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Abstract
During the development of the hydrogen storage and supply system for a hydrogen-powered concept aircraft, it is essential
to account for interactions with other onboard systems due to hydrogen’s unique properties. Hydrogen is a relatively volatile
gas and reaches its lower flammability limit at a concentration of 4 vol.-% in air. Concentration levels above 4 vol.-%, which
may, for instance, be caused by leakage, can lead to potentially catastrophic events. This paper discusses potential interde-
pendencies between the hydrogen supply system and other on-board systems by performing sensitivity studies focused on
the pipe routing of the hydrogen supply system and the cable routing of the electric power supply system in smaller instal-
lation spaces, such as inside the wing. Additionally, design rules for on-board systems are derived based on the results of
these sensitivity studies. Thus, it is recommended to route hydrogen pipes in the highest possible position within the instal-
lation space to maintain a minimum distance from the electrical cables. In case the minimum distance condition cannot be
met, housing should be applied to the cable or the pipe. However, in the case of the electrical system, the study shows that
adding cable housing in these areas does not significantly impact the total on-board systems mass, as the mass increase is
approximately 1% for the considered concept aircraft. Nevertheless, these interdependencies must be considered during
the conceptual design phase to evaluate criteria like safety, segregation, and the required installation space.
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1. INTRODUCTION

Hydrogen-powered aircraft can potentially eliminate carbon
emissions, reducing aviation’s impact on climate change [1].
However, challenges arise in integrating on-board systems
(OBS) in hydrogen aircraft, particularly with the hydrogen
storage and supply system. Since hydrogen is stored and
potentially distributed in liquid form at temperatures around
20K [2], minimizing heat ingress into the system is essen-
tial. This is crucial to prevent an uncontrolled increase in
pressure as the temperature of the liquid hydrogen would
increase and the hydrogen would become gaseous [2].
Additionally, hydrogen leakages can become hazardous if
the concentration within air exceeds 4 vol.-% [3, 4]. There-
fore, integrating hydrogen tanks and supply lines requires
the evaluation of potential unwanted interdependencies
with other OBS, such as the electric power supply system
(EPSS), hydraulic power supply system, and pneumatic
systems. The goal is to consider and evaluate these
interdependencies during the conceptual aircraft design
phase. To this end, the method for generating the OBS
topology, which involves positioning OBS components and
routing their connections as part of Overall Systems Design
(OSD), is enhanced [5]. Sensitivity studies are performed
using simulation models to evaluate the significance of
these interdependencies and relevant parameters, enabling
the derivation of rules applicable to the OSD auto-routing
method for OBS topology generation [5]. These rules
include, for example, minimum distance requirements or
the use of additional housing.
To this end, this paper assesses relevant interdependencies
between the hydrogen supply system and the EPSS within
small installation spaces, such as the wing, the pylon, and
the fuselage-wing transition. Relevant evaluation methods
include:

• Thermal analysis to assess heat ingress from electrical
wires,

• Leakage analysis to evaluate the potential for ignition due
to potential sparks from electrical system components.

As use case, the fuel cell-powered regional aircraft ESBEF-
CP1 is used (cf. fig. 1). The ESBEF-CP1 has a seating ca-
pacity for 70 passengers and a range of 1000 nm, as outlined
in table 1, which describes the relevant top-level aircraft re-
quirements (TLARs) [6]. Furthermore, the concept aircraft
has ten propulsion units (pods), each containing a hybrid
fuel cell system consisting of fuel cells, batteries, and su-
percapacitors [7]. Cryogenic tanks for storing liquid hydro-
gen are located in the aft section of the fuselage, requiring
a distribution system to transport hydrogen from the tanks
through the aircraft to the fuel cells inside the pods.

FIG 1. Hydrogen-powered concept aircraft ESBEF-CP1

The paper is structured as follows. Section 2 provides an
overview of the relevant characteristics of the EPSS and
hydrogen supply system. Section 3 discusses potential in-
terdependencies between these systems. Based on these
interdependencies, sensitivity studies are conducted in rel-

1

Deutscher Luft- und Raumfahrtkongress 2023
DocumentID: 610155

doi: 10.25967/610155

https://doi.org/10.25967/610155


TAB 1. TLARs of the ESBEF-CP1

Characteristic Unit Value

Design Range NM 1,000
Cruise Speed - 0.55
Cruise Altitude ft 27,000
Max. PAX number - 70

evant installation spaces within the ESBEF-CP1 as part of
section 4. Finally, section 5 presents the integration of find-
ings and study results into the preliminary design methodol-
ogy.

2. RELEVANT CHARACTERISTICS OF THE ELECTRIC
POWER AND THE HYDROGEN SUPPLY SYSTEMS

The relevant system characteristics are described below
to determine the interdependencies between the hydrogen
supply system and the EPSS.

2.1. Hydrogen Supply System

Using hydrogen in commercial aviation presents several
challenges, including its potential flammability [3]. Relevant
parameters are shown in table 2. Although pure hydrogen
gas is non-flammable, this is not the case for mixtures
of hydrogen and air within the lower (4 vol.-%) and upper
(77 vol.-%) flammability limits, resulting in a highly reactive
profile [3,8]. Compared to other flammable gases, such as
methane or propane, as illustrated in fig. 2, hydrogen has a
much broader flammability range. Additionally, hydrogen’s
minimum ignition energy, at 0.017mJ (about 23 vol.-%),
is significantly lower than that of propane or methane,
although the associated concentrations are lower. The
stoichiometric ratio, providing the optimal balance of reac-
tants, is 29.5 vol.-% hydrogen in air, while the auto-ignition
temperature is 833K [9].

TAB 2. Flammability characteristics of hydrogen [3]

Characteristic Unit Value

Lower flammability limit vol.-% 4
Stoichiometric ratio vol.-% 29.5
Upper flammability limit vol.-% 77
Minimum ignition energy mJ 0.017
Auto-ignition temperature K 833

Overall, leakage effects must be considered, as they can
result in concentrations within the flammability limits, po-
tentially creating dangerous conditions if ignition sources
are present. This is particularly relevant for hydrogen ap-
plications since hydrogen has a comparably low density of
0.0899 kg

m3 [2] at atmospheric pressure and a high tendency
to leak due to its low viscosity [3]. In the event of a leak,
hydrogen typically rises because of its low density. In
open-air environments, it is unlikely that critical concen-
trations will develop. However, in enclosed spaces, this
may result in a high-concentration layer near the ceiling.
Alongside hydrogen’s buoyancy, a diffusion force, driven by
the different concentration gradients between the hydrogen
layer and the air, counteracts this motion after a certain
period, leading to an even distribution of hydrogen in the
enclosed space [3].
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FIG 2. Comparison of relevant characteristics between hydro-
gen and other gases [8]

2.2. Electric Power Supply System

The hybrid fuel cell system in each pod of the ESBEF-
CP1 can generate electric power of up to approximately
450 kW [7]. From each pod, a cable for the secondary
power supply, with a voltage specification of ±270HVDC,
is routed through the wing to the electrical compartment
for further power distribution and transformation within the
primary power distribution center located in front of the
wing [7, 10]. Additionally, further cables need to be routed
through the wing due to the electrification of the OBS,
supplying systems such as wing ice protection, lights, and
flight control actuators [7].
As introduced above, two aspects are considered for analyz-
ing the interdependencies between the EPSS and the hydro-
gen supply system in this paper: Hydrogen ignition due to
sparks from electrical system components and heat ingress
from electrical cables. Regarding the first aspect, these ca-
bles are equipped with an insulation to limit the electric and
magnetic fields generated by the current and voltage. The
dielectric strength of the cable insulation must also be con-
sidered, ensuring the electric field does not result in voltage
flashover [11]. However, the cable insulation can be me-
chanically damaged, for instance, by vibrations during flight
operations, which may increase both the electric and mag-
netic fields. This paper assumes that the insulation is com-
pletely compromised in the worst-case scenario, leaving an
exposed conductor and potentially causing sparks. Regard-
ing the second aspect, the heat generation due to the resis-
tance of the cables is considered [10]. Based on certification
specifications, it is assumed that the cables are designed to
reach a maximum temperature of 60 °C [12,13].

3. ANALYSIS OF INTERDEPENDENCIES BETWEEN
THE EPSS AND THE HYDROGEN SUPPLY SYSTEM

Figure 3 illustrates the relevant factors that depend on the
parameters of the electrical cables and hydrogen pipes to
describe the potential interdependencies between the EPSS
and the hydrogen supply system.
Relevant parameters of an electrical cable with diameter del
include voltage U , current I, and thus the electric power Pel,
along with the conductor’s temperature Tel inside the cable.
Additionally, cable insulation properties, such as dielectric
strength ED and thermal conductivity λTC, also play a role.
For the hydrogen pipe, the diameter dH2, the hydrogen mass
flow ṁH2, the pressure pH2, and the temperature TH2 are
identified as relevant parameters.
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Based on the described parameters for the electrical cable
and the hydrogen pipe, the following potential interdepen-
dencies between these systems are identified:
• Thermal effects: A heat flow is generated in the electrical

cable (Q̇el) due to the electrical losses and is directed from
the cable to the environment. In contrast, a heat flow is
generated in the hydrogen pipe (Q̇H2) as a result of the
low temperatures of liquid hydrogen at 20K. Thus, this
heat flow is directed from the environment to the pipe.

• Electrical effects: Because of the applied voltage and the
current flow in the electrical cable, an electric field E and
a magnetic field H are created. These fields’ strength
decreases when the distance to the electrical cable in-
creases.

• Leakage effects: A leakage with a mass flow of ṁL can
occur at the hydrogen pipe, potentially resulting in a critical
hydrogen concentration.

These effects are described in detail in the following sec-
tions.
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FIG 3. Interference factors between electrical cables and hy-
drogen pipes

3.1. Thermal effects

As described above, temperature ingress into the hydrogen
pipe can lead to increased hydrogen pressure inside the
pipe, especially when the hydrogen becomes gaseous.
Therefore, the heat flows in the cables and pipes are
derived for evaluation in this section. The considered heat
flows are thermal conduction within a material layer, like
the insulation, and convection between different materials,
such as the air and the insulation. Radiant heat transfer,
however, is neglected in this analysis.
For the electrical cable, a detailed analysis of the heat trans-
fer from the conductor through the insulation to the ambient
is not required, as it is assumed that the cable is designed
to reach a maximum temperature of 60 °C (cf. section 2.2).
The thermal effects of the hydrogen pipe, schematically
shown in fig. 4, are described in more detail to analyze the
potential heat ingress from the electrical cable. A liquid
hydrogen pipe is assumed with an inner diameter dH2.
Multilayer insulation is used, containing a vacuum layer
between two additional insulation layers to maintain the
low temperature. While an ideal vacuum would entirely
prevent heat conduction between the insulation layers,
in practice, some conduction occurs, assumed here as
λv = 0, 004W/(K ·m) [14]. Both insulation layers are
assumed to be made of the same material, with thermal
conductivity λi. The thickness of the outer and inner insu-
lation layers are denoted ti,o and ti,i, respectively, while tv
represents the thickness of the vacuum layer. Foil layers,

typically attached to vacuum-insulated layers to minimize
radiant heat transfer, are excluded from this model. The
length of the insulated hydrogen pipe section under con-
sideration is lH2. For the ambient temperature Ta, the
maximum temperature of the electrical cable (60 °C) is
assumed.
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FIG 4. Heat transfer coefficients and thermal conductivities in
hydrogen pipes with multilayer insulation

To evaluate the thermal effects and corresponding heat
flows, the thermal conductivity λi of an insulation layer is
defined as a material-specific property and is generally
described by eq. (1) [15].

(1) λi =
Q̇12 · ti

Ai · (T1 − T2)

In this equation, Q̇12 represents the heat flow between two
planes of area A, separated by a distance ti, resulting from
a temperature difference T1 − T2. The inner and outer sur-
faces of each insulation layer differ due to the varying diam-
eters. To simplify, an average area for the outer and inner
insulation layers is calculated, as shown in eq. (2) with the
example of the insulation layer at the inner pipe.

(2) Ai = π · (dH2 + ti,i) · lH2

The resulting heat flow based on thermal conduction be-
tween the inner and outer surfaces of the inner insulation
layer is calculated according to eq. (3) [15]. Furthermore, the
heat flows between the inner and outer layers of the vacuum
insulation (Q̇vi,vo) and between the inner and outer surfaces
of the outer insulation layer (Q̇2i,2o) are calculated accord-
ingly.

(3) Q̇1i,1o =
π · (dH2 + ti,i) · lH2 · λi · (T1i − T1o)

ti,i

According to eq. (4), the heat transfer coefficient h is calcu-
lated for convective heat transfer between different materi-
als [15]. To specify, the parameter hair,i represents the heat
transfer between the air and the insulation material, hi,v de-
scribes the heat transfer between the insulation layers and
the vacuum layer, and hi,H2 describes the heat transfer be-
tween the inner insulation layer and the hydrogen pipe, as
shown in fig. 4.
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(4) h =
Q̇12

A · (T1 − T2)

In eq. (4), A represents the area of the boundary layer
between the two media, and Q̇12 is the heat flux transported
across this area. The temperature difference between
the two media is indicated by T1 − T2. The value of h
depends on the specific materials involved in the convective
heat transfer. A distinction must be made between free
convection, where there is no fluid flow at the material
transition, and forced convection, where fluid flows along
the boundary layer, increasing the resulting convection [15].
In the following, free convection is assumed, allowing the
heat flow at the boundary of the hydrogen pipe and the
inner insulation layer to be calculated using eq. (5).

(5) Q̇i,H2 = π · dH2 · lH2 · hi,H2 · (TH2 − T1,i)

Similarly, the heat flow at the interface between the outer
insulation layer and the ambient can be calculated using
eq. (6).

(6) Q̇air,i = π · (dH2 +2 · (ti,i + tv + ti,o) · lH2 ·hair,i · (T2,o −Ta)

Lastly, the heat transfer from the outer insulation layer to the
vacuum layer (Q̇i,v) as well as from the vacuum layer to the
inner insulation layer (Q̇v,i) is calculated accordingly.

3.2. Electrical effects

As shown in fig. 3, electrical interference effects must be
considered, as they interact with the environment in the form
of magnetic and electric fields. Thus, the magnetic flux den-
sity B is calculated according to eq. (7) [16].

(7) B = µ0 ·H = µ0 ·
I

2 · π · r

The magnetic flux density depends on the magnetic field
constant µ0 = 4π · 10−7 N/A2 in vacuum and the magnetic
field H. The magnetic field depends on the current in the
conductor I, and the radius r, describing the vertical dis-
tance from the point under consideration to the conductor.
Near HVDC systems or the power train in the considered
aircraft, magnetic flux densities in the low milliTesla range
are generated. These magnetic fields are arranged in a ring
around the conductor. Additionally, as part of electric mo-
tors, coils generate significantly higher magnetic flux densi-
ties than a single conductor. However, components of the
electric power train, including the supply cables with high
current flows, are sufficiently distant from the hydrogen sys-
tem in the areas of the aircraft under consideration, so rele-
vant interference is excluded [17].
Furthermore, the electric field is described by E and calcu-
lated according to eqs. (8) and (9) [16].

(8) E(r) =
λ

2π · ϵ0 · r

(9) E(r) =
U

r · ln (ri,out/ri,in)

Equation (8) describes the electric field around a conductor
without insulation and depends on the linear charge density

λ, the electric constant ϵ0 = 8.854 · 10−12 F/m, and the ra-
dius r, describing the vertical distance from the point under
consideration to the conductor. In contrast, eq. (9) describes
the electric field around a cable with the voltage U and an
insulation. The parameters ri,in and ri,out describe the inner
and outer radius of the insulation, respectively.
However, suitable cable insulation largely shields a cable’s
electric and magnetic fields with functioning insulation.
Hence, these effects are not further examined in the scope
of this paper, as it is assumed that the conductor’s insulation
effectively reduces the magnetic and electric fields outside
the wire to a minimum [17].

3.3. Leakage effects

As described in section 2.1, the hydrogen flowing out of
the hydrogen pipe due to a leakage tends to rise due to
its low density. To consider potential interference effects
from hydrogen leakage, which may result in a critical hydro-
gen concentration that needs to be avoided, a closed room
(i.e., installation space) is assumed through which the hy-
drogen pipe is routed. This installation space has a volume
of VInst.space. Due to leakage, hydrogen flows out of the pipe
with a volumetric flow rate V̇Leakage, leading to a concentra-
tion cInst.space of hydrogen in the installation space. As dis-
cussed above, the hydrogen concentration should be kept
below 4 vol.-% to avoid critical concentration levels.
To prevent these critical concentrations, ventilation can be
integrated to generate an air exchange in the installation
space with the ambient air, described by the volumetric flow
rate VVenting. Hence, eq. (10) describes the interrelation be-
tween the volumetric flow rates of the leakage and the vent-
ing, as well as the hydrogen concentration in the installation
space.

(10) cInst.Space <
V̇Leakage

V̇Venting + V̇Leakage

As a hydrogen concentration of 4 vol.-% already represents
the lower flammability limit (cf. table 2), a hydrogen concen-
tration of, for instance, cInst.space < 1 vol.-% should be set
as an upper limit.

4. SENSITIVITY STUDIES

After identifying relevant interdependencies between the
EPSS and the hydrogen supply system, the impact of these
interdependencies on the design of these systems needs
to be assessed. To achieve this, sensitivity studies are
performed. First, the solution space is defined. Next, the
hydrogen supply system architecture of the ESBEF-CP1,
used for the study, is introduced. Then, relevant installation
spaces are defined. Finally, the results of the studies are
presented and discussed.

4.1. Problem Setup

The reference hydrogen system architecture of the
ESBEF-CP1 is introduced below. This also includes
the definition of the installation spaces considered for
system integration.

4.1.1. System Architecture

Figure 5 shows the assumed system architecture for the hy-
drogen supply. Two cryogenic tanks are positioned in the
aft section of the fuselage of the ESBEF-CP1 [7]. Each tank
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is connected to a hydrogen supply line, which is, in turn,
routed to all pods and connected to every fuel cell system.
To account for segregation conditions between the two sup-
ply lines, it is assumed that one supply line is routed along
the front spar of the wing and the other one is routed along
the wing’s rear spar.

Tank

Hydrogen pipe

Electrical compartment

Valves

Pod

Rear spar

Front spar

FIG 5. Architecture of the hydrogen storage and supply sys-
tem

Each pod contains a power management and distribution
unit (PMAD), which handles the energy management of the
hybrid fuel cell systems. The PMAD splits the generated
electric power to supply the power train for propulsion and to
supply the OBS. The electrical compartment, which houses
the primary and secondary power distribution centers, in-
cluding voltage transformers and circuit breakers, is located
in front of the wing box, above the cabin [7]. Consequently,
a cable is routed from each pod to the electrical compart-
ment, with segregation conditions assumed for this routing
as well [5].

4.1.2. Relevant Installation Spaces

In the following, installation spaces refer to a geometric area
within the aircraft structure used for installing OBS compo-
nents or routing supply lines. Critical installation spaces are
selected to derive design rules based on the interdependen-
cies between the EPSS and the hydrogen supply system
presented above. Hence, in the scope of this paper, the
sensitivity studies focus on installation spaces in the wing,
the pod (including the pylon, which connects the pod to the
wing), and the transition from the wing to the fuselage. The
relevant installation spaces identified for the sensitivity stud-
ies are shown in fig. 6.

Ribs
(example)

Rear sparFront spar

Inst. space 2

Electrical
Compartment
(Inst. space 6)

Pod and pylon
(Inst. space 5)

Hydrogen pipe

Measuring
points 12345678

Inst. space 3

Inst. space 4

Inst. space 1

FIG 6. Identified installation spaces for the sensitivity studies

Each of the presented installation spaces has been selected
for the following reasons:
• Installation space 1: Located between the front and rear

spars of the wing and between two ribs in the outer area
of the wing. This area is chosen because the wing’s thick-

ness is relatively low, which may lead to a significant in-
crease in hydrogen concentration due to leakage. Addi-
tionally, the close routing of lines from different systems
(e.g., cables, pipes) makes it a critical space to consider.

• Installation space 2: Similar to installation space 1, but
located in front of the front spar of the wing. This area is
relevant due to the similar spatial constraints and potential
for system interference.

• Installation space 3: Also similar to installation space 1,
but located where the ribs are positioned closer together.

• Installation space 4: Similar to a combination of installa-
tion spaces 2 and 3.

• Installation space 5: The pylon, which serves as the
connection between the wing and the pod. The limited
space in the pylon area results in the close routing of
lines from different systems, making it another critical
installation space.

• Installation space 6: The electrical compartment in front
of the wing, which contains the primary and secondary
power distribution centers. This space is critical due to the
concentration of electrical components that could interact
with the hydrogen supply system.

4.2. Sensitivity Studies

According to section 3, sensitivity studies are conducted to
identify the relevant effects that need to be considered dur-
ing system design based on interdependencies related to
thermal, electrical, and leakage aspects.
For the evaluation of thermal interdependencies, two op-
erational scenarios are considered: Ground operation with
a minimum hydrogen mass flow of ṁH2 = 2g/s, and climb
with a maximum hydrogen mass flow of ṁH2 = 12.4 g/s.
Figure 7a illustrates the hydrogen temperature along the
pipes in the wing during climb, as indicated by the mea-
suring points (cf. fig. 6). The hydrogen temperature is
influenced by the reference temperature, which is assumed
to be impacted by an electrical cable routed directly next to
the hydrogen pipe. As shown, the electrical cable’s temper-
ature impact is insignificant for the hydrogen temperature
increase, as the temperature rises by less than 0.1K along
the wing.
Figure 7b presents the increase in hydrogen temperature
along the wing for different hydrogen mass flows, with a ref-
erence temperature of TRef = 333K. The temperature in-
crease is the highest when the hydrogen mass flow is lower,
as the hydrogen moves slowly and has more time to ab-
sorb heat from the surrounding environment. However, the
temperature increase is relatively small, around 0.65K, and
therefore not significant. Nevertheless, the temperature in-
crease is highly dependent on the design of the insulation
layer of the hydrogen pipe.
In conclusion, thermal interdependencies between the
EPSS and the hydrogen supply system are insignificant
and not further considered.
For analyzing potential interdependencies caused by hy-
drogen leakage, HyRam+ [18] is used, and two reference
cases are defined:
• Reference case 1: Operation on ground at an ambient

temperature Ta = 293.15K, an ambient pressure pa =
1bar, and no active venting (cf. fig. 8).

• Reference case 2: Operation in cruise at an ambient tem-
perature Ta = 235K, an ambient pressure pa = 0.37 bar,
and an active venting in each considered installation
space (cf. fig. 9).

For both scenarios, a reference leakage diameter of
dL,Ref = 0.5mm is selected, as relevant effects due to a
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FIG 7. Influences of outside temperature and mass flow on the
hydrogen temperature

leakage becomes visible with this diameter. The chosen
leakage diameter leads to a reference leakage mass flow
of ṁL,Ref = 2.38 · 10−4 kg/s at a pressure in the hydrogen
pipe of pH2 = 2bar.
Figure 8a shows the hydrogen concentration for reference
case 1 in each considered installation space based on vari-
ations in the leakage diameter, which leads to changes in
the leakage mass flow. Similarly, fig. 9a shows the same for
reference case 2. As observed in both figures, the higher
the leakage mass flow, the more the hydrogen concentra-
tion increases. In fig. 8a, it is visible that the concentration
in, for example, installation space 2 rises more quickly than
in installation space 1 because the volume of installation
space 2 is smaller than that of installation space 1 (cf. fig. 6).
The hydrogen concentration for reference case 2 in fig. 9a is
slightly lower due to the active venting, which helps mitigate
the concentration buildup. However, the critical concentra-
tion is reached in all installation spaces at a leakage mass
flow of 1 · 10−6 kg/s for both reference cases.
Figures 8b and 9b illustrate the hydrogen layer height within
the installation space, resulting from hydrogen’s tendency to
rise towards the ceiling. In fig. 9b, the height of the venting
hole in each installation space is visible. The venting holes
are assumed to be positioned at approximately 50% of the
height of installation spaces 1-5 and around 15% of the
height of installation space 6. For the latter, the height of
the venting hole is predefined due to the fan installation of
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FIG 8. Hydrogen accumulation in an installation space due to
leakage (reference case 1)

the environmental control system. In fig. 8b, as the leakage
mass flow increases, the height of the hydrogen layer
reaches the level of the venting hole more quickly because
the installation space fills with hydrogen in a shorter amount
of time. Since no active venting is considered in this case,
once the hydrogen layer reaches the height of the venting
holes, the hydrogen starts flowing out of the installation
space through these holes. In conclusion, with active
venting, the hydrogen layer height can be better controlled
(cf. fig. 9b) to avoid interdependencies with other systems
positioned in the same installation space.
Additionally, fig. 10 presents a further leakage analysis us-
ing HyRam+. In this analysis, the hydrogen concentration in
the hydrogen jet at the leakage is 4 vol.-% measured approx-
imately 25 cm away from the leakage position on the pipe,
based on the reference mass flow of the leakage ṁL,Ref .
Therefore, a minimum distance of at least 25 cm between
the electrical cables and the hydrogen pipe must be main-
tained to avoid potential interference.
In conclusion, when hydrogen leakages occur, the concen-
tration of hydrogen in installation spaces can exceed the
lower flammability limit at a relatively low leakage mass flow.
To prevent the risks from hydrogen leakages with the help
of SAE J2578 [4] and the available results, the following rec-
ommendations are provided.
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FIG 9. Hydrogen accumulation in an installation space due to
leakage (reference case 2)
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FIG 10. Simulation in HyRam+ to visualize the hydrogen con-
centration around a leakage

• Route hydrogen pipes as high as possible within installa-
tion spaces,

• Position venting holes as high as possible in installation
spaces,

• In smaller installation spaces, housings can be applied to
cables for protection from sparks and to hydrogen pipes.
In this case, a new dedicated installation space is provided
for the cable or the hydrogen pipe.

The recommendations can then be translated into design
rules for OBS design, which are further elaborated below.

5. DEFINITION OF DESIGN RULES FOR OVERALL SYS-
TEMS DESIGN

The above presented rules for hydrogen system integration
must be included in the OSD framework, which is being de-
veloped at the Institute of Aircraft Systems Engineering at
the Hamburg University of Technology. This section intro-
duces the OSD framework and outlines how the framework
is enhanced by these rules.

5.1. Overall Systems Design Framework

An overview of the OSD framework is shown in fig. 11 [5–
7, 10, 19–21]. During OSD, the parametric, physics-based
systems sizing is performed. The system sizing is based on
a previously generated systems topology (components po-
sitioning and connections routing) using the GeneSys soft-
ware framework.
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FIG 11. Overall Systems Design Framework

As shown in fig. 11, detailed systems design (DSD) is di-
vided into major systems disciplines, such as propulsion, hy-
drogen supply, and electric power supply. DSD includes the
physical modeling of these systems to verify system charac-
teristics and to define requirements through virtual tests.
As presented above, analyzing the interdependencies
between the hydrogen supply system and the EPSS us-
ing physical models for thermal and leakage analysis is
considered part of DSD. The goal is to improve the results
during the conceptual aircraft design phase by evaluating
the findings from the DSD models and applying them to
OSD, as shown in fig. 11 with the arrow labeled technology
bricks.

5.2. Methodical Adaptions of the Design Process

Figure 12 shows the process for OSD, which includes the
definition of the systems architecture, the generation of the
systems topology, and systems sizing and simulation [5–7,
10, 19–21]. As described above, enhancements based on
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the derived design rules for system integration of the hydro-
gen supply system are integrated into the topology genera-
tion method. For this, an auto-routing method is used that
enables the shortest path routing of cables, pipes, or ducts
based on a predefined routing network. In addition to short-
est path routing, boundary conditions based on a cost func-
tion, such as for segregation of connections, can also be
included [5].
Since the system models described above focus on the
interdependencies between systems, the findings are
applied during the system integration step. Therefore,
the auto-routing method [5] is enhanced by incorporating
design rules presented in the following subsections. These
enhancements are listed in fig. 12 at the topology generation
process step and include the definition of preferred routing
areas, the definition of no-routing zones, the consideration
of a minimum distance between connections of either the
same system or different systems, and the consideration of
housings for cables or pipes.

Positioning of Components

Routing of Connections

Read/Check Input

Define Architecture

Create System Graph

Analyse Systems
-Sizing

-Simulation

Write Output

Auto Routing

Create Routing
Networks

Consideration of
Boundary Conditions
between Routing Networks
- Preferred Routing Areas
- No-Routing Zones
- Minimum Distances
- Housings

No Auto-
Routing

System
Ontology

Pre-Processing

Post-Processing

Topology Generation

Sizing & Simulation

Systems Architecting

FIG 12. Process for OSD with adaptions of the module for
topology generation

5.2.1. Definition of Preferred Routing Areas

To perform shortest path routing with the auto-routing
method, possible routing areas must be predefined [5].
These routing areas are installation spaces explicitly re-
served for the routing of cables or pipes. They are based on
geometric boundary conditions, such as routing along the
triangle area, beneath the fuselage floor, above the cabin
ceiling, or along the spars in the wings and tail planes [5].
For example, fig. 13 illustrates potential routing areas along
the wing spars. Twelve routing areas can be defined: three
each in front of the front spar, behind the front spar, in front
of the rear spar, and behind the rear spar. In contrast to
the installation spaces introduced in section 4.1.2, which
are defined based on a geometric area within the aircraft
structure like the wing segment shown in fig. 13, the routing
areas can also pass through such an installation space.
To meet requirements for segregation of connections or min-
imum distance specifications, defining as many routing ar-
eas as possible is recommended. Without enough routing
alternatives, it may be challenging to identify suitable paths
within the network. However, the definition of more routing
areas can also lead to increased computation time. To op-

Rear spar

Rib

Possible routing areas 
behind rear spar

Front spar

FIG 13. Illustration of possible routing areas along front and
rear spar of a wing section

timize this, preferred routing areas can be predetermined
based on the engineer’s system knowledge. For instance,
routing areas for hydrogen pipes should be prioritized in the
uppermost positions (cf. fig. 15). Thus, routing areas located
at the middle and lower positions along the spars do not
need to be included in the hydrogen supply system’s routing
network.

5.2.2. Definition of No-Routing Zones

Another boundary condition for the auto-routing method is
the avoidance of certain zones. For example, installation
space 6 in fig. 6, which represents the electrical compart-
ment above the cabin in front of the wing, is designated as a
no-routing zone for hydrogen pipes. As shown in simplified
form in fig. 14, the electrical compartment is defined by the
initial coordinates x0, y0, and z0, along with the length lcomp,
width wcomp, and height hcomp. The routing network is rep-
resented by nodes n that are interconnected [5]. Using the
logical conditions in eqs. (11) to (13), it is determined if the
routing network nodes are located within the boundaries of
the electrical compartment.

x

y

z

x0, y0, z0

wcomp/2

hcomp

lcomp

Node (n)

Routing of 
hydrogen pipes

No routing allowed

FIG 14. Example of a no-routing zone

(11) (nx ≥ x0) ∧ (nx ≤ x0 + lcomp)

(12) (|ny| ≥ y0) ∧
(
|ny| ≤ y0 +

wcomp

2

)
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(13) (nz ≥ z0) ∧ (nz ≤ z0 + hcomp)

To prevent routing along nodes inside no-routing zones, a
cost is applied to the edges that connect these nodes to their
neighboring nodes. This cost increases the effective length
of such an edge [5], making it prohibitively high so that the
routing algorithm avoids these areas when calculating the
shortest path.

5.2.3. Integration of a Minimum Distance Condition

Furthermore, situations can arise where both systems are
routed close to each other. This may occur in smaller in-
stallation spaces, such as the outer area of the wing, the
engine pylon, or in the fuselage when two routing areas are
positioned near to each other [5]. The minimum distance
condition applies to connections within a single system and
connections from different systems.
As specified in the certification specifications and accept-
able means of compliance for large aeroplanes (CS-25) [22],
a minimum distance condition between connections within
one system is required when two connections need to be
segregated. According to eq. (14), a sphere with diameter
D is defined at any point along a system connection [22].
This sphere represents the minimum distance for other seg-
regated connections within this system. The diameter D de-
pends on the area of the compartment opening H0 where
the component or connection is located.

(14) D = 2 ·
√

H0

π

To maintain the minimum distance between connections of
different systems, such as the hydrogen supply system and
the EPSS, it is assumed that the hydrogen supply system
routing is completed first, as hydrogen pipes tend to be
less flexible than electrical cables. This approach identifies
the shortest distance from each electrical system node to
the nearest hydrogen system node, similar to the method
presented above. If the distance between these nodes is
smaller than the defined minimum, additional measures
must be taken. One option is to reroute along a different
path, as described above for no-routing zones. Another
approach involves applying further conditions, such as
housing for the connections, as discussed below.

5.2.4. Consideration of Housings

Applying housing to a connection does not directly influence
the routing path of the system. Housing is added if, for in-
stance, the distance between nodes of two systems is be-
low a defined minimum or in case a system node is located
within certain routing areas. For the EPSS, one such area
is behind the front spar. If a leakage occurs and the aircraft
is, for instance during climb, at an increased angle of attack,
the hydrogen layer could potentially reach the routing area
of the electrical cable (cf. fig. 15).
Housing is considered by adding an additional specification
to the cable. This specification is taken into account dur-
ing the system sizing process, where the mass of the re-
quired housing is calculated based on the specific mass of
the housing material and the length of the cable that requires
housing.

(15) mhousing =

ncable∑
i

khousing · lcable,i

Furthermore, hydrogen pipes may also require additional
housing, particularly when routed through the pressurized
area of the fuselage. In such cases, the hydrogen lines must
be triple-piped instead of double-piped. The first pipe is for
the hydrogen flow, the second pipe provides insulation, and
the third pipe creates an extra installation space, which can
also be used for leakage detection and venting. However,
triple-piped hydrogen pipes have a significantly higher mass
compared to housing for electrical cables.

5.3. Application of the enhanced auto-routing method

The integration of the proposed methodical enhancements
to the auto-routing method is applied to the GeneSys topol-
ogy generation for both the EPSS and the hydrogen supply
system.
As an example for the definition of preferred routing areas,
a segment of the wing is shown in fig. 15. Based on the
possible routing areas shown in fig. 13, routing areas are
assigned to each system, considering the identified effects
due to relevant interdependencies between the systems. In
this example, as recommended, the preferred routing areas
for the hydrogen pipes are in the uppermost routing areas
in the wing, positioned behind the front spar and in front of
the rear spar. The pipes are routed between the spars for
further protection. Preferred routing areas for the electrical
cables are at the lowest position, both in front of and behind
the front spar as well as in front of the rear spar. In the inner
area of the wing, the distance between the hydrogen pipes
and the electrical cables is large enough that no dedicated
housing for the cables is required. However, during climb, a
potential leakage may affect the cables located behind the
front spar. Therefore, the electrical cables behind the front
spars require housing. Also, all cables in the outer area of
the wing require housing as the distance between the lower
and upper routing areas decreases. Furthermore, the pre-
ferred routing areas for hydraulic pipes are assumed to be
behind the rear spar.

Rear spar

Rib

Routing area for
hydraulic pipe

Front spar

Routing area for 
hydrogen pipe

Routing area for
electrical cable

FIG 15. Illustration of preferred routing areas of a wing section

The integration of this example in GeneSys is visualized in
fig. 16, using the wing as an example. It can be seen that the
hydrogen pipes are all routed along the uppermost routing
areas along the spars. In contrast, the electrical cables are
routed along the lowest routing areas, as shown in fig. 15.
The hydraulic pipes are not visualized in this example.
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Hydrogen pipe

Electrical cable

Fuel cell system

FIG 16. Visualization of the routing in the wing

With the calculation of this example, the required housing
for the cables increases the EPSS mass by approximately
mhousing = 60 kg, using a housing made from synthetic
material with a specific mass of khousing = 524 g/m [23].
Hence, the system mass increases by around 14% from
430 kg to 490 kg [7]. The impact on all OBS is insignificant,
as the total mass increases by around 1% to 6245 kg [7].
Although the mass of the housing for the electrical cables
is not significant, using a triple-walled hydrogen pipe inside
the pressurized area instead of a double-walled hydrogen
pipe may have a more significant mass impact on the OBS.
In the wing, it is assumed that the third wall is not required
due to the following measures: venting through the ribs be-
tween the spars, minimum distance conditions between the
hydrogen pipes and the electrical cables, and the housing
for the electrical cables.

6. SUMMARY AND CONCLUSION

When integrating a hydrogen storage and supply system
into an aircraft, it is essential to analyze interdependencies
with other on-board systems, as hydrogen is a volatile gas
and reaches its lower flammability limit at 4 vol.-%. This
paper evaluates the interdependencies between the hydro-
gen supply system and the electric power supply system for
smaller installation spaces, such as inside the wing.
First, the relevant effects for interdependence are analyzed,
including thermal effects (as hydrogen is assumed to be sup-
plied in liquid form, and the temperature of electrical cables
increases due to resistance), electrical effects (as a mag-
netic and electric field is created around the cable), and
leakage effects from hydrogen pipes. However, electrical
effects are not further considered, as it has been shown that
these effects are insignificant due to the insulation of the ca-
bles. Additionally, sensitivity studies have shown that ther-
mal effects can be neglected, as the impact of increased
cable temperature on the hydrogen temperature is not sig-
nificant. Leakage effects, however, are relevant and need
to be considered, as sensitivity studies performed with the
tool HyRam+ have shown that a leakage mass flow of 1 ·
10−6 kg/s leads to a critical concentration of 4 vol.-% in a
dedicated installation space within a short time.
Based on these studies, the following relevant on-board sys-
tem design rules are derived:
• Define routing areas for hydrogen pipes in the upper area

of the installation space and routing areas for electrical
cables in its lower area.

• Maintain a minimum distance of at least 0.25m between
hydrogen pipes and electrical cables.

• If the minimum distance cannot be fulfilled, apply housing
for electrical cables.

• In pressurized areas, hydrogen pipes should consist of
three pipes: one for hydrogen flow, one for insulation, and

one for venting. Hence, the third pipe creates a dedicated
installation space.

As an outlook, these effects need to be further studied and
analyzed. Additionally, interdependencies between the hy-
drogen supply system and other on-board systems, such as
the hydraulic power supply system and the pneumatic power
supply system, including the environmental control system,
should be considered for an overall optimized on-board sys-
tem integration.
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