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Abstract

HyZero is a short/medium-haul aircraft for 150 passengers that is powered exclusively by liquid
hydrogen. The concept, which is developed as part of the NASA/DLR Design Challenge 2021, includes
a structural design, mission analysis, and a description of the required airport infrastructure. HyZero is
compared with a reference aircraft which is powered with a blend of 30% Sustainable Aviation Fuel.

The basis of the development of HyZero is the identification of the specific requirements and a
methodical comparison of different aircraft configurations for the development of HyZero. The most
important design features derived from this include a hybrid drive train, a lifting body and high aspect
ratio strut-braced wings. During the design process, special attention is paid to reduce drag and weight
as well as optimally integrating the cryogenic fuel tank. To calculate the climate impact, the CO2-
equivalent as well as fuel consumption are calculated and an optimum between fuel consumption and
climate impact is achieved. A noise-reduced flight path is developed for HyZero. The DOC of HyZero,
which are determined using the CeRAS method for an average flight mission, are significantly higher for
HyZero than the reference aircraft, as they are primarily dependent on the price of liquid hydrogen.

Zusammenfassung

HyZero ist ein Kurz-/Mittelstreckenflugzeug fiir 150 Passagiere, das ausschlieRlich mit Wasserstoff
betrieben wird. Das Konzept, das im Rahmen des NASA/DLR Design Challenge 2021 entwickelt wurde,
besitzt neben dem strukturellen Design auch eine Missionsanalyse sowie die Beschreibung der
bendtigten Flughafen Infrastruktur. HyZero wird zum besseren Vergleich mit einem Referenzflugzeug
verglichen, dass mit 30-prozentigem Anteil Sustainable Aviation Fuel betrieben wird.

Die Identifizierung der spezifischen Anforderungen und ein methodischer Vergleich verschiedener
Flugzeugkonfigurationen bilden die Grundlagen fur die Entwicklung von HyZero. Zu den wichtigsten
daraus abgeleiteten Konstruktionsmerkmalen gehdren ein hybrider Antriebsstrang, ein Lifting Body
sowie ein hochgestreckter Stutzflugel. Beim Design liegt ein besonderes Augenmerk auf der
Reduzierung von Widerstand und Gewicht sowie einer optimalen Integration des Treibstofftanks. Zur
Berechnung der Umwelteinwirkung wird das CO2-Aquivalent sowie der Treibstoffverbrauch berechnet
und ein Optimum zwischen Treibstoffverbrauch und Umwelteinwirkung gefunden. Fir HyZero wird ein
larmreduzierter Flugpfad erarbeitet. Die Betriebskosten (Direct Operating Cost) des HyZero Flugzeugs,
sind signifikant hoher als die des Referenzflugzeuges, da sie direkt mit dem Preis von flissigem
Wasserstoff gekoppelt sind HyZero ist sehr von den dulReren Rahmenbedingungen abhangig und daher
besteht aktuell Handlungsbedarf diese zu andern.
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1 Introduction

In 2019, the European Union (EU) presented the European Green Deal, which sets the goal of achieving
climate-neutrality by 2050. Aviation is currently responsible for 3 % of global CO2 emissions and the
aviation industry has intensified its efforts to develop and implement climate-neutral flying [1]. Innovative
and sustainable approaches will be needed to meet the enormous economic and ecological challenges
in the coming years. To achieve the goals of the Green Deal, the use of hydrogen as a primary energy
source in aviation holds great potential [2]. However, there is currently no aircraft ready for series
production that runs entirely on hydrogen. The HyZero concept was developed in the context of the
NASA/DLR Aeronautical Design Challenge 2021, which recognizes the need for innovation in clean
aviation by calling for the design of a hydrogen-powered, short- to medium-haul aircraft with a maximum
passenger capacity of 150 Passengers (PAX) and an entry into service (EIS) in 2035. The design is to
be compared against a kerosene-fuelled reference aircraft with 30 % Sustainable Aviation Fuel (SAF)
added at a 2035 technology level. Besides being economic and ecological to operate, in order to
generate support from airlines and governments, HyZero also aims to be ‘low-friction’ for airport
operators by requiring minimal changes to infrastructure and operations. Based on a methodical idea
generation and selection process, an aircraft concept is developed that is tailored to future,
environmentally friendly air transport (Chapter 2). The development of the concept, including the tank
(Section 3.1), fuselage (Section 3.2), and wing and empennage (Section 3.3), is followed by the design
of the propulsion system (Section 3.4). Calculations and design decisions are based on recent results
from literature, as well as empirical equations. In Chapter 4, technical data like component masses and
aerodynamic parameters are calculated. The description of the hydrogen procurement chain and
required airport infrastructure (Chapter 5) is followed by the analysis of the operational aspects (Chapter
6). Finally, a conclusion is presented.

2 Motivation & Design Process

This chapter lists the requirements for the aircraft and its certification. In addition, the definition of the
reference aircraft is discussed, and the design process of HyZero is presented.

21

Table 2-1 shows the specified numerical aircraft

Aircraft Requirements
Table 2-1: Aircraft TLARs.

Reference Aircraft Value

requirements met by HyZero. In addition, the Passenger Number 150 PAX
aircraft’'s atmospheric effects and total energy Passenger Mass 80 kg and 25 kg luggage
demand are considered. HyZero targets a | 1OFL £2000m ___
certification according to CS-25 [3]. Deviations are g;ﬁ;’;e Sooed 80kg (ﬁ:tpg ‘;‘ cabin)
discussed in the corresponding subchapters. A ["approach Speed <130 kis
flight mission analysis is conducted for reference Range 22,000 km
missions of 600 and 2,000 km. The longer flightis | Diversion Range 200 NM
optimized for both low climate impact and | FlightLevel 2 3000 m
profitable operations, whereas the short one is E”try infglseviEsl{EIS) 2035

ot L ) . uel LHy/H,
solely optimized for minimal climate impact.
2.2 Reference Aircraft
The reference aircraft is developed based on the Te aircraft — —
150-PAX CeRAS CSR-01 dgtaset wh_lch is Take-off Field Length Dry 16419 ]
commonly used in conceptual a'|rcraft §tuQ|es. [4] Reference Speed 130 k]
To develop a 2035 reference aircraft in line with Climb Rate 1100 [ft/min]
HyZero’s targeted market entry, the CSR-01 is Cruise Speed 0.78 [Ma]
fitted with the CFM International LEAP-1A35A | Cruise Altitude 290 [FL]
engines of the Airbus A319neo, with their LGlide Ratio 13.02 L]

performance extrapolated to 2035. In addition, a carbon-fibre-reinforced polymer (CFRP) fuselage is
added. The reference aircraft is fuelled by kerosene with 30 % SAF added.The reference aircraft is not
simply calculated based on HyZero’s exact mission profile. Instead, educated decisions are made to
achieve a meaningful comparison between the two aircraft. This includes operating the reference aircraft
reference aircraft at FL 350, the flight level on which the CeRAS CSR-01 dataset is based, as to not
artificially decrease its performance relative to its design point. At the same time, it only carries fuel for
a 2,000 km mission to avoid a significant weight penalty. This is



summarised in Table 2-2. Both HyZero and the
reference aircraft use a common iterative design
process, which runs until the MTOM does not

0,06 (5

change more than 0.1 % after the final iteration [5]. , BB emes e 008
—e— Lift Coefficient
Lift and drag of the reference aircraft for different oa i~ =~ Drag Coetiient [ 0%
angles of attack can be observed in Figure 2-1. s 3 p s 5 T 2%
2.3 Design Criteria Figure 2-1: Lift coefficient vs. angle of attack
To develop the most promising concept, Table 2-3: Criteria weighting.
13 criteria are defined based on the requirements Criteria Total  Weighting [%]
from Section 2.2. In style of [6], [7], the criteria are | Passenger Comfort 2 1.28
compared in pairs to obtain each criterion ;‘?‘S;tegg‘:fr Acceptance 1? %;
L . . . ight Performance .

weighting. The pntem;n ‘:hat s more important  ~gEbiBng Controliabiity 12 7.69
receives two pomts_, t e less |mport_ant crlterl_on Aerodynamics (Buoyancy) 12 769
zero points. If there is a tie, both receive one point Aerodynamics (Resistance) 13 833
each. The total number of points is added up Structure and Weight 12 7.69
(‘Total’) and its percentage of the total number of Propulsion 19 12.18
points is determined (‘Weighting’), as shown in | Integration of Hydrogen Tanks | 21 13.46
Table 2-2. The integration of the hydrogen gz:‘gf'gam” 1: g'gg
drivetrain, the noise emissions, and the A e 12 597
acceptance by passengers are seen as [Noise 12 769

particularly important.

2.4 Configuration Selection Process

According to the principle of the morphological box [7], [8], the aircraft is divided into nine largely
independent main categories such as layout, propulsion, and tank shape. Options for each category are
identified through an extensive literature investigation. The results are shown in Figure 2-2. The options
can be freely combined between the main categories, resulting in several concept proposals.

| | | | | | | | |
Layout Fuselage Wing Power Propulsion Propyl_smn Tank shape Ta_n_k Stor?ge
position position medium

Single Turbofan

Conventional fuselage High Gas turbine [zan) Under Wing Bullet Front of cabin LH,

Multi

fuselage Cylinder Rear of cabin

Canard H, (gaseous)

PR E—

. Propeller .
Low/Mid Fuelcell *TY <{ Above Wing

—t

wing propulsion

Blended wing Tail section
body

—

Slush

Lifting body High aspect Hybrid Open rotor <[ Distributed <[ Obround ] Top of cabin Ammonia

——

Conformal ] In wing

Under cabin

—
@
e
 J G _JL__JL___J__

MDF

Cryo-
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Figure 2-2: Morphological box configuration.

Table 2-4: Evaluation results.
Average TCR

No. = Configuration Score [%]

1 Canard, single fuselage, low wing, gas turbine (turbofan, above wing), LH,tank (conformal, in wing) 3.1 62
2 Multifuselage, mid wing, gas turbine (turbofan, under wing), LH, tank (cylinder, rear of cabin) 3.0 60
3 Single fuselage, mid wing, hybrid (open rotor, tail section), LH, tank (cylinder, front of cabin) 3.3 66
4 Blended wing body, hybrid (turbofan, tail section), LH, tank (conformal, in wing) 2.7 54
5 Lifting body, high aspect ratio wing, hybrid (turbofan, under wing), LH, tank (rear of cabin) 3.9 78




Based on an initial assessment, five of

these concepts are deemed feasible and

technologically diverse enough for further

investigation. The concepts are evaluated

by means of a utility analysis according to

HERBIG [6], based on the degree of

fulfilment from excellent (5 points) to Hiyrogen Driven EREIAGS
unusable (1 point) for each criterion. The ) % >
results of the evaluation, as well as the —
technical compliance rate (TCR), which e
expresses the conformity of each \_.

configuration with the requirements, are
shown in Table 2-4. The fifth concept
achieves the highest average score and a
technical compliance rate of 78 % and is
therefore selected as the basis of the following design process of HyZero. Figure 2-3 visualises all
systems and key technologies of the concept, which is discussed in more detail in the following chapter.

Morphing Wings
Electric Driven BLI

7
Windowless Lifting Fuselage

Folding Wing-Tips

Strut-Braced High Aspect Wings

Figure 2-3: Overview of systems and key technologies.

3  HyZero Configuration and Features

HyZero is a fixed-wing aircraft with a V-tail. The high wing has a high aspect ratio and is supported by
struts. The tank, which contains two independent compartments separated by a dividing wall, is located
in the rear of the aircraft. Instead of an elliptical shape, the fuselage cross-section features a double-D
profile. The two main engines are mounted under the wing. In addition, a boundary layer ingesting (BLI)
fan, powered by a fuel cell, is integrated at the rear of the fuselage, as shown in Figure 3-1. The main
aircraft dimensions and characteristics are gathered in Table 3-1.

Table 3-1: HyZero data.

Length 35.82m
Height 8.06 m
MTOM 59,063 kg
Wing Area 119 m?
Aspect Ratio 19.55
Anhedral 3°
Sweep Leading Edge 9.16°
Taper Ratio 0.5
Empennage Area 36.37 m?
Take-off Field Length Dry 1,553.5m
Landing Field Length 980.3 m
Climb Rate 1,700 ft/min
Cruise Speed Ma 0.7
Cruise Altitude FL 290
Glide Ratio 18.86
D, |
(=] I -\
I
~—1s = =
2895 ! L2100
19370 36000
35820 L7040

Figure 3-1: General arrangement.

Figure 3-1 also features the geometric proof for the clearance angles. Both the tail clearance and the
wing clearance angle are approximately 12°. A detailed calculation of the clearance angles and the
associated configuration of the landing gear is given in Appendix A. The calculation of the remaining
values from Figure 3-1, as well as the design process as a whole, are discussed in the following sections.



3.1 Fuel and Tank

Integration of tanks and fuel system is a major design factor for hydrogen-powered aircraft. In this
chapter, the fuel selection and tank design processes are detailed.

3.1.1  Fuel Selection

One possible classification of hydrogen storage technologies is the segmentation into physical storage,
adsorption, and chemical storage methods [9]. Adsorption and chemical storage methods are largely
differentiated by the carrier material. Because of the necessity of using these carrier materials, all
adsorption and chemical storage methods suffer from either low volumetric or gravimetric energy
densities, and are deemed unsuitable for aircraft applications in 2035 based on energy density
assessments [9], [10]. Physical storage includes compressed, liquified, and cryo-compressed hydrogen.
Table 3-2 summarises key characteristics of these methods according to RIVARD ET AL., BRUNNERET AL.,
and THANH ET AL. [11]-[13]. The data allows for a rough comparison, although values, especially the
gravimetric system capacity, or weight of hydrogen per total tank system mass, vary between tank sizes
and applications [11].

Table 3-2: Characteristics of physical storage methods [11]—[13].

Storage pressure  Storage Density [kg/m?] Volumetric energy  Gravimetric system
[bar(g)] temperature [K] density [kWh/m?] capacity [wt%]
compressed 700 293 26.3 885 52
compressed 350 293 17.6 590 55
cryo-compressed 300 40 - 80 80 - 60 2,690 — 2,020 54
liquid 0 20 70 2,350 7.5

In addition to safety, mass and volume are the two most important characteristics of a hydrogen tank
system for aircraft applications. Liquid hydrogen has by far the highest gravimetric system capacity,
meaning it requires the least amount of tank mass to store hydrogen. This stems from the high mass of
the pressure vessels required for compressed and cryo-compressed storage. In addition, pressure
vessels are costly and limited to near spherical or cylindrical shapes. [11] The slight advantage of cryo-
compressed storage, which combines cryogenic and pressure storage, in terms of volumetric energy
density does not offset these significant drawbacks. Under consideration of other factors such as
transportability, handling, and energy requirement for compression and liquification, respectively, liquid
hydrogen is selected as the fuel for HyZero.

3.1.2 Tank Placement

To minimise heat influx and boil-off, the surface of the LH2tanks must be minimized, leading to compact,
near-spherical or cylindrical shapes. The amount of LH2 required for HyZero makes tank integration into
its wings impossible. As the tanks must be placed outside of the pressurised cabin for safety reasons
[14], and cargo space cannot be cannibalised, the only options seen as reasonable are in front or behind
the cabin, or under the wing as removable tanks. Because of the decision to place the BLI propulsor at
HyZero’s aft section, placing the tanks in the front section of the fuselage is dismissed due to the
prohibitively long fuel lines this would require. Removable tanks under the wing offer the benefit of
allowing not only the reduction of fuel mass, but also fuel tank mass for the shorter, 600 km mission.
They also have the potential to significantly simplify and accelerate the refuelling process. External tanks
are widely used by military fighter aircraft and have been proposed by Airbus for their future hydrogen
aircraft, albeit as standalone propulsion units [15]. The additional drag from external pods for an Airbus
A321 was evaluated by DANGI AND PATEL [16]. Even for the most favourable option, total drag force still
increased by 26.51 %. [16] In the same study, an increase in length of the aircraft to accommodate the
hydrogen tanks increase drag by only 6.85 % [16]. For this reason, the option of carrying HyZero’s
hydrogen in removable, external pods is not pursued further. This leaves the area behind the cabin as
the only feasible option. Placing removable tanks within the aircraft offers the benefit of significant mass
reduction for the shorter mission without disadvantages in drag induced by external pods. However, the
installation of large doors for tank loading would disrupt the boundary layer, significantly reducing the
efficiency of the BLI fan. Therefore, the installation of a permanent tank in the aft section of the aircraft
is selected for the HyZero concept. The challenge of maintaining an allowable centre of gravity (CG)
range influences the placement of heavy systems like the fuel cell. A benefit of the fuel placement within
the fuselage, as opposed to the wing, lies in the fact that their aerodynamic shape can be optimized and
innovative concepts such as morphing wings, which are discussed in Section 3.3.1, can be implemented.

3.1.3 Tank Design

The single tank with two compartments is designed as an integral, load-carrying part of the fuselage, as
this leads to reductions in structural mass compared to the non-integral option [17]. In addition, non-
integral tanks have to be removed entirely for maintenance, whereas an integral tank can often be
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serviced simply by removing panels [18]. The tank is insulated externally rather than internally. This
means that the cryogenic hydrogen is in contact with the tank wall. To avoid excessive strain from
thermal cycling, the tank should be kept in a cold state, unless inspected for maintenance [19]. Despite
this operational disadvantage of external insulation, internal insulation is not an alternative, as there is
currently no material available, or likely to be available until 2035, that can sufficiently prevent
permeation through the insulation [20].

Composite tank walls can provide a 25 % weight
saving over aluminium tanks [21]. Despite their
higher cost, a composite tank design is adopted to
keep the CG within an acceptable range. A liner
made of aluminium is necessary to prevent the
hydrogen from leaking through the composite
material [18]. VERSTRAETE ET AL. explore multi-layer
insulation (MLI) and foam insulation for applications
comparable to those of HyZero. While MLI does provide a weight advantage over foam for the same
level of heat flux, its use of a high vacuum makes it more expensive to install and maintain, and carries
the risk of catastrophic failure in case the vacuum is lost. [22] In addition, the use of foam insulation
only requires a single structural tank wall rather than two. The outer tank wall only serves as a barrier
between the foam and the environment. [18] A polyurethane foam is selected as it achieves the lowest
mass [22]. The tank is integrated into the fuselage according to the description by BREWER [18]. The
tank features a diving wall that produces two separate compartments, creating redundancy and ensuring
that the main engines can be fed from separate engines during take-off [23]. In addition, the tank is
equipped with additional dividers to cut down on sloshing [18]. The final tank design and integration into
the structure are shown in Figure 3-2. The tank wall is calculated using the pressure vessel equation,
which considers the tensile strength of the tank wall material, a safety factor, and the pressure difference
between the inside and outside of the tank (Appendix L) [24]. In addition, the wall thickness depends on
the diameter, so different wall thicknesses are necessary for the HyZero tank shape. It is assumed that
the outer tank wall has a constant thickness, which is calculated for the most stressed point. The
separating wall in the middle is calculated equally using twice the total length as diameter to maintain
redundancy in case one compartment leaks. The overall tank mass can be seen in

outer wall

foam
vapor barrier

foam

inner wall

Figure 3-2: Tank integration and structure.

Table 4-1: Mass estimation.

Mass [kg] Mass [kg]
Component HyZero Ref. Aircraft Component HyZero Ref. Aircraft
Fuselage 9117 [92] 9072 [92] Design Payload 15750 15750
Wing 9516 [50] 7200 [24] Block Fuel 1562 6277
Empennage 539 [47] 896 [1] s MTOM 56132 60864
Landing Gear 1736 [93] 2633 [93]
Propulsion 8801 7913 Pylon 979 [24] 979 [24]
Tanks 1090 Hydrogen Pipes 20
Flight Systems 4145[92] 4247 [92] Main Engines 3320 [24] 3330 [24]
> MME 34944 31961 BLI+ Systems 870
Operating ltems 2225[92] 2225 [92] Nacelle 2023 [24] 2012 [24]
Furnishings 4651 [93] 4651 [93] Engine Systems 1589 [24] 1592 [24]
> OME 41820 38837 2 Propulsion 8801 7913

Table 4-1 calculated as shown in Appendix L.

3.2 Fuselage

This chapter details two key aspects of HyZero’s fuselage design: its lift-generating characteristics, as
well as the windowless design. The decision-making process and the implementation are explained.



3.21 Lifting Fuselage Design

HyZero’s fuselage is a lifting body. The cross-
section consists of two D-shaped sections joined
in the middle, following the model of the Aurora
D8 concept. This fuselage cross-section design
is the lightest among several investigated by
MUKHOPADHYAY ET AL. [25] While not currently in
operation, the technology is anticipated to be
ready for commercial applications in 2035 [26].

Seat Galley Lavatory (Emergency-)Exit

Due to the non-circular shape of the cabin, the Fgure 3-3: Cabin layout

internal cabin pressure leads to considerable bending stresses at the transition of the circumference
from half-cylinders to the straight top and bottom sections. As opposed to a tubular fuselage, the wall
structure must be stressed. The increased fatigue and circumferential stresses can be balanced via the
vertical inter-cabin wall. Based on the PRSEUS model [27], the fuselage is made of carbon fibre
preforms [25], [28]. Despite these complications, the lifting body design offers significant advantages
over conventional construction. Since the tank is the most important design driver in HyZero's design,
the fuselage is optimised around the tank. Based on the tank dimensions, as well as standard values
for seats, aisles, etc., the dimensions of the fuselage are determined. Also included in the calculation is
a cargo compartment below the passenger cabin. The 4.48 m width and 2.98 m height of the fuselage
allows a 2-4-2 twin aisle seating that is unusual in the short-haul aircraft class. The lavatories, galleys,
and emergency exits are considered (cf. Figure 3-3). The overall fuselage length can be reduced to
35.82 m, resulting in a more favourable fuselage pitching moment. The wetted area is increased
compared to an aircraft with the same capacity and a round cross-section of the same height, as the
increased wetted area due to the larger cross-section circumference outweighs the reduction from the
shortened fuselage (cf. Section 4.2.1). Nevertheless, HyZero’s fuselage design offers aerodynamic
advantages. On the one hand, the fuselage contributes to lift due to its wide design. [29] On the other
hand, it increases aerodynamic efficiency due to its bell-shaped lift distribution. This allows for the
narrower and lighter design of the wings, leading to fuel savings [30]. Another advantage is the guidance
of the air along the fuselage, allowing the use of a BLI fan at the aft section, which is discussed in Section
4.2.1. The geometric design of the tail-section is based on a study by HABERMANN [31]. Despite its
streamlined design, the tail section offers sufficient space for the tank.

3.2.2 Windowless Fuselage

In the style of the Emirates First Class of the Boeing 777-300ER, the design of HyZero largely eliminates
windows [32]. Instead, there are 77" OLED screens showing a virtual representation of the outside world,
augmented by infotainment content connected to small external cameras. [33], [34] The screens are
clad in the traditional oval window design, promoting passenger acceptance. Since for safety reasons,
under part 25 of the CS-25 Regulations Amendment 12, aircraft ‘shall have means to view conditions
outside the exit with the exit closed’, the doors and emergency exits continue to have windows [3].

Eliminating windows from the uninterrupted fuselage allows for fuselage weight savings of up to 25 %,
depending on fuselage size, which in turn leads to a reduction in fuel costs despite increased energy
consumption by screens and cameras. In addition, the design leads to a reduction in manufacturing
costs and an increase in resistance to fatigue damage. [33], [34]

3.3 Wing and Empennage

HyZero is equipped with a high wing with a high aspect ratio, and a V-tail. The wing is supported by jury
struts. This chapter elaborates on these components.

3.31 Wing

HyZero’s high-wing configuration, combined with the wing sweep of 8.2°, contributes to a negative
sideslip-induced roll moment. To limit this moment and increase stability, an anhedral of 3° is chosen
for the wing. Additional features of the wing are detailed below.



High Aspect Ratio

In  conventional aircraft, induced drag is
responsible for roughly 35 % of overall drag [35].
For a finite wing with an elliptical lift distribution,

the induced drag coefficient is inversely éé%:‘*

proportional to the aspect ratio [36]. Because of ’///}///\\"

this, HyZero features a high aspect ratio wing. o /
77

Conventional short-range aircraft, such as the "!a.(/‘/((
reference aircraft, have wing aspect ratios of 9 to
10. Modelled on the concept of [37], the aspect
ratio for HyZero is raised to 19.55. The lift induced
cL?

drag coefficient can be written as Cp, = TrerAR

* Figure 3-4: Wing-fuselage integration.
. b? .
with AR = 5 [38]. The selected aspect ratio

therefore results in a lift-induced drag reduction of 51.5 %, which leads to an overall drag reduction of
about 18 % for a constant Oswald factor e = 0.85. The aspect ratio is limited for structural and airport
logistics reasons. A large wingspan causes problems in ground handling. As the wing generates lift
during flight, a higher wingspan has the disadvantage of a longer lever arm that exerts a higher bending
moment onto the root of the wing. In addition to structural problems in the wing box area, the thin wing
can induce flutter motions during flight [39]. Figure 3-4 shows an illustration of HyZero’s wing-fuselage
integration. The following sections address how HyZero solves the described challenges.

Strut-Braced Wing

NASA [37] investigates the optimal aspect ratio and the number of additional vertical supporting jury
struts in relation to minimal fuel consumption and wing mass. Namely, they analyse whether the wing
mass reduction enabled by adding struts and jury struts is worth the increase in drag. A single strut with
one jury strut is found to be optimal, which is visible in Figure 3-1 [37]. For the lowest possible structural
weight of the strut, a one-dimensional tensile load distribution along the bar axis is required. However,
due to the unavoidable aerodynamic interference, as well as the vertically impinging jury, a
multidimensional load is considered in the design .

Folding Wingtips

To achieve a maximum wingspan of less than
36 m when operating on the ground, HyZero’'s
wingtips can be folded up after landing. The hinge
mechanism enabling this is shown in Figure 3-5
The system and additional structural wing mass
increase the wing mass by 10 % [40]. Its wing-
folding capability allows HyZero to be categorised
as a Code C aircraft according to ICAO Annex 14
[41]. This gives HyZero operators the advantage of only needing to pay Code C fees at the airports [37].
In addition, take-off and landing is possible at many regional airports, which is particularly important for
short-range flights. For HyZero, it is essential that the wings are in the unfolded state in flight and during
take-off and landing. This certification challenge has already been solved by Boeing with their 777X,
which means that the certification guidelines are established [42].

Figure 3-5: Hinge of the folding wingtips.

Morphing Wing Flap System

Since no fuel is stored in HyZero’s wing, there is ample room for improvement of wing aerodynamics,
including the installation of a morphing camber system. Traditional aircraft design aims to optimize
aerodynamics and other factors with regard to a specific design point. As a result, every point other than
the design point is suboptimal. During an aircraft's mission, however, many different conditions are
encountered. With its morphing wing technology, HyZero can adapt to these different flight conditions.

The camber in an airfoil has significant impact on the generated forces. Camber variation is used to
generate high lift coefficients [44]. In current aircraft, this is realized with the help of flaps, especially
along the trailing edge. While highly effective for Tendon Shoolng Stingers poine el

camber variation and area enlargement, flaps

have several disadvantages that cannot be Eii _________ :

eliminated without rethinking the whole system.

An abrupt change in camber results in an increase ongerphing EMC skin Tendons
of drag over the baseline airfoil and can lead to an  Figure 3-6: Schematic of fishbone active chamber.
early flow separation at the trailing edge, which




again limits the maximum lift coefficient [45]. As flaps are separate components, gaps in the surface are
inevitable, causing drag and noise. [46] The morphing wing technology of HyZero solves these problems.
The morphing concept is derived from the Fishbone Active Camber (FishBAC) concept [43], shown in
Figure 3-6. It is built around a highly anisotropic, compliant structural core with a pre-tensioned
elastomeric matrix composite (EMC) skin. This allows for low part numbers, which increases reliability,
while combining a low chordwise stiffness with a high spanwise stiffness [43]. Wind tunnel testing
confirms that the morphing system is able to increase the lift coefficient by AC, = 0.72 at « = 0°, which
is nearly identical to that of a 25 % chord flapped airfoil. The tests show a significant improvement in lift
over drag ratio of 20-25 % [45].

3.3.2 Stability and Control
A V-tail helps to decrease induced drag and Table 3-3: Geometric parameters of the V-tail.

empennage mass [47]. Due to challenges

regarding ground clearance, an inverted V-tail as SM Static Margin 515 %]
proposed by RAYMER [44] cannot be used for v Dihedral 53.36 []]
HyZero. Although it does not reduce the wetted Sy Area 33.62 [m?]
area significantly [48], the advantages result it its P Leading Edge Sweep 14.16 [’]
integration into HyZero as shown in Figure 3-7. by MAC 2.52 [m]

A two-step process is used for designing the V-tail. First, a conventional cruciform tail is sized and then
the horizontal tail plane (HTP) and vertical tail plane (VTP) are combined into a single V-tail.

The HTP is sized such that lateral stability in
cruise, and sufficient controllability are achieved.
The static margin should be kept between 5 %
and 10 % of the mean aerodynamic chord (MAC)
[24]. In the case of HyZero, a static margin of
5.15 % is achieved. The aspect and taper ratios of
the HTP are initially chosen from empiric intervals
by RoskAaM and it is ensured that they do not
exceed the boundaries throughout the iterative
process [49]. For the VTP, both weathercock
stability and control over the aircraft in case of an
engine failure must be achieved. This is
expressed by a positive yawing moment derivative
due to sideslip (Cng > 0). The investigation is
conducted for the entire CG range from front to aft
position. Depending on the specific case, either
the front or aft CG position is the critical case.

After sizing both the HTP and VTP, (3-1) and (3-
2) are used to size the V-tail. [48] While (3-1) v = arctan j Svre
calculates the dihedral angle of the V-tail, (3-2) “Shrp
combines the HTP and VTP area to give the area

of the V-tail. The constant K accounts for s, = Surp & Syre
insufficiencies of the V-tail and achieves an cos? (v) + K- sin? (v)
adequate wetted area. [48] The aspect and taper

ratios of the HTP [49] are used for the V-tail, as TugBofen engines

it is more similar to the former than the VTP. The BN prosiicel
static margin and a selection of geometric -
parameters are given in Table 3-3; the relevant ( O
derivates can be found in Appendix B. e B@}—J

Figure 3-7: Structural integration of the v-tail.
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3.4 Hydrogen-Based Propulsion System

Electrical network hub Liquid hydrogen tank

For HyZero’s propulsion system, conventional

turbofan engines are chosen as the main Figure 3-8: Overview of the drive train and major on-board
propulsors. A pure fuel cell-electric propulsion is ~ SYStems.

disregarded due to the lacking technology level of fuel cells today, and the insufficient improvement of
the same anticipated until EIS in 2035. In particular, durability and reliability under aeronautic conditions
is a topic not sufficiently addressed by research [51]. Figure 3-8 shows a schematic of HyZero’s
powertrain fitted to the design requirements. A parallel-hybrid system of novel propulsion technologies
is selected. One of these, namely BLI, is identified as a key technology for lifting body concepts like
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HyZero [50], cf. 3.2.1. The electric power for the aft BLI fan is provided by a fuel cell. Small generators
in the turbofan engines serve as emergency power supplies and as engine starters. Battery storage is
kept to a minimum to only serve peak power loads or in case of system failure. A relatively low thrust is
assigned to the BLI propulsor to harness the BLI benefit, while retaining larger and more efficient
engines underneath the wings. The individual parts of the propulsion system are discussed in detail in
the following chapters, starting with the wing-mounted engines. After that, the BLI propulsion system
and remaining on-board systems are presented.

3.41 Wing Mounted Engines
The overwhelming majority of civil transport
aircraft use engines mounted below the wing. The < 1

ease of maintenance along with a significant wing
bending relief are driving factors [52]. HyZero ‘ ‘ "

utilises a shoulder wing configuration, making the ) L
wing mounted engines even more attractive due N A /

to large ground clearances being available for

high bypass ratio engines. Figure 3-9 shows the

engine position under the wings. Being a short to ] o .
medium haul aircraft with a design range of Figure 3-9: Engine-wing integration.
2,000 km, only a limited time is spent in cruise. Therefore, future concepts must be evaluated carefully
to ensure an overall benefit besides static cruise operation.

Engine Parameters

A promising optimisation of under-wing engines is the boosted turbofan concept [53], [54]. Boosted
turbofans allow greater flexibility of setting engine power, independent of the current thermodynamic
operating conditions of the engine. However, the variations in thrust of a high-bypass turbofan engine
at constant throttle, as the altitude changes over the flight path, already align well with the mission
requirements. This leaves little to be gained from the boosted turbofan concept, which would significantly
increase aircraft weight [55]. Therefore, conventional gas turbines with the necessary adaptations to
hydrogen fuel, are selected.

19
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Figure 3-10: Extrapolation of cruise TSFC and OPR over time.

An important design aspect of modern engines is the bypass ratio (BPR). With an increase in BPR, the
thrust-specific fuel consumption (TSFC) decreases due to a higher propulsive efficiency. At the same
time, the system weight increases drastically, as does the nacelle drag [56]. For a one engine out
scenario, a larger tailplane is needed due to higher windmill drag of the damaged engine [57]. A BPR of
14 is found to be optimal for future regional aircraft [56], [58]. To keep the outer diameter of the engine
to a minimum, core size needs to be reduced. This commonly reduces the thermodynamic efficiency of
the core, due to lower channel height in the compressor. The blades need to be redesigned to deal with
the resulting large relative tip clearance and low stability margin. Also, the blade thickness cannot be
simply reduced due to material and manufacturing limits along with safety margins for foreign object
damage, leading to increased blade profile loss [59]. An extrapolation of engine characteristics is done
based on engines with market entry between 2005 and 2020, cf. Figure 3-10. Only engines with a thrust
range of 90-150 kN are included, due to the very different balance between operating and manufacturing
cost of other engine sizes resulting in different designs [60].

An overall pressure ratio (OPR) of 50 is chosen Table 3-4: Data of the main engines.
for the engine cycle. The last compressor stages  [reclCluloes Value

are replaced by a radial stage to enable even |--andiameter 210m
. Take-off thrust 85 kN
lower channel heights [61]. Based on the Crui <
. . . uise TSFC 4.1 g/(kN*s)
extrapolation, a TSFC of 11.5 g/(kN*s) is [opR 50
estimated for a kerosine driven engine. This BPR 14




estimate is done conservatively due to uncertainty in the data. The difference in heating value alone
would put the equivalent TSFC for hydrogen at 4.12 g/(kN*s). However, fuel consumption is even lower
because of hydrogen’s unique properties, as discussed in the following. An overview of some engine
parameters is given in Table 3-4.

Hydrogen Integration

Running a conventional gas turbine with hydrogen as fuel requires some design changes, in particular
for the burner injector. Generally, no carbon is present in the fuel, eliminating CO2 as a combustion
product along with soot, unburned hydrocarbons, and carbon monoxide. The fuel is clean and free of
impurities to either erode or corrode the hot sections of the engine However, hydrogen embrittlement is
a real challenge [18]. Water is the primary product with small amounts of nitrogen oxides (NOx).
Compared to a conventional engine, NOx can be reduced by 75 % due to favourable material properties
[1]. The main factors in NOx generation are temperature, pressure, dwell time, and equivalence ratio
[63]. Hydrogen has wide flammability limits, allowing lean combustion at lower temperatures. In addition,
the very high burning velocity and the diffusivity of hydrogen minimise the dwell time of the reactants in
hot areas, leading to a further decrease in NOx [64], [65].

Improved hydrogen combustor technology, like micro-mix injection, contributes to the emission
reduction as well. The technology works by introducing interfering gaseous fuel and oxidizer jets,
enhancing fuel mixing greatly. A side effect of a more homogenous temperature distribution is lower
thermal stress in the combustor, aided by the low emissivity of a hydrogen/air flame [18].

As previously noted, the necessary fuel mass flow is about a third of that of a comparable kerosine
engine. This leads to a direct reduction in engine LH. f .

, feed line
thrust throqgh lower ovgrall mass flow. .'.I'he Turbine bleed cooling
accompanying change in gas composition,
however, cause a small net increase in thrust
[63]. HyZero stores all necessary hydrogen at
cryogenic temperatures. Prior to combustion, the
fuel needs to be heated up to compressor exit
temperatures to avoid severe efficiency losses. - —
Hydrogen has a very high specific heat capacity, Exhaust heat exchanger
making it perfect for synergistic cooling
applications in the engine. Starting at the front of ~ Figure 3-11:  Fuel preheating in ~under-wing engines.
the engine, precooling of compressor air Background image from GasTurb 13 [66].
promises to reduce the required compressor work and increase OPR. However, benefits are limited
especially for smaller engines. In addition, precooling poses many challenges, like risk of ice formation
and foreign object damage, to the heat exchanger and is therefore excluded [18], [67].

As a result, a less intrusive technology, cooling the turbine bleed air, is chosen. Thus, lower cooling
mass flow is needed, increasing the thermodynamic efficiency. Turbine Entry Temperature (TET) can
also be increased by at least 100 K [68], leading to benefits for many aspects of the engine. The energy
that can be harnessed from cooling the turbine cooling air is small. Therefore, a heat exchanger aft of
the low-pressure turbine is installed to provide the energy to preheat the fuel to relevant temperatures,
cf. Figure 3-11. The weight penalty is more than compensated by the reduction in fuel consumption [18].

3.4.2 Boundary Layer Ingesting Propulsion
In addition to the under wing mounted high
bypass engines, 10 % of cruise thrust is supplied
by a BLI propulsor. This share is set to the
minimum value to harness large wake-filling
benefits while limiting the weight increase of the
aircraft. The BLI concept from [69] uses a slightly
lower thrust share for the BLI fan, resulting from
the far larger overall aircraft. Another concept
from [70] implements a relatively larger BLI
system for a similar aircraft size, theoretically
achieving even higher benefits. This is justified by
the long flight range of the aircraft, where fuel
consumption has a large influence on overall
operation cost [60]. Another reason for choosing  Figure 3-12: BLI propulsor mounted on the aft fuselage.

a lower thrust share for the BLI fan is the utilisation of hydrogen and its extremely low gravimetric density.
So, an increase in block fuel is not significantly increase overall aircraft weight.
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As mentioned, the benefits from ingesting the slower velocity boundary layer flow are the reduction in
jet and wake losses of the aircraft resulting in lower overall thrust requirements [71]. Further benefits
are a slight decrease in TSFC compared to the turbofan engines due to a more efficient, yet also heavier,
drivetrain [72]. The propulsor is positioned aft on the fuselage, as most viscous drag of an aircraft arises
from to the fuselage, especially for the implemented lifting body concept [71]. A full annular inflow is
chosen to provide maximum benefit for a single engine configuration, since the main engines are
installed under the wings [73], [71]. The BLI fan is illustrated in Figure 3-12: BLI propulsor mounted on
the aft fuselage., along with key parameters in Table 3-5. Mass estimation is not included and can be
found in Section 4.1. A downside to utilizing the boundary layer flow is a distorted inflow resulting in
performance loss of the BLI fan [74] — [75]. However, for an axisymmetric inflow the losses are minimal
compared to one-sided BLI configurations [71]. Due to the low total pressure in the hub region, the fan
root needs to be redesigned to yield any useful work. Moreover, the fan blade could operate near the
design point in the clean flow area and stall as it travels through a disturbance from the wings, fuselage
upsweep or the empennage [76].

Inlet guide vanes would be one option to Table 3-5 Data of the BLI propulsor.

homogenise the inflow [69]. They are not = o5
implemented in the final design due to weight an diameter 00 M
iderations and possible future improvements Cruise thruist 4 kN
consiaeratl P P . Propulsive efficiency 0.9
in minimising the disturbances. The outlet guide  [Ejectrical efficiency 0.95
vanes are therefore an important structural Cooling LH,

component for the nacelle.

The BLI fan operates at full load for most of the flight sections. The placement of the fan is not protected
against foreign object damage. Therefore, the fan is shut off entirely on take-off and landing.

3.4.3 On-board Systems

Using hydrogen as an energy source for the aircraft requires changes in many systems to allow for
optimal operation. This opens the possibility for new synergies to be utilised, like using the cryogenic
hydrogen for cooling/coolant. This is applied for both the electric system of the BLI propulsor, decreasing
ohmic losses significantly [77], as well as the fuel cell, recuperating the waste heat. The polymer
electrolyte membrane (PEM) fuel cell is also responsible for a wing anti icing system. The necessary
hydrogen is supplied by two separate fuel lines. From these, one extracts the boil-off from the tanks.
This opens the possibility to control the temperature level inside the tank by lowering pressure levels
and therefore letting more gas boil-off, cooling the tank. The usual boil-off rate is well below the fuel
consumption rates, so, the second feed line carries liquid hydrogen and is shared with one of the main
engines. In general, both main engines are capable of being fed from each of the two hydrogen tanks.
For emergency situations, the fuel cell is not an essential system as back-up power does not need to
drive the BLI propulsor. 40 kWh of battery storage and emergency power from the main engines are
capable of covering the power need of essential systems. Hydrogen carrying pipes need to be insulated
to minimize heat leak into the fuel as well as limit the frost build-up and subsequent water accumulation
inside the fuselage [50]. Foam insulation is chosen, as vacuum jacketed lines require more maintenance
and are more expensive. Low pressure fuel pumps are used in proximity to the tank with the main pumps
being located at the under-wing engines [18]. Conventional control systems are used for the systems
not mentioned in detail, including landing gear, flight control, and more.

H, from tank
Cycle loss
Jet loss
Under-wing engines
n; = 0.57 n.=0.75 Total thr
Fuel cell =“n=0.5 Electrical power —n;g;=0.86 Heat loss

40 kWh Battery Heat loss Electric energy

consumtion other
systems

):igure 3-13: Energy flow diagram of the conversion process from LH, to thrust in cruise.

Operating a PEM fuel cell under aeronautical conditions is a major challenge for current technology.
First, the inlet air needs to be filtered for sulphur compounds as well as carbon monoxide to extend the
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service life of the fuel cell [78]. The low atmospheric pressure at cruising altitude is also detrimental to
fuel cell performance, requiring a more powerful compressor [79]. Other research suggests adjusting
the cathode stochiometric ratio to compensate the performance loss [51]. The chosen PEM fuel cell
comes with low overall weight, the capability to be scaled to size and a relatively quick response time to
load changes [80]. Thus, only a small battery storage is needed to cover high load variations. The energy
conversion chain can be seen illustrated in Figure 3-13. Incoming flows are the hydrogen from the tanks
along with the minimal power influx from the batteries. Outgoing energy flows are the thrust power and
electrical energy for the on-board grid, as well as large waste heat fluxes. The heat recuperation with
liquid hydrogen is not shown in the diagram.

3.44 Hydrogen Safety

This chapter deals with the safety risks and requirements during flight, associated with the use of
hydrogen. It focuses on the period between take-off and landing. Hydrogen is a colourless, odourless,
and non-toxic gas that is lighter than air above -23.15 K [81]. The low ignition energy of 0.017 mJ [82],
the wide range of flammability, and the high volatility pose a risk of combustion [18], [81], [83]. While the
fuel is not considered a hazardous substance for humans or the environment [84], there is a risk of
asphyxiation due to the displacement of oxygen [81]. Although hydrogen is considered by BREWER [18]
to be of similar safety criticality as conventional aviation fuels, it should be handled with care to ensure
the safety of people, the environment, and the aircraft [18].

Table 3-6: Related risks and means of prevention according to [83].

Related Risks Means of Prevention/Protection

e  Try and ensure enclosures and cavities within the HyZero tanks are unlikely to trap

liquid
. Use of venting systems for flushing
Volume expansion of LH, . Insulating fuel systems and equipment
Trapped liquid e  Protection of all system sections by safety devices e.g., burst disks and safety
valves
e  Monitor internal system pressure with related emergency procedures, e.g., system
depressurisation.

. Provide ventilation
Monitoring of hydrogen concentration, pressure, leak detection and evacuation
systems

Buoyancy
Gas accumulation

Venting/disposal of unwanted gaseous H, through the top of the HyZero tanks

UV or IR flame detection

Inerting of lines before and after system venting

Activation of fire extinguishing spray systems in case of flame detection or

emergency activation

. Operator training concerning risks specific to hydrogen and emergency
procedures

. Provision of flameproof clothes and personal protective equipment

Flammability

Ignition, spontaneous
combustion

Person being caught in a
hydrogen flame

. Thermal insulation of equipment, pipelinesetc.
Low temperature e  Anti-/De-icing
. Use of compatible materials
Ice accretion . Temperature monitoring, periodic inspection and regular de-/anti-icing of
equipment
Embrittlement e  Emergency procedures in case of operating loss of equipment e.g., blocked
valve
Small dimensions of e  Minimize interfaces and mechanical joints
molecule . Use advanced seals
e  Perform regular helium tightness tests
Leak at interface level . Hydrogen detection near interfaces that mayleak
. System redundancy enabling isolation of a leaking system

Table 3-6 identifies relevant hazards and measures for mitigation. In the left column, the properties
(black) and the resulting dangers (blue) are listed. Additional hazards, as well as a detailed description
of fuel system safety precautions, are listed in Appendix D. Despite all precautions, accidents can occur.
According to [85], disk burst, bird strike, emergency landings, and fire protection must be taken into
account. Damage to the tank in the event of a disk burst or bird strike is unlikely with HyZero, due to the
positioning of the tank. The routing of lines in potential impact areas is mostly avoided. If routing through
at-risk areas is unavoidable, the lines are structurally reinforced and equipped with valves that interrupt
the supply from the tank. Safety-relevant pipes are designed redundantly. In the event of a crash landing,
tanks located in the fuselage are less likely to be damaged [82]. By positioning the tank in the rear of
the fuselage, it is structurally secured from both the front and the bottom. A quick release valve, intended
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for fuel dumping in case an emergency landing is required shortly after take-off, is not provided due to
the low mass of the hydrogen.

3.5 Technology Readiness Levels of Key Technologies

This section summarises the key technologies Table 3-7: TRL of key technologies.
and assesses them in terms of their market Key Technology TRL Source

maturity (see Table). For this purpose, the ‘Ii\i/fitri‘:wé':cfs Fuselage g Egg
Technqlogy Readiness Level (TRL) classification Struthracg’d Wing/Folding Wing 7] 571, (58]
according is .used [9_1]. If tr_le technology has a Morphing Wing 5 (87]. [89]
level of 4 or higher, it is considered to be ready for Fuel Cell F) [90]
market entry by 2035 [87]. Since this is the case Hydrogen Driven Engine 5 [2]
for all chosen technologies, an EIS in 2035 is BLI 4 [87]

feasible.

4  Technical Data

Once the feasibility of an EIS in 2035 is proven, the optimisation of the aircraft’s performance is initiated.
In this chapter, the mass estimation, the aerodynamic data, and the performance of HyZero that resulted
from the optimisation are shown.

41 Mass Estimation

Table 4-1 shows the masses of the different components of HyZero. Most of them are calculated by
semi-empirical equations, which were derived by HOWE and TORENBEEK [92],[93]. There are no semi-
empirical equations for a wing like the one used by HyZero, so the wing mass is adopted from a
calculation for a similar aircraft by NASA [50]. This adoption is reasonable, because HyZero is just 13 %
lighter than the airplane calculated by NASA. Consequently, the wing of HyZero is lighter than the wing
calculated by NASA [50]. Additionally, the wing gains additional mass because of the morphing system,
which will increase the wing mass by 25 % [].

Table 4-1: Mass estimation.

Mass [kg] Mass [kg]
Component HyZero Ref. Aircraft Component HyZero Ref. Aircraft
Fuselage 9117 [92] 9072 [92] Design Payload 15750 15750
Wing 9516 [50] 7200 [24] Block Fuel 1562 6277
Empennage 539 [47] 896 [1] > MTOM 56132 60864
Landing Gear 1736 [93] 2633 [93]
Propulsion 8801 7913 Pylon 979 [24] 979 [24]
Tanks 1090 Hydrogen Pipes 20
Flight Systems 4145192] 4247 [92] Main Engines 3320 [24] 3330 [24]
~ MME 34944 31961 BLI+ Systems 870
Operating ltems 2225[92] 2225 [92] Nacelle 2023 [24] 2012 [24]
Furnishings 4651 [93] 4651 [93] Engine Systems 1589 [24] 1592 [24]
>~ OME 41820 38837 2 Propulsion 8801 7913

4.2 Aerodynamic Data

For the analysis of aerodynamic effects, several attempts at 3D CFD calculations are made with a
detailed 3D model, several simplified versions, and half-meshes. However, due to limitations in the
student license, those calculations cannot be performed. Therefore, simplifications are made for drag
analysis with estimations based on TORENBEEK [93], using the aircraft analysis tool OpenVSP. For lift
analysis, the 2D flow solver MSES are used.

421 Drag

A key factor in raising HyZero’s aerodynamic efficiency is to keep drag at a minimum. To reach that goal,
a wide variety of features is incorporated, which are further explained in Chapter 3. Due to the
unconventional design, especially regarding the fuselage, a model in the aircraft geometry tool
OpenVSP is created for the drag analysis to determine wetted areas more precisely. For friction drag in
laminar flow, the Blasius equation is used as described in WHITE [94]. Several equations for turbulent
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flow can be found in literature. To compare HyZero to the reference aircraft, the explicit fit equation of
SPALDING [95] is used to compute friction drag in turbulent flows of both aircraft.

Figure 4-1 illustrates the design choices of the s
HyZero concept leading to a small decrease in

+15,05%

Cpo - Cpoempennage 18 reduced with the °* e
introduction of the V-tail, mainly because of a .. [ | oS
smaller empennage-fuselage interference drag atngine
and in parts also due to a slightly smaller wetted  ** =¥eg

area. Due to the lifting fuselage design, the
increase in length caused by tank integration can

be kept at a minimum which even leads to a small  oxs 1,00%

decrease in Cpg ryseiage - HyZero features an

airfoil that is designed for natural laminar flow _" Hyzero Retence _ ' _

(NLF). In standard commercial aircraft, the Figure 4-1." Qomparlson of zero-lift F{gure 4-2: Zero-lift drag

boundary layer flow is turbulent on almost all of 929 coefficient. difference - of HyZzero
y lay compared to the

the wetted surface. This results in viscous drag reference aircraft

five to ten times larger than that of laminar

boundary layers [96]. The NASA/LANGLEY NLF(1)-0215F airfoil is determined as a suitable fit as it
provides a high C, .., While maintaining a low Cj, over a wide range of C,. At the flight conditions flown
in a standard HyZero mission (see Chapter 6), laminar flow is maintained for 48.83 % of chord length in
a calculation with the analysis tool XLFR5. This corresponds with data found by STREIT ET AL. [97], who
maintain laminar flow for up to 50 % chord length with an NLF airfoil at Ma 0.78 and Re 1.4E+07. The
calculated laminar flow length is therefore assumed for the calculations in the present work, whereas
the laminar flow length for the reference aircraft is estimated to be 20 % of the lifting surfaces chord
length [24]. Laminar flow helps to keep Cpg ing at a value comparable to the reference aircraft despite
an increased wetted area.

A visualisation of the difference in zero-lift drag compared to the reference aircraft is given in Figure 4-2.
The morphing wing concept, as introduced in Section ‘Morphing Wing', further reduces the overall drag
coefficient by approximately 3.7 % [98]

The drag share for the lifting body fuselage is determined to 27 % of overall drag (see Figure 4-1). The
BLI propulsor, positioned at the rear of the fuselage, ingests the lower 40 % of the boundary layer,
equalling to 65 % of the momentum deficit of the fuselage due to the nonlinear velocity curve of a typical
boundary layer [70]. At C; .,4ise, the ratio of viscous drag to total drag is 83 % (see Figure 4-3Figure 4-).
This results in a power saving coefficient of 4 %
according to Steiner [99], which can roughly be
translated into an equal overall drag reduction. &

As elaborated in Section 3.3.1, the high aspect ratio of
HyZero’s wing also reduces lift-induced drag. From s
Figure 4-3 it can be deducted that the glide ratio of m

HyZero already exceeds that of the reference aircraft s —Hyzero
at very low values of C;. However, the glide ratio finds U e
its maximum at C;, = 1.1, which is much higher than B W R 8 e

Cpcruise = 0.5. This could be explained with the high
aspect ratio. In the course of optimisation, it was
considered to lower the aspect ratio. However, even for significantly lower aspect ratios, which have
their (L/D)nax at values closer to C; s, the glide ratio of HyZero at C, ;5. €xceeds the ones of lower
aspect ratios substantially. This shows that the HyZero concept is superior to others even in non-optimal
flight conditions. To fully utilize its potential, it could be considered to fly at a lower speed. For reasons
of the assignment requirements, this is not explored further in this report. Overall, HyZero can achieve
an increase in L/D at Cp ;5 Of 28.15 % and an increase in (L/D)pay Of 58.95 %.

Figure 4-3: Glide ratio

The drag for both HyZero and the reference aircraft is visualised in Figure 4-4. Figure 4-5 shows the
total drag of the HyZero concept for different angles of attack.
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Figure 4-4: Drag polars. Figure 4-5: Drag coefficient vs. angle of attack.

4.2.2 Lift

As discussed above, an airfoil for natural laminar flow is used for the wing. For computinga C; — a curve,
the airfoil’'s behaviour is analysed at HyZero’s average chord length of 2.58 m with a Reynolds number
of Re = 6.78E+06 at Mach 0.7 with MSES. To apply the 2D data to the behaviour of a 3D wing, usually
2D-3D transformations have to be made. Based on investigations by BUSEMANN [100], the simple sweep
theory provides transformation rules for infinite swept wings with C;3p = f(Cp2p, 9rer). As a finite,
tapered wing is considered for the HyZero concept, a reasonable choice would have to be made for
@rer in dependence of the location of flow separation as described by BoPPE [101]. However, the sweep
of HyZero’s wing is rather small, which is why, C, 3, would not differ significantly. For that reason, 3D
transformation is neglected.

Lift is also increased by the lifting fuselage design. The contribution
of fuselage lift to the total lift coefficient can be estimated to 20 %
of overall lift as investigated by DRELA [29]. The overall calculated 12
lift coefficient of wing and fuselage can be seen in Figure 4-6. The 1
reference aircraft’s lift curve can be found in Section 2.2. :

The hight-lift system is sized according to [24], [102] and CS-
25.125 [3] to achieve a reference speed V,.. of 130 kt and a take- o

off field length (TOFL) of less than 2,000 m. HyZero can achieve ”

Vrer at MTOM for safety reasons (cf. Section 3.4.4). The high-lift % s » 15 0
system comprises of a droop nose or nose flaps at the leading edge g6 4.6: Lit coefficient vs. angle of
and a plain flap at the trailing edge. It is assumed that the lifting  attack.

body provides 19.2 % of the lift in high-lift configuration. In landing

configuration HyZero uses a 25° slat and 35° flap deflection angle to achieve a lift coefficient ¢, = 2.226.
4.3  Aircraft performance

The payload-range diagram of both aircraft retains its characteristic design as seen in Figure 4-7.
However, the maximum payload of both aircraft is not much higher than their design payloads. As MTOM
is calculated as the sum of OME, block fuel mass and design payload and the MTOM is selected at the
design point. The block fuel mass of both aircraft is relatively low and therefore there is little room for
the trade-off between fuel mass and payload. By comparison, the CSR-01 maximum payload is 47 %
higher than the design payload. For both aircraft, the maximum payload is selected such that a range
of 500 km is protected. The ferry range of both aircraft is very close together. While HyZero has a ferry
range of 3,302 km, the reference aircraft has 3,296 km.

Payload-Range Diagram
Ref. Aircraft —HyZero x Design Point 2000 km mission X 600 km mission
Payload [t] 3
20

nmax A
55 | WINGFLAPS UP D

16 »—’iiiiiii\if‘,“ 2
14 T s
o
s e
10 <
[=}
8 § o
- E
6 0
4
-0,5
2
0 | WING-FLAPS UP b e
0 500 1000 1500 2000 2500 3000 3500
Range [km] 15
Figure 4-7: Payload-range diagram. Figure 4-8: V-N diagram.
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The V-N diagram created according to Section ‘CS 25.333 Flight Manoeuvring Envelope’ of the CS-25
Regulations [3] can be seen in .All data is referenced to sea level. According to [3], the equivalent 1g
stall speed Vs, is defined as the intersection of the line n = 1 with the Cj 4, curve in the diagram. The
flight range is limited by the maximum lift coefficient C, ,,,,. The following applies:

n= CLmaxPS 2. (4_1)
2w

The stall speed is calculated with (4-1) to 92.63 % The design manoeuvre speed V, results from V;. It
can be chosen by the manufacturer but must be at least

V, =25V, = 146.46m/s. (4-2)

Point A marks the intersection of the C ,,,4, curve with the n,,,, line. According to CS-25 [3] n,,,, is 2.5.
The design cruise speed V. is specified by the requirements. For the design dive speed V,, a
conservative estimation is carried out via (4-3).

V, = 1,25V, = 259.47 m/s (4-3)
Analogous to the positive load factor results the point H. According to CS-25 [3], the negative load factor

is limited to n= —1. The following restrictions apply to fully extended flaps: The speed
Vs1 extended flaps Shall be set to at least

Vs1 extended flaps < 1.6 Vs; = 148.21m/s. (4-4)
The load factor shall be n = 2.

All take-off and landing distances of both  Table 4-2: Take-off and landing performance

HyZero and the reference aircraft are AR Z‘i‘raﬁ St
calculated using formulas from [35] o

according to CS 25.111 [3]. For the TOFL the | ° ?o'fﬁﬁegés.;aenﬁp 122;; 12212 m
Accelerate Stop Distance (ASD) in dry v, 618 1680 [mis]
conditions is determined. For HyZero an Landing | Base Distance 980.3 |1,067.8 |[m]
ASD of 1,553.5 m is achieved. According to 66.67 % safety margin dry | 1,633.9|1,779.6 |[m]
the TLARs the TOFL is set at 2,000 m. 92 % safety margin wet 1,882.2[2,050.1 |[m]

Therefore, HyZero has a margin of 28.74 %
for wet conditions which is deemed acceptable. This safety margin is further increased as reverse thrust
can be used in wet conditions. A selection of results is presented in Table 4-2.

5 Airport and Hydrogen Infrastructure

The introduction of radically new aircraft designs comes with a number of operational challenges. Among
the most severe ones is the need for airport infrastructure to be adapted to accommodate the new
models. This problem is exacerbated for low-volume aircraft designs, as in that case adapting their
infrastructure is even less economically attractive for airport operators. Hydrogen aircraft in particular
present additional challenges, since they might require an entirely new fuel procurement chain,
infrastructure, and procedures.

Power generation H, production H, liquification Delivery to airport  Storage at airport Fueling
On-site Pressurlzeq
) storage until -
generation [ 5 | Piping system

on-/near-site

(solar) liquificati

On-/near-site lquitication c
production »| Cryo-storage |—

Near-sit . Ai t
ear 5|‘ € On-/near-site [ lrpc‘r
generation | Aai > refueling

liquification v

(solar, wind)

vehicle
Pipeline | i storag'e; m
only handling
Combined road

transport and

Off-site | Off-site Off-site
generation production liquification refueling
vehicle
Road transport

Figure 5-1: Potential and selected liquid hydrogen procurement chain.
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In addition to being environmentally friendly and low-cost, HyZero'’s is designed with the goal of being
‘low-friction’ for airport operators by largely avoiding the above issues. HyZero is designed to fit within
current gate operations without requiring major changes to infrastructure or procedures. The hydrogen
procurement chain is developed from the options listed in Figure 5-1 with the goal of requiring the least
investment and adjustments from airport operators. The path highlighted in blue is selected.

In the following sections, the assumptions and calculations supporting the selected hydrogen
procurement chain are detailed. First, a bottom-up approach is used to determine the total cost of
hydrogen based on data available from literature. Secondly, a total energy assessment is made using a
top-down approach, based on the efficiency data provided in the Design Challenge problem specification.
All costs are in EUR2035 unless specified otherwise, assuming a 2 % annual inflation between 2021
and 2035 as targeted by the European Central Bank [94]. If sources do not specify whether they use
real or nominal values, assumptions are made based on context.

5.1 Power Generation

To achieve the least environmental impact, HyZero is powered entirely by ‘green’ hydrogen, i.e.
hydrogen produced exclusively with energy from renewable sources and zero associated emissions as
defined by the German Federal Government [103]. To encourage the production of green hydrogen, the
Federal Government has decided to provide extensive incentives to industrial electrolysers. Starting on
January 1, 2022, industrial producers of green hydrogen are exempt from the EEG surcharge, which
was 0.06756 EUR2020/kWh in 2020 [103], [104]. Electrolysers are also exempt from the German
electricity tax of 0.0205 EUR2020/kWh [105] and are being reimbursed for the grid charge, which is largely
set by the Federal Government and amounted to 0.0264 EUR2020/kWh for industrial customers in 2020
[106], in the first 20 years of their operations. Charges and levies linked to the grid charges constitute
the final component of surcharges. They comprise the combined-heat-and-power levy (‘KWKG-
Umlage’), the concession fee, charges according to Section 19 of the Electricity Grid Charges Ordinance
(‘StromNEV’), the offshore grid levy, and the levy for switchable loads [107]. Of these, electrolysers are
exempt only from the combined-heat-and-power levy with the remaining charges amounting to 0.00763
EUR2020/kWh in 2020 [104]. Combined with the average price for industrial electricity acquisition and
sale of 0.0615 EURz020/kWh in 2020 [104], this puts the price of electricity for electrolysers at 0.06913
EUR2020/kWh post-EEG exemption. Since many exemptions are only granted to large-scale
electrolysers, the construction of on-site or near-site power generation was not deemed beneficial
considering the high capital expenditure (CapEx) requirements of building solar and wind power sources
[103]. The electricity from 100 % renewable sources necessary for the production of green hydrogen
are instead sourced from the open market.

The development of electricity prices for industrial consumers until 2035 is subject to great uncertainty.
Assuming the exemptions for electrolysers detailed above remain in place, electricity prices for
electrolysers in 2035 largely depend on the cost of acquisition and sale of green electricity. This cost is
being influenced by several, sometimes conflicting megatrends, including the increasing demand from
transportation and industry electrification, the lower operational cost of renewable power sources,
changes in population size, the cost of emission certificates, and the improvement of grid and large-
scale storage technologies. [108] Price predictions range from a nearly constant cost of acquisition and
procurement to a twofold increase until 2035 [109], [110]. Given the ever-decreasing cost of electricity
from renewable sources, which is HyZero’s sole source, and the expressed intend of the German
Federal Government to keep electricity prices for the generation of hydrogen low, the price of -electricity
for electrolysers is therefore assumed to remain constant at 0.06913 EURz020/kWh or 0.093
EUR2035/kWh until 2035 [111].

5.2 Hydrogen Production

Since the government incentives mentioned above only apply to large-scale electrolysis plants and
these also offer efficiency improvements over smaller facilities, the hydrogen for HyZero’s operation is
produced a centralised, off-site location [103], [112]. 40 % of the roughly 50 million tons of hydrogen
currently being produced and consumed every year are by-products of industrial process, while 60 %
are from dedicated production. Of the latter, around 95 % are produced using carbohydrates and are
therefore not green hydrogen. [113] For HyZero, only hydrogen produced from electrolysis is considered.
In this process, water is split into hydrogen and oxygen using electricity and one of three process variants:
alkaline electrolysis (AEL), polymer electrolyte membrane electrolysis (PEMEL), or high-temperature
electrolysis (HTEL) [107]. The technology readiness levels (TRL) of these technologies are 9, 6-8, and
5-6, respectively [107], [114].
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AEL as the process with the highest TRL is the technique of choice for producing hydrogen on an
industrial scale today and features the lowest production costs [115]. Drawbacks include the purity of
the produced hydrogen, with at 99.90 % does not fulfil the requirements of modern fuel cells and
necessitates an additional filtering step, and the limited ability of the process to adapt to a fluctuating
electricity supply from renewable sources. [116], [117]

PEMEL is less well-established, but seen as having a higher potential for future improvement [118],
including significant efficiency, compactness, and production capacity advantages over AEL [119]-[121].
In addition, the resulting hydrogen purity of 99.99 % removes the need for additional filtering [116].
PEMEL offers significant synergies in combination with green electricity from renewable sources:
PEMEL can dynamically adapt its production rate and power demand between 0 % and 300 % of
nominal power rating, far exceeding the capabilities of AEL and HTEL [117]. It therefore offers the
potential for demand-side management, which is seen as an important factor in realizing the
transformation of global energy supplies to 100 % renewable sources [122].

HTEL is currently the least developed alternative of the three electrolysis processes. Prototypes are
being operated in laboratory environments and only a few, small-scale demonstrators have been
implemented. The advantages of HTEL are its high efficiency, reduced CapEx, and its ability to be
operated ‘in reverse’ to produce electricity from hydrogen. [113], [123] Drawbacks include HTEL'’s
inability to flexibly adjust its output as to avoid thermal cycling, the still unknown purity of the hydrogen
produced on an industrial scale, and, most importantly, the uncertainty regarding its availability for large-
scale hydrogen production in 2035 given its relatively low TRL [115], [120]. Because of these
uncertainties and its incompatibility with the fluctuating power output of sustainable sources of energy,
the option of using HTEL is dismissed and excluded from the following cost calculations.

When comparing the economics of AEL and PEMEL, initial investment, cost of electricity, maintenance,
and electrolysis stack renewal cost are major cost components that need to be considered. All cost
components can be annualized over the expected lifetime of the plant, according to the equations in
Appendix E [124]. Using a real discount rate of i = 0.04 and an expected lifetime of both AEL and PEMEL
systems of N =23 years [121], the common capital recovery factor is CRF = 0.067. The detailed
calculations for the net present cost are shown in Appendix F. They assume initial investment costs of
around 500 EURz017/kWe for large-scale AEL and 700 EURz017/kWhe for large-scale PEMEL plants in
2035, which equates to around 700 EURz035/kWh and 980 EURz035/kWh, respectively [120]. The largest
electrolysis plant currently in operation was recently installed in Canada with a power level of 20 MW
[125]. The average electrolysis plant suppling HyZero in 2035 is assumed to have a nominal power of
100 MW, based on literature, detailed plans by European companies, and a call for proposals by the
European Commission [126]-[128]. Annual maintenance and operations costs are estimated at 22
EUR2035 and 8 EURz035 per kW of installed power per year for a 100 MW AEL and PEMEL plant,
respectively [115]. The lifetime of the individual electrolysis stacks is estimated as 60,000 and 50,000
hours, respectively, which represents the lower end of the range given by SMOLINKA ET AL. [115] to avoid
the losses in efficiency caused by voltage degradation [129]. The capacity factors are 90 % and 70 %
for AEL and PEMEL, respectively. The values are chosen to account for the high TRL of AEL and the
key advantage of PEMEL, which lies in its ability to change its power level according to the supply of
renewable energy.

Table 5-1: Net present cost in 2035, annualized cost & production cost per kg of hydrogen.

AEL 1,204,930,700 EURg35 80,730,400 EURg3s 20,124,320 kg 4.01 EURz035
PEMEL 973,990,100 EUR2035 65,257,300 EURz03s 14,731,530 kgh2 4.43 EURz035

Table 5-1 summarises the calculated results for net present cost (NPC), annualised cost, and cost per
kg of hydrogen. The cost per kg of hydrogen is determined by dividing the annualised cost by the annual
production, which is determined from the electrolysis plant’s installed power, using the equation in
Appendix G. The electric power and capacity factors are given above. The lower heating value of
hydrogen is LHVH2 = 33.3 kWh/kgnz. The system efficiency of AEL and PEMEL electrolysis is 85 % and
80 %, respectively [113].

AEL delivers a 9 % cost advantage over PEMEL in terms of cost per kilogram of hydrogen. However,
PEMEL'’s major advantage is its compatibility with electricity from variable, renewable sources. This
compatibility is represented within the calculations in the form of the significantly lower capacity factor
and is responsible for a significant part of PEMEL'’s cost disadvantage. The ability to use the electricity
from variable renewable sources guarantees that HyZero’s hydrogen is truly ‘green’. PEMEL therefore
provides the best balance between ecology, cost, and technology-specific advantages for
implementation in 2035 and is selected as the optimal technology for producing HyZero’s hydrogen. It
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is important to note, however, that HyZero’s reliance on centralised, off-site production means that
HyZero’s operators are only one of many purchasers of a site’s hydrogen output and have therefore
limited influence on the production technology used. Nevertheless, it appears that PEMEL plays a
significant role in hydrogen production by 2035, given the advantages listed above.

5.3 Hydrogen Liquification

Similar to hydrogen production, large-scale, centralised hydrogen liquification offers efficiency and cost
advantages over a local, on-site process and is therefore selected for HyZero’s hydrogen procurement
chain [112]. Current state-of-the-art industrial liquification plants require 10 — 20 kWh/kgrz, with 6
kWh/kgh2 as a future benchmark [112], [130]. 9 kWh/kgHz is chosen as a reasonable estimate for a large-
scale liquification plant in 2035. Small installations suffer from significant reductions in efficiency and
exponentially higher specific investment costs, making on-site liquification at the airport unfeasible [112].
The specific cost of hydrogen liquification is calculated using the equation in Appendix H. CONELLY ET
AL. estimate a specific cost of investment and operations of around Cspec,s0 = 1.40 USD2018/kgn2 = 1.19
EUR2018/kgn2 for liquification plants with a production capacity of 27,000 kgn2/day in California in 2018
[130]. The investigated PEMEL plant’s annual production of 14,731,530 kgnz translates into around
40,000 kgHz per day. Assuming this to be the output of a liquification plant directly connected to the
PEMEL plant, and considering the fact that the plant is built in Germany instead of California, as well as
the likelihood of further technological improvement until 2035, a specific cost of investment and
operations of the liquification plant of 1.00 EUR2035/kgH2 is a reasonable assumption.

Using the aforementioned specific energy demand of especiiq = 9 kWh/kgrz and the estimation for the
cost of green electricity in 2035 from Section 5.1, Ceigreen = 0.093 EUR203s5/kWh, the specific cost of
liquification is calculated to Cspec,iq = 1.84 EUR2035/kgHz.

5.4 Hydrogen Delivery to the Airport

The hydrogen produced and liquified off-site needs to be delivered to the airports from which HyZero
operates. The use of pipelines is dismissed because of the high capital and operation expenditures
(OpEXx) required for the installation and operation of an infrastructure of the required scale. While a
significant expansion of existing compressed hydrogen grids seems feasible until 2035, the same cannot
be said for a liquid hydrogen grid because of the significantly higher costs and operational requirements.
[131]

Instead, HyZero relies on hydrogen being delivered by cryogenic trucks, which can utilize existing,
proven technologies and be scaled easily as HyZero expands to more airports. To further reduce
HyZero’s environmental impact, these trucks are hydrogen-powered. Transporting cryogenic hydrogen
via diesel-powered trucks is well established. Existing cryogenic semi-trailers carry up to 4,000 kg of
hydrogen for up to 4,000 km. [132]-[134] Assuming a strong improvement in fuel cell technology for
trucking, OOSTDAM estimates long-term reduction of total cost of ownership (TCO) of hydrogen-powered
trucks to 0.935 EURzo019/km or 1.31 EURz035/km [135]. However, in contrast to the regular semi-trailers
investigated by OOSTDAM, the cost of a hydrogen-powered liquid hydrogen trailer is impacted
significantly by the cost of the hydrogen cargo tank, which is estimated at 650,000 USD2o03s or
approximately 550,000 EURz035 [133]. Including this cost as well as another 10% for auxiliary equipment
such as a pumps and fuelling hoses in the TCO calculation model utilized by O0OSTDAM yields a higher
TCO of approximately 2.00 EURz035/km for HyZero'’s specific use case, assuming a 10% residual value
consistent with the assumptions by O0STDAM [135].

Currently, only a single industrial-scale liquification plant exists in Germany. The distance from this plant
in Leuna to each major airports in Frankfurt, Hamburg, Munich, and Berlin is between 200 and 400 km.
While an increase in liquification plants in Germany until 2035 seems inevitable, the number remain
likely limited due to the benefits of large-scale liquification. For the calculation of transportation cost, a
distance of 200 km at the low end of this range is therefore assumed. Assuming a conservative average
speed of the truck of 50 km/h and hourly personnel cost of 25 EUR203s, the cost of the driver for the 400
km roundtrip is cariver = 200 EUR2035. Once at the airport, the truck is transferred to airport personnel.

Three HyZeros are assumed to be stationed at selected airports at initial deployment in 2035. Each
performs an average of 4.3 flights (2.05 flights at 2000 km and 2.25 flights at 600 km) and, therefore,
requires 3,504 kg2 of taxi and trip fuel per day. On average, daily hydrogen requirements per airport
therefore amount to 10,512 kgn2. This requires three trips by hydrogen-delivery trucks, each filled with
an average of 3,504 kgnz. The boil-off in a truck is 0.3% per day or 0.0125% per hour and needs to be
considered when filling the truck at the liquification plant [133]. Transportation time is conservatively
estimated at four hours, and another hour is included for possible additional delays. Since the delivery
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trucks are used to directly fuel the HyZeros, they remain at the airport until they have dispensed their
fuel completely. With an average demand per flight of around 817 kgnz, each truck is involved in five
fuelling operations, on average. Assuming the average 12.9 HyZero flights per airport per day to be
equally spaced between 5:30 am and 11 pm, this means each truck must remain at the airport for an
average of six hours and 45 minutes. Another five hours of storage time within the truck are included for
potential departure delays, as only a negligible number of flights in the EU are delayed by more than
300 minutes [136]. This puts the maximum boil-off duration at 16.75 hours, which equals a maximum
boil-off of 0.2% or around 7 kgnz. This puts the average total hydrogen mass per delivery at 3,511 kgne.
However, the additional 7 kgnz are not considered when calculating the specific delivery cost, as in most
cases, they are not used to fuel HyZero but rather remain inside the truck and are recycled at the
liquification plant. More significant are the transfer losses, which are also discussed in the next section
and amount to an average of 70 kgnz per truck, putting the total amount of hydrogen used for calculating
the specific cost of transportation at 3,574 kgn2. [137] The calculations according to the equation given
in Appendix | yield a final specific cost of transportation of 0.28 EUR2035/kgHz.
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5.5 Fuelling and Gate Operations

To match the 21 minute refuelling time of an
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rate is therefore 1.18 kgnz/s. A standard liquid
hydrogen trailer dispenses its hydrogen content at
about 0.4 kgro/s [133]. The required flow rate for
fuelling HyZero can therefore be achieved by
installing two dispenser systems per truck, each
with a slightly increased flow rate of 0.59 kgn2/s,
and supplying one compartment of HyZero’s tank.
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Low-pressure transfer pumps on the market today
already almost provide the necessary flow rate
with neglectable heat transfer [137]. Their cost
was already considered in the delivery truck TCO calculations.

Figure 5-2: Ramp layout according to [138].

The only remaining, significant source of hydrogen boil-off is transfer loss from the receiving tank, which
for a transfer process using low-pressure transfer pumps amounts to about 2 % and is considered in the
DOC calculations [137]. To minimize the environmental and cost impact of this significant boil-off, it is
recovered from the tank compartments’ pressure release vents and fed into the fuel cell powering the
delivery and fuelling truck, using the red hose shown in Figure 5-2. This reduces the pressure against
which the pumps have to work and thereby their power demand, and generates some of the energy
required for pumping. [137]

Other than that, gate operations require little adjustments from airport operators as shown in Figure 5-2.
Just like with kerosene-fuelled aircraft, fuelling of HyZero can only begin once passengers have
deplaned the aircraft, and must be completed before new ones get on board. Other turnaround
processes like catering, cleaning, cargo loading, and water servicing can take place in parallel, as
hydrogen aircraft handling is not expected to be more dangerous, especially considering the
technological advances until 2035. [82], [139]

In its wingtips-up configuration, HyZero falls within the wingspan limit of 36 m for Code C aircraft set by
ICAO Annex 14 [41], allowing it to access more airports and utilize existing infrastructure for ground
operations. By keeping the main engines below the wings and the BLI engine in the aft section, existing
infrastructure can be utilized for maintenance.

During the night, the unused diversion fuel from the final flight of the day must remain in HyZero’s tank.
This avoids excessive thermal cycling and drastically reduces the need for tank components to cool
down during the first fuelling process in the morning, which would lead to additional, significant boil-off.
[137] Boil-off from the night is fed into the delivery truck during the next fuelling process, as described
above.
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5.6 Permanent Infrastructure at the Airport

To minimize the challenges for airport operators in the face of the initial low-volume deployment of
HyZero, foregoing the installation of significant hydrogen storage capacities at the airport is a major
design decision, resulting in reduced CapEx, OpEx, and safety requirements. Instead, the trucks
delivering the hydrogen to the airport are equipped with direct fuelling capabilities.

Building storage capacity for fuels would be associated with significant costs. For major airports, IATA
recommends to maintain kerosene storage capacity of around three days’ worth of demand [140].
Considering HyZero’s anticipated flight schedule, this would equate to around 30 tons of liquid hydrogen
storage capacity at each airport. Liquid hydrogen is stored in insulated and cooled cryogenic tanks.
Installation cost estimates per kWh of capacity vary widely, from 27 EUR2021/kgH2 for a 300 ton tank to
680 EURz021/kgnz for a 270 kg tank and 3,200 EUR2021/kgH2 for a 100 kg tank [141], [142]. By fitting a
linear curve to the double-logarithmic representation of these numbers, we can estimate a cost of 90
EUR2021/kgn2 for our 30 ton tank, putting the total cost per airport at around 2.66 million EUR2035 if we
assume price reductions from technological improvements to be balanced with inflation.

The NPC calculations detailed in Appendix J show that installing this storage capacity would increase
the cost of hydrogen by only around 0.08 EUR2035/kg. However, the initial investment would need to be
borne by airport operators. In addition, storing large amounts of liquid hydrogen at the airport would
introduce significant safety implications and require the installation of a safety parameter according to
the Seveso Directive in the EU [143]. Active cooling and maintenance of the tanks would cause
additional operating expenses. These factors combined would significantly increase the friction for
airport operators to give HyZero access.

Changes that cannot be avoided is the installation of additional venting in hangars for maintenance, and
the implementation of additional training and procedures for the safe handling of hydrogen, due to its
volatility. [143]

5.7 Total cost of hydrogen procurement and efficiency assessment

Table 5-2 lists the cost components of HyZero’s hydrogen, given the calculations and assumptions
detailed above. Since an aircraft operator would not be operating the Hz production, liquification, and
delivery infrastructure himself, a 10 % markup on the total cost is assumed to account for supplier
margins. This puts the total specific cost of hydrogen for HyZero’s operation at 7.21 EUR2035/kgHz.

Table 5-2: Summary of specific cost components of HyZero’s hydrogen.

Specific cost 4.43 EURzoss/kgHz 1.84 EURzoss/kgHz 0.28 EURzogs/kQHZ 6.55 EURzogs/kgHz 7.21 EURzogs/kQHZ

For the total energy assessment, a top-down approach, based on the efficiency values provided by the
Design Challenge problem specification, is utilized. The efficiency of electrolysis is given as
Nelectrolysis = 0.80, and that of liquification, distribution, and storage, which is assumed to include fuelling,
as a combined niigdistr,sto = 0.85. Since the electricity for hydrogen production and liquification is from
renewable sources, the efficiency of electricity generation is nei = 1. The total onboard efficiency from
hydrogen tank to thrust in cruise is shown to be around nonboara = 0.43, neglecting the impact of the fuel
cell and BLI engine. The total efficiency of the hydrogen chain from electricity generation to thrust is
therefore approximately ntota = 0.29.

6 Operational Aspects

After establishing the configuration of HyZero and evaluating novel operational aspects which arise from
the use of liquid hydrogen, HyZero’s mission is optimised with regard to climate impact, energy
consumption, and noise. This this chapter evaluates both reference missions. For certain aspects, like
determining the required tank size, the block fuel is relevant which includes the trip fuel and all reserves,
as defined by EU-OPS 1.255 [144]. However, the block fuel including reserves does not represent fuel
consumption in daily operations, and is therefore not suitable for economic evaluation. Instead, these
are based on trip fuel, which excludes reserves.

6.1  Flight Path Optimisation

While HyZero does not emit any CO2 or CO (cf. Section 3.4) during its flight, its emission of H20 and
thus the potential to produce contrails is greatly increased compared to kerosene-fuelled aircraft. In
addition, NOx is emitted, albeit at reduced levels. Noise emissions also remain an issue for HyZero. The
level and impact of these emissions is greatly influenced by HyZero’s flight path. Both the 600 km and
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2,000 km design missions are designed to be as environmentally friendly as possible. In addition, the
economic viability of the 2000 km mission and lifecycle aspects are investigated.

6.1.1 Climate Impact from GHGs

To reduce the climate impact of both design missions, the greenhouse gas (GHG) emissions of HyZero
are studied. Counterintuitively, GHG emission and climate impact can show an inverse correlation. For
example, at lower altitudes, HyZero has a higher fuel consumption and thus emits more H20, but
nevertheless has a lower climate impact due to the atmospheric effects. GHG emissions are calculated
and used to determine HyZero’s climate impact, which can be measured using several different metrics.
[143] The COz-equivalent (CO2-eq) metric is chosen, as it has a the most reliable values readily available.
CO2-eq is calculated by multiplying each GHG emission with its respective global warming potential
(GWP) and adding them all up to obtain the total CO2-eq or climate impact. GWP represents which
amount of CO2 would have the same time-integrated radiative forcing (RF) as the GHG under
consideration. For this work a time horizon of 100 years is chosen, which is widely accepted as a
standard [63]. It should be kept in mind that this does not necessarily indicate the same effect on climate
change. [145] However, uncertainty increases with increasing relevance. While GHG emission can be
well quantified their climate change potential is not as certain. [146] CO2-eq is seen as an appropriate
balance between the two. Calculations are based on figures given by SVENSSON ET AL. [63].

The standard cruising altitude of aircraft the size of HyZero is between FL 330 and 360. Decreasing an
aircraft’s cruising altitude can greatly reduce the CO2-eq of aircraft fuelled with LH2 due to the lower
GWP with decreasing altitude [63]. However, this change comes with disadvantages in fuel consumption
due to the higher density at lower altitudes. This means a trade-off is necessary when choosing the
cruising altitude. An investigation into the optimal cruising altitude is conducted for HyZero.

Although studies have argued that contrails produced by aircraft fuelled with LH2 are less harmful [147]
due to being optically thinner among other factors, some studies argue that the climate impact of current
contrails is between three [148] and ten times [149] as high as that of GHG emissions. To avoid any
harm from contrails it is decided that HyZero flies below FL 300 to produce not any at all [143]. The CO--
eq and fuel burn is analysed across different FLs as modelled for HyZero. The CO2-eq from GHG
emissions is already greatly reduced below FL300 and NOx is the only remaining GHG which possesses
a GWP. Although the GWP of NOx continues to decrease below FL 330 the fuel consumption continues
to rise, meaning reductions in CO2-eq come to a hold. Therefore, the cruising altitude of HyZero is set
at FL 290, as this is the cruising altitude with no contrail formation and least fuel consumption.

6.1.2 Noise

Aircraft noise is relevant during take-off, climb and landing. It is investigated in three phases, namely
emission when it is created by the aircraft, transmission where it propagates, and immission where the
person is impacted. To measure noise, several different metrics are used. For ICAO chapter 14
regulations, the Effective Perceived Noise Decibel (EPNdB) of a pre-defined flight path is used. It is a
measure of perceived noise integrated over time. In Germany noise protection zones are defined based
on equivalent noise levels Laeq, which consider the intensity and frequency of aircraft noise for a specific
location. However, for HyZero the DLR dose-response relation is chosen as the defining metric. [150] It
is established to consider flight events that wake residents from their sleep as it is shown that existing
metrics based solely on acoustics does not transfer into the right conclusions to improve the health of
residents. [150] It is outside the scope of this paper to calculate noise levels on the ground, but the
reasoning from [150] is used to guide the design of the flight path.

While HyZero uses state-of-the-art engines to reduce noise emissions, the flight path is optimised as
well. When designing the flight path, a trade-off between speed and altitude has to be made. For
departure a Modern Noise Abatement (MoNA) Procedure which has shown to reduce the 90 db(A) noise
footprint the most in a review of different departure procedures and is therefore used by HyZero. [151]
For the approach HyZero uses a Continuous Descent Approach (CDA). A CDA reduces noise emissions
and fuel burn (and thus GHG emissions). The noise footprint can be substantially reduced and 25 —40 %
of fuel saved during final approach when using a CDA. [152] During a CDA, the aircraft flies at idle power
setting and burns less fuel therefore but also flies at lower speeds. This traditionally reduces airport
capacity, but recent studies show that this drawback can be eliminated [153].

6.2 Overall Energy Analysis

The design goal of HyZero is to make the 600 and 2,000 km reference missions as environmentally
friendly as possible. Additionally, the economic viability of the 2,000 km mission is investigated. The
calculation of the total energy consumption is conducted for the block fuel of the 600 km mission and
2,000 km mission. Additionally, the duration of each mission segment is computed. In Table 6-1 the
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outcome of the overall energy consumption calculation is presented together with the duration of every
flight segment. The taxi and reserve segments are the same for both missions. Due to the low fuel mass
penalty of LH2 the reserve segments of both missions have very similar energy requirements which
appear identical due to rounding. Through the configuration decisions detailed in previous chapters,
HyZero consumes between 50 and 70 % less energy on every mission evaluated. Including all reserves,
HyZero requires 1,561.5 kg of block fuel on the 2,000 km mission. This is the dimensioning figure for
the tank size. The fuel masses for all missions are summarised in Table 6-2.

Table 6-1: Total critical mission energy consumption.
2,000 km mission 600 km mission

Mission segments Duration [min] ~ Energy [MWh] Duration [min] Energy [MWh]
Taxi-out 12 3.3 12 3.3
Contingency 5 1.6 5 0.6
Climb out 25 4.8 25 4.7
Cruise 132 26.8 23 7.0
Descent 16 0.3 16 0.3
Missed approach + Climb 5 0.9 5 0.9
HyZero Alternate Cruise 22 4.1 22 41
Alternate Descent 3 0.1 3 0.1
Final Reserve 30 5.4 30 5.4
Additional fuel 15 3.0 15 3.0
Taxi-in 8 1.8 8 1.8
TOTAL, Block 268 52.0 158 31.2
TOTAL, Trip 196 37.6 87 17.8
Ref. TOTAL, Block 256.4 88.3 155.5 50.2
Aircraft TOTAL, Trip 188 63.2 87 27.0
Saving, Block [%] -4.3 69.8 -1.6 60.9
Saving, Trip [%] -4.1 68.1 0.0 51.7
Table 6-2: Overview of fuel masses.
2,000 km mission 600 km mission
Trip Fuel [kg] Block Fuel [kg] Trip Fuel [kg] Block Fuel [kg]
HyZero 1,129.17 1,561.5 533.67 936.8
Ref. Aircraft 4,777 .1 6961.8 2,130.8 4,183.3

Additionally, the climate impact of both reference missions is determined with methods described in
Section 6.1.1. The climate impact is not investigated for reserve segments as this is not part of the
standard operating procedure, but only for segments which are included in the trip fuel. As these are the
same missions which form the basis of the DOC calculation the trip fuel additionally includes the taxi
fuel and a delay of 15 minutes on 20 % of flights is included to achieve more robust results. The result
is presented in Figure 6-1. It is evident that HyZero has an extremely low climate impact.

Altitude

3 A
B 1
FL 290 (G &
~ ~
~ ~
Segment Taxi-out Climb Cruise 15/miniite Descept 5 Taxi-in TOTAL
delay landing
CO2-eq 2000 km -5.1 -8.3 656.0 14.9 -0.3 2.8 654.3
CO2-eq 600 km -5.1 -8.3 165.7 14.9 -0.3 -2.8 164.04

Figure 6-1: CO2-eq of both reference missions.

As laid out in Section 3.1, HyZero does not utilise removable tanks to realise weight reductions for the
shorter 600 km mission, as the drawbacks outweigh the benefits. This design decision opens up an
opportunity aligned with HyZero’s mission of accessing a growing number of airports without requiring
significant CapEx or OpEx from airport operators. HyZero’s standard operating model of delivering
hydrogen to airports via trucks already minimises the friction for operators. However, some airports may
not be accessible this way. Alternatively operators could trial new HyZero routes without committing to
significant investment. If these airports are within 600 km of an airport with refuelling capabilities, they
can be serviced by HyZero by utilising its entire tank capacity designed for the 2,000 km mission. HyZero
would carry the return fuel on the outbound flight, removing the need for refuelling at the destination.
The capacity is sufficient to allow the aircraft to respect all requirements regarding reserve fuel. HyZero
could remain in holding for up to 30 minutes during the outbound flight. Only if this time, which represents
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about 30 % of the trip time, is exceeded, HyZero could not operate the return flight. In these rare cases,
LH2 would need to be supplied on-demand. This risk seems acceptable, given the potential for significant
expansion of business. The fuel penalty is 0.5 % and it is therefore seen as a viable option for future
operators.

6.3 DOC Analysis

Throughout the DOC analysis, both mission distances are used to create more realistic operations.
Aircraft generally do not operate exclusively on either a 600 or 2,000 km mission. Therefore HyZero’s
block time and daily flight numbers are matched with the average of all US narrowbodies [154]. In 2019,
these had an average daily block time of 9.95 hours and operated 4.3 daily flights. This leads to a daily
frequency of 2.05 and 2.25 of the 2,000 and 600 km mission, respectively, for HyZero. This results in
an average HyZero mission distance of 1,266.6 km.

The DOC analysis is carried out based on the same method as employed by CeRAS [155]. All costs are
presented in EURz035. Unless otherwise specified the same input values are used for the DOC as those
set out in [155]. If costs change with the type of flight and/or region, an international flight within the EU
is assumed. The average mission is used for all DOC calculations of HyZero and the reference aircraft
to achieve comparability. All formulas are adjusted to account for any changes in aircraft configuration.
For the price of hydrogen fuel the price calculated in Chapter 5 at 7.21 EUR2035/kg is used. To account
for boil-off losses during fuelling 2 % of fuel consumption is added.

A price of 0.69 EUR203s/L for JET A-1 [156] is assumed and 2.64 EUR203s5/L for SAF [157]. With a 30 %
SAF blend this leads to a fuel price of 1.60 EUR2035/kg for the reference aircraft. The fuel costs of the
reference aircraft are supplemented by the cost of CO: pricing. The price of CO2 emissions is projected
at 112.2 EUR2o03s/tco2 under the EU-Emissions Trading Scheme (EU-ETS). [158] The price of both
aircraft is estimated using [47] and calibrated with a A319neo from [159]. This results in a list price for
HyZero of 95.6 mEUR2035 and 102.0 mEUR203s.

The results of the DOC Analysis are presented i

in Figure 6-2 and supplemented in Appendix E.

It can be seen that total DOC of HyZero are A o
significantly higher due to the high fuel costs.

For both aircrafts the fuel costs make up the
majority of DOC. A sensitivity analysis shows
that a 20 % decrease in the price of LH2
decreases the total DOC of HyZero by 14.2 %.
Additionally the total DOC of the reference
aircraft would rise by 25.4 % if it was only fuelled
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the aircraft's MTOM. Although HyZero has a lower list price its capital costs are higher nonetheless due
to the BLI propulsor. This explains the rise in maintenance costs as well.

Overall, the DOC of both HyZero and the reference aircraft are greatly influenced by political and macro-
economic factors and thus the projected DOC are expected to change with changing circumstances. At
this point in time hydrogen prices appear prohibitively high, which should change with advances in
hydrogen production technology. Further it has been proposed by the EU Commission to price non-CO:
emissions as well in the future [1]. Unlike the reference aircraft, HyZero emits very little non-CO:2
emissions. This means such pricing would impact the reference aircraft extremely negatively compared
to HyZero. This is also the reason for the increased maintenance cost.

6.4 Lifecycle aspects

While HyZero is very environmentally friendly in flight, the impact of hydrogen procurement and the
production of the aircraft itself cannot be disregarded. HyZero strives for minimal environmental impact
through the exclusive use of electricity from 100 % renewable sources in its hydrogen procurement
chain. However, even green electricity has a non-zero emission intensity, mostly due to emissions
caused during production and installation of capacity. For quantifying the emissions, a roughly 49-51
split of electricity from renewable sources between wind and solar power in 2035 [160], and emission
intensities of 11 g CO2-eq/kWh and 44 g COz-eq/kWh for electricity from wind and solar, respectively
[161], are assumed. In Section 5.7, the total efficiency of the hydrogen chain from electricity generation
to thrust is calculated to be nuwtal = 0.29. The 817.2 kg of hydrogen required for the average HyZero flight,
which contain around 27.2 MWh of energy, therefore require 93.8 MWh of electricity. Given the above
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split between wind and solar, and the emission intensities, total emissions from hydrogen procurement
for the average HyZero flight are 2,610 kg CO2-eq. Likewise, the reference aircraft's SAF is not CO2-
neutral either, and only reduced CO2 emissions by 80 %. With the average flight of the reference aircraft
requiring 3,483 kg of fuel, this equates to 647.8 kg of CO2just for the SAF production. Due to the large
variety of SAFs, it is outside the scope to include other GHG emissions, which do arise.

Both manufacturing and end-of-life uses of HyZero possess the same drawbacks as conventional, state-
of-the-art aircraft using CFRP components. Although progress is being made towards enabling the
recycling of CFRP, it is unclear at what point in time the processes will have matured enough. [162]

7 Conclusion

As required by the problem formulation of the NASA/DLR Design Challenge 2021, HyZero carries 150
passengers over a maximum distance of 2,000 km and thus competes with other short- to medium-haul
aircraft. For this reason, HyZero is compared with an updated CeRAS CSR-01 with improved engines,
whose fuel consumption is extrapolated for use in 2035, as a suitable reference aircraft. This includes a
mass estimation and comparison of the necessary system components between the two aircraft.

The HyZero configuration has a high aspect ratio wing supported by a strut. This provides reductions in
fuel consumption. The two main engines, which burn hydrogen in the combustion chamber, are located
under the wing, which is mounted on the fuselage. In addition, a boundary layer ingesting fan at the end
of the fuselage sucks in the boundary layer, increasing the propulsive efficiency. Other striking features
of the HyZero include a V-tail and a windowless fuselage, resulting in reduced fuel consumption through
mass savings. In addition, the wings are designed to be foldable in order to be handled at conventional
36 m airport boxes. The use of morphing wings leads not only to a reduction in drag, but also to a
reduction in noise.

Greenhouse gas emissions are decreased significantly compared to the reference aircraft. The main
reason for this is the use of hydrogen as fuel, with its entire procurement chain being focused on
sustainability. The hydrogen is produced at a central, off-site location by electrolysis from water and
green electricity, so that no fossil resources are consumed in its production. In flight, the hydrogen is
converted into thrust by combustion in engines. In addition, a fuel cell system is used to supply electrical
energy to systems and the BLI fan. Through these two types of energy conversion, only NOx and water
vapor are released. Due to the well thought-out HyZero concept, few structural changes to the airport
infrastructure are necessary.

In addition, the HyZero configuration reduces noise emission. To achieve this, noise-generating
components are optimised for noise reduction, which include the engines, the morphing wings, and the
wetted surfaces, such as the fuselage, wings, and tail unit. Finally, the noise level on the ground is
reduced by a modified flight path during the climb and landing approach. Since HyZero’s economical
operation is highly dependent on fuel prices and government decisions, there is some uncertainty
associated with the economic viability of the concept in 2035, although recent developments in political
and public debate are promising.

HyZero meets the TLARs of the NASA/DLR Design Challenge 2021, making it an environmentally
friendly alternative for air transport in 2035.
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9 Appendix
A. Landing Gear

When designing the landing gear, the lateral stability, the clearance when entering the landing gear bay,
the longitudinal check of the tail clearance angle as well as the lateral clearance of the wing have to
considered. A check of the engine clearance is not necessarily due to the high wing design.

19410
(14970)

2100

Front —— - - —-—-—-—-—-—- —

4200

Figure 9-1: Landing Gear Position

The undercarriage is designed in the conventional tricycle layout. The landing gear position is
determined by the front/rear or upper CG position and the MAC of the wing. The chassis is integrated
after [24], [163] at 34pprox.. 65 % MAC. The tail clearance angle of 12° defined after [24], [163], is
checked. The nose gear is positioned according to [24], [163] so that 15 % of the total weight is on the
nose gear in the forward CG position and 8 % in the aft CG position. The lateral TSA,,, and longitudinal
stability TSA .4 are determined as follows:

Xpm — XAFTCG o (9-1)
= == ") >
TSAiong arctan( Noog + H ) > 15
H+ AZCG + 0,5 * (dfslg - dcabin) (9'2)
TSA,: = 90° — arct < 55°
tat are a“( (D + X) sin(a) =

The result is TSA;y,5 = 43.8°, TSA;,,, = 35.5°. To prevent a wing strike, a minimum bank angle of 6° to
8° is required. HyZero’s configuration features a wing tip clearance angle of about 12°. The main aircraft
dimensions and characteristics are gathered in Table 3-1.
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Table 3-1: HyZero data.

Length 35.82 m
Height 8.06 m
MTOM 59,063 kg
Wing Area 119 m2
Aspect Ratio 19.55
Anhedral 3°
Sweep Leading Edge 9.16°
Taper Ratio 0.5
Empennage Area 36.37 m2
Take-off Field Length Dry 1,553.5 m
Landing Field Length 980.3 m
Climb Rate 1,700 ft/min
Cruise Speed Ma 0.7
Cruise Altitude FL 290
Glide Ratio 18.86

Figure 3-1: General arrangement.

As HyZero is a high-wing aircraft, the main landing gear cannot be accommodated in the wing. For this
reason, the landing gear is folded into the fuselage. The landing gear is folded into the structural
reinforcement on the lower fuselage, to which the struts are also connected.

B. Derivatives V-Tail

CG-Position Forward Design Aft
Cmo.ca 0.21780097 0.24909009 0.28633326
Cmco 0.01509458 0.04990524 0.09134007
Cnp 0.22012681 0.21886393 0.21736074
Cncg 0.00922263 0.07289354 0.07276636

C. Boil-off calculation

Assumptions:

e Constant pressure & volume
e Constant heat inflow / outflow

¢ No mass inflow

¢  Only Boil-off mass outflow

e Power consumption only by evaporation

e Maximum outer temperature for very hot airport

Description Equation & Value

Power Balance

Qin/aut + Pcans =0

Heat inflow / outflow

Qin/aut =axS*AT

Thermal conductivity

a = 0,04 W/m?K

Tank surface

S =57,92m?

Temperature difference

AT = Tmax + Tmin

Maximum Temperature

Tax = 50 °C = 333.15 K

Minimum Temperature

Trax = 20.27 K
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Power consumption Poons = —Ah x 1
Evaporation enthalpy Ah = 4455 k] /kg
Boil-off mass flow m= W =163 g/s
Fuel mass My = 1583 kg
m
Boil-off rate f= =9%/day
mfuel

D. Hydrogen Hazards

Table 9-1 identifies hazards directly related to liquid hydrogen according to [81], [164]. Since the
hydrogen is vaporised during the interaction with the propulsion system or from boil-off, Table 9-2
highlights hazards for the gaseous state. [81]

Table 9-1: Summary of major hazards (liquid hydrogen systems) according to [81]

Hazard Heat management/ transport Combustion
categories
Temperature Properties effect Properties effect
Pressure Expansion from heat increases, ingress of air|  Importance of maintaining temperature to support
forming a flammable atmosphere combustion
IChemical Leaks of flammable materials, and Leaks of flammable materials, and compatibility of
compatibility of materials (e.g., embrittlement).
materials (e.g., embrittlement).
Mechanical System damage from impact, vibration, strain| System damage from impact, vibration, strain, and
thermoacoustic oscillation in combustors
Leak/ spill Flammable hazards from the formation of a | Flammable hazards from the formation of a flammable
flammable atmosphere atmosphere
Physiological Burn (hot) Burn (hot)
Fire/ Explosion Confined explosion, danger of deflagration to Flameout risk and ensuring re-ignition, Danger of

detonation transition in event of ignition deflagration to detonation transition in event of ignition

Table 9-2: Summary of major hazards (gaseous hydrogen systems) according to [81]

Hazard Storage Heat management/ transport
categories

Temperature Cryogenic hazards to people and equipment,| Cryogenic hazards to people/equipment, expansion/
expansion/ damage effects from heat input | damage effects from heat input, the formation of highly
flammable hydrogen-oxygen or oxygen ‘slush’ around
leaks/ at cold surfaces.
Pressure Expansion from heat increases, backflow of |Expansion from heat increases, ingress of air forming a
contaminated/ higher pressure stream flammable atmosphere
IChemical Contamination causing blockages or Contamination causing blockages or oxidation, ortho-
oxidation, ortho- para conversion causing |para conversion causing increased expansion, leaks of
increased expansion, leaks of flammable/ flammable/ cryogenic materials, compatibility of
cryogenic materials, compatibility of materials materials (e.g., embrittlement).
(e.g.embrittlement).
Mechanical System damage from sloshing, Impact, System damage from thermoacoustic oscillation of
vibration, and strain liquid/ gas fuel, fluid-hammer, impact, vibration and
strain
Leak/ spill Cryogenic hazards to people and equipment, Cryogenic hazards to people and equipment,
flammable hazards from the formation of a | flammable hazards from the formation of a flammable
flammable atmosphere atmosphere
Physiological Burns (cold, heat), asphyxiation Burn (cold, heat), asphyxiation

In the following, the fuel system is examined in more detail as it is a safety-critical system. In general,
the tank and lines are designed to withstand vibrations as well as mechanical and thermal loads without
leakage. To isolate the fuel system from the passenger cabin, lines are routed outside the cabin. Since
the tank operates in hot weather conditions, boil-off cannot be avoided economically. In order to not
endanger operations, sufficient volume is kept in the tank for expansion. At the highest point of the tank,
the gas is led out via an emergency vent system through the tail unit as the highest point of the aircraft,
once it reaches a critical pressure. To prevent the air from flowing back or the gas from igniting, a non-
return valve and a flame arrester are integrated. Due to the pressure differences, an insulation system
is required that is designed according to the fail-safe principle. The pressure relief system must be
provided in each isolated volume to avoid large rapid pressure increase. In the HyZero concept, the
pumps are designed redundantly and fail-safe. They can be switched off at any time without additional
risks. [84], [165]
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Critical values such as pressure and temperature are recorded, and warnings are sent to the pilot or co-
pilot. Monitoring of the insulation vacuum allows continuous leakage control of lines and connections
and automatic initiation of countermeasures in the event of a fault. These measures can be taken
completely passively by exploiting the pressure differences in the system or their absence. While
checking for leaks is mainly be done by gas detectors, there may be some isolated and gas-tight
compartments where pressure sensors could do the same job. The monitoring of leak detection and
insulation integrity must be designed to be fail-safe in this case. [83]

E. Annualized Cost and Capital Recovery Factor

Annualized cost [124]:

Cannuatisea = CRF * Cypc

(9-3)

cnec is the net present cost, i.e. the present value of all costs of installing, maintaining, and operating
the electrolysers over their lifetime. CRF is the capital recovery factor which can be calculated from the
following equation [166]:

2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053
2054
2055
2056
2057

F. Net Present Cost Calculations of AEL and PEMEL plants

1|-

Year Period Discount Factor
0,961538462|

2 0924556213
3 0,888996359)|
4 0854804191
5 0,821927107|
6 0,790314526|
7 0,759917813|
8 0,730690205|
9 0,702586736|
10 0,675564169|
11 0,649580932|
12 062459705
13 0,600574086|
14 0,577475083|
15 0555264503
16 0,533908176|
17 0,513373246|
18 0493628121
19 0,474642424|
20 0,456386946|
21 0,438833602|
2 0,421955387|
23 0,405726333]

2058

CRF

ix(1+DY

T+ -1

Figure 9-2: Net present cost calculations of AEL and PEMEL plants.

(9-4)

G. Annual Production of Hydrogen Based on the Electrolysis Plant’s Installed Power

_ Py xCF+8760h/a

my 2,annual

LHVy,

H. Specific Cost of Hydrogen Liquification

Cspec lig

* Nsystem

Cspec 1&0 + espec,liq * Cel,green

I. Specific Cost of Hydrogen Transportation

Cspec Jjtrans —

J. OpenVSP

Cspec,TCO,Hz —powered truck * davg,both ways + Cariver

my.

2

(9-5)

(9-6)

(9-7)

AEL PEMEL AEL PEMEL
Investment Electricity Maintenance Stack renewal sum Investment Electricity Maintenance  Stack renewal sum sum sum

70.000.000,00€ € - - € - € - 70.000.000,00€ |- 98.000.000,00€ - € - € - € -98.000.00000€ |-  70.000.000,00€ - 98.000.000,00 €
- € - 73321.20000€ - 2.200.000,00€ € - 75.521.200,00€ - € - 57.027.600,00€ - 800.000,00 € € -57.827.60000€ | 72.616.53846€ - 55.603.461,54 €
€ - 73.321200,00€ - 2.200.00000€ € - 75521.200,00€ € - 57.027.600,00€ - 800.000,00 € € -57.827.600,00€ | 69.823.594,67€ - 53.464.866,86 €

€ - 73.321200,00€ - 2.200.00000€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € € -57.827.60000€ | 67.138.071,80€ - 51.408.52583€

€ - 73.321200,00€ - 2.200.00000€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € € -57.827.60000€ | 64.555.83827€ - 49.431.274,84 €

€ - 73.321200,00€ - 2.200.00000€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € € -57.827.60000€ | 62072.92141€ - 47.530.071,96 €

€ - 73.321200,00€ - 2.200.00000€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € € -57.827.60000€ | 59.685.50136€ - 45.701.992,27 €

€ - 73.321200,00€ - 2.200.00000€ - € - 75521.200,00€ € - 57.027.600,00€ - 800.000,00 € - € -57.827.60000€ |  57.389.90515€ - 43.944.223,33€

€ - 73.321200,00€ - 2.200.000,00€ - 10.220.000,00 € - 85.741.200,00 € € - 57.027.600,00€ -  800.000,00€ - 13.328.000,00€ - 71.155.600,00€ |  62.650.25501€ - 51.992.699,95€

€ - 73.321200,00€ - 2.200.00000€ - € - 75521200,00€ € - 57.027.600,00€ - 800.000,00 € - €| 57.827.60000€ | 53.060.19337€ - 40.628.904,71€

€ - 73.321200,00€ - 2.200.000,00€ € - 75521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.600,00€ |- 51.019.416,71€ - 39.066.254,53 €

- € - 73.321.20000€ - 2.200.000,00€ € - 75521.200,00€ - € - 57.027.60000€ - 800.000,00 € €|-57.827.600,00€ |- 49.057.13145€ - 37.563.706,28 €
- € - 73.321.20000€ - 2.200.000,00€ € - 75.521.200,00€ - € - 57.027.60000€ - 800.000,00 € €|-57.827.60000€ |- 47.170.318,70€ - 36.118.948,34 €
€ - 73.321200,00€ - 2.200.000,00€ € - 75521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.600,00€ |- 45356.07567€ - 34.729.758,02€

€ - 73.321200,00€ - 2.200.000,00€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.600,00€ |- 43.611.611,22¢€ - 33.393.998,10€

€ - 73.321200,00€ - 2.200.000,00€ - € -75521200,00€ € - 57.027.600,00€ - 800.000,00 € - €|-57.827.60000€ |- 41934.24156€ - 32.109.613,56 €

€ - 73.321200,00€ - 2.200.000,00€ - 10.220.000,00€ - 85.741.200,00 € € - 57.027.600,00€ -  800.000,00€ - 13.328.000,00€ - 71.155.600,00€ |-  45.777.927,67€ - 37.990.556,59 €

€ - 73.321200,00€ - 2.200.000,00€ - € -75521.200,00€ € - 57.027.600,00€ - 800.000,00 € - €|-57.827.60000€ | 38.770.56357€ - 29.687.142,71€

€ - 73.321200,00€ - 2.200.000,00€ € - 75521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.600,00€ |- 37.279.388,05€ - 28.545.329,53 €

€ - 73.321200,00€ - 2.200.000,00€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.600,00€ |- 35.845.56544€ - 27.447.432,24€

€ - 73.321200,00€ - 2.200.000,00€ € - 75521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.600,00€ |- 34.466.889,84 € - 26.391.761,77 €

€ - 73.321200,00€ - 2.200.000,00€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.600,00€ |- 33.141.24023 € - 25.376.694,01€

€ - 73.321200,00€ - 2.200.000,00€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.600,00€ |- 31.866.577,15€ - 24.400.667,32 €

€ - 73.321200,00€ - 2.200.00000€ € - 75.521.200,00€ € - 57.027.600,00€ - 800.000,00 € €|-57.827.60000€ | 30640.93956€ - 23.462.180,11 €

37



¥ x—

Figure 9-3: OpenVSP HyZero

Figure 9-4: OpenV/'SP reference aircraft

K. Specific cost Calculation of Hydrogen Storage Infrastructure at the Airport

Year Period Discount Factor

2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053
2054
2055

0

O 00 NO U WN -

1
0,961538462
0,924556213
0,888996359
0,854804191
0,821927107
0,790314526
0,759917813
0,730690205
0,702586736
0,675564169
0,649580932

0,62459705
0,600574086
0,577475083
0,555264503
0,533908176
0,513373246
0,493628121
0,474642424
0,456386946

Investment Operation  Maintenance Sum Sum
-2.663.800,73 € -2.663.800,73 € |- 2.663.800,73 €
-106.552,03 € - 106.552,03 € |- 102.453,87 €
-106.552,03 € - 106.552,03 € |- 98.513,34 €
-106.552,03 € - 106.552,03 € |- 94.724,37 €
-106.552,03 € - 106.552,03 € |- 91.081,12 €
-106.552,03 € - 106.552,03 € |- 87.578,00 €
-106.552,03 € - 106.552,03 € |- 84.209,62 €
-106.552,03 € - 106.552,03 € |- 80.970,79 €
-106.552,03 € - 106.552,03 € |- 77.856,52 €
-106.552,03 € - 106.552,03 € |- 74.862,04 €
-106.552,03 € - 106.552,03 € |- 71.982,73 €
-106.552,03 € - 106.552,03 € |- 69.214,17 €
-106.552,03 € - 106.552,03 € |- 66.552,08 €
-106.552,03 € - 106.552,03 € |- 63.992,39 €
-106.552,03 € - 106.552,03 € |- 61.531,14 €
-106.552,03 € - 106.552,03 € |- 59.164,56 €
-106.552,03 € - 106.552,03 € |- 56.889,00 €
-106.552,03 € - 106.552,03 € |- 54.700,96 €
-106.552,03 € - 106.552,03 € |- 52.597,08 €
-106.552,03 € - 106.552,03 € |- 50.574,11 €
-106.552,03 € - 106.552,03 € |- 48.628,96 €

4.794.841,32 €

Figure 9-5: Specific cost calculation of hydrogen storage infrastructure at the airport.

0,07358175 CRF
302.559,15 € annualized cost
0,08 € cost per kg_H2
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L. DOC Cost Structure

HyZero Reference Aircraft

Figure 9-6: DOC Structure

M. Tank calculation
Assumptions

e Geometrical calculation as one tank

o Elliptical cone with ellipsoid domes on each side

e Pressure vessel formular for wall thickness calculation

e Constant wall thickness

e Wall made of Carbon fibre composite

e Mass factor for not calculated structure: 10 %

e Liner does not absorb tension, liner only holds H,, liner covers all inner walls

Description Equation & Value

Density liquid hydrogen pu, = 71 kg/m®
Density aluminium par = 2699 kg/m?
Density foam Proam = 32 kg/m?
Density carbon fibre composite Pearbon = 1578 kg/m®
Tensile strength o =546 MPa
Inner vessel pressure p = 1,45 bar
Safety S=4
Total wall thickness t=16,1cm
Liner thickness Stiner = 0,1 mm
Forward height H=257m
Aft height h=151m
Forward width B=433m
Aft width b=216m
Width to length ratio domes iz b 16
lfwd laft ’
Tank length without domes 1=3382m
Tank length with domes L=1+4lyq+ 1l =541m
Volume forward dome Viwa = %* BxH g =789m
Volume aft dome Vage = %* bxhlyy, =1,15m?
Volume cone Vm,,e=%*l*(H*B+m +h+b)=1806m3
Total volume V = Veone + Viwa + Vage = 27,10m?
Surface forward dome Ofwa = 15,83 m?
Surface aft dome Oyt = 8,69 m?
Surface cone Ocone = 28,81 m?
Total outer surface 0; = Opyyg + Ogpe + Ocone = 53,33 m?
Surface inner wall Oyau = 15,92 m?
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pressure wall thickness

P * Dinax p*Bx16
* =9 x
2*0 2*0

5;=S5 = 3,68 mm

Inner wall thickness

pxLx2
Swai =S * = 5,75 mm

2 %

Pressure wall mass

m; = Oi * Si * Pearpon = 310 kg

Inner wall mass

Myan = Owall * Swail * Pcarbon = 144 kg

Liner mass

Miiner = (Oi +2x Owall) * Stiner * Par = 115 kg

Insulation mass

Mipgu = O * t * Pfoam = 275 kg

Outer wall mass

m, = (Ofwd + Oaft) *Si * Pcarbon = 71 k-g

Walls against slosh

Manti—siosh = 22 kg

Mass factor

f=125

Total tank mass

m= (mi+mwall + Myiner + Mipsyy + My + manri—slosh) * f = 1090 k.g

N. BLI system and fuel cell mass estimation

Motor 60 Jansen.2019
Inverter 30 Jansen.2019
Nacelle 100 Lolis.2014
Bare engine (BLI) 290 Welstead.2016,
Seitz.2021
Thermal management | 30 Welstead.2016
Circuit Protection 30 Welstead.2016
Fuselage integration 150 Seitz.2021
Cable 50 Welstead.2016,
Jansen.2019
FC 100 Kadyk.2018,
HYZON Motors
Batteries 30 [Kadyk.2019]
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