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Abstract

The continually growing parcel shipping market and the increasing demand for instant delivery force the
implementation of new technical solutions. The Mercurius Drone presented in this paper provides one pos-
sible solution within the NASA-DLR Design Challenge 2020. The design focuses on maximum efficiency at
minimum weight. Two fixed front propellers and six rear tilting top-wing propellers combine the conflicting
requirements of high hovering efficiency and efficient cruise behaviour. Design features like downwarded
winglets or top-wing props lead to a maximum L/D ratio of over 6 despite low Reynolds numbers, while other
concepts (e.g. Amazon) end up with estimated values of 3 [1]. The Mercurius hybrid fuel cell propulsion
system enables mission ranges that are unattainable for battery-powered concepts. Additionally, it maxi-
mizes flight safety and leads to 30% lower costs per package delivered through more efficient utilization. The
productive use of the drone is inseparably linked to the design of the ground unit. The Mercurius ground
station (see simulation video in appendix) thus embodies the maximum productivity at minimum cost de-
sign philosophy. This allows the required departure interval of 120s to be exceeded and enables dynamic
handling. The design of the Mercurius Drone is based entirely on state-of-the-art technology. Thus, such
concept could revolutionize conventional parcel delivery.
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1. Introduction

1.1. Market Analysis

Parcel shipping continues to grow, reached $87 billion in 2018 in volume globally, and will hit the $200 billion
benchmark in 2025 [2]. However, this development does not remain without consequences. As an example,
between Britain, Germany, and the United States, the economic consequences of traffic congestion amount
to $461 billion in 2017, or equal to $975 per person [3]. A promising and innovative option is to lift existing
traffic into the airspace. Drone delivery could reduce traffic congestion and subsequently reduce associated
greenhouse gas emissions [4]. This vision is more relevant than ever. According to the National Aeronautical
Centre, 42% of logistics carriers plan to use UAVs in the future [5]. Further, an outlook study by SESAR
estimates 100,000 delivery drones in Europe by 2050 [6].

According to McKinsey & Company, last-mile delivery is the most promising application for drone delivery
[7]. One primary reason for this is that today’s delivery model inefficient, and therefore 53% of the total
shipping costs are attributed to this segment [8]. The new approach promises improvements in terms of
time, flexibility, reliability, and price, which is especially beneficial for same day, strict time window, or
instant delivery.

The aim of the NASA/DLR Aeronautics Design Challange 2020 is to design a small delivery drone within
a maximum payload of 2.5 kg and dimensions of 15 cm x 15 cm x 15 cm [9]. Not all parcels fulfill these
requirements. As a reference, 86 percent of Amazon’s packages weight under 2.3 kg [10]. However, even if
they do not surpass the maximum parcel weight, only 70 percent of these parcels are appropriated for drone
delivery due to safety and dimension concerns [11].

A predicted market volume of autonomous last-mile deliveries of almost $92 billion in 2030 arouses cross-
domain awareness [12]. Unsurprisingly, Unmanned Aerial Vehicle (UAV) development is not the only ef-
fort being made to address the enormous demand for last-mile delivery. Competing technologies like au-
tonomous vehicles called droids could achieve a market share of 80% [7]. Therefore it is advisable for a initial
market entry to target a specific market where customers are willing to pay a little more. Already today, al-
most 25% of consumers are willing to pay significantly more for same-day or instant delivery, which therefore
represents the perfect customers [7]. Establishing drone delivery services will however be challenging and
many hurdles like certification and a broad acceptance in the society have to be overcome beforehand.

1.2. Requirements Breakdown

An efficient design process urgently needs clearly defined requirements. Therefore, the most important
requirements are precisely specified in advance. A clear definition of different requirement domains helps
to maximize the solution space for the design phase.

Aerodynamic Efficiency A major technical difficulty is the compatibility of aerodynamic efficiency and
payload in parcel drone systems. Many concepts carry cargo under the fuselage and thus suffer from high
losses in the L/D ratio. An optimization of the glide ratio is particularly important here, since scaling to
smaller sizes and speeds results in a shift to smaller Reynolds numbers. This leads to a dominance of friction
forces, which worsens the lift at increasing drag compared to large aircrafts [13].

Economic Efficiency The operation of a delivery service using parcel drones can only be introduced on
a large scale if the economic benefit is clearly given. The required departure interval of 120 seconds needs
a highly efficient utilisation of the aircraft. The charging time of drones directly related to the number of
required aircraft in service, which is shown in Figure 1. With shorter departure intervals, the number of
necessary drones increases considerably. Since the costs for procurement, maintenance and insurance
increase with the number of aircraft, the reduction of ground time to a minimum is a key goal of technical
implementation. As a stopover at the base to pick up another parcel can be much faster than refuelling, the
number of flyable missions per refuelling cycle should also be increased.



Safety In order to obtain certification by aviation author-
ities Federal Aviation Administration (FAA) and European
Union Aviation Safety Agency (EASA), high requirements for
the safety of people and the environment must be ensured.
This can be done in two ways. Firstly, the probability of a
total failure must be reduced to a minimum. One way to
achieve this is to create redundancies in sensors and the pow-
ertrain. Secondly, in the event of a total failure, the resulting
damage to people and the environment must be minimized.
For this purpose, a safety system should be selected, which
will take effect in this case.
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Noise reduction Even if all the above-mentioned hurdles
have been overcome, the introduction of delivery drones re-
quires broad acceptance among the population. One of the
most critical factors for this is the operation within accept-
able noise levels. Therefore, in addition to the noise level, the frequency range must also be carefully selected
in the design, since the human ear perceives high frequencies as louder than low frequencies [14]. The fur-
ther aim should be to minimize the duration of noise exposure. This can be achieved by short hover times
during take-off and landing.

Figure 1: Required number of aircraft as a func-
tion of charging time

2. Concept Selection

2.1. Methodology

The design phase of a delivery system with drones involves distinct engineering techniques. A systems
engineering approach presented in [15] therefore helps to coordinate them effectively. This procedure
ensures that all requirements are met and guarantees an accurate adaptation of all subsystems. Initially, a
market analysis helps to achieve a broad overview of current development in terms of delivery drones and
identifies possible potentials and obstacles. These considerations lead to a first selection of drone layouts,
whereby each design decision grounds on a scientific basis. Another important decision is the selection of a
suitable energy carrier for the drone. Since there are many options, a cost-benefit evaluates them on weight,
efficiency, failure tolerance, cost efficiency, environmental impact, mission applicability and technology
readiness.

The applied design methodology extends the conceptual design approach presented by Torenbeek [16],
by adapting the procedure to special requirements of small VTOL aircraft. The high complexity of the
propulsion system and the drone’s unconventional design require new methods that augment the formulas
in traditional aircraft design. Therefore a system of parametric models has been developed that enables a
quantitative evaluation of the drone layouts. Implementing empirical and quasi-analytical formulas known
from current research, the system of models helps to finalize and optimize a specific drone concept. This
method allows us to optimize multiple parameters simultaneously and hence to improve the quality of the
initial drone layout with every iteration. The rapid development of new technologies leads to uncertainties
within the model’s input parameters. Therefore an optimistic and a pessimistic case is considered in addition
to the baseline value of a particular parameter. The system of models also includes a drone fleet model, which
calculates the required number or drones, depending on their performance. It helps to set the requirements
for the drone in such a way that an overall economical concept is created. Finally, the fulfillment of all
requirements and design goals is verified.
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2.2. Parametric Model

Figure 3 shows a flow chart of the corresponding parametric models used to acquire the drone’s specifica-
tions. Initially, the UAV Sizing Model provides a basic estimation of the drone’s Design Gross Mass (DGM)
with the input of an assumed aerodynamic efficiency and mission parameters, that are given by the task.
In the next step, the initial dimensions and specifications of a preliminary aircraft design are fed to further
models that calculate precise aerodynamic parameters. Additionally, a sensitivity analysis for the Sizing
Model’s input parameters is carried out in order to assess which criteria require special attention in the
further procedure. Although the CAD model has been continuously improved in parallel to the optimization
of the drone concept, CFD analysis is not used, since the application of these methods requires prior knowl-
edge and can quickly produce incorrect results [17]. Instead, an Aerodynamic Drag Model, according to [17]
that yields the Equivalent Flat Plate Area (EFPA) of an aircraft is implemented and integrated into the overall
Aircraft Model.

Flight State Parametric Models

UAV Sizing Model Aircraft Data:
Aerodynamic Performance

- N Component Masses
Propulsion System Sizing
Required Power

Fuel Consumption

Requirements

Research

Aircraft Model

Initial Layout

}

¥ ¥
(SensitivityAnalysis) ( Optimization )

Figure 3: Corresponding Models

Start

Calculate Component
‘—v Masses and Dimensions of Weight

the Propulsion System

DGMy = DGM,,,

Figure 4: Block Diagram of the Sizing Algorithm

Iterative Component Sizing with UAV Sizing Model The algorithm is used to size the delivery drone and
its components to a given set of input parameters. These are mission specifications such as cruise range
and hover time, the drone’s aerodynamic performance calculated with the Aircraft Model and other values
that characterize the propulsion system. The structural weight is calculated as 40% of the DGM. Initially, the
algorithm estimates a starting value for DGM. In the following iterations, it minimizes the DGM and matches
the mass of all aircraft components exactly to the dimensioning of the propulsion system.



Aircraft Model The aircraft model performs a stationary Trim for every flight state of the flight envelope to
get the aircraft data (power requirements, drive and tilt of the rotors). A component build-up method is used.
For each component (fuselage, rotors, wings), the resulting forces and moments are calculated and added to
the Trim equation system. The equation system is solved by adjusting the control factors like the orientation
angles. The rotors are modeled by momentum theory [18], and the results are verified by a blade element
theory tool [19]. The wings are modeled by aerodynamic coefficients from empirical data (NACA23012) and
the aerodynamic drag model. According to Wirth [20], a model of this fidelity provides almost the same
information value as more detailed and complex models. Linking the aircraft model with the sizing model
helps to optimize the drone layout and ultimately provides essential parameters such as DGM, aerodynamic
efficiency, and energy consumption.

3. Aircraft Design

3.1. Aircraft Configuration

The design of the Mercurius Drone focuses on high aerodynamic efficiency combined with minimal weight.
Alift-generating body together with slender lifting surfaces, a hybrid fuel cell and battery powered propul-
sion provide a high lift-over-drag ratio, high specific energy and high specific power of the overall system.
This chapter presents the most important design decisions of the concept and finally validates the overall
concept.

Figure 5: Aircraft Design

Wing Configuration The chosen configuration with a slender
wing and a front canard connects the propeller mountings to

i i } - Properties Value
the wing surface. This avoids any additional structure to the
propeller mounting, which would lead to parasitic drag increase Wetted Area 1.28 m?
and weight increment. Implementing a front canard involves the Wing Area front Syef,p  0.05 m?
risk of an unstable flight attitude. To avoid this, it must be en- Wing Arearear Srer, 0.2 m’
sured that the aerodynamic center of the configuration remains Span b 1.84 m
behind the center of gravity, which is located next to the pack- Aspect Ratio rear AR 16.2
age. This is achieved by the large rear wing that provides the main Taper Ratio A 0.35

lift.
Table 2: Aircraft Properties

Propeller Configuration The Mercurius Drone is provided with thrust from eight propellers, with the two
forward canard propellers being slightly tilted and generating lift in all flight states. The six rear propellers are
located on the wing surface at 30% chord length and are equipped with a tilt Upper Surface Blowing (USB)
mechanism. This arrangement offers several advantages: In [21] the aerodynamic efficiency at different
propeller positions was investigated. The authors concluded that positioning two propellers at 30% of the
chord length from the wing leading edge improves the L/ D ratio by up to 17.6% compared to the clean wing,



1840

1200
Vertical stabilizer i

Downwarded
Winglets Landing fin
including ball
caster

Figure 6: Main design components of the Mercurius Drone

whereby an extension of the number of propellers leads to further improvement (see Figure 7). This effect
arises for two reasons.

Firstly, it strengthens the leading edge suction tip in the in-
take area of the propeller, thus providing additional thrust. 172 -
Secondly, the propeller on the opposite site increases static e .ﬁi;gégl
and total pressure, which leads to a pushing effect. A place- ey éﬂ:?ﬁﬁ‘g
ment of the propellers on the wing also offers benefits in the !

area of noise reduction, which is discussed in more detail in
Section 3.5. The rear propeller mountings slope in the flow
direction to avoid increments in static pressure at the stagna-
tion points of the structure, which would place asymmetrical
load on the blades.

The tilt mechanism of the propellers is combined with the ] o
flaps to use the Coanda effect of USB systems. This ensures ik ! s 2 n
high lift of the wings even at low speeds, which minimizes %70 oz o e

the time in the energy inefficient hover. The system is tak-
ing advantage of accelerating the airflow on the wing surface
and thus shifting the flow separation to higher flap angles. In
[22] this effect was investigated and an increase of the Cj 4«
of up to 80% at a flap angle of 20° compared to regular flaps
was determined.

Figure 7: L/D improvement in dependency of
position on wing [21]

Since the tilt mechanism must be fully functional at all times, the Mercurius Drone is equipped with two
servos for each flap. These are provided with an electrical locking gear so that no electrical load is applied to
the servos in stationary operations. The maximum active torques of up to 2.3 Nm can thus be tolerated even
if one servo fails, ensuring high redundancy.

Downwarded Winglets A particularly striking design feature of the Mercurius Drone are the downwarded
winglets, which are also used as landing legs. As the drone is supposed to fly at high lift and slow speed
during take-off and landing, this configuration minimizes the induced drag. Researchers at the University of
Toronto showed in 2017 that a downward orientation is more than 80% superior to a conventional upward
orientation. When used in a Boeing 737, up to 2% of the total drag could be saved. Compared to winglets
oriented upwards, the drag can be reduced because the edge vortex is pushed further outwards in this
configuration. If the wing is deformed in flight, the tip of the winglet will be directed outwards, whereas if the
winglet is oriented upwards the tip will approach the fuselage. This second effect pushes the wing tip vortex
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(a) Propeller in horizontal Postion for (b) Propeller in an angled postion for high
cruise flight state lift flight state

Figure 8: Propeller configurations for different flight states

even further outwards.[23] Passenger aircraft find it difficult to take advantage of this technology because
they have to maintain required angles around the roll axis during take-off and landing without touching the
ground. In the case of a vertical take-off and landing Drone, these restrictions do not apply. Figure 9 shows
the transverse force flow and bending moments on the wing in the hover. The winglets at the wingtips lead
to a reduction of the wing root bending moment.

—Transverse Force Path [N] =—Torque Path [Nm]

Figure 9: Loads under consideration of the wing weight

Fuselage Design The fuselage design is inspired by bionic shapes found through evolutionary methods
like pointed out in [24]. Thus, outstanding drag coefficients cp < 0.05 are possible. The shape can be adopted
in a quite similar manner, as Reynolds numbers at a scale of 10° appear within the operation scenario. In
the Mercurius Drone the parcel is accommodated inside the fuselage, since additional carrying structures
used in the "DHL Paketkopter" or the "Wingcopter" do not provide lift, significantly disturb the flow, and
therefore lead to an increase of the drag coefficient C4. In order to enable a simple loading at the same time,
opening flaps are installed on the upper and lower sides of the drone. This allows the drone to be loaded
from above on the ground, which reduces the complexity of the autonomous ground infrastructure. This
point is discussed in more detail in Section 4.1.

3.2. Propulsion System

The Mercurius Drone is supplied with a hybrid propulsion system consisting of a hydrogen-powered fuel
cell and a battery. This takes advantage of combining the high energy density of hydrogen and the high
power density of lithium ion batteries, resulting in a significant reduction of the DGM [25]. Since the choice
of propulsion system has an impact on safety, profitability and energy efficiency in addition to aircraft
performance, the design decision could not be made independently of these variables (see Table 3). However,



our analyses show that the short refuelling time of hydrogen tanks and the resulting high efficient utilisation
of the aircraft, as well as the increase to three flyable missions result in decisive advantages over a purely
battery-powered version (see Chapter 6). Furthermore, the enhanced redundancy of the hybrid version and
other aspects offer highest flight safety (see Chapter 5). In this section only the most important technical
elements concerning the effects on DGM are discussed, while Table 3 also addresses the findings from the
Chapter 5 and 6.

Battery electric  Fuel Cell electric Hybrid electric

DGM - + ++
Profitability - + +
Energy Efficiency ++ - -
Safety - + ++

Table 3: Propulsion System Comparasion

Sizing Parameters The sizing code presented in Chapter 2 evaluates the aptitude of distinct energy storage
methods. Without knowing the exact aerodynamic performance of the drone in the early design stage,
sensitivity analysis is used to determine which energy carrier results in the lowest DGM. When choosing the
propulsion system, we compare three concepts in terms of their Maximum Takeoff Weight (MTOW) under
different Power Loading (PL) and L/D conditions.

Firstly, a propulsion system using Lithium Ion Batteries is investigated. For the calculation we assume a
maximum energy density of modern lithium ion batteries [26, 27] of 260 Wh/kg. We divide the energy
density by the optimistic value of 1.2 to get the energy density at pack level. Secondly, a system using a
hydrogen-powered Proton Exchange Fuel Cell (PEMFC) is investigated. Fuel cell systems offer the potential
of high energy densities with short refueling times of less than five minutes and are therefore an attractive
comparison partner to the lithium ion battery. One disadvantage of fuel cell systems is the decoupling of
power supply and energy storage. A fuel cell stack requires additional weight during short power peaks,
while the battery does not need to be enlarged. The Mercurius Drone thus combines the fuel cell with a
hybrid battery to be able to deliver high power and energy density. This is evaluated in a third approach. The
developed sizing code determines the optimal degree of hybridization of battery and fuel cell to achieve the
minimum take-off weight.

The power density of modern PEMFCs has improved dramatically in recent years. Fuel cell cars reached
specific power densities of 2.0 kW/kg [28], while in R&D numbers up to 2.23 kW/kg [29] were already achieved
in 2017. Since additional mass is required for ventilation and power management, we assume 70% of this
value. We also base our tank system on values from the automotive industry, where storage densities up to
7.18 wt.% are achieved at 700 bar storage pressure [30]. Higher gravimetric storage densities can be achieved
at 350 bar storage pressure, since the density of hydrogen increases disproportionately with rising pressure
[31]. In [32] it was shown that the tank mass could be further reduced by up to 15% with a spherical tank
compared to a cylindrical tank. For our calculation we nevertheless assume a storage density of 7 wt.%, since
tanks of the size of a parcel drone are produced less frequently and are therefore not optimized as much.

Property Value Unit
Lithium Ion Pack specific Energy 217 Wh/kg
Hydrogen grav. Energy Density 33.33 kWh/kg
Fuel Cell specific Power 1.55 kW/kg
Fuel Cell Efficiency 55 %
Fuel Cell Tank System 350 bar Hydrogen Fraction 7 %
Motor Efficiency 85 %

Table 4: Summary of key assumptions for sizing



._.
L
=)

—
—
v

,_.
@
w

_.
o
=]

Design gross mass
Design gross mass

|
|
|
i
l
©
w

10

10
Lift over Drag

11.0 4>

Lift over Drag

9 10

(a) Contour plot of DGM alnong levels of power loading (b) Contour plot of DGM alnong levels of power loading

(N/W) and L/D ratio for a battery powered configu-
ration

Figure 10: Comparison of the DGM of a battery and a fuel cell configuration

Sizing Results Figure 10 shows the results of a sensitivity

(N/W) and L/D ratio for a concept, powered by the
hybrid propulsion system

analysis. The y-axis scaling of the two plots is different and Concept Powertrain Weight (kg)
for a better understanding, the orange line marks a DGM Mercurius  Hybrid 10.3
of 10 kg in both plots. The battery configuration is more Mercurius Battery 17.26
sensitive to L/D and results in higher DGMs. With the hy- Quad Hybrid 12.
brid configuration, the lower sensitivity to aerodynamic ef- Quad Battery not converged
ficiency results in greater freedom in aerodynamic design. Tiltrotor Hybrid 11.06
Table 5 summarizes the results of the sizing for a use case Tiltrotor Battery 25.07

with three missions without refueling and the actual aero-
dynamic parameters. The hybrid configuration achieves
the lowest weight of 10.3 kg by combining high gravimetric
energy density and high power density. This reduction in

Table 5: Comparasion of different concept

weights

Takeoff-Weight also results in a minimal amount of required flight energy and noise emissions.

3.3. Powertrain and Packaging Concept

Power

Hover Transition

Cruise
Time

Transition Hover

Hybrid Battery

Fuel Cell

Figure 11: The diagram shows qualitatively the distribution of power for fuel cell and battery. In the light blue areas
the battery is charged by the fuel cell.

Powertrain Besides the fuel cell and the 350 bar hydrogen tank, considerably more subsystems are required
in a fuel cell system. Those include the ventilation unit, the hybrid battery and a power management system
that regulates the performance of the fuel cell and battery [33].
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for the sake of simplicity)

The size of the fuel cell and hybrid battery is optimized to achieve a minimum total weight. Due to the
significantly higher power density of lithium ion batteries compared to fuel cell stacks, the battery must
support the fuel cell in its power output during power peaks such as the hover. The power of the fuel cell
must still be sufficient to recharge the battery in the cruise and on the ground. Figure 11 illustrated this
dependency.

The sizing model finds the fuel cell power at 920 W. Since the
fuel cell is in a small power range, passive cooling is the more \
weight-optimal and cheaper solution compared to liquid cool- L S
ing systems [34]. Passive cooling is achieved by coupling the / '
oxygen flow for the reaction with the cooling function and thus

replacing a more complex liquid cooling. The system consists

of simple propellers that suck air from the air inlet and blow

it into the stack at a compressed rate. A power management

system (see Figure 12) regulates the power of battery and fuel <« >< _> _> v _> Y

cell and feeds it via a Power Distribution Unit (PDU) to the indi-

vidual consumers depending on the power requirements. The B Air Cooling m Total Failure System
hydrogen tank is equipped with a Pressure Relief Device (PRD), . E‘;E'rﬁeé'a iy ﬁ?g':sg:n Tk
through which the hydrogen can be blown off controlled in

case of too high pressures in the tank or in emergency situ- Figure 13: Packaging Concept

ations [35]. Since the hydrogen immediately evaporates and
rises upwards due to its low density, neither humans nor the
environment are endangered [36, 37].

Packaging The hybrid fuel cell system requires careful positioning in the Mercurius Drone. The fuel cell is
located at the tip of the drone to supply the stack with air through the ventilation inlet at the front bottom
of the drone. In this way, the air is used both for cooling and oxygen supply to reduce weight. During flight,
the dynamic pressure of the airflow is used to relieve the aerators in their work. The spherical tank geometry
blends in well at the rear of the Mercurius drone, which has the advantage of positioning the PRD at the
end of the configuration. Refuelling can thus also be carried out easily at the same position. The package



is positioned close to the center of gravity to ensure the same aerodynamic behaviour in both loaded and
unloaded flight states. Figure 13 illustrates the individual components in the Mercurius Drone.

3.4. Aircraft Systems

The aircraft is equipped with six cameras with built-in postprocessing capabilities based on a neural network
architecture (Deep Learning Cameras [38]) for distance and height measurements, detection of possible
collisions and landmark classification (see Section 4.2). Combined with adequate lenses, a field of view of
horizontal 80 deg and vertical 50 deg by providing a range of more than 950 m is realistic [39]. In total, five
cameras enable a 360 deg horizontal field of view with 40 deg overlap. A vertically installed camera comple-
ments the optical system in order to gather additional height information and enable full compatibility with
the autonomous logistics system by detecting the correct landing platform. The Mercurius Drone utilises a
Active Noise Control (ANC) system to minimize external noise (see Section 3.5). This contains a microphone,
a control system and a speaker directed to the ground, which can be easily extended and adapted [40].

A solution with external gimbals was aban-

doned, so that every component is in an aero-

dynamically advantageous manner accommo- ‘\/ ﬁ\/

dated within the fuselage. Supplementary to / N ] N

the optical system, a Radar system is integrated - a8
to face camera issues like pointed out in Section )i i v
4.2. Besides Global Navigation Satellite System \

(GNSS), barometer, optical flow and Radar, an @ I
ultrasonic sensor provides height information = N & & & F
for distances under 4 m [41]. While being small,

light and cost-efficient, a very high measure-

ment accuracy less than 3 mm is achieved [41], DL Cameras Active Noise Control o
. . . .. M Radar B Computing and Communications Unit, Flight
enabhng a smooth landlng with limited stress M Ultrasonic Sensor Controller (incl. Gyroscope, Accelerometer,

on payload and structure. B GNSS Unit Compass, Barometer, IMU)

Figure 14: Sensor and Computation Architecture

3.5. Noise Emissions

Parcel drones will operate in more or less densely populated

areas wherefore the noise development requires special con- 100
sideration. The aim is to achieve the lowest possible noise 90 1
emissions to increase public acceptance on the one hand 80 |
and to minimize the environmental impact on the other
[14]. The focus of noise control should be on operations
near ground level since noise level drops down significantly
with increasing vehicle altitude (see Figure 15) [1]. Drone
noise has mainly three different types of sources [42]. Firstly,
the propulsion system within the hybrid powertrain and its

eight propellers. Secondly, the vibration of the aircraft struc- 205 25 50 75 100 125 150
ture. And thirdly, the sound of the airflow around the fuse- Height in Metres

lage and wings. Because of the relatively low travel speed
compared to other applications, the aspect of airflow is neg-
ligible [42].

70 A

50 A

Noise in Dezibel

40 A

30 A

Figure 15: Noise reduction with increasing dis-
tance

In the following, we present our noise reduction measures which are divided into passive techniques and
active techniques. The advantage of passive techniques is thier mostly easy implementation and present
feasibility. Avtive techniques are associated with a high degree of complexity and are preferably installed in
larger drones [43]. With future developments and increasing demand, such systems will be used in smaller
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drones as well. The following paragraphs outline the passive and active means of noise reduction considered
in the Mercurius drone:

Distributed Electric Propulsion (DEP) The Mercurius Drone benefits especially from DEP by using eight
individual propellers. Besides redundancy enhancement as described in Chapter 5 and better efficiency
Distributed Electric Propulsion (DEP) enables many possibilities in terms of Sound Pressure Level (SPL)
improvements [1] or reductions of the blade tip velocity.

Top-Wing Propellers The central positioning of the six rear propellers above the wing does not only affect
the efficiency described in Section 3.1. The wings and the fuselage shield a part of the noise towards the
ground [44] while cruising. In hover, this effect is not sufficient, as the vehicle operates at low altitude.

Propeller Tip Speed The Mercurius Drone uses DEP and five-bladed propellers to minimize the blade
tip speed, as this enters the noise with the fifth to sixth power [14] and is, therefore, one of the primary
noise sources. A big advantage of the hybrid configuration is the significant weight saving, which leads
to a lower required tip speed in all flight states. Besides this, our set design target of maximum 120 m/s
propeller tip speed is achieved by increasing the numbers of all blades up to five, as shown in Figure 16. This
enhancement reduces the noise emissions up to 10 dB due to lower tip speeds [43][45].

Propeller Profile The propellers of the Mercurius Drone are equipped with boundary layer trips to further
reduce noise. Broadband noise reductions of 6 to 7 dB are achievable due to removing the separation bubble
[46]. This promising approach has already been successfully tested at similar scales to our concept [47].

There are many other approaches and studies posing a noise
reduction potential of optimized profile shapes from 2 up
to 7 dB [46][47] [48][49]. The ideas reach from wavy rotors
that pledge 1.4 to 2.0 dB noise reduction for almost all thrust
values without significant influence on aerodynamic perfor-
mance [48], over to special laminates for the propellers like
the "butterfly acoustical skin’ [49]. Future studies and test-
ing will help to identify the most appropriate means of noise
reduction. These findings can be further incorporated in a
later design phase of the Mercurius Drone.

. —— Front Rotors
180 1 \\ —— Rear Rotors

Blade Tip Velocity in m/s

2 3 4 5

Flight Paths The Mercurius Drone’s excellent range pro- Number of Blades

vides the ability to use intelligent flight path planning to keep

noise exposure to humans and the environment to a mini-  Figure 16: Blade tip speed in relation of the
mum. A simple but effective approach is the allocation of number of blades

flight paths next to dense traffic infrastructure. Thus, road

traffic noise drowns low- and medium-frequent noise gener-

ated by the drone [50].In locations with significantly lower background noise such as parks, rivers, or roads
with little traffic, drone noise is perceived more intensely [50]. Therefore, the distance to people can be
increased by imposing flight restrictions [51].

Propeller Phase Synchronization Due to alarge number of propellers, a propeller phase synchronization
control system, as demonstrated with NASA’'s GL-10 UAYV, is adopted in the Mercurius Drone. Slight phase-
shifting distributes the sound energy evenly over various harmonics and thus reduces the overall noise level
[1]. Predictions on noise reduction are difficult to make as they depend heavily on the observer’s location
and external effects. However, in [52], a possible 20 dB reduction in the average sound pressure level over a
45-degree range was measured. It is expected to leverage a part of this in real environment.

Active Noise Control (ANC) For the Mercurius drone, we intend the installation of an ANC. This method
allows the reduction of annoying noise through the use of destructive interference between an artificial
external acoustic signal and the offending noise [53]. As mentioned in Section 3.4, the ANC consists of three
components: microphone, control system, and a speaker that are integrated into the drone environment.
This applicability has been successfully demonstrated on UAVs and showed particular strengths, especially
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at low frequencies [40]. As it is challenging to give exact noise reduction figures that this measure of the
Mercurius Drone achieves, the investigation in Figure 17 can be used as an assessment. The authors measure
SPL improvements by ANC from 40 up to 80 % in a 30 x 30 m field where the drone flies 20 meters above the

ground [40].
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Figure 17: Relative SPL improvements by ANC [40]

All in all, there are many possibilities to lower the noise level of the UAV. The interaction of presented
measures and its total noise reduction potential requires further work. In order to make a more precise
statement, appropriate simulations and real tests are needed.

3.6. Total Failure Compensation

Failure containment of the Mercurious Drone is mandatory. The total fail-
ure system enables a controlled emergency landing, even if no other system
aboard the drone is active and prevents property damage and, above all, per-
sonal injury. For this purpose, a parachute and an airbag are deployed and
decelerate the drone to a maximum vertical speed of 2 m/s. Additionally, an
acoustic warning signal ensures that people in the landing zone are aware of
the sinking drone.

Parachute +
Airbag

Parachute

Safe Space
Safe Space

Capability According to [54] a drone with these dimensions must be on
heights above 9 meters for the parachute to inflate correctly. The resulting
dangerous space can be reduced by the use of an airbag [55]. This system is
feasible for avoiding any damage if a total failure occurs at a height of less
than 2.5 m and guarantees a soft impact after the parachute is deployed [56].

Dangerous
Space

@
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Figure 18 shows that there is still a dangerous space remaining. This does how-
ever not pose a risk to humans, as the drone’s mission profile stipulates that
it climbs up to more than 9 m within the base station’s secured area. A total

Figure 18: Boundaries
the Total Failure
System

failure at heights between 2,5 m and 9 m would, therefore, only cause material
damage.

Activation The total failure system is activated either by the board computer due to a critical failure or
by acceleration forces indicating loss of control. These are measured by an independent system, which
is directly connected to the parachute deployment device. This system structure ensures that the safety
procedure is initiated, even if the board computer is no longer capable of doing so.

Outlook Although the applied total failure system meets all requirements, the advantages of parachutes
and airbags could be combined into a single system. The US-Patent [57] of 2017 describes an inflatable cage
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that forms around the aircraft due to an uncontrolled condition. The assembly also includes a structure of
parachute material, that decelerates the vertical speed until impact. Since this system is not yet available,
it cannot be applied to the drone, but it offers a promising basis for the future development of total failure
systems.

3.7. Aircraft Performance and Verification

This section examines the overall performance of the Mercurius Drone and ensures that the requirements
specified in Section 1.2 are met. The results presented here are the latest state of an iterative design process.

Sizing Mass Table 6 provides a summary of masses and positions of components and the resulting Center
of Gravity. As required, the parcel is placed next to the center of gravity. The selection of a hybrid-electric
powertrain leads to a significantly lower weight than for a battery-power supply. The efficient aircraft config-
uration supports this effect. Therefore the DGM of the Mercurius Drone is the lowest for the defined mission

requirements (see Table 5).

Component Weight (g) Position (cm) Property Value
Aircraft Systems 1062 50.1 Span 1.84 m
Battery 74 41.8 Length 1.2m
Fuel Cell 592 29 Height 0.4m
Hydrogen Tank 711 77 max. Tip Speed Hover 120 m/s
Electric Motors Front! [58] 265 7.6 max. Tip Speed Cruise (42 m/s) 100 m/s
Electric Motors Rear! [59] 489 87.2 Power Hover 1752.7W
Servo Motors 268 89.5 Power Loading Hover 0.057 N/W
Rotors Front 40 7.4 Disk Loading Hover 290.7 N/m?
Rotors Back 120 85.9 Power Cruise 781.04 W
Avionics Front 326 6.6 Power Loading Cruise 0.067 N/W
Avionics Rear 1394 87.3 Disk Loading Cruise 149.4 N/m?
Fuselage 2546 56.4 L/D Cruise at 42 m/s 5.4
Payload 2500 62 Figure of Merit 0.635
CG 10387 60.46

Table 6: Weight Breakdown and CG Table 7: Overview in Standard Atmosphere
Power Requirements As Power Loading and Figure of Merit show, the Mercurius drone is very efficient in
hover, and the tip speeds of the rotors are sufficiently low to achieve low noise (see Table 7). The aerody-
namic improvements introduced in this chapter result in a maximum L/D ratio of greater than 6 despite low
Reynolds numbers, while other concepts (e.g. Amazon) end up with estimated values of 3 [1]. The aerody-
namic efficiency is also satisfying the requirements from Section 1.2. Nevertheless, both could be improved,
e.g., by optimizing the airfoil profiles of rotor blades and wings with advanced computational tools (see Fig-
ures 22 and 31). The power curve in Figure 19a shows that the Mercurius drone usually operates at maximum
range speed, rather than at the point of best endurance. Moreover, Figure 19b demonstrates the successful
trade-off between the hover efficiency of a quad-concept and the cruise-efficiency of a tiltrotor-concept.
This ensures low tip speeds and long-range flights.

Flight Phases and Control Parameters Besides its efficiency, stability and control of the aircraft are crucial.
Therefore full control throughout all flight phases is ensured. The flight envelope separates into three main
phases. Firstly, the hover phase between 0 and 14 m/s where the rotors mainly produce the thrust. Secondly,
a short transition phase between 15 and 17 m/s. In the cruise phase starting at 18 m/s, the wings provide
the main lift. Figure 20 gives an impression of the control parameters during different flight phases and
transition. Notice that the concept can operate in a steady-state for each point of the envelope. This is

lincluding ESCs [60]
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Figure 19: Power requirements of the aircraft concept

enabled by a distinct separation between control parameters for lift, propulsion, and balance of moments.
Lift in cruise flight is mainly provided by the main wing and front canards, and controlled by the angle of
attack. The rear rotors compensate drag in cruise and provide lift in hover. In forwarding flight, they are
fixed in flight direction and controlled only by the Rounds per Minute (RPM). To transit between hover and
cruise, the rear rotors are tiltable. In cruise a large part of the front lift is taken over by the candard while the
front propellers task shifts to stability control.
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Figure 20: Tilt angle of components across flight state

Worst Case Scenario: Hot, High and Head wind To meet the mission requirements of service ceiling at
2500 meters height and 20 knots headwind, we sized the Mercurius drone according to these constraints. The
wind adds up to the desired cruise velocity of 113.4 km/h to 151.4 km/h sizing velocity. Figure 21 compares
the power requirements in the standard atmosphere (air density: 1.225 kg/m3) and at 2500 meters (air
density: 0.95 kg/m3). Hot and High power requirements are higher for almost all phases of flight. Therefore,
we chose the higher power requirement at each time to size our drone. As a result of taking the worst-
case scenario for sizing, Mercurius drone is capable of higher ranges and cruise velocities than stated in the
operation concept and business case sections. The blade tip velocity reaches its maximum in high conditions
at 136 m/s in hover.
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Verification of Models The verification of results is quite
challenging due to missing empirical data of this type and
size of drones. Therefore different approaches were followed.
We validated the aircraft model by comparing it with flight-
test results of a Bo105 and specifications of a Cessnal72 (see
Figure 34). Nevertheless, these aircraft are classic configu-
rations of passenger-transport size, and it is problematic to
scale the validation of their models down.

Sensitivity Analysis and Results We performed a Sensi-
tivity Analysis to identify parameters that are critical to the
integrity of the results. The Sensitivity Analysis (SA) indicates
that the results are very sensitive to the induced power fac-
tor, rotor efficiency, aerodynamic drag and mass (see Figure
22). On the one hand, this insight obligates more accurate or

—— Standard
—— Hot and High

Power in Watt
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Velocity in m/s

30

Figure 21: Hot and High

40

conservative modulation of these parameters. On the other hand, this reveals the most promising starting-
points of optimization. For the induced power factor, we assumed a more conservative value [18]. The
structure mass fraction is also set to the higher value of 0.4 than the often proposed, e.g. 0.35 [1], to get a
more conservative estimation of the structure weight. We applied a blade-element-tool provided by Thiele to
verify the rotor efficiency and thrust estimation [19]. Chapter 2 already evaluated an accurate model for drag
estimation, which was implemented in our model. To verify the mass model’s assumptions, we looked for
components (motors, rotors, batteries, fuel cells, hydrogen tanks, and aircraft systems) which are available
on the market. According to the results of this bottom-up analysis, we adjusted the factors assumed in the

top-down mass model.
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Figure 22: Sensitivity Analysis

4. Concept of Operations

4.1. Ground Station and Logistic Support

The importance of the ground station should not be underestimated and must be considered in every stage
of the design phase. The USAF UAS Flight Plan [61] concludes that immature logistic planning leads to high
contractor logistics support expenditures and often causes expensive design changes of the drones.
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Figure 23: Schematic conveyor belt for package loading (see Appendix Figure 30 for animation video)

Therefore every design decision for the Mercurius Drone was made under consideration of the logistics
system at the ground station.

Safety The ground station concept bases on the strict spatial separation of humans from the take-off and
landing zone, which significantly reduces the risk of injury to employees. Following the first step of risk
reduction "safe by design" [62], it also prevents a collision of simultaneously launching and landing drones.
Room dividers separate the areas (Figure 23), to prevent drones from entering the working space.

Setup The entire Mercurius Ground Station is located in a hall with an
entry and a departure gate. This setup reduces the risk of drones being
caught by winds during hover. The areas’ connection occurs through
two belt conveyors and a non-driven roller conveyor transporting the
drones through the loading, refuelling, or maintenance stations (Figure
23). The approaching drone arrives at the landing plate provided by the
first belt conveyor. Afterwards, the landing belt conveyor transfers the
drone to the slightly inclined roller conveyor to buffer delivery irregu-
larities. The second belt conveyor carries the Mercurius Drone to the
autonomous parcel loading area. Simultaneously, the drone, which has
been loaded before is brought to the take-off position. The landing plat-
forms with the gravity-based centering system [63] maintain the exact ‘w
position of each landing UAV and thus ensure a faultless autonomous

dispatch. Ball casters at the ends of the Mercurius drone’s legs enable

a simple centering process. Figure 24: Package Chamber

Package Loading and Drop off Process The Mercurius Drone is loaded from above with a two-axis
vacuum gripper that carries the package from its roller conveyor and positions it softly into the drone’s
cargo chamber (Figure 24). The horizontally opening unloading flaps sustain the cargo inside the drone and
remain shut, even if the power supply fails. Foam on the chamber inside prevents the parcel from shifting
during transport. At the customers’ landing platform, the UAV lands and opens the unloading flaps. The
foam in the chamber prevents the package from slipping out too quickly and thus guarantees the integrity
of the package. Afterwards, the drone takes off vertically to release the cargo completely and closes the flaps.
Customers are not allowed to enter the landing platform as long as the drone performs the drop-off process.
The design of the customer landing platform extends the scope of this design challenge and is not further
elaborated.
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Refuelling and Maintenance The refuelling process is carried out on a separate conveyor (Figure 25).
The drone is automatically transported to the secured working area where it is refuelled by an employee.
This appears to be the simplest solution for the initial scenario, but refuelling could easily be carried out
autonomously by a one-axis tank nozzle with magnetic fittings. Maintenance is also carried out on a separate
conveyor lane by an employee from the secured working area (Figure 25). Afterwards, the drone can be easily
reintegrated into the delivery system, by shifting it back to the main conveyer belt. This system can easily
be expanded with additional runways or double take-off, loading and landing areas. The associated higher
parcel throughput and allows the straightforward implementation of automated loading and refuelling.
However, the entire infrastructure is demanding to be implemented due to the drone’s interface to the
conveyor.
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Figure 25: Structure of the Ground Station

4.2. Autonomous Operations

The Mercurius Drone must operate safely within a radius of 15 km around the ground station and has to
be suitable for Beyond Visual Line Of Sight Operation (BVLOS). This implies the ability to maintain a stable
connection to the Unmanned Aircraft System Traffic Management (UTM) across a wide range, navigate safely,
and detect and avoid collisions with other entities within the U-space autonomously. From a regulatory
point of view, according to FAA Part 107 BVLOS operations are possible, if the location of the aircraft is
known at any time and a Detect and Avoid (DAA) system is in place [64]. In the past, BVLOS operations
required a Visual Operator (VO) or ground-based Radar [65]. Within European aerospace, BVLOS operations
are limited to a distance of 2 km using VOs for UAS operations regarded as 'specific’ [66]. As mentioned in
[67], it can be assumed, that BVLOS operations will be possible within a wider range and in urban areas, if
the aircraft shows to be compatible with U-space services. Successful examples, such as the delivery route
tested by DHL from Norddeich to Juist island in Germany in 2014 [68] or the operations of Zipline Inc. in East
Africa and in the U.S. [69], showcase the feasibility of wide-range deliveries in cooperation with aerospace
administrations.

Onboard Communications and Identification System In order to communicate with the ground station,
the use of voice channels of mobile networks has been found to be advantageous. Positioning data and the
identification number are transformed into audio data and transmitted to the ground station. Submitted
positioning information is exchanged between the ground station and the UTM. This method provides a
stable connection even in rural regions and offers sufficient bandwidth for exchanging information [70].
Other mobile networks like the 3G or 4G band are not suitable, since they are optimized for the sporadic
up- and download of larger data packages, resulting in lower reliability [70]. For the integration into the
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German UTM, the Droniq Hook On Device (HOD) is the best solution [71]. Combining it with the approved
communication via voice channel is a promising option. A severe limit given by the use of voice channels
is the low bit rate. Unlike LTE, no exchange of large payload data is possible. However, for near-real-time
operations, this is not sensible anyway. Instead, the local processing of complex data on the drone itself is
suggested. This method shows to be advantageous regarding privacy concerns, as no footage is submitted
to the operator.

Positioning System Similar to Amazon’s Visual Simultaneous Localization and Mapping (VSLAM) method
[72], the latter is used to overcome connection issues with common GNSSs and guarantees an exact localiza-
tion of the drone at any time. Therefore, the deployment of pre-trained neural networks reduces the onboard
computing effort. The concept includes six cameras with built-in labelling features, such as the FLIR Firefly
DL camera [38]. The camera system also contributes to the redundant altimeter system, which includes
a barometer, perceives height information from the GNSS and relies on information provided by a Radar
directed to the ground.The Radar has a range of more than 150m like the Aerotenna pLanding [73]. For
precise satellite positioning, the drone is equipped with a GNSS module like the Here 2 GNSS for Pixhawk
2.1 [74]. It is able to simultaneously receive data from up to three GNSSs including GPS, Galileo, GLONASS
and BeiDou and offers multiple redundancies. Additionally, the accelerometer and the gyroscope are used
for the Inertial Measurement Unit (IMU), which is reset when landing at the ground station and provides
enhanced redundancy. A Kalman filter is used for fusing the sensor data provided by GNSS, VSLAM and IMU
[75], to optimize the positioning process.

Detect and Avoid System The DAA system is more important than ever, since the activity in the U-space
is expected to increase [67]. Unmanned vehicles, such as logistic drones, have to fulfill certain requirements,
in order to avoid incidents with other traffic participants cruising on an altitude of 120 m AGL. Therefore,
the DAA system was designed with consideration of the following paradigms [76]:

* stay well-clear of cooperative and uncooperative intruders in regard to defined boundaries like those
proposed in [77]

e guarantee at least minimum functionality under rainy and poor lighting conditions, such as fog and
low brightness

* act according to air traffic rules

e full compatibility with behavior of other participants and consistent behavior in case two vehicles with
the same DAA meet

e interact with the flight control system
* operate autonomously without any human interception
* minimize deviation from the originally planned route

* limit the computational effort in order to save energy and avoid heavy computing units due to the
necessity of onboard processing

* react with awareness of the vehicle maneuverability

A comprehensive assessment of several concepts for DAA systems in [78] concludes that "solutions com-
bining a Traffic Collision Avoidance System (TCAS), EO/IR and Radar, seem to be the most feasible ones."
In the given case, separation and collision avoidance from cooperative intruders is provided by the UTM in
combination with a FLARM device [79], which shows to be suitable for UAVs, i.e. the Mercurius Drone. In
German aerospace, FLARM is already implemented within the Droniq HOD [71].

In order to mitigate threats by noncooperative intruders, the system relies primarily on optical computer vi-
sion. The implemented Radar system is designed as a backup option. Both systems have distinct drawbacks:
Optical solutions are known for suffering the limitation by poor lighting conditions, whereas lightweight
Radar systems show a limited range for detecting intruders [80][81]. Nevertheless, computer vision is capable
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of working under rainy conditions, since the airflow around the fuselage removes raindrops from the lateral
lenses. Additionally, De-raining image processing can be done by using Generative Adversarial Networks
(GAN) [82] deployed on the DL cameras. Iris Automation, the first provider of a comparable computer vision
DAA system for UAVs, states a detection range of more than 950m for a 360deg field of view system [39]. The
FAA calls for a minimum scan radius of two nautical miles for human-driven DAA systems [64], but since
the time to react of an autonomous system is negligible, the provided detection range is sufficient.

The feasibility of Radars on drones has been shown by the Fraunhofer FHR [80]. The ability to detect small
unmanned aerial vehicles has been proven by the Fraunhofer HHI [83]. Commercially available solutions
are, for example, provided by Aerotenna [81]. The detection range of these Radar systems is limited to 150 m,
wherefore they can only serve as last-moment collision avoidance if the optical computer vision system fails.
In case the optical system is disturbed by dense fog, smoke or malfunction, the aircraft reduces its speed, so
that the DAA function can be safely provided by Radar. The aircraft is equipped with one Radar device in
flight direction and two laterally located ones like it is shown by Aerotenna [73].

In order to evaluate the well-clear status of aircraft and to provide a range of possible flightpaths in case aloss
of separation might appear, the open-source NASA software Detect and Avoid Alerting Logic for Unmanned
Systems (DAIDALUS) [84] is used. Furthermore, the decision about the selected flight path will be made by
software built upon Independent Configurable Architecture for Reliable Operations of Unmanned Systems
(ICAROUS) [85], which has been developed for NASA's UTM program and is meant to rely on the well-clear
information provided by DAIDALUS. Further refinement of the final flight path selection in compliance with
the mentioned paradigms can be realized by using a learning-based mechanism like shown in [86].

4.3. Mission Profile and Number of Drones

Launching a drone with a package every two minutes is one specified essential requirement [9]. On the
one hand, multiple drones can be used. On the other, the mission duration can be shortened. To reduce
the number of required drones to a minimum and to save costs, a drastic reduction of the mission time is
inevitable. Therefore, we use the advantages of the hybrid configuration and deliver three parcels with one
tank filling. Compared to one package per tank, only a third of stops for refuelling is needed and saves time.
Furthermore, the charging process of a battery concept is significantly higher, which requires additional
drone capacity. Nevertheless the high travel speed of 42 m/s also helps to save even more time.

Figure 26 illustrates the mission profile of one tank filling. The time assumptions of the individual operations
enable three parcels deliveries within an 80 minutes time window:

* The ground processing of the drone with transportation and parcel loading takes three minutes.

* The total flight time for delivering a package and returning to the base takes a maximum of 20 minutes
for a distance of 30 km.

¢ For the parcel drop of at the customer, one minute is calculated.

* Eight minutes are considered for refuelling and as a buffer.

| 80 min
< >
I N S

Parcel Loading B Flight Time
B Parcel Drop Off B Refuelling Drone

Figure 26: Mission profile with one tank filling

The calculations of the idealized mission profile are quite conservative, because the mission cycle is a very
dynamic process and hard to plan precisely. Starting with the distance to the customer that can be shorter
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and will not always be the full 15 km or further weather conditions are changeable and have a significant
impact on flight time. Also, the three minutes of ground processing time will mostly be undercut. Since
there are almost always a few drones as a buffer in the ground station’s handling line, the individual work
steps can be carried out simultaneously on different drones. Therefore, the three-minute window refers
to the maximum time interval between the arrival of a drone, the parcel loading, and the departure of a
drone, which may be another one that has already been on the ground station before. Nevertheless, the
assumptions mentioned above serves as a reasonably good estimation. It is therefore certain what number
of drones will be needed in case of bad conditions. With a buffer of 25 % additional vehicles, the two-minute
delivery interval is observed with 17 drones. For a battery concept at least 39 aircrafts are necessary .

5. Safety Analysis

The Mercurius Drone’s design with its unique propulsion system and DEP is a very failure tolerant configura-
tion. Additionally, it features many redundancies regarding the communication system and the DAA system.
To verify this high level of safety, a fault tree analysis (Figure 27) quantifies the failure probability A per flight
hour of certain functions[87]. In this chapter, the procedure is explained with the function "provide lift".
The failure tree is structured from aircraft level to system level with assumed failure probabilities of A per
flight hour for each system. These values are used to calculate the expected failure probabilities on higher
levels using ’AND’ and 'OR’ relations according to the bottom-up principle. In this example, the 'Loss of Lift’
case is considered. For DC Brushless electric motors, we considered a lambda of A < 1.3 * 10~ for one motor
[88]. Regarding the front wings, a loss of one motor already leads to a complete loss of lift in a conservative
approach. Besides, we assumed a significant loss of rear-wing lift in case two out of three engines of either
the starboard or the port side are lost. The failure behavior is modeled using a Markov Model for a loss of
two components out of three. All four systems are linked by an 'OR’ gate because already one of the four
cases leads to a total loss of lift.

Should the energy supply fail, a loss of lift is not triggered directly: During the cruise, enough power mar-
gins by the remaining energy source ensuring a continued flight or at least an emergency landing. For the
hovering aircraft, we assess the margins acceptable to ensure a soft landing. To be more precise, an ’"AND’
gate may be used leading to a high degree of reliability in the energy supply system, although relevant Mean
Time Between Failures (MTBF) has been selected conservatively [89][90].

According to the Fault Tree, the failure condition 'Loss of lift’ is triggered by either a ’Critical Loss of motors’
or a ’Loss of power’ and is hence subject to a failure rate of A of 2.8 * 105. To limit the failure effect of a 'Loss
of lift’ for people and property, we introduce a total failure system with an esteemed probability of failure as
a backup safety measure. It should be mentioned again that the parachute requires a minimum altitude of
9 m. We may disregard this fact for the analysis since an altitude of under 9 m only applies to takeoff and
landing where no humans are in the hazardous area.

Conclusion There are many other systems to be considered, such as the software or the flap systems. The
example fault tree shows that by 'OR’ coupling, the 'Catastrophic loss of lift’, i.e., an unbraked and thus
dangerous crash for humans, reaches a probability of < 2.9 * 10" per flight hour. This translates into a
’Catastrophic loss of lift’ every MTBF = 344827586 flight hours. Calculated to 8h, a fleet of 17 drones and 300
operating days, the first drone crashes with a faultless opened parachute on average after 0.875 years, and
a catastrophic crash with a malfunctioned total failure system occurs after a mean time of 8452 years. This
calculation only refers to a crash due to the malfunctions mentioned here (Figure 27).

However, a fault tree analysis will not be necessary for the certification, but it leads to an intuitive estimation
of the Mercurious Drone’s safety.

Hydrogen Fuel Cell Safety The drone’s propulsion system cannot be chosen without the full guarantee of
safety for humans and the environment. Since hydrogen has a very low density and is 13 times lighter than
air under normal conditions, it must be brought to a high pressure of 350 bar for the application in the Mer-
curious Drone. A hydrogen-air mixture with a hydrogen content between 4% and 77% is combustible with a
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Figure 27: Exemplary fault tree for the probability of failure A per flight hour

minimal energy supply, hence the concern about lack of safety has often spread among the population.[36]

To counteract this, the production of hydrogen tanks is carried out under strictly standardized safety re-
quirements [36]. Hydrogen tanks of this type are safe against impact, fire and overpressure [91]. Toyota, for
example, fired bullets at its own hydrogen tanks. Only from caliber .50 on, the tank leaked under repeated
shooting on the same spot, whereby the escaped hydrogen did not endanger the environment [92]. In case of
fire or overpressure, the hydrogen can be discharged in a controlled manner using a PRD. This is particularly
useful in aviation, as the hydrogen volatilises far away from ignition sources, which are usually located near
the ground [36, 37].

These properties make the hydrogen-powered fuel cell a safer propulsion system than the lithium ion bat-
tery, which suffers from a high risk of burning at excessive temperatures due to its intrinsically flammable
electrolytes [93]. In [94] different energy sources were compared, with the authors giving the hydrogen fuel
cell a safety rating of 10/10 and the lithium ion battery a rating of 6/10. These advantages in operational
safety were an important part of the decision for the hybrid fuel cell configuration as the propulsion system
for the Mercurius drone.

6. Business Scenario

Our vision of a comprehensive Mercurius delivery service can only be enforced if it is economically profitable.
The market analysis, which we have presented in Section 1.1, defines the rough framework conditions. In
the process of a first market launch, it is essential to focus on the 25% of consumers that are willing to
pay more for on-demand instant delivery service in urban and rural areas. Operating Mercurius in this yet
undeveloped and challenging business area promises the most significant economic opportunities for the
future. The expansion of the target group will be set in a later step. Bringing the vision of delivery times
shorter than 30 minutes between ordering and receiving the product to life requires an economically viable
business scenario, which we describe in the following.
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6.1. Calculation of Costs

The detailed investigation of the various costs that consist of capital expenditures for the aircraft, the ground
station and operational expenditures allows us to make a more realistic statement about the package’s
delivery price than other competitors. The choice of the hybrid configuration also turns out to be the result
of this analysis. The Mercusius Drone offers refuling times of five minutes insted of over an our in the battery
powered case. This efficient aircraft utilization due to drastically reduced ground time is the most significant
cost saver.

The detailed cost analysis is exemplary calculated on the basis of one operating ground station and is divided
into two scenarios. At a first more conservative approach at initial use, costs are calculated using values and
parameters that are currently technically feasible. Subsequently, in a more optimistic long-term scenario,
these values and strategies are adjusted, which can be achieved with higher production levels and more
experience. In order to ensure comparability, all costs are stated in US dollar prices.

Costs of Aircraft The costs for the aircraft are divided into
the material costs and manufacturing costs. The costs of the

Parameter Conservative
powertrain requires special consideration. Prices of hydrogen
fuel stacks have fallen by 60% over the past decade, and are Fuell Cell System $300
expected to further decrease [95]. The U.S. Department of En- Aircraft Systems $5270
ergy (DOE) estimates the 2019 costs of fuel cell systems at low Structure $300
production numbers at 180 $/kW with additional costs of 21 Engines for Propellers $320
$/kWh for a tank system [95]. With these calculations we would Servos for Control $75
get $174 for the fuel cell configuration and $220 for the battery Security System $300
version, whereby the price for a lithium ion battery was calcu- Manufacturing Costs $3999
lated at high production numbers in 2020 [96]. In the conserva- Total Costs $10664
tive scenario we nevertheless assume $300 for both propulsion
systems for the sake of comparability. Table 8 shows a list of Table 8: Costs of Aircraft

the individual cost components. The high costs for the Aircraft

Systems are particularly noticeable. Common structural materials such as depron and glass fibre [97] are
cheap, but the manufacturing costs must also include the costs of shaping and fabricating the structure with
different machines.

In addition to the material costs of the aircraft, we assume ini-
tially high manufacturing costs of 60% of the material costs

Parameter Conservative
and thus arrive at a realistic total cost of $10664. This way, we
end up with a similar cost prediction as [101]. The costs cal- Logistics area sqm $300
culated in other papers (e.g. [102]) are often much cheaper, Maintenance area sqm $50
while expensive autonomous flight and safety systems are Maintenance per sqm $6.05
mostly neglected. With increasing production figures and de- Land value per sqm $121
creasing material costs, we assume a reduction in costs of 40% Machinery $15000
in the optimistic scenario, whereby this assumption is more Electrolyzer $15000
conservative than others that calculate long-term costs with Compressor $2500
16% of the initial value [14]. Total Overhead Costs $689400

Installation Costs The ground station consists of an par-
cel warehouse and an autonomous handling area where the
drones are loaded and refuelled. For the case of 17 operated
drones we calculate with a serviceable area of 350 m?, which
is composed of logistics area and repair area (see Table 9). The development of unused roof areas, cooper-
ation with big parcel shipping companies like DHL or the shift to rural areas would have a signifcant cost
advantage.

Table 9: Costs of Ground Station including ref-
erence values from [98],[99],[100]

The need for more infrastructure by the hybrid concept has a certain disadvantage in comparison to battery
concept. The hydrogen demand on the ground is covered by on site electrolysis. We assumed a state of
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the art efficiency of 85% [100]. In addition, a compressor is nesscessary. This requires an additional energy
input of 2.9 kWh/kg-H2, which must be included in the calculation [103]. The charging infrastructure of the
battery-powered concept were neglected in our calculations.

Operating Costs Aircraft The use of hydrogen has the advantage of providing the energy carrier cost-
effectively with cheap off-peak electricity prices during night. In this way, the electricity costs can be reduced
compared to the battery configuration. For the latter, we assume an average international electricity price
of 18 ct/kWh in both scenarios and a 30% saving by using cheaper tariffs for the hydrogen configuration
[104]. The use of old hybrid batteries of the parcel drone in the ground station in a second live approach
can further reduce the costs. With dynamic pricing tariffs, cheaper electricity can be temporarily stored and
thus supply the ground station with energy at expensive prices. We assume a moderate depreciation period
of four years for our aircraft, with the drones being resold at 10% of the purchase price at the end of the
period [101]. For a mainenance cost estimation, we assume an annual 5% of the aircraft cost for Propeller
replacement and smaller repairs like mentioned in [101].

There are various providers of drones liability insurances. Nevertheless, our use case is not covered because
of its novelty. As estimation [105] assumes annual costs of about $500 to $2200 per aircraft, but it can be
anticipated that prices will continue to decrease in the future [106]. Using the airspace is considered with
costs either, which should not be neglected. According to [102] $2.26 per hour per aircraft is assumed. We
are aware that this value can still vary considerably.

Operating Costs Groundstation Since our conservative scenario as-
sumes aircraft refueling by hand, human labor is unavoidable. The ha30
conservative assumption is made by two full-time employees, causing
employer costs of $30.25, which is the average of the EU [107]. In the
optimistic case, these labor costs are reduced to one employee work-
ing 40% of the operating time, since the autonomous station does not
require as much supervision. However, we charge the station mainte-
nance at an annual cost of $6.05 per sqm [98].

Summary of Costs A more precise understanding of costs’ compo-
sition is achieved by a sensitivity analysis of the conservative scenario.
Figure 28 shows the most signifcant parameters. In addition to the ap-
parent cost drivers, such as the number of drones, it is traceable where
adjustments appear particularly profitable and where not. The shorten-
ing of delivery intervals leads to an enormous cost reduction, despite
the additional drones. The optimum will be achieved by the shortest
possible delivery interval without major modifications of the ground
station. Labour costs also appear to have an strong impact on the de-

livery price. Implementing autonomous ground station processes on a 0,90 1,00 110
large scale is thus critical to secure competitiveness in the long run. Un- ~ —Ground Station’ Delivery Interval
fortunately the high acquisition costs of the ground station are pretty Number of Aircrafts —Operating Hours

K R ) . —Airspace Charges  —Costs of Energy
set. Future cost reductions for such systems and the integration into Costs of Aircraft

existing logistics systems are a major opportunity to push the delivery
price further downwards. Another variable with significant influence
is the operating time of the service. On the one hand the number of
operating days per year and on the other hand the operating hours per day. Due to extreme weather events
and countries with tight labor laws such as Germany, the operational days of about 300 per year will be
subject to minor changes. However, a change from pessimistic 8 to optimistic 12 operating hours seems
feasible. Changing airspace charges also substantially impact the final price tag but unfortunately, cannot
be influenced by us. Figure 29 summarises all the assumptions of the conservative and optimistic scenario
and quantifies the delivery costs per package of $4.30, respectively $1.08. Comparative calculation shows
that the hybrid configuration is about 30% cheaper than a battery configuration due to better utilization.

Figure 28: Costs per delivery sensi-
tivity analysis

Hncluding Costs of Employees
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Figure 29: Summary of Costs per Delivery

6.2. Regulatory Aspects

To meet the latest certification requirements, the EASA requirements for UAV operations in the "Specific"
or "Certified" Category [108] including the JARUS SORA path [109], and FAA Part 107 [64] as well as Part
135 [110] must be considered. In the USA, UPS Flight Forward, Inc. was the first company to be certified to
FAA Part 135 [111], but its operation is limited to remote-controlled BVLOS operation. For certification in
the European area, the requirements of the "Specific" or "Certified" category of the EASA must be observed.
According to our analysis of the JARUS SORA path, a certification according to "Specific" for remote control
would already feature an overall Specific Assurance and Integrity Level (SAIL) 4 [109]. Our assessment shows
to be realistic as comparable concepts like the Avy wing drone are developed in compliance with EASA
BVLOS SORA SAIL 4-6 [112]. The certification of any type of operation seems to be a decisive advantage
of SORA and thus offers the most possibilities for certification of our UAV operation. Current certification
regulations refer to Remote Pilots BVLOS operations and do not explicitly specify fully autonomous vehicles,
but the authorities are working on extensions and new regulations [113].

6.3. Competitive Ability

The Mercurius concept offers fast, quiet, and cost-competitive delivery at the highest safety level. Its innova-
tive and highly integrated ground station promises an outstanding potential for automatization of delivery
services. Therefore it is flexible in applying and economically attractive. A comparison with other drone
concepts in Table 10 underlines these theses.

Drone Max Payload (kg Max Range (km) v¢ryise (kmm/h)  Autonomy Level
Avy [112] 2.5 130! 130 fully
Ehang Falcon B [114] 5 19 80 low
EmQopter [115] 2 3 70 fully
Volans-i C10 - Gen 2 [116] 4.5 80.51 96.6 partly
Wingcopter [117] 120! 100 high [118]
Mercurius 6 174! 151.2 fully

Table 10: Comparison with Competitors

Especially the calculations in the optimistic scenario show the enormous potential of the delivery service in
the future, which is clearly superior to conventional delivery services within the price range of $2 to $8 [119].
At the same time, the analysis gives a more realistic assumption, since parameters like the costs per aircraft

1Range without Payload
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and the ground station are often assumed too low or neglected completely in papers such as [120] and [102].
Besides existing drone delivery services, the biggest competition operates from the ground. However, the
usual delivery service strategy with vehicles or bikes reaches its limits and cannot adequately cover the
growing demand for same-day and instant delivery. Especially the request of 73% of the customers for more
flexibility in precise delivery time slots [121] is beyond reach. This is where the Mercurius delivery concept’s
advantages come into their own. No significant preparations and route planning are necessary, and the
buffer of drones in the ground station allows a quick response to new requests, where conventional delivery
services would fail. Besides this, precise time slots have the advantage that the customer is most likely to
be on-site and can better schedule and adjust his day regardless of the parcel delivery. Therefore, missing
customers and setting up alternative pick up points in case of unsuccessful delivery are things of the past.

According to [122], there is a significant increase in the delivery price if the time window is tiny. For a one
hour time window in densely populated areas, one delivery costs approximately $6. The price continues to
rise in more sparsely populated areas. Ideally, prices range between $2 and $3 per package, including bike
delivery, and even these can be met by Mercurius [122].

Consequently, the service must be very reliable, which is a further advantage over conventional delivery
methods by Mercurius. It cannot be stuck in traffic jams like vehicles or face unforeseen obstacles as even
bicycle couriers can. In addition, the modular ground station offers excellent flexibility and can be easily
varied in size to suit the respective application. Consequently, the delivery interval can be shortened quite
easily. Last but not least, our concept has benefits in terms of costs.

7. Conclusion

With the Mercurius Concept presented, many hurdles that previously stood in the way of a scalable use of
parcel drones are overcome.

* The aerodynamic design combines interfering requirements of high power loading and high aerody-
namic efficiency

e With innovations like downwarded winglets or top-wing props a maximum L/D ratio of over 6 is
achieved despite low Reynolds numbers, while other concepts (e.g. Amazon) end up with estimated
values of 3 [1]

* The use of a hybrid fuel cell opens the path to high ranges and mission radiuses as well as to efficient
utilization of the aircraft

* Fully automated flight navigation enables autonomous flight operations and integration into the UTM

* The redundant hybrid propulsion system, high safety of the fuel cell and the redundant engines help
the Mercurius Drone to achieve maximum flight safety

 In an unlikely event of a total failure, a parachute airbag configuration prevents damage to the aircraft
and the environment

* Complex autonomous battery exchange units or a high number of aircrafts are not necessary with the
hydrogen configuration

* The presented ground station concept offers the possibility to variably adjust and increase the required
handling interval of 120s

* These measures bring the price per package down to $1.08, covering costs up to the complete ground
station. This makes the Mercurius Drone 30% more economical than a comparable battery concept

The question of scalability and feasibility on a large scale naturally remains. Several start-ups are concerned
with autonomous delivery service operating with small vehicles on the ground. This approach may even be
superior to drones in urban areas. However, specific applications like instant delivery, hard to reach places or
not high densely populated areas where the higher range of Mercurius comes into weight are the sweet spots
of the air delivery. If the hurdles of further testing, certification and the choice of appropriate use cases are
overcome, a concept like the Mercurius Drone is ready to revolutionize the new instant delivery market.
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A. Appendix

Ground Station Video
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Figure 30: Ground Station Video: Scan barcode or visit link (https://a360.co/3iVINgd)
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Figure 31: Sensitivity Analysis
Property Value Property Value
Wing Area  0.048 m? Wing Area 0.2 m?
Taper 0.66 Taper 0.66
Profile NACA23012 Profile NACA23012

Table 11: Wing Front Table 12: Wing Rear

26



6 1 1400 4 —— Front Rotors
—— Rear Rotors
o 1200 1
{
4 2 1000
Q —
83 = -
. z
21 A 6001
N - \_/
01 [ . . . 200 | : : . .
0 10 20 30 40 0 10 20 30 40
Velocity in m/s Velocity in m/s
(a) Lift over Drag Ratio (b) Drive across Flightstates
Figure 32: L/D ratio and drive of rotors
—— Front Rotors
1750 :
2 % 180 A —— Rear Rotors
15001 =
= B
= 12507 total 5 1801
= . 2
= 1000 1 induced @)
% profile Z 140 A
£ 750 i
A~ [}
500 2
N 120 1
By —r
2 3 4 5 2 3 4 5
Number of Blades Number of Blades
(a) Power (b) Tip Velocity
Figure 33: Power and tip velocities over varying numbers of propeller blades
Property Value Property Value
Number of front Rotors 2 Number of rear Rotors 6
Radius 0.19 cm Radius 0.06 cm
Number of Blades 5 Number of Blades 5
Blade Loading 0.12 Blade Loading 0.12
Drag Coefficient (cdyp) 0.011 Drag Coefficient (cdyp) 0.011
Induced Power Factor 1.2 Induced Power Factor 1.2
Efficiency 0.85 Efficiency 0.85
Table 13: Rotors Front Table 14: Rotors Rear
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Figure 34: Verification with Bo105

This plot presents the results of the Bo105 implemented in the used aircraft model and in real flight. The
model of a Cessnal72 also matches the power requirements of 134 kW at 233 km/h and mean sea level.

Aircraft Systems Costs

Component Weight (g) Cost($) n
DL Cameras + lenses [38] 30 275 6
GNSS unit [74] 49 115 1
Flight Controller [123] 250 350 1
Radar [81] 22 700 4
Ultrasonic sensor [41] 5 3 1
Computing/Communications 250 300 1
Microphone 16 6.45 1
Control System for ANC 36 38 1
Speaker 68 7.6 1
Total 1062 5270

Table 15: Sensors and computing units
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Business Scenario

general parameters value general parameters value

electricity price (5/kWh) 0,12 electricity price (5/kWh) 0,18
energy density H2 (kWh/kg) 33,33 operational days per year 300
operational days per year 300 max. operating time per day (h) 12
max. operating time per day (h) 12 delivery interval (s) 100
delivery interval (s) 100 delivered packages per hour 36
delivered packages per hour 36

number of aircraft active 16,31 number of aircraft active 36,91
total number of aircraft 20,39 total number of aircraft 46,14
costs of aircraft 6398,4 costs of aircraft 63984
depreciation period aircraft (years) 4 depreciation period aircraft (years) 4
costs ground station 502240 costs ground station 502240
depreciation period ground station (years) 25 depreciation period ground station [years) 25
costs electrolyser per kKW [5/kW) 1000

depreciation pericd electrolyser (years) 25

COStS COMPressor 1750

depreciation pericd compressor [years) 25

electrolyser efficiency 0B

aircraft operating costs parameters value aircraft operating costs parameters value
insurance costs per aircraft per year 500 insurance costs per aircraft per year 500
charges for one hour use of airspace per airg 0.5 charges for one hour use of airspace per airg 0.5
aircraft maintenance 0,05 aircraft maintenance 0,05
required energy tank (KWh) 0.8 required energy battery (kWh) 0,55
time until next refueling (s) 4354 time until recharching (s) 7383
efficiency FC [already included in energy) 1

operating costs ground station parameters value operating costs ground station parameters value
number of staff 0.4 number of staff 0.4
hourly wage of staff 30,25 hourly wage of staff 30,25
maintenance ground station 0,02 maintenance ground station 0,02
energy consumption compressar (kWh/kg) 29

result aircraft value result aircraft value
Depreciation costs of aircraft per h (5) B.15 Depreciation costs of aircraft per h (5) 18,45
result ground station value result ground station value
depreciation costs ground station per h (%) 5,02 depreciation costs ground station per h (%) 5,02
depreciation costs electrolyser per h (3) 0,13

depreciation costs compressor per b (%) 0,02

result aircraft operating costs value result aircraft operating costs value
insurance costs per hour 2,83 insurance costs per hour 6,41
airspace charges per haour 5,38 airspace charges per hour 5,38
maintenance aircraft per hour 2,72 maintenance aircraft per hour 3,26
number of refuelling per hour Hydrogen 12,00 number of refuelling per hour 18,00
required amount of H2 per aircraft (kg) 0,024 cost of tank filling (%) 0,099
required amount of H2 per hour (kg/h) 0,288

required amount of H2 per day (kg/d) 3,46

required power electrolyser (kW) 12,00

electrolyser costs (5) 12000

electricity cost per compressed kg{H2) (%) 5,35

cost of tank filling (%) 0,13

costs personnel per hour 12,1 costs personnel per hour 12,1
maintenance graund station per hour 0,88 maintenance ground station per hour 0,88
costs per hour (5) 38,78 costs per hour [8) 53,29
tosts per package (%) 1,08 costs per package [5) 1,48

Figure 35: Economic Study Optimistic Scenario: Fuel Cell (left) Battery (right)
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