight curve. These variables are predefined.  represents a phase shift and  is a dimensionless 
“positional time step” that represent the position along one figure eight curve. For this variable, a 
value of 0, , or  would be at the center point of the figure eight. The dimensionless positional 
time step is updated every time step, as depicted in Equation 7.27. 
 

           (7.27) 
 

Where: 
 

            (7.28) 

 
Where  is the distance traveled during reel-out in one time step. This is modelled by Equation 
7.29. 

 

        (7.29) 
 

The derivatives of the elevation  and azimuth angle  are obtained by Equation 7.30 and 
Equation 7.31, respectively. 

 
      (7.30) 
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               (7.31) 

 
The course angle is the only angle that represents the attitude, as explained earlier. Therefore, the 
course angle represents the nominal attitude, as depicted in Equation 7.32. 

 
         (7.32) 

 
Position Calculations 
The position vector consists of the radius , the elevation angle , and the azimuth angle . The 
radius is modelled by Equation 7.33. 

 
        (7.33) 
 

Where  is the radius at the previous time step. The elevation angle is obtained by Equation 7.34. 
 

         (7.34) 
 
Where  is the elevation angle at the previous time step. The elevation velocity  is obtained by 
Equation 7.35. 

 

               (7.35) 
 

The azimuth angle is obtained by Equation 7.36. 
 

         (7.36) 
 
Where  is the azimuth angle at the previous time step. The azimuth velocity  is obtained by 
Equation 7.37. 

 

       (7.37) 
 
Therefore, the radius , the elevation angle , and the azimuth angle  represent the nominal 
position vector, as depicted in Equation 7.38. 
 

     (7.38) 
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Model Output 
The output of the flight path model consists of the obtained vectors, the duration of the different 
phases, and the total duration of the cycle. Therefore, the output of the flight path model consists 
of five components: 
 

• The nominal position vector  for the entire flight cycle, depicted in Equation 7.38. 
• The nominal velocity vector  for the entire flight cycle, depicted in Equation 7.25. 
• The nominal attitude vector  for the entire flight cycle, depicted in Equation 7.32. 
• The duration of the four flight phases: The duration of every flight phase is obtained from 

the 3D model by the summation of the flight phases its time steps. 
• The duration of the nominal flight path : The nominal flight path duration is obtained 

from the 3D model by the summation of all the time steps. 
 

7.3 Event Rate Specification 
In this section the event rate is specified for the tether failure situation of step 2 from the 
model framework. As explained, the flight cycle of the kite consists of four phases: reel-out, first 
transition, reel-in, and the second transition phase. The rate of event  depends on the 
phase. A tether failure happens more frequently with high tether loads. During the reel-out phase 
the loads on the tether are relatively high. The loads on the tether are relatively low during the first 
transition, reel-in, and second transition phase. 
 
Assumption 7.3: The rate of event  is zero between the start of the first transition and the 
end of the second transition .  
 
Assumption 7.3 is mathematically formulated as: 
 

 if  
 

Assumption 7.4: The rate of event has a uniform distribution between the start of the reel-
out phase  and the end of the reel-out phase.  
 
Assumption 7.4 is mathematically formulated as: 
 

 if  
 

Where  is the duration of the nominal flight cycle  and thus the end of the nominal flight cycle. 
The end of the nominal flight cycle is the same moment in time as the end of the reel-out phase. 
 

7.4 Non-nominal Descend Model 
In this section the non-nominal descend model is explained in detail. This model concerns the 
glide to the ground in case of a tether failure. The non-nominal descend model uses differential 
equations, introduced in substep 3.3, to obtain the velocity  and position of the kite. The 
acceleration is obtained by force calculations. The differential equations are depicted in Equation 
7.39. 

 

i
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      (7.39) 

 
Assumption 7.5: The kite is modelled as a point mass in a three-dimensional space during the 
non-nominal descend. 
 
From Wind fixed reference frame to Earth fixed reference frame  
In the non-nominal descend model the earth fixed reference frame is used. The earth fixed 
reference frame is depicted in Figure 7.7. The reference system is nearly the same as the 
cartesian reference system of the flight path model. The only difference is that this reference 
system is an earth fixed reference system instead of wind fixed reference system. The origin is 
located at the location of the ground station. The positive -axis points to the geographical north in 
the earth fixed coordinate system. Secondly, the positive -axis points to the geographical west. 
Lastly, the positive -axis points upwards. The polar angle of the kite is represented by . The polar 
angle represents the angle between the tether and the positive -axis. Next, the azimuth is 
represented by . The azimuth is the horizontal angle of the tether with respect to the positive  
-axis. 

 

 
Figure 7.7: The reference system of the non-nominal descend model [Ahrens, 2013]. 

 
State Conversion 
The position and velocity at the start of the simulation, just before the tether failure, are obtained 
from the flight path model. The flight path model simulates the position in polar coordinates ( , , ) 
in the wind fixed reference frame. The position in the earth fixed cartesian coordinate frame ( , , ) 
is obtained by calculating the cartesian coordinates in the wind fixed reference frame and 
transferring the coordinates to the earth fixed reference frame by turning around the -axis with the 
wind heading . This results in the transfer equation depicted in Equation 7.40. 

 

    (7.40) 
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Where  is the radial distance between the kite and the ground station at time ,  is the polar 
angle at time ,  is the azimuth at time , and  is the position vector in the earth fixed reference 
frame at time . The flight path model simulates the velocity at time  with the radial velocity , 
tangential velocity , and course angle . Therefore, the velocity vector  in the earth fixed 
reference frame is obtained by Equation 7.41. 
 

 (7.41) 

 
 
Acceleration Model 
The acceleration vector of the kite is needed in the differential equations. The acceleration vector 
is obtained in the earlier described earth fixed reference frame. The acceleration is obtained by the 
force summation in the , , and  direction. Firstly, the forces in the  direction at time  consist of 
the lift force component , the drag force component , and the tether force component . 
Secondly, the forces in the  direction at time  also consist of the lift force component , the drag 
force component , and the tether force component . Lastly, the forces in the  direction at 
time  consist of the lift force component in the  direction , the drag force component in the  
direction , the tether force component in the  direction , and the weight . Therefore, the 
acceleration vector  is mathematically defined in Equation 7.42. 

 

    (7.42) 

 
Where  is the mass of the KCU in kg,  is the mass of the kite in kg, and  is the 
mass of the tether in kg. The mass of the tether depends on the length of the tether , the tether is 
a 14mm Dyneema rope. The mass of the tether is obtained by Equation 7.43. 

 
    (7.43) 

 
Where  is the radius of the tether in meters and  is the density of the tether in kg/m3. The lift 
force, drag force, and tether force depend on the type of event e. In this thesis only a tether failure 
is considered. The forces in case of a tether failure are specified in the next part of this section. In 
all scenarios the weight is pointing in the same direction and has the same magnitude. Therefore, 
the weight is obtained by Equation 7.44. 

 
    (7.44) 

 
Where  is the gravitational acceleration. 
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Tether Failure Forces 
In this part the force modelling during a tether failure is explained. During a tether failure the tether 
breaks. Several assumptions are made to model these forces. 
 
Assumption 7.6: The tether force is zero in case of a tether failure. 
 
During a tether failure, the tether is not attached to the ground station anymore. Assumption 7.6 
sets the tether force at zero, this also means that the ground drag caused by the tether is 
neglected. Therefore, the tether force is mathematically defined in Equation 7.45. 

 

       (7.45) 

 
Assumption 7.7: The integration of the differential equations is performed by a first order Euler 
integration with time step . 
 
Assumption 7.8: The wind is zero in the  direction.  
 
Due to assumption 7.7 and 7.8 the wind vector is obtained by Equation 7.46. 

 

         (7.46) 

 
Where  is the wind vector at the next time step  and  is the wind gust vector at the 
next time step . The wind vector  is the wind vector of the current time step . The wind 
vector of the first time step is obtained from the KNMI (2021) wind data and recalculated for the 
altitude of the kite as explained in section 7.2 with Equation 7.17. The wind gust vector is the 
vector that accounts for the variance in wind. The approach of Brezoescu (2013) is adopted to 
obtain turbulence time series in the air around the kite. In the approach of Brezoescu (2013) the so 
called Dryden turbulence model is used. The Dryden wind turbulence model produces a 
turbulence value at altitude based on the wind vector at six meters above the ground, the velocity 
vector of the apparent wind, a gust scale length, and a turbulence intensity vector, of which the 
latter two are dependent of altitude. 
 
Assumption 7.9: The wind vector measurement from the KNMI (2021) have the same value as 
the wind measured at six meters above the ground.  
 
Assumption 7.10: The turbulence only occur in the  and  direction and not in the  direction.  
 
Therefore, the turbulence is only calculated in the  and  direction. Turbulence samples are 
obtained by generating a random discrete white noise signal, and filtering it with the discrete 
Dryden filter. The random discrete white noise signal is a Gaussian signal with a zero mean and a 
variance of one. Samples are generated with a sample period  and fed to the Dryden filter. The 
gusts are calculated in the  and  direction by Equation 7.47. 
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   (7.47) 

 
Where  represents the apparent wind vector at time step  in ft/s,  is the turbulence scale 
length in ,  is the turbulence intensity at time step  in ft/s, and  is the generated white noise 
sample. The turbulence scale and turbulence intensity are calculated by Equation 7.48 and 7.49, 
respectively. 

 
        (7.48) 

 

            (7.49) 

 
Where  is the wind vector at the wind sensor in ft/s and  is the height above the ground in 

ft. The apparent wind vector is obtained by using the obtained wind vector  and velocity 
vector  at time . The apparent wind vector is modelled by Equation 7.50. 

 

    (7.50) 

 
In order to model the lift and drag force some assumptions need to be made. 
 
Assumption 7.11: The lift force is perpendicular to the apparent wind [Ruijgrok, 2009]. 
 
Assumption 7.12: After the tether failure the KCU hangs directly under the kite. 
 
In real life the kite does rotate after tether failure. However, in the available tether failure data it is 
observed that this phase can be neglected because of its short duration and its negligible influence 
on the velocity and on the position. Therefore, assumption 7.12 is a valid assumption. 
 
Assumption 7.13: The pitch and roll rates are zero during the simulation of the tether failure.  
 
Due to assumption 7.12 and assumption 7.13 it is assumed that during the tether failure the angle 
of attack is defined as Equation 7.51. 
 

     (7.51) 
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Where  is the reference pitch of the kite, the pitch of the kite if the KCU is directly located 
under the kite.  is the vertical apparent wind direction, the angle between the horizon and the 
apparent wind vector. The vertical apparent wind direction is obtained by Equation 7.52. 

 

    (7.52) 

 
The vertical and horizontal apparent wind direction are needed to obtain the lift force. The 
horizontal apparent wind direction is obtained by Equation 7.53. 

 

               (7.53) 

 
The magnitude of the lift force is obtained by Equation 7.54. 

 
            (7.54) 

 
Where  is the magnitude of the apparent wind at time ,  is the lift coefficient with 
the angle of attack  at time  as input, and  is the projected surface area. The air density  
depends on the altitude and is obtained by Equation 7.55. 

 

            (7.55) 
 

Where  is the air density at zero altitude and  is the scale height for air density. The direction 
of the lift force is modelled by taking into account assumption 7.11 and 7.12. This means that the 
lift force is perpendicular to the apparent wind and upwards. Therefore, the vector of the lift force is 
obtained by Equation 7.56. 
 

    (7.56) 

 
Assumption 7.14: The direction of the drag force is in the same direction as the apparent wind 
[Ruijgrok, 2009].  
 
The magnitude of the drag force is calculated by Equation 7.57. 

 
            (7.57) 

 
Where is the drag coefficient at time  with the angle of attack  as input. The drag force 
vector is obtained by Equation 7.58. 
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        (7.58) 

 
These formulas take into account assumption 7.14, the direction of the drag force is in the same 
direction as the apparent wind.  
 

7.5 Unprotected Fatality Model 
The probability of fatality is needed in step 5 of the third-party risk model framework from Blom et 
al. (2020). Blom et al. (2020) make use of the Range Commanders Council (2001) adopted 
Feinstein model, depicted in Equation 7.59. 

 

          (7.59) 
 
Where  is the cumulative standard normal distribution,  is the mid-point value,  is the standard 
deviation, and  is the kinetic energy of the kite at the moment of the ground crash. 
 
Assumption 7.15: The kinetic energy of the KCU and the kite are both considered.  
 
Due to assumption 7.1 and 7.15 the kinetic energy of the kite and KCU are separately modelled. 
The kinetic energy of the kite  is obtained by Equation 7.60. 

 
      (7.60) 

 
Where  is the magnitude of the velocity vector of the kite of the -th flight cycle of the -th 
crash simulation at time . The kinetic energy of the KCU  is obtained by Equation 7.61. 

 
             (7.61) 

 
The kinetic energy of the kite and KCU is used to obtain the probability of fatality of the kite  

and KCU . In Equation 7.10 the multiplication of the 
probability of unprotected fatality and total impact area is needed. This is obtained by Equation 
7.62. 

 

  (7.62) 
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8 Model Implementation, 

Verification, and Validation 

In chapter 7 the model of the safety risk assessment is discussed. In this chapter the exact 
implementation, of the model described in chapter 7, in python is explained. Furthermore, the 
model is verified and validated in this chapter. Firstly, the model implementation is explained in 
section 8.1. Secondly, the flight path model is verified in section 8.2. Next, the non-nominal 
descend model is verified in section 8.3. The non-nominal descend model is validated with a real 
tether failure scenario in section 8.4. Lastly, the wind turbulence (Dryden) model is verified in 
section 8.5. 
 

8.1 Model Implementation  
The implementation of the model is explained in this section. The model is developed in the open 
source Python programming language. The python code consists of several parts, these are all 
explained in this section. 
 
Wind Data 
The first part of the code is the processing of the wind data from KNMI (2021). The wind data of 
the station Marknesse from the KNMI is from January 1989 until August 2021. This wind data is 
divided in wind velocity grid steps with step size  and divided in wind direction grid steps with 
step size . The outcome of this part of the code is the probability that every wind condition 
occur with a certain wind velocity grid step and wind direction grid step. In Figure 9.1 the wind rose 
of Markenesse is depicted, the KNMI station that is used as an estimation for the windconditions at 
Rutten. 
 
Flight Path Model 
The second part of the code is the flight path model of Johnson (2019). The wind velocity is used 
as an input parameter to the flight path model, as explained in section 7.2. The flight path model is 
runned for all the different wind conditions. Next, the velocites and position of the complete cycle is 
transferred to the earth fixed reference frame for all the possible flight paths. These values and the 
cycle durations are the inputs for the non-nominal descend model and the individual risk modelling. 
 
Non-nominal Descend Model 
The third part of the code is the non-nominal descend model. The input values for this model are 
the previously mentioned flight paths and the probabilities that certain wind conditions occur. 
Therefore, the number of cycles per wind condition per year are obtained first. Now, all the flight 
paths during the year are known the exact inputs of the non-nominal descend model are known. 
Next, a loop in a loop is started where for every flight path the non-nominal descend model is 
executed K times. The non-nominal descend starts in every simulation by choosing a random 
tether failure moment with a uniform randomizer between the start of the reel-out phase and the 
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end of the reel-out phase. Next, the random flight path deviation is added to the position at this 
tether failure moment according to Equation 7.3 and Equation 7.4. Subsequently, for every time 
step  the forces, velocity, and position of the kite is obtained as explained in section 7.4. The 
wind is varied by the described Dryden filter and is updated for every time step as well. The 
simulation stops if the height above the ground is zero. The position and velocities are saved for 
every simulation. 
 
Individual Risk 
The fourth part of the code is the individual risk part. Firstly, the estimated probability, , that 
the simulated crash locations is in grid cell  is obtained. This is obtained by counting the number 
of crashes in every grid cell for every cycle. This number is divided by K, the number of 
simulations. Next, the estimate of the local hit density, , is obtained. This is performed by 
dividing  with the grid size . 
 
Subsequently, for every crash the probability of fatality is obtained. The saved velocities are used 
to determine the kinetic energy for the KCU and kite. Next, the probability of fatality is calculated 
for both the KCU and kite by the Range Commanders Council (2001) adopted Feinstein model as 
explained in section 7.5. 
 
Now the probability of fatality is known, the individual risk per cycle is obtained by Equation 7.10. 
The multiplication of the crash impact area  and the probability of fatality 

is modelled as explained in section 7.5. Lastly, the individual risk per year is 
obtained by Equation 7.11 and plotted on a map, the results are displayed in chapter 9. 
 
Collective Ground Risk 
The last part of the code is the collective ground risk code. Firstly, for every grid cell a population 
density is assigned. This is performed by using data of the CBS (2020). In this data polygons are 
presented in so called “Rijksdriehoeks coördinaten”. Every polygon has a population density value. 
The population density is assigned to each grid cell by converting the CBS (2020) polygons to the 
earth fixed reference frame with the ground station as the origin. A population density of zero is 
assigned to all the grid cells that are within the radius of 400m, the operational zone, because no 
third-parties are present here. 
 
Secondly, the collective ground risk per cycle is obtained by Equation 7.13. To obtain the collective 
ground risk per flight hour the collective ground risk per cycle is divided by the duration of the 
complete cycle, the duration of every cycle is different for every wind condition. Therefore, this is 
performed for every wind heading grid step  and wind velocity grid step . The results 

are displayed in a histogram in chapter 9. Subsequently, the estimated collective ground risk per 
year is calculated by Equation 7.15. This result is also reported in chapter 9. 
 

8.2 Flight Path Model Verification 
The flight path model is verified by plotting the 3D position of the kite, the tangential velocity, radial 
velocity, and tether force. Johnson (2019) already verified the used flight path model for a 25m2 
kite. However, in this simulation a kite size of 60m2 is used. Johnson (2019) has compared the 
flight path model with a real flight path, under the same weather conditions. The maximum 
deviation of the flight path was identified to be between the 28 and 29 meters by Johnson (2019). 
This was defined to be a good fit also because the number of Lissajous figures was the same as 
the real operation. 
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The verification of Johnson (2019) is only performed for one wind velocity. The verification of 
Johnson (2019) did not look into different wind velocities. The variation of the wind velocity is an 
important factor in this thesis because all the wind conditions are taken into account in this safety 
evaluation of Kitepower operations. Therefore, this verification focuses on the verification of the 
flight path model for different wind velocities. It is expected that the number of Lissajous figures 
decreases with an increasing wind velocity. Furthermore, it is important to note that only the flight 
path during the reel-out phase is relevant because this is the only moment that a tether failure 
could occur. 
 
In Figure 8.1 until 8.10 it is observed that the flight path follows the expected path with its Lissajous 
figures, as already observed by Johnson (2019). During the real operations an important 
observation is that the number of Lissajous figures decreases with an increasing wind velocity. 
Firstly, in Figure 8.1 it is observed that with a wind velocity of 3 m/s there are four complete 
Lissajous figures in the reel-out phase. Next, in Figure 8.3 it is observed that with a wind velocity of 
5 m/s there are three and a half Lissajous figures in the reel-out phase. Thirdly, in Figure 8.5 it is 
observed that with a wind velocity of 7 m/s there are three complete Lissajous figures in the reel-
out phase. Subsequently, in Figure 8.7 it is observed that with a wind velocity of 9 m/s there are 
two and a half Lissajous figures in the reel-out phase. Lastly, in Figure 8.9 it is observed that with a 
wind velocity of 11 m/s there is one and a half Lissajous figure in the reel-out phase. It is 
concluded that the number of Lissajous figures indeed decreases with an increasing wind velocity. 
Therefore, this part of the flight path model is assumed to be correct. 
 
During the real operations a decreasing cycle time with an increasing wind velocity is observed. 
This due to the higher reel-out velocity during higher wind velocities. This observation is also 
verified in the flight path model. In Figure 8.2, Figure 8.4, Figure 8.6, Figure 8.8, and Figure 8.10 it 
is observed that the cycle time indeed decreases with an increasing wind velocity. The cycle time 
is around 89 seconds with a wind velocity of 3 m/s, as depicted in Figure 8.2. The cycle time is 
around 66 seconds with a wind velocity of 11 m/s, as depicted in Figure 8.10. Therefore, the 
observation that the cycle time decreases with an increasing wind velocity is verified. 
 
Thus far, only the position of the kite is verified. The tangential and reeling velocity should be 
verified as well because these velocities are also important output parameters of the flight path 
model. In terms of velocity and tether force the observations during a test flight are as follows: 
 

• The tangential velocity oscillates for all the wind velocities in the reel-out phase. A low 
tangential velocity is observed during the turn. A high tangential velocity is observed in the 
centre of the Lissajous figure. 

• The tether force oscillates for lower wind velocities if the maximum tether force is not 
reached in the reel-out phase. Therefore, the reeling velocity is constant in this situation. 

• The reeling velocity oscillates for higher wind velocities if the maximum tether force is 
reached in the reel-out phase. 

 
The first observation is confirmed in the flight path model. In Figure 8.1 until 8.10 it is observed that 
the tangential velocity oscillates, a low tangential velocity during the turn and a high tangential 
velocity in the centre of the Lissajous figure. The second observation is also confirmed by Figure 
8.2, Figure 8.4, Figure 8.6, Figure 8.8, and Figure 8.10. At a wind velocity of 3 m/s the maximum 
tether force oscillates in the reel-out phase since the maximum tether force is not reached, as 
depicted in Figure 8.2. In Figure 8.4 it is observed that at a wind velocity of 5 m/s sometimes the 
tether force limit is reached in the reel-out phase. Therefore, during the reel-out phase sometimes 
the tether force oscillates and sometimes the reeling velocity oscillates. This is also observed in 
figure 8.6 with a wind velocity of 7 m/s. In Figure 8.8 and Figure 8.10 it is observed that the tether 
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force is constant at its limit in the reel-out phase and the reeling velocity oscillates during the reel-
out phase. Therefore, the third observation is also verified. 
 
All in all, all the observations during test flights are also observed in the flight path model. 
Therefore, it is assumed that the flight path model is accurate enough to predict the flight path of 
the kite for this safety evaluation.  
 
 

 

 
 

Figure 8.1: Generated nominal flight path with a wind 
velocity of 3 m/s.  

 
Figure 8.2: Reeling velocity, tangential velocity, and tether force 

during the nominal flight path with a wind velocity of 3 m/s.  

 

 
 

Figure 8.3: Generated nominal flight path with a wind 
velocity of 5 m/s. 

 
Figure 8.4: Reeling velocity, tangential velocity, and tether force 

during the nominal flight path with a wind velocity of 5 m/s. 
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Figure 8.5: Generated nominal flight path with a wind 
velocity of 7 m/s. 

 
Figure 8.6: Reeling velocity, tangential velocity, and tether force 

during the nominal flight path with a wind velocity of 7 m/s. 

 

 
 

Figure 8.7: Generated nominal flight path with a wind 
velocity of 9 m/s. 

 
Figure 8.8: Reeling velocity, tangential velocity, and tether force 

during the nominal flight path with a wind velocity of 9 m/s. 

 
 

 
 

Figure 8.9: Generated nominal flight path with a wind 
velocity of 11 m/s. 

 
Figure 8.10: Reeling velocity, tangential velocity, and tether force 

during the nominal flight path with a wind velocity of 11 m/s. 
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8.3 Non-nominal Descend Model Verification 
The non-nominal descend model is verified by generating a random input moment and observing 
the lift force, drag force, the apparent wind velocity, the velocity of the kite, the angle of attack, and 
the position of the kite. In this section the behaviour of these parameters are discussed. 
 
The random input values are depicted in Table 8.1. These are randomly generated by choosing a 
random moment of the tether failure during the reel-out phase with wind coming from the south 
and with a wind velocity of 7 m/s. 
 

Table 8.1: Input values of the non-nominal descend model. 

Variable Symbol Value 
Time  44.84 s 

 
Location 

 180.05 m 
 -15.60 m 
 86.54 m 

Elevation  0.447 rad  
Azimuth  -0.0864 rad 

Course Angle  -1.85 rad 
Radial Velocity  4.43 m/s  

Tangential Velocity  21.67 m/s 
Wind Velocity  7 m/s 

Wind Direction  0   
 
The flight path during the non-nominal descend is verified by observing the previously mentioned 
parameters. The flight path of the non-nominal descend after the tether failure is depicted in Figure 
8.11. In Figure 8.12 the apparent wind velocity and the velocity of the kite are depicted. Next, in 
Figure 8.13 the angle of attack is depicted. In Figure 8.14 the lift force and drag force are depicted. 
In Figure 8.11 it is observed that the kite first flies sideward and a little bit upwards, just after the 
tether failure. This is the expected behaviour because, just after the tether failure, the tether force 
that points down and sideward suddenly disappears. Furthermore, the original kite velocity, before 
tether failure, is sideward. Therefore, a sideward and little bit upwards movement is expected and 
observed in the simulation. Due to this initial sideward movement the apparent wind velocity is 
initially in the positive  direction, as depicted in 8.12. Due to the upward movement the apparent 
wind velocity is in the negative  direction. Due to this upward movement the angle of attack is 
negative, as depicted in 8.13. As expected, the drag force points in the same direction as the 
apparent wind due to assumption 7.14 [Ruijgrok, 2009]. The lift force points heavily to the positive 
 direction due to the high apparent velocity in the negative  direction, just after tether failure. The 

lift force is upwards and perpendicular to the apparent wind due to assumption 7.11 and 7.12. This 
lift force is also the cause of the previously mentioned initial upward movement.  
 
In Figure 8.11 it is also observed that after a while the flight path is slowly curved downward and in 
the direction of the wind. The curvature in the direction of the wind is mainly due to the drag force 
as observed in Figure 8.14. The high apparent wind velocity in the positive  direction causes a 
high drag force in the same direction. Therefore, the kite decelerates in the  direction. The drag 
force in the  direction first decreases due to the decreasing apparent wind velocity. Later it shortly 
increases again, due to the increasing angle of attack which is caused by the downward 
movement. The cause of this increase in angle of attack is later explained in this section. However, 
the drag force in the  direction still moves to zero due to the disappearance of the apparent wind 
velocity in the  direction. 

°
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The curvature downward is mainly due to the decrease in lift force. The lift force drops quickly due 
to the disappearance of the apparent wind velocity in the  direction. However, due to the increase 
in angle of attack, mentioned earlier, the lift increases again. This change in lift force is not 
observed in the velocity of the kite. This due to the fact that the drag in the  direction also 
increases, which compensates this drop. 
 
In the end, the horizontal apparent wind gradually becomes zero because the drag force is in the 
same direction as the apparent wind [Ruijgrok, 2009]. Only apparent wind in the  direction is 
present due to the downward movement. Therefore, the angle of attack gradually increase to 
around 95 degrees, 90 degrees (the downward direction) plus 5 degrees (the reference pitch 
angle). The kite acts in this situation as a parachute moving down and moving in the direction of 
the wind. The downward movement is caused by the gravity force and counteracted by the drag 
force. The lift force is zero because of the angle of attack of 95 degrees. The lift coefficient is zero 
with an angle of attack of 95 degrees. This results in a steady downward kite velocity with the 
equilibrium velocity and sideward by the velocity of the wind until the kite touches the ground. All in 
all, the model behaves as expected and is therefore verified. 
 

 
 

Figure 8.11: The flight path of the non-nominal descend model. 
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Figure 8.12: Apparent wind velocity and velocity of the kite during a non-nominal descend. 

 

 
Figure 8.13: Angle of attack of the kite during a non-nominal descend. 
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Figure 8.14: Lift force and drag force of the kite during a non-nominal descend. 

 

8.4 Non-nominal Descend Model Validation 
In this section the non-nominal descend model is validated as far as possible. It is difficult to 
validate the non-nominal descend model because the model is a Monte Carlo simulation with 
random inputs. For example, the wind input is constantly randomly generated during the simulation 
with the Dryden filter. Furthermore, the design of the system is slightly different since the last 
tether failure in may 2019. However, it is interesting to compare the output of this tether failure 
event with the results depicted in section 8.3. 
 
The flight data of the tether failure in may 2019 is depicted in Figure 8.15. In Figure 8.15 the kite 
velocities, height, and distance from the ground station are depicted. In this design the maximum 
radial distance was higher than the current considered design. However, it is still interesting to 
compare the glide ratio because the kite design is still similar. The conditions of the tether failure in 
may 2019 are similar as in section 8.3. In section 8.3 the wind velocity is 7m/s, during the tether 
failure in may 2019 the wind velocity was also around 7 m/s.  
 
The glide ratio during the tether failure of may 2019 was 1.1, the kite crashed to the ground 440m 
horizontally away from the tether failure point. The tether failed at a height of 400m. In the 
simulation of section 8.3 the horizontal distance between the tether failure point and the crash 
point is 135m. The tether failure point is at a height of 86.5m in the simulation of section 8.3. This 
results in a glide ratio of around 1.55. Therefore, it is concluded that the glide ratio in the model is 
higher than the tether failure in may 2019. However, the numbers are in the same order. 
Furthermore, the Monte Carlo simulation has random inputs, as earlier mentioned. A higher glide 
ratio results in higher third-party risk, because more crashes will end up outside the operational 
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zone, the circle of 400m around the ground station. Therefore, the results of the model are more 
on the safe side based on this validation point. 
 

 
Figure 8.15: Flight data of the tether failure in may 2019. 
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8.5 Wind Turbulence Model Verification 
In this section the wind turbulence model is verified. This is performed by first observing the figures 
from section 8.3. Next, the wind turbulence model is verified by comparing the white noise with the 
turbulence magnitude. Lastly, the histogram of the white noise and turbulence magnitude is 
verified. 
 
Firstly, in Figure 8.11, Figure 8.12, Figure 8.13, and Figure 8.14 fluctuation is observed. For 
example, in Figure 8.13 a clear fluctuation of the angle of attack is observed. Also in Figure 8.14 a 
not constant force is observed after an equilibrium is found. It is clearly observed that the drag 
force in the  direction still fluctuates after 10 seconds, when the previously mentioned steady 
situation is met. This is due to the wind gust simulation model. 
 
Secondly, in Figure 8.16 and Figure 8.17 the generated discrete random white noise signal is 
plotted together with the turbulence magnitude obtained by Equation 7.47. The input values for 
Equation 7.47 are depicted in Table 8.2. In Figure 8.15 and Figure 8.16 it is clearly observed that 
the Dryden filter follows the white noise signal. Furthermore, it is observed that the turbulence 
magnitude gradually fluctuates both in the  and  direction. Too many sudden wind velocity 
changes would be unrealistic. However, this does not happen. 
 
Lastly, in Figure 8.18 a histogram of the turbulence magnitude is depicted with 1 million samples. 
In Figure 8.19 a histogram of the white noise signal is depicted with 1 million samples. The 
variance of the white noise signal is measured to be 1.0. The variance of the turbulence magnitude 
is measured to be 10.0. The variance of the white noise signal is logic since this is also the input 
value. The variance of the turbulence magnitude is also logic by observing Equation 7.47 and the 
input values in Table 8.2. All in all, it is concluded that the wind turbulence model is verified and 
performs as expected. 
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Table 8.2: Input values for the wind turbulence model verification. 

Description Variable Value 
Sample Period  0.2 s 
Time Interval  [0 s, 200 s] 

Wind Velocity in  Direction   7 m/s 

Wind Velocity in  Direction  7 m/s 

Height  100 m 
 
 

 
Figure 8.16: Turbulence sample in the x direction and its white noise with input values from Table 8.2. 

 

 
Figure 8.17: Turbulence sample in the y direction and its white noise with input values from Table 8.2. 
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Figure 8.18: Histogram of discrete white noise with a total of 1 million samples. 

 

 
Figure 8.19: Histogram of turbulence magnitude with a total of 1 million samples. 
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9 Simulation Results and Sensitivity 

Analysis 

In chapter 8 the model is verified and validated. It is concluded that the model behaves as 
expected. Therefore, in this chapter, values are identified for every parameter of the model. 
Furthermore, the results, sensitivity analysis, and uncertainty analysis are discussed in this 
chapter. Therefore, this chapter consists of seven parts. Firstly, in section 9.1 values are 
introduced for the model parameters of chapter 7. Furthermore, for every parameter it is assessed 
if a sensitivity analysis is needed. Secondly, in section 9.2 the individual risk results are depicted. 
Next, in section 9.3 the collective ground risk per flight hour results are depicted. Subsequently, in 
section 9.4 the collective ground risk per year results are depicted. In section 9.5 the sensitivity 
analysis is performed. In section 9.6 the uncertain parameters are evaluated. Lastly, in section 9.7 
all the results are discussed. 
 

9.1 Parameter Values and Sensitivity Judgement 
In this section the values of the model parameters of chapter 7 are introduced. Therefore, the 
assessment steps of the model are discussed. Steps that do not contain new parameters are not 
discussed. All the computational parameters are introduced in Table 9.1. All the physical 
parameters are depicted in Table 9.2.  
 

Table 9.1: Computational parameters used in the simulation. 

Parameter Description Value 
 Nominal Flight Paths 1800 

 Wind Velocity Grid Step 2 m/s 
 Wind Heading Grid Step 1° 

 Time Step 0.1 s 
 Number of Runs of Non-nominal 

Descend Model 
 

 Grid Cell Dimensions 10 m x 10 m 
 
Step 1 
In step 1 the following physical parameters are introduced, depicted in Table 9.2: the drag 
coefficient , lift coefficient , scale height for air density , maximum radial distance , 
minimum radial distance , projected surface area , total flight hours , minimum wind 
velocity , maximum wind velocity , roughness , elevation , and the air density at the 
ground . In step 1 the number of nominal flight paths N, the wind velocity grid step , and the 

wind heading grid step  are the introduced computational parameters. Therefore, the wind 
sampling error  of step 3 is also introduced. 

Δvw
hdg
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Firstly, the lift and drag coefficient values for different angles of attack are depicted in Table 9.3 
and Figure 9.3. These values are obtained by Oehler and Schmehl (2019). However, it is observed 
that the coefficients vary a lot and are unpredictive. A sensitivity analysis is performed on both 
coefficients because the relation between third-party risk and the coefficients is non-linear. This 
sensitivity analysis is performed in section 9.5. 
 
Secondly, the scale height for air density is identified in Table 9.2 by Johnson (2019). This is a 
commonly used constant. The uncertainty of the scale height for air density is negligible. 
Therefore, no sensitivity analysis is needed on this parameter. Next, the projected surface area, 
minimum radial distance, and maximum radial distance is obtained from the Kitepower expert. 
These are fixed parameters during the operations. This results in a negligible uncertainty. 
Therefore, a sensitivity analysis is not needed on these parameters. 
 
Subsequently, according to the Kitepower expert, the operational hours are around 90% of the 
hours that wind conditions allow the kite to fly. The uncertainty of this value is significant because 
this is a rough estimation. However, no sensitivity analysis is performed on the operational hours 
because of its linear nature, instead the uncertainty is evaluated in section 9.6. The wind velocity in 
which the kite is currently safe to fly is between the 2 m/s and 12 m/s, according to the Kitepower 
expert. These limits are currently used in the operation. Therefore, the uncertainty of these limits is 
negligible and no sensitivity analysis is needed. By using the data from KNMI (2021) it was 
obtained that during 82.48% of the time the wind velocity is within the operational limits in 
Marknesse. The wind rose of Marknesse is depicted in Figure 9.1. Marknesse is the reference 
wind station for Rutten. The 82.48% availability of safe wind conditions result in 6502.7 operational 
hours per year if the kite operates 90% of the time.  
 

 
Figure 9.1: Wind rose of the KNMI station Marknesse. 
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Next, the number of nominal flight paths, the wind velocity grid step, the wind heading grid step, 
and the wind sampling error are identified to be able to model the flightpaths. The wind velocity 
grid step is set at 2 m/s and the wind heading grid step at 1°. This is identified by observing the 
accuracy of the results. It is observed that the results do not significantly change with a smaller 
wind heading grid step. There are 1800 nominal flight paths due to this grid size. A smaller wind 
velocity grid step results in a higher number of nominal fight paths. This results in a too long 
computational time. The wind velocity grid step results in a wind sampling error with a nearly 
uniform distribution of . However, in this thesis the wind sampling error is set at 

0.0m/s due to the computational time. This means that all the wind conditions in a grid cell are 
modelled as the average wind velocity of that grid cell in section 9.2 until section 9.4. In section 9.5 
a sensitivity analysis is performed on the wind sampling error to quantify the mismatch in third-
party risk caused by the assumption that the wind sampling error is 0.0m/s. 
 
The roughness is set at 0.005 taking into account Table 7.1, the landscape of Rutten, and Faggiani 
(2014) his analysis. The uncertainty of the roughness is negligible as both Johnson (2019) and 
Faggiani (2014) already verified and validated their models. Next, the elevation is obtained by 
operational data from the Kitepower expert. Again, the uncertainty is negligible due to the available 
data. Therefore, also no sensitivity analysis is needed on this parameter. The air density at the 
ground is a constant widely used. Johnson (2019) also used this as the air density at the ground. 
However, the air density at the ground is varying a lot due to local weather conditions. The 
uncertainty is still relatively small. Therefore, no sensitivity analysis is needed on the air density at 
the ground. 
 
Step 2 
The only parameter in step 2 is the tether failure rate . This parameter is a worst case 
assumption from the Kitepower expert. The worst case assumption is that the kite crashes 
maximum ones a year. Therefore, to obtain the tether failure rate, one is divided by the total 
operational hours per year. The uncertainty of this value is significant because it is an assumption. 
No sensitivity analysis is performed because of its linear nature, instead the uncertainty is 
evaluated in section 9.6. 
 
Step 3 
Step 3 is the non-nominal descend model. Seven new physical parameters are needed for this 
step next to the already identified parameters in step 1 and step 2. Namely, the KCU mass , 
the kite mass , tether density , reference pitch angle , standard deviation flight path 
in the  direction , standard deviation flight path in the  direction , and the standard deviation 
flight path in the  direction . Furthermore, in terms of computational parameters the number of 
runs of the non-nominal descend model  and the time step of the simulation  are identified in 
Table 9.1.  
 
The time step is of importance for step 1 and step 3 since in both models the time step is used to 
update the state variables of the kite. The time step is established by trial and error until the result 
did not deviate anymore. Furthermore, the computational time is taken into account. The time step 
is depicted in Table 9.1. The number of runs is typically the duration of the nominal path according 
to Blom et al (2020). This value is also verified by checking if the results did not deviate anymore. 
 
The mass of the components is an important factor in the non-nominal descend model. The mass 
of the KCU and kite are obtained from the Kitepower expert. These values are fixed and the 
uncertainty is negligible. Therefore, no sensitivity analysis is needed on these masses. Next, the 
tether density is a parameter in the non-nominal descend model. This value is obtained from 
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Johnson (2019) and from the product characteristics. Therefore, also the uncertainty of the tether 
density is negligible and no sensitivity analysis is needed.  
 
Subsequently, the reference pitch angle is set at 5 by the Kitepower expert. Therefore, the 
uncertainty is neglegible and no sensitivity is needed. 
 
Lastly, the standard deviation of the nominal flight path in the , , and  direction are set. These 
values are obtained from the validation data from Johnson (2019). Therefore, the uncertainty is 
small and no sensitivity is needed. 
 
Step 4 
In step 4 the grid size  is set. The grid is set at a size of 10 by 10 meters. The grid size is set at 
the same value as Vettorato (2021). Furthermore, by trial and error the grid size was changed. 
However, grid cells of 10 by 10 meters are the optimal size due to the computational time. 
 
Step 5 
In step 5 the mid-point value  and standard deviation  are the only parameters that are not 
identified yet. The mid-point value  is set at 101.6J and the standard deviation  at 0.538. These 
values were assessed by Feinstein et al. (1968) . Therefore, these values have a negligble 
uncertainty. No sensitivity analysis is needed on the mid-point value and the standard deviation.  
 
Step 6 
For step 6 only the crash impact area for the kite  and KCU  are not 
identified yet. The crash impact area for the KCU and kite are obtained by the method of Ale and 
Piers (2000). This method is a crash impact area estimation method from the aviation industry. In 
this method a crash impact area of 0.25m2 per kilogram is set. In step 5 the probability of fatality is 
obtained. It is observed that the probability of fatality for the kite is too high because only a part of 
the kite will hit the human. The mass of the kite is distributed over a large area which results in a 
lower kinetic impact energy. This results in a lower probability of fatality. Therefore, to compensate, 
the crash impact area of the kite is divided by a factor 10. The uncertainty of the crash impact area 
is significant due to this assumption. However, due to the linear nature with risk there is no 
sensitivity analysis performed, instead the uncertainty is evaluated in section 9.6. 
 
Step 9 
The population density map is needed in step 9 of the third-party risk model framework from Blom 
et al. (2020). The population density  is obtained by data from the CBS (2020), as mentioned 
before. The used data consists of polygons with data attached to every polygon, the population 
density is one of the data parameters. In this data it is found that there are three areas close to the 
ground station in Rutten, as depicted in Figure 9.2. The black point in Figure 9.2 is the location of 
the ground station. Firstly, the largest area is the lightest area with the lowest number per km2, 
namely 18 per km2, this is a rural area. Secondly, the industrial area is the smallest area with a 
population density of 225 per km2. Lastly, the centre of Rutten is the darkest area with a population 
density of 1902 km2.  

 

°
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Figure 9.2: Population density map of the area around the ground station in Rutten, the Netherlands [CBS,2020]. 

 
 
Step 10 
In step 10 the probability of shelter is identified. Melnyk et al. (2014) have identified that in 
the USA 7.6% of the time is spent outdoors, 5.5% in a vehicle, and 5.4% time spent in an 
office/factory. The area of Rutten is a rural area. Therefore, it is identified that relatively less time is 
spent in an office, but more outside. Furthermore, in the Netherlands the time spent in a vehicle is 
also more often on a cycle or a motorbike. Therefore, the time spent outdoors is identified to be 
10%. This results in a shelter probability of 0.9 for every grid cell. However, the uncertainty of this 
value is significant. A sensitivity analysis is not performed due to its linear nature, instead the 
uncertainty is evaluated in section 9.6. 
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Table 9.2: Used parameter values with source and judgement of sensitivity. 

Parameter Description Value Source Sensitivity Uncertainty Sensitivity 
Analysis 
Needed? 

Step 1 
 Drag 

Coefficient 
In Table 
9.3 

[Oehler and 
Schmehl, 
2019] 

Non-Linear Significant Yes 

 Lift 
Coefficient 

In Table 
9.3 

[Oehler and 
Schmehl, 
2019] 

Non-Linear Significant Yes 

  Scale Height 
for Air 
Density 

8550 m [Johnson, 
2019] 

Non-Linear Negligible No 

 Maximum 
Radial 
Distance 

300 m  Kitepower 
Expert 

Non-Linear Negligible No 

 Minimum 
Radial 
Distance 

180 m Kitepower 
Expert 

Non-Linear Negligible No 

 Projected 
Surface Area 

47 m2 Kitepower 
Expert 

Non-Linear Negligible No 

 Total Flight 
Hours 

6502.7 h Kitepower 
Expert 

Linear Significant No 

 Minimum 
Wind Velocity 

2 m/s Kitepower 
Expert 

Non-Linear Negligible No 

 Maximum 
Wind Velocity 

12 m/s Kitepower 
Expert 

Non-Linear Negligible No 

 Roughness 0.005 [Faggiani, 
2014] 

Non-Linear Negligible No 

 
Elevation 25   Kitepower 

Expert 
Non-Linear Negligible No 

 Air Density at 
the Ground 

1.225 
kg/m3  

[Johnson, 
2019] 

Non-Linear Small No 

Step 2 
  Tether 

Failure Rate 
 per 

hour 

Kitepower 
Expert 

Linear Significant No 

Step 3 
 KCU Mass 30 kg Kitepower 

Expert 
Non-Linear Negligible No 

 Kite Mass 80 kg Kitepower 
Expert 

Non-Linear Negligible No 

 
Wind 
Sampling 
Error 

0.0 m/s To Avoid Too 
High 
Computation 
Time 

Non-Linear  Yes 

 Reference 
Pitch Angle 

5  Kitepower 
Expert 

Non-Linear Negligible No 

  Tether 
Density 

0.000618 
kg/m3  

[Johnson, 
2019] 

Non-Linear Negligible No 

°

°
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 Standard 
Deviation 
Flight Path in 

 Direction 

10 m [Johnson, 
2019] 

Non-Linear Small No 

 Standard 
Deviation 
Flight Path in 

 Direction 

10 m [Johnson, 
2019] 

Non-Linear Small No 

 Standard 
Deviation 
Flight Path in 
 Direction 

10 m [Johnson, 
2019] 

Non-Linear Small No 

Step 5 
  Mid-point 

Value 
101.6 J [Feinstein et 

al., 1968] 
Non-Linear Negligible No 

 Standard 
deviation 

0.538  [Feinstein et 
al., 1968] 

Non-Linear Negligible No 

Step 6 
 Crash Impact 

Area Kite 
2 m2 [Ale and 

Piers, 2000] 
Linear  Significant No 

 Crash Impact 
Area KCU 

7.5 m2 [Ale and 
Piers, 2000] 

Linear  Significant No 

Step 9 
 Population 

Density 
18, 225, 
or 1902 
1/km2  

[CBS, 2020] Linear Negligible No 

Step 10 

 
Probability of 
Shelter 
Protection 

0.9 [Melnyk et al., 
2014], [Blom 
et al., 2020] 

Linear Significant No 

 
Table 9.3: The lift and drag coefficients for different angles of attack. 

AoA( ) -90  -20  -10  0  5  10  20  45  90  

 0.0 0.0 0.15 0.35 0.6 1.0 1.3 0.9 0.0 

 2.0 0.13 0.15 0.15 0.15 0.2 0.5 0.85 2.0 

 

 
Figure 9.3: The lift and drag coefficients for different angles of attack plotted in one graph. 

° ° ° ° ° ° ° ° °
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9.2 Simulation Results Individual Risk 
In this section the simulation results with respect to the individual risk are depicted and discussed. 
The individual risk is identified by the model in step 7, of section 7.1, with the parameters identified 
in section 9.1. The individual risk per year is depicted in Figure 9.4 for the area around the Rutten 
installation. The ground station is located at the origin of the graph, the north is upwards, and the 
east is right. The black circle shows the border of the operational zone, the radius of 400m. Within 
this radius also other events than a tether failure can occur. Therefore, only the individual risk 
outside this circle is the total individual risk. A discrete individual risk map is depicted in Figure 9.5 
to see the exact borders between the different regulation limits. In Figure 9.5 the green pixels 
depict an individual risk per year lower than 10-6, the orange pixels depict an individual risk per 
year between 10-6 and 10-5, and the red pixels depict an individual risk higher than 10-5. The 
maximum individual risk is identified to be 1.551×10-5. 
 

 
Figure 9.4: Individual risk per year for the area around Rutten.  

 
The results, that are depicted in Figure 9.4 and Figure 9.5, show that the individual risk is above 
most of the individual risk regulations. In chapter 4 it is found that in most countries the individual 
risk per year is allowed to be maximal 10-6 per year for new objects. For already existing objects 
the limitation for individual risk is 10-5 per year. It is observed in Figure 9.5 that there is a large 
zone that exceeds the limitation for new objects, with an individual risk per year higher than 10-6. 
Therefore, within a radius of 600m around the ground station no new housing development is 
allowed. 
 
The limit for existing objects, a maximal individual risk of 10-5 per year, is also not completely met 
because the maximum individual risk is 1.551×10-5. In Figure 9.5 the red contour depicts the area 
that does not comply with the maximum individual risk of 10-5 per year. Therefore, the operational 
zone should be enlarged to a radius of 500m in the dominant wind direction. All the housing within 
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the 10-5 contour should be demolished. In Figure 9.6 a satellite photo is depicted of the area 
around the test location of Rutten. The yellow pin is the location of the ground station, the yellow 
circle shows the radial distance of 700m. In Figure 9.6 it is observed that within this circle no 
housing is present. Therefore, no houses need to be demolished.  
 
Next to the regulations, it is observed that the wind conditions have a strong correlation with the 
individual risk in Figure 9.4 and Figure 9.5. This is logic because the kite flies with the wind in the 
simulation. The wind direction is the main factor that influences the crash direction of the kite. The 
wind velocity influences the crash distance of the kite from the ground station. The higher the wind 
velocity the further the kite flies. Due to the commonly south west winds it is observed that the 
highest individual risk is north east of the ground station. Furthermore, due to the strong easterly 
winds there is also a higher individual risk observed west of the ground station, as depicted in 
Figure 9.4. Therefore, the individual risk heavily depends on the location of the ground station 
because the wind conditions differ per location.  
 

 
Figure 9.5: Individual risk per year at test location Rutten, green is , orange is ,and red is . 
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Figure 9.6: The yellow pin is the location of the ground station at test location Rutten, the circle has a radius of 700m. 

 

9.3 Simulation Results Collective Ground Risk per Flight Hour 
In this section the simulation results with respect to the collective ground risk per flight hour are 
depicted and discussed. The collective ground risk per flight hour is identified by the model in step 
12, previously described with the parameters identified in section 9.1. In Figure 9.7 a histogram of 
the collective ground risk per flight hour is depicted. 

 
Figure 9.7: Histogram of the collective ground risk per flight hour. 
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Firstly, in Figure 9.7 it is observed that the maximum collective ground risk per flight hour is 
2.8×10-8 fatalities. In chapter 7 it is found that currently a threshold of 10-6 fatal injuries is the 
regulation limit for UAS. Therefore, the maximum collective ground risk per flight hour of the 
system is lower than the regulations. 
 
Secondly, in Figure 9.7 it is observed that there are five clusters with around the same collective 
ground risk per flight hour. These clusters exist due to the wind velocity grid steps in the model of 
chapter 7. The model consists of the wind velocity grid steps 3 m/s, 5 m/s, 7 m/s, 9 m/s, and 11 
m/s. The collective ground risk per flight hour with a wind velocity of 3 m/s is negligible. Therefore, 
no graph is depicted with a wind velocity of 3 m/s. Next, in Figure 9.8 the collective ground risk per 
flight hour is depicted with a wind velocity of 5 m/s. On the -axis the wind direction is depicted, on 
the -axis the collective ground risk per flight hour. In Figure 9.9 the collective ground risk per flight 
hour is depicted with a wind velocity of 7 m/s. In Figure 9.10 the collective ground risk per flight 
hour is depicted with a wind velocity of 9 m/s. In Figure 9.11 the collective ground risk per flight 
hour is depicted with a wind velocity of 11m/s. Lastly, in Figure 9.12 the collective ground risk per 
flight hour for every wind velocity grid step are plotted in one graph. The magnitude of the 
collective ground risk per flight hour for every wind velocity grid step is easily compared with Figure 
9.12. 
 
The first identified cluster in Figure 9.7 is a combination of the wind velocity grid steps 3 m/s and 5 
m/s. The collective ground risk per flight hour with a wind velocity of 3 m/s is zero and with a wind 
velocity of 5 m/s is around 0.7×10-10, as depicted in Figure 9.8. Therefore, both wind velocities fall 
in the first bin of the histogram depicted in Figure 9.7. The next cluster in Figure 9.7 has a 
collective ground risk per flight hour of around 1.8×10-9. This cluster is the wind velocity of 7 m/s, 
as depicted in Figure 9.9. The next cluster in Figure 9.7 has a collective ground risk per flight hour 
of around 1.1×10-8. This cluster is the wind velocity of 9 m/s, as depicted in Figure 9.10. The next 
cluster in Figure 9.7 has a collective ground risk per flight hour of around 1.7×10-8. This cluster is 
the result of the spikes and gaps of the Monte Carlo simulation of the wind velocity of 9 m/s and 11 
m/s, as observed in Figure 9.10, Figure 9.11, Figure 9.12. The last cluster in Figure 9.7 is the wind 
velocity of 11 m/s, as observed in Figure 9.11. 
 
From the results in Figure 9.7 until Figure 9.12 it is observed that the collective ground risk per 
flight hour is independent of the wind direction. For all wind directions the collective ground risk per 
flight hour is the same if the wind velocity is constant. The reason for this is the constant 
population density around the installation. The town of Rutten, with a higher population density, is 
not reached by any of the simulations. Therefore, the wind direction has no contribution to the 
collective ground risk per flight hour. This should be analyzed again if the accuracy of the 
population density map in Rutten is improved. Furthermore, if the system is operated on other 
locations, with different population densities, the collective ground risk per flight hour can still be 
influenced. 
 
Lastly, from the results in Figure 9.7 until Figure 9.12 it is also observed that the collective ground 
risk per flight hour highly depends on the wind velocity. The higher the wind velocity the higher the 
collective ground risk per flight hour because more crashes are outside the operational zone of 
400m. The rise of the collective ground risk per flight hour decreases if higher velocities are 
present because most crashes are already outside the operational zone. The collective ground risk 
per flight hour only depends on the crash location in terms of population density because the 
probability of shelter is assumed constant at all locations. However, only the operational zone has 
an influence on the population density because the population density is constant outside the 
operational zone and zero within the operational zone.  
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Figure 9.8: Collective ground risk per flight hour with a wind velocity of 5 m/s.  

 

 
Figure 9.9: Collective ground risk per flight hour with a wind velocity of 7 m/s. 
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Figure 9.10: Collective ground risk per flight hour with a wind velocity of 9 m/s. 

 
Figure 9.11: Collective ground risk per flight hour with a wind velocity of 11 m/s. 

 
Figure 9.12: Overview of the collective ground risk per flight hour for the different wind velocities.  
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9.4 Simulation Results Collective Ground Risk per Year 
In this section the simulation results for the collective ground risk per year are depicted and 
discussed. The collective ground risk per year is identified by the model in step 14, of section 7.1, 
with the parameters identified in section 9.1. The collective ground risk for the area around the test 
location in Rutten is 3.972732177×10-6 per year, as depicted in Figure 9.13. 
 
Equaton 7.16 sets the regulations for collective ground risk by adapting the FN-curve regulations 
found in chapter 4 if a crash only leads to one fatality. In this thesis  and  are the 
assumed regulation constants. This results in a maximum collective ground risk of 1.6449×10-3 per 
year, according to the regulations. It is observed that the collective ground risk of the system is far 
below this value, as depicted in Figure 9.13. Therefore, the system is considered safe in terms of 
collective ground risk per year with the condition that a crash leads to maximum one fatality. 
During the results it is observed that the probability of fatality is very low for the kite. This due to 
the fact that the impact energy is spread over a large area. The probability of fatality of the KCU is 
higher and therefore the main driving factor. Based on these results it is observed that a crash only 
leads to maximum one fatality. Therefore, Equation 7.16 is assumed correct and the system is 
within the regulation limits in terms of collective ground risk per year. 
 
The collective ground risk per year is highly influenced by the population density, the same as for 
the collective ground risk per flight hour. It is observed that the area around the test location in 
Rutten has a relatively low population density of only 18 per km2. This is one of the reasons that 
the collective ground risk per year is low. However, the system is still within the regulation limits if 
the population density around the system is a factor 100 higher, like the centre of the town Rutten. 
Therefore, the undetailed population density is not an important factor in terms of collective ground 
risk per year for the location in Rutten. However, the population density still has a large influence 
on the collective ground risk per year and should be investigated if the system is operated at other 
locations. 
 
 

 
Figure 9.13: The collective ground risk per year of the system in green and the regulation limit in red. 
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9.5 Sensitivity Analysis 
In this section the sensitivity analysis is performed. In section 9.1 it is identified that the sensitivity 
is unknown for the wind sampling error, lift coefficient, and the drag coefficient. Therefore, first a 
sensitivity analysis is performed on the wind sampling error. Secondly, a sensitivity analysis is 
performed on the lift coefficient and on the drag coefficient. 
 
Wind Sampling Error 
The sensitivity analysis on the wind sampling error is performed because in section 9.2 until 
section 9.4 the wind sampling error is set at 0.0m/s to limit the computational time. The actual wind 
sampling error has a uniform distribution of . Therefore, the maximum deviation is 

1.0m/s or -1.0m/s. The higher the wind velocity the higher the third-party risk. Therefore, only the 
upper limit is assessed in this sensitivity analysis, a wind sampling error of 1.0m/s. 
 
The individual risk with a wind sampling error of 0.0m/s is depicted in Figure 9.14 and Figure 9.15. 
The individual risk with a wind sampling error of 1.0m/s is depicted in Figure 9.16 and Figure 9.17. 
The red zone increases and the zone where individual risk is present increases if the wind 
sampling error changes from 0.0m/s to 1.0m/s, as depicted in Figure 9.15 and Figure 9.17. 
Therefore, the individual risk increases significantly if the wind sampling error changes from 0.0m/s 
to 1.0m/s. The operational zone should still be enlarged to a radius of 500m in the dominant wind 
direction. The size of this zone increasement is increased with respect to the original findings. 
 
The collective ground risk with a wind sampling error of 0.0m/s is depicted in Figure 9.18. The 
collective ground risk with a wind sampling error of 1.0m/s is depicted in Figure 9.19. The 
collective ground risk is increased significantly if the wind sampling error changes from 0.0 to 1.0, 
as depicted in Figure 9.18 and Figure 9.19. However, the collective ground risk is still below the 
threshold set by the regulators. 
 
 



       

104 
 

 
Figure 9.14: Individual risk per year for the area around Rutten 

with a wind sampling error of 0.0m/s. 

 
Figure 9.15: Discrete individual risk per year for the area 

around Rutten with a wind sampling error of 0.0m/s, green 
is , orange is , and red is 

. 

 
Figure 9.16: Individual risk per year for the area around Rutten 

with a wind sampling error of 1.0m/s. 

 
Figure 9.17: Discrete individual risk per year for the area 

around Rutten with a wind sampling error of 1.0m/s, green 
is , orange is , and red is 

. 
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Figure 9.18: Collective ground risk per year for the area around 

Rutten with a wind sampling error of 0.0m/s. 

 
Figure 9.19: Collective ground risk per year for the area around 

Rutten with a wind sampling error of 1.0m/s. 
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Lift Coefficient 
The sensitivity analysis on the lift coefficient consists of multiplying all the lift coefficients from 
Table 9.3 with a factor. This is performed for the factors 0.8, 0.9, 1.0, 1.1, and 1.2. These relatively 
small factors are chosen because the lift coefficient is from its origin a sensitive parameter. 
Furthermore, otherwise physical impossible situations are simulated, the lift force unrealistically 
high compared to the drag force.  
 
In Figure 9.20 until Figure 9.29 the influence of the lift coefficient on the individual risk is depicted. 
It is observed that the individual risk does only slightly change by a decreasing lift coefficient. The 
individual risk concentrates a bit more on one place. The red zone increases while the green zone 
decreases, as depicted in Figure 9.21. The clarification of this observation is that in this situation 
the kite flies less far due to a smaller lift influence which results in a lower lift over drag ratio. This 
results in a higher maximum individual risk and less spread out individual risk. 
 
If the lift coefficient is multiplied by a factor 1.1 the individual risk is spread slightly more. The red 
zone decreases but the green zone clearly grows a bit. However, it is observed that if the lift 
coefficient is multiplied by a factor 1.2 the individual risk drastically change. The red zone has 
disappeared. The orange and green zone increase drastically. A larger area is posed by individual 
risk with a higher lift coefficient. The largest increase is clearly between the factor 1.1 and 1.2. The 
clarification of this observation is that in this situation the kite flies further due to a larger lift 
influence. This results in a larger lift over drag ratio. This results in a lower maximum individual risk 
due to the lower concentration of crashes. However, there is at more locations individual risk 
present due to the longer distance flown. 
 

 
Figure 9.20: Individual risk per year for the area around Rutten 

with the lift coefficient multiplied by a factor 0.8. 

 
Figure 9.21: Discrete individual risk per year for the area 

around Rutten with the lift coefficient multiplied by a factor 
0.8, green is , orange is , and 

red is . 
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Figure 9.22: Individual risk per year for the area around Rutten 

with the lift coefficient multiplied by a factor 0.9. 

 
Figure 9.23: Discrete individual risk per year for the area 

around Rutten with the lift coefficient multiplied by a factor 
0.9, green is , orange is , and 

red is . 

 
Figure 9.24: Individual risk per year for the area around Rutten 

with the lift coefficient multiplied by a factor 1.0. 

 
Figure 9.25: Discrete individual risk per year for the area 

around Rutten with the lift coefficient multiplied by a factor 
1.0, green is , orange is , and 

red is . 
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Only the influence on the collective ground risk per year is depicted because the same sensitivity 
is expected on the collective ground risk per flight hour. In Figure 9.30 the relation between the 
collective ground risk per year and the lift coefficient multiplication factor is depicted. It is observed 
that the same behaviour of the collective ground risk is found as in the individual risk figures. The 
collective ground risk slightly increases between a lift coefficient multiplication factor between 0.8 
and 1.1. However, the collective ground risk increases drastically with a lift coefficient multiplication 
factor of 1.2. In the individual risk plots it is observed that the kite is able to fly further due to the 
higher lift forces. This results in crash locations that are further away. Therefore, the kite also 
crashes in regions with a higher population density, the town of Rutten. Furthermore, nearly all 
crashes are outside the operational zone with a multiplication factor of 1.2. This also results in a 
higher collective ground risk. This combination results in the drastically higher collective ground 
risk if the lift coefficient is multiplied by a factor 1.2. 
 

 
Figure 9.26: Individual risk per year for the area around Rutten 

with the lift coefficient multiplied by a factor 1.1. 

 
Figure 9.27: Discrete individual risk per year for the area 

around Rutten with the lift coefficient multiplied by a factor 
1.1, green is , orange is , and 

red is . 

 
Figure 9.28: Individual risk per year for the area around Rutten 

with the lift coefficient multiplied by a factor 1.2. 

 
Figure 9.29: Discrete individual risk per year for the area 

around Rutten with the lift coefficient multiplied by a factor 
1.2, green is , orange is , and 

red is . 
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Figure 9.30: Relation between the lift coefficient multiplication factor and the collective ground risk. 

  
Drag Coefficient 
The sensitivity analysis of the drag coefficient consists of multiplying all the drag coefficients from 
Table 9.3 with a factor. This is also performed for the factors 0.8, 0.9, 1.0, 1.1, and 1.2. This 
relatively small factor is chosen because the drag coefficient is from its origin a sensitive 
parameter. Furthermore, otherwise physical impossible situations are simulated, the drag force 
unrealistically low compared to the lift force.  
 
In Figure 9.31 until Figure 9.40 the influence of the drag coefficient on the individual risk is 
depicted. It is observed that the individual risk does only slightly change by an increasing drag 
coefficient. The red zone slightly decreases and the area where individual risk is present has 
moved slightly closer to the ground station, as depicted in Figure 9.39 and Figure 9.40. The 
clarification for this observation is that in this situation the kite flies less far due to a larger drag 
influence. Therefore, the individual risk moves closer to the ground station. The red zone 
decreases and the orange zone decreases at the outer boundary. The red zone decreases due to 
the lower impact velocity caused by the larger drag coefficient. 
 
The individual risk is spread slightly more if the drag coefficient is multiplied by a factor 0.9. The 
red zone moves further away from the ground station. The orange and green zone increase in 
size. However, it is observed that if the drag coefficient is multiplied by a factor 0.8 the individual 
risk drastically change. The red zone has disappeared. The orange and green zone increase 
drastically. A larger area is posed by individual risk with a lower drag coefficient. The largest 
increase is clearly between the factor 0.8 and 0.9. The clarification of this observation is that in this 
situation the kite flies further due to a lower drag influence which results in a larger lift over drag 
ratio. This results in a lower maximum individual risk due to the lower concentration of crashes. 
However, there is at more locations individual risk present due to the longer distance flown. 
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Figure 9.31: Individual risk per year for the area around Rutten with 

the drag coefficient multiplied by a factor 0.8. 

 
Figure 9.32: Discrete individual risk per year for the area 
around Rutten with the drag coefficient multiplied by a 

factor 0.8, green is , orange is 
, and red is . 

 
Figure 9.33: Individual Risk per year for the area around Rutten 

with the lift coefficient multiplied by a factor 0.9. 

 
Figure 9.34: Discrete individual risk per year for the area 

around Rutten with the lift coefficient multiplied by a factor 
0.9, green is , orange is , 

and red is . 
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Figure 9.35: Individual risk per year for the area around Rutten with 

the drag coefficient multiplied by a factor 1.0. 

 
Figure 9.36: Discrete individual risk per year for the area 
around Rutten with the drag coefficient multiplied by a 

factor 1.0, green is , orange is 
, and red is . 

 
Figure 9.37: Individual risk per year for the area around Rutten with 

the drag coefficient multiplied by a factor 1.1. 

 
Figure 9.38: Discrete individual risk per year for the area 
around Rutten with the drag coefficient multiplied by a 

factor 1.1, green is , orange is 
, and red is . 
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Figure 9.39: Individual risk per year for the area around Rutten with 

the drag coefficient multiplied by a factor 1.2. 

 
Figure 9.40: Discrete individual risk per year for the area 
around Rutten with the drag coefficient multiplied by a 

factor 1.2, green is , orange is 
, and red is . 

 
Only the influence on the collective ground risk per year is depicted because the same sensitivity 
is expected on the collective ground risk per flight hour. In Figure 9.41 the relation between the 
collective ground risk per year and the drag coefficient multiplication factor is depicted. It is 
observed that the same behaviour of the collective ground risk is found as in the sensitivity 
analysis of the lift coefficient. The collective ground risk slightly decreases between a drag 
coefficient multiplication factor of 0.9 and 1.2. However, the collective ground risk increases 
drastically with a lift coefficient multiplication factor lower than 0.9. In the individual risk plots it is 
observed that the kite is able to fly further due to the lower drag forces. This results in crash 
locations that are further away. Therefore, the kite also crashes in regions with a higher population 
density, the town of Rutten. Furthermore, nearly all crashes are outside the operational zone with a 
multiplication factor of 0.8. This also results in a higher collective ground risk. This combination 
results in the drastically higher collective ground risk if the drag coefficient is multiplied by a factor 
0.8. 
 

 
Figure 9.41: Relation between the drag coefficient multiplication factor and the collective ground risk. 
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9.6 Uncertainty Evaluation 
In this section the uncertainty evaluation of the parameters identified in section 9.1 is performed. In 
section 9.1 four parameters were identified to be uncertain but linear. Namely, the total flight hours 

, tether failure rate , crash impact area , and the probability of shelter protection 
. The uncertainty of these parameters are evaluated in this section. 

 
Firstly, the total flight hours uncertainty is evaluated. In section 9.1 it was assumed that the system 
operates 90% of the time if wind conditions allow to operate. This value can be maximally 
increased by 10% to keep it realistic, also because more than 100% is physically not possible. An 
increase of 10% in total flight hours results in a collective ground risk of 4.37×10-6 per year, as 
depicted in Table 9.4. This value is still way lower than the regulation limit of 1.6449×10-3 per year. 
Therefore, the total flight hours uncertainty does not have an impact on exceeding the collective 
ground risk limits. 
 
Secondly, the tether failure rate uncertainty is evaluated. In section 9.1 it was assumed that the 
tether only fails ones per year. This was based on the worst case assumption of the Kitepower 
expert. The tether failure rate can be raised to two times a year, but higher factors would be 
unrealistic. The collective ground risk is 7.95×10-6 per year if the tether failure rate is raised by a 
factor 2, as depicted in Table 9.4. This value is still lower than the regulation limit of 1.6449×10-3 
per year. Therefore, the tether failure rate uncertainty does not have an impact on exceeding the 
collective ground risk limit if even the worst case assumption is double exceeded. However, it is 
still important to investigate the exact parameter based on operational data. 
 
Thirdly, the crash impact area uncertainty is evaluated. The crash impact area is divided in the 
area of the KCU and kite. However, the ratio between these two areas depend on the impact 
velocity as described in section 7.5. Therefore, the total crash impact area is analyzed with the 
maximum factor of the kite its crash impact area because the kite impact area potentially increases 
the most. In section 9.1 it is assumed that the crash impact area of the kite is only 10% of the 
crash impact area modelled by the model of Ale and Piers (2000). This assumption is made 
because the kinetic energy is divided over a large area. This assumption is uncertain. The crash 
impact area increases with a factor 10 if this assumption is not valid. This results in a collective 
ground risk of 3.97×10-5 per year, as depicted in Table 9.4. This value is still lower than the 
regulation limit of 1.6449×10-3 per year. Therefore, the crash impact area uncertainty does not 
have an impact on exceeding the collective ground risk limits. 
 
Next, the probability of shelter protection uncertainty is evaluated. The probability of shelter 
protection is based on the statistics of Melnyck et al. (2014), in section 9.1. This value is identified 
at 90%. However, this value can be reduced with a factor 0.9 if the time spent in a vehicle is all 
outdoors and the time spent at work is also all outdoors. A reason for this could be the rural nature 
of the area. This results in a factor 1.9 higher collective ground risk due to Equation 7.13. The 
collective ground risk is 7.55×10-6 per year with the lower probability of shelter protection, as 
depicted in Table 9.4. This value is still lower than the regulation limit of 1.6449×10-3 per year. 
Therefore, the probability of shelter protection uncertainty does not have an impact on exceeding 
the collective ground risk limits. 
 
Lastly, the collective ground risk is 1.66×10-4 per year if all the previously mentioned parameters 
are at its maximum factor, as depicted in Table 9.4. This is still a factor 10 lower than the 
regulation limit which is 1.6449×10-3 per year. All in all, the only uncertainty is the tether failure rate 
because this value is based on assumptions from the Kitepower expert. 
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Table 9.4: Uncertainty parameters with its maximum collective ground risk. 

Parameter Description Maximum 
Factor 

Collective Ground 
Risk with 
Maximum Factor 

Collective Ground 
Risk Including All 
Maximum Factors 

  Total Flight 
Hours 

1.1 4.37×10-6  
 
 

1.66×10-4 
  Tether 

Failure Rate 
2 7.95×10-6 

 
Crash 
Impact Area  

10 3.97×10-5 

 
Probability 
of Shelter 
Protection 

0.9 7.55×10-6 

 

9.7 Discussion of Results 
In this section the results of the simulation, sensitivity analysis, and uncertainty evaluation are 
discussed. In the simulation results it is identified that the system complies with the regulations on 
collective ground risk. However, the system does not completely comply with the individual risk 
limits. There is an area outside the operational zone with too high individual risk. Therefore, the 
operational zone should be enlarged to a radius of 500m in the dominant wind direction. 
Furthermore, in the simulation results it is identified that the wind conditions have a large influence 
on the individual risk and collective ground risk. In the simulation results it is also identified that the 
population density has a large influence on the collective ground risk per flight hour and collective 
ground risk per year. Therefore, the model should be adapted for every new test location. 
 
In the sensitivity analysis on the lift and drag coefficient it is found that an increase in lift coefficient 
of factor 1.2 has a large impact on the collective ground risk. The same holds for a decrease in 
drag coefficient of the factor 0.8. In these situations the kite is able to fly further. Therefore, a more 
certain identification of the lift and drag coefficient is needed. 
 
In the uncertainty evaluation it is found that all uncertain parameters cannot increase the collective 
ground risk over the regulation limit. However, the tether failure should be investigated in more 
detail because at the moment this value is based on assumptions from the Kitepower expert and 
not based on operational data. 
 
Lastly, new designs of the system have a large influence on the model. Therefore, the model 
should also be adapted if the design changes. In the past years the kite size is changed. The kite 
size has a large influence on the individual and collective ground risk. The same holds for the 
maximum radial distance and the mass of the system. The maximum radial distance is changed in 
past designs. Therefore, the influence of the maximum radial distance on the third-party risk 
should be analysed if the maximum radial distance changes again. Also the mass of the system 
has changed over time. Therefore, the influence of the mass of the system on the third-party risk 
should also be analysed if the mass changes again. 
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10 Conclusion and Follow-up 

Research 

In this chapter the thesis is concluded and directions for further research are given. Firstly, in 
section 10.1 this thesis is concluded. Secondly, in section 10.2 follow-up research is proposed. 
 

10.1 Conclusion  
In chapter 1 the following research question has been identified: 
 

Which third-party risks are posed by Kitepower operations and how high are these? 
 
To address this research question, firstly, in chapter 2 the operation of the system is described in a 
structured way. The human intervention and division of roles during the operation is clarified. In 
chapter 3 it is found that there are three main third-party risk indicators in a quantitative third-party 
safety risk assessment, namely individual risk, collective ground risk per flight hour, and collective 
ground risk per year. Next, in chapter 4 it is found that 63% of the researched countries regulate 
on individual risk and 83% regulate on the FN-curve. The regulations on the FN-curve can be used 
as regulations for the collective ground risk per year. Subsequently, in chapter 5 the operations of 
the system are modelled as an agent-based system as a first step in the safety risk assessment. 
The responsibility and interaction of every agent is clarified in this chapter. 
 
In chapter 6 a pure hazard brainstorm is performed. Four potential safety-relevant scenarios are 
constructed from the hazards that are identified during the hazard brainstorm session and from 
earlier performed reliability studies. These four scenarios give a new view on the safety of the 
system. In the already performed reliability studies no potential safety-relevant scenarios were 
constructed. In chapter 7 the scenario in which the tether, KCU, and kite fly away after a tether 
failure (scenario I) is modelled. Scenario I is the most likely scenario of chapter 6. In chapter 8 this 
model is implemented in Python. Furthermore, in chapter 8 the model is verified and validated. It is 
concluded that the model behaves as expected.  
 
In chapter 9 the results are depicted and the sensitivity analysis is performed. The collective 
ground risk per year is identified at 3.972732177×10-6 per year with the regulation limit at 
1.6449×10-3 per year. The maximum collective ground risk per flight hour is identified at 2.8×10-8 
fatalities per flight hour with the regulation limit at 10-6 fatalities per UA flight hour. Furthermore, it is 
found that in the dominant wind direction the individual risk is above the limit of 10-5 fatalities per 
year. This problem is solved by enlarging the operational zone to a radius of 500m in the dominant 
wind direction. Therefore, the main conclusion of chapter 9 is that the system complies with all the 
regulations on third-party risk if the operational zone is enlarged to 500m in the dominant wind 
direction. 
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Furthermore, in chapter 9 it is identified that the wind conditions and population density have a 
large impact on the individual and collective ground risk. Therefore, for every new location the 
model should be adapted to the local weather conditions and population density to be able to 
identify the individual and collective ground risk for the specific location. 
 
In the sensitivity analysis of chapter 9 it is found that the individual and collective ground risk are 
sensitive to the lift and drag coefficient. However, no regulation limits were exceeded during the 
sensitivity analysis. In conclusion, the safety findings are still valid but in further research the lift 
and drag coefficients should be modelled more precisely. 
 
Lastly, in the uncertainty analysis of chapter 9 it is found that all the uncertain parameters do not 
have a critical impact on the collective ground risk. However, the tether failure rate should be 
researched in detail to obtain an operational data based tether failure rate.  
 

10.2 Follow-up Research 
In this section follow-up research is proposed. These follow-up research consist of three parts. 
Firstly, recommendations are given to extend the current third-party risk model. Secondly, 
recommendations are given to research some limitations and undiscovered influences of 
parameters on the third-party risk model. Lastly, recommendations are given on the adaptation of 
the model in the situation the operation of the system changes. 
 
Extension Third-Party Risk Model 
In this thesis only scenario I is modelled without considering the tether snag situation. Therefore, 
the third-party risk model can be extended by also modelling all the other identified safety-relevant 
scenarios in chapter 6. Therefore, the following research should be performed to extend the 
current third-party risk model: 
 

• Scenario I extension: Scenario I, the kite, KCU, and tether fly away, is modelled in this 
thesis. However, in scenario I the tether can snag behind an object. This part of the 
scenario is not modelled yet. There should be looked into this part of the scenario. 
 

• Scenario II: Scenario II, the kite and KCU fly away from the system, is not modelled 
because of its low probability. However, scenario II should still be analysed in more detail. 
This scenario is easily adaptable from the developed model in chapter 7. In order to 
simulate scenario II only the tether weight should be removed from the developed model. 
 

• Scenario III: Scenario III, the kite flies away from the system, is not modelled because of its 
low probability. However, scenario III should still be analysed in more detail. 

 
• Scenario IV: Scenario IV, the scenario in which the complete system slides over the 

ground, is not modelled also because of its low probability. However, scenario IV should still 
be analysed in more detail. 
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Third-party Risk Model Parameters 
During the development of the model some limitations and undiscovered influences of parameters 
were identified. Not all limitations and influences on this model were researched during this thesis. 
Therefore, the following research should be performed as a follow-up: 
 

• Influence kite size: In this thesis the 60m2 kite is analysed. However, Kitepower is also 
developing larger kites, for example 100m2 kites. The influence of this size increase should 
be analysed in detail.  
 

• Influence maximum radial distance: In this thesis a maximum radial distance is assumed 
of 300m. However, in different designs different tether lengths are considered. Therefore, 
the influence of the maximum radial distance on the third-party risk should be analysed if 
the maximum tether length changes again. 
 

• Mass influence: In this thesis a mass of 30kg for the KCU and 80kg for the kite is 
assumed. However, this will probably still change in the further development of the system. 
Therefore, the influence of the masses of the kite and KCU on the third-party risk should be 
analysed if the masses change. 

 
• Event rate identification: The event rate of the tether failure is based on assumptions of 

the Kitepower expert. Therefore, this value is not that accurate yet. The exact event rate of 
the tether failure should be analysed if more operational hours are performed. 

 
• Operational hour identification: The exact operational plan is not clear at this design 

stage. Therefore, the assumption that at 90% of the time the system is harvesting energy 
should be validated in a further design stage. 

 
• Model adaptation for new locations: In this thesis it is found that the wind direction and 

population density have a large impact on the individual risk and the collective ground risk. 
Therefore, the model should be adapted to the local weather conditions and population 
density if the system operates at a new location. 

 
• Detailed population density map: In this thesis a non-detailed population density map is 

used because a more detailed population density map is not available. However, in next 
third-party risk identification processes there should be looked into a more detailed 
population density map.  
 

• Lift coefficient: In the sensitivity analysis it is found that the individual risk and collective 
ground risk are sensitive to the lift coefficient. Therefore, the lift coefficient should be 
identified more precisely. 
 

• Drag coefficient: In the sensitivity analysis it is found that the individual risk and collective 
ground risk are sensitive to the drag coefficient. Therefore, the drag coefficient should be 
identified more precisely. 
 

Change of Kitepower Operations 
In the developed model the current system design is considered. The third-party risk model should 
be adapted if the system design changes significantly. These design changes can be numerous 
things. An example is the reduction of the operational zone. In the current design the operational 
zone has a radius of 400m. However, eventually Kitepower would like to reduce the radius of the 
operational zone. This operational zone reduction has a large influence on the considered hazards 
and considered safety-relevant scenarios.  
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