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Abstract: To enable climate-neutral aviation, improving the energy efficiency of aircraft is
essential. The research project Synergies of Highly Integrated Transport Aircraft investigates
cross-disciplinary synergies in aircraft and propulsion technologies to achieve energy
savings. This study examines a fuel cell electric powered configuration with distributed
electric propulsion. For this, a reverse-engineered ATR 72-500 serves as a reference
model for calibrating the methods and ensuring accurate performance modeling. A
baseline configuration featuring a state-of-the-art turboprop engine with the same
entry-into-service is also introduced for a meaningful performance comparison. The
analysis uses an enhanced version of the Stanford University Aerospace Vehicle Environment
(SUAVE), a Python-based aircraft design environment that allows for novel energy
network architectures. This paper details the preliminary aircraft design process, including
calibration, presents the resulting aircraft configurations, and examines the integration
of a fuel cell-electric energy network. The results provide a foundation for higher
fidelity studies and performance comparisons, offering insights into the trade-offs
associated with hydrogen-based propulsion systems. All fundamental equations and
methodologies are explicitly presented, ensuring transparency, clarity, and reproducibility.
This comprehensive disclosure allows the broader scientific community to utilize and refine
these findings, facilitating further progress in hydrogen-powered aviation technologies.

Keywords: aircraft design; electric; regional aircraft; assessment; preliminary aircraft
design; hybrid-electric; propulsion architecture; sustainable aviation

1. Introduction

The aviation industry faces a significant challenge in achieving climate neutrality,
necessitating a substantial improvement in aircraft energy efficiency and emissions. Global
temperatures have risen markedly since the onset of industrialization. Without effective
mitigation measures, the Earth’s average temperature could increase by more than three
degrees Celsius by the year 2100 [1]. In response, the Paris Climate Agreement set global
targets to mitigate climate change, while the United Nations [2] emphasized climate
protection as a cross-cutting priority in its 2030 Agenda for Sustainable Development [3].
Through its Sustainable Development Goals, this agenda highlights the interconnected need
for economic, environmental, and social sustainability worldwide [4].
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Air transportation, a fundamental pillar of international trade, travel, and global
connectivity, plays a critical role in achieving these sustainability objectives. Climate-neutral
aviation facilitates economic growth, strengthens global partnerships, and reduces
inequalities by connecting people and businesses worldwide. The Paris Climate
Agreement [2], the European Green Deal [5], and the Fly the Green Deal [6] set ambitious
targets, including reducing aircraft energy use by 50% by 2035. Achieving this requires
continuous advancements in aircraft and propulsion technologies alongside synergies by
integrating propulsion systems into the aircraft architecture.

This is where the Synergies of Highly Integrated Transport Aircraft (SynTrac) [7] project
gains significance. This research project investigates cross-disciplinary synergies to develop
methods that enable configuration-independent, holistic research, ultimately addressing
the challenges of climate-neutral aviation. A core focus is exploring innovative propulsion
concepts, such as fuel cell (FC) electric propulsion and distributed electric propulsion (DEP).

FC electric aircraft concepts demonstrate that FCs can enable locally emission-free
flight [8], ignoring water emissions. Compared to conventional aircraft, their heavier
powertrain significantly limits performance [9,10]. Conversely, electrification opens up
opportunities for new synergies, such as the application of DEP, which enables more
efficient propulsion integration. By leveraging multiple smaller electric motors distributed
along the airframe, the aerodynamic performance can be improved and thus compensate
for some of the weight-related drawbacks of FC systems [11]. The paper focuses on
these opportunities, addressing the challenges posed by hydrogen-based systems while
investigating how DEP can enhance energy efficiency. By combining these innovations,
the paper aims to unlock the full potential of FC electric systems, paving the way for
climate-neutral aviation.

1.1. Research Focus and Aircraft Configuration

SynTrac examines four future aircraft configurations, two short-/medium range and
two regional aircraft configurations. The regional configurations are analyzed in this
paper to evaluate the proposed methodologies and explore potential energy savings.
Designing an aircraft typically begins with examining reference aircraft of the same class
and with a similar configuration, and comparable top-level aircraft requirements. The
methodologies and, hence, the equations, often derived from empirical data, are typically
calibrated on this basis. The ATR 72-500 is chosen as the reference model in this study.
Although a newer version, the ATR 72-600, is available on the market, the ATR 72-500
is chosen because of the significantly better data availability. To enable a meaningful
evaluation of the results, a baseline for comparison is essential. Therefore, in addition to the
reference configuration a baseline configuration, an ATR 72-500-like aircraft equipped
with a state-of-the-art turboprop with an entry-into-service in 2040, the same as the
lead configuration is designed. As this study focuses on investigating the synergies of
highly integrated propulsion systems, technological advances beyond propulsion are not
considered in both models. This approach avoids the risk of distorting the results and
ensures a clear comparison of the propulsion systems studied.

e  Reference configuration: A reverse-engineered ATR 72-500-like aircraft serves as the
basis for the other configurations.

*  Baseline configuration: An ATR 72-500-like aircraft with a state-of-the-art turboprop
with an entry-in-service date equal to the lead configuration, which serves as a
benchmark for comparison.

¢ Lead configuration: A design utilizing DEP powered by an FC electric powertrain.
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1.2. State of the Art and Motivation

The integration of propulsion systems into the airframe, such as DEP and
multifunctional thrust generation configurations, has the potential to deliver 10 to 20%
additional energy savings [12]. Achieving these synergies requires a higher fidelity,
multidisciplinary approach that transcends traditional research boundaries. Future
transport aircraft demand a comprehensive understanding of physical processes and
phenomena that emerge at high levels of system integration. These include:

*  Thermal management of electric and hydrogen-based systems

*  Multi-functional structural design to reduce weight and enhance efficiency
*  Aerodynamic interactions between the airframe and propulsion systems

*  Advanced acoustic modeling for noise reduction

Previous research efforts have focused mainly on isolated aspects of these challenges.
In contrast, SynTrac adopts a cross-disciplinary approach, encompassing aerodynamics,
acoustics, flight physics, thermodynamics, and structural mechanics. By addressing the
interfaces between these disciplines, it aims to unlock synergies that simultaneously
optimize energy efficiency, aerodynamic performance, and noise reduction.

To investigate these synergies, a high level of detail in the models must account for
the interactions and mutual influences between subsystems. Therefore, an energy system
model (see Section 2.4.2) has been created in which every main component of the powertrain
and its interaction with the system are represented separately.

Hydrogen-based systems offer notable environmental benefits but also present distinct
challenges, such as thermal management, volumetric energy density limitations, and
integration complexities [13]. This study publishes comprehensive data on hydrogen-based
energy systems, the complete set of equations for a mid-fidelity FC system model, and
off-design performance data to enhance the understanding of various operational scenarios.

In contrast to previous publications that focus solely on final results, this paper
transparently details the calculation processes and methodologies. By prioritizing
analytically solvable energy methods, the proposed approach reduces reliance on numerical
calculations, clarifies correlations, and saves time. Typically, FC electric aircraft designs rely
on sizing processes based on fixed component-level efficiencies [8]. However, this study
guarantees reproducibility by integrating higher-fidelity subsystem models through the
Stanford University Aerospace Vehicle Environment (SUAVE) [14] framework and enables a
thorough analysis of component interactions and synergies. The scalable models can adapt
to various design requirements and complexities.

As this research operates within a low Technology Readiness Level (TRL) context of
Overall Aircraft Design (OAD), the approach enables early-stage exploration and sizing
of subsystems.

Overall, the research establishes a comprehensive framework for addressing the
challenges and opportunities of climate-neutral regional aviation. The methodology in
Section 2 addresses the energy system model integration in SUAVE, which allows for
mission solving of the system of equations and integration of interchangeable components.
Key methodological steps include the calibration of the reference aircraft, the effect of DEP,
and the development of an energy network for modeling FC systems. Particular attention
is given to the effects on aircraft sizing, performance, and center of gravity, ensuring a
detailed understanding of design impacts. The study provides a realistic assessment of
emerging configurations and technologies, contributing to the broader goal of achieving
sustainable, efficient, and climate-neutral air transport.

The Results Section 3 provides calibrated data of the ATR-72-500-like configuration,
including mass breakdown, aerodynamic performance, and payload-range capabilities.
It also presents the design and performance of the baseline and lead configurations.
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Comparative analyses, including ladder charts, payload-range diagrams, and off-design
performance evaluations, are used to illustrate the different behaviors and trade-offs.
By integrating higher-fidelity subsystem models and presenting transparent data and
equations, this study fills critical methodological gaps. The results contribute to advancing
hybrid-electric aircraft design by offering scalable, reliable models and insights into the
benefits and challenges of FC systems.

2. Materials and Methods

This section outlines a comprehensive methodology for designing and calibrating
a hybrid-electric aircraft within the SUAVE framework. It begins with an overview of
SUAVE’s flexibility in integrating data from multiple sources and its extension by the
Institute of Aircraft Design at the University of Stuttgart for iterative aircraft design. The
calibration process of a reference ATR 72-500-like model, using data from manufacturer
manuals and literature, is then described. Following this, the impact of a new propulsion
architecture, particularly the incorporation of DEP, on key aerodynamic performance
parameters is discussed. Finally, the section presents a detailed aircraft energy system
model that encompasses FCs, liquid hydrogen storage, power converters, and related
components, as well as methods for calculating mass, volume, and energy balances.
This integrated approach forms the foundation for subsequent off-design analyses and
performance evaluations.

2.1. Design and Calibration in SUAVE

SUAVE offers notable flexibility, particularly its ability to decouple propulsion
architectures from mission calculations, thereby enabling the integration of novel energy
systems and advanced thermal management strategies for energy-efficient solutions. This
flexible framework integrates data from multiple sources, unlike traditional aircraft design
tools that rely primarily on fixed empirical correlations and handbook approximations [15].
This customizability makes it possible to integrate advanced technologies into the
design process by complementing conventional methods with physics-based approaches
(i.e., higher fidelity). This flexibility allows for the seamless integration of interchangeable
components, such as surrogate models, and facilitates public open-source collaboration. By
combining these capabilities, more accurate modeling and optimization of next-generation
aircraft are possible. Its ability to handle both conventional and unconventional design
architectures makes it an ideal platform for exploring innovative propulsion systems and
configurations, such as hybrid electric or DEP, and guarantees a precise assessment of
these technologies.

Additionally, the mission-solving capabilities are noteworthy, as they rely on iterative
methods to resolve a force equilibrium at each mission point. The flight equation, which
considers mass, lift, drag, and thrust, must be solved at each mission point, emphasizing
energy network balance and enabling efficient convergence of implicit systems of equations.
While explicit formulations for these equations are desirable to enhance computational
efficiency, simplified representations, such as those for energy networks, offer practical
solutions. This versatility has made SUAVE a valuable tool for high-level academic and
industrial research in the field of conceptual aircraft design.

SUAVE was extended by the Institute of Aircraft Design at the University of Stuttgart
as part of the FutPrInt50 research project [16] to include an iterative design loop to enable
the design of aircraft with alternative propulsion [17]. This modified version is used and
further developed to support hybrid-electric FC architectures by realistic modeling of the
corresponding components and to enable a detailed analysis of the aircraft’s performance.
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The enhancements include the implementation of higher fidelity models for hybrid-electric
propulsion systems to analyze synergies between propulsion architectures.

The input parameters must be carefully defined to set up the energy network. SUAVE
is capable of solving both implicit and explicit calculations. However, explicit calculations
are generally preferred, as implicit calculations require additional computational loops,
significantly increasing the computation time.

In its basic form, the SUAVE environment is equipped with a comprehensive set of
standard aircraft sizing equations, as outlined in widely recognized handbooks such as
Raymer [18]. These foundational equations serve as a starting point and will be significantly
advanced. The mass and parasite aerodynamic models are based on Raymer’s Class II
methods [18], with the mass models offering detailed component-level breakdowns and
the aerodynamic models delivering refined drag estimates for individual components and
mission phases. Calibration in both mass and aerodynamic models ensures alignment
with observed data and enhances accuracy. These calibrations are implemented using
mass factors to adjust primary calculations and aerodynamic factors, including drag
counts, tailored to specific mission segments. The combination of these methodologies,
alongside SUAVE'’s iterative sizing loop, enables precise performance predictions and
robust design iterations. The modified SUAVE framework thus serves as a cornerstone
for analyzing hybrid-electric aircraft concepts, balancing computational precision and
flexibility to accommodate unconventional propulsion technologies.

2.2. Method Calibration

To ensure accurate and meaningful results, this research begins by reverse-engineering
the ATR 72-500 using literature data from manufacturer manuals and aircraft repositories,
which are shown in Table 1. This initial reference aircraft is used for the validation and
calibration of the foundational equations. Calibration factors are systematically derived
from multiple trusted sources, including ATR performance and handling manuals [19-21],
as well as publicly available datasets such as Jane’s All the World’s Aircraft [22].

Specifications, including top-level aircraft requirements and necessary parameters
for the ATR72-500 in Table 1, were derived from the literature and are used as
design specifications.

Table 1. ATR 72-500 Specifications for the reference configuration.

Parameter ATR 72-500 Reference
Top of Climb

Altitude 22,000 ft [19]
Climb rate 500 ft/min [19]
Service Ceiling

Altitude 25,000 ft [19]
Climb rate 300 ft/min [19]
Design Mission

Passengers (a 95 kg) 70

Payload 6650 kg [19]
Range 670 NM [19]
Cruise Mach number (speed) 0.44 (265 kts) [19]
Take-off and Landing

Take-off field length 1300 m (ISA +0) [21]
Landing field length 1000 m (ISA +0) [21]
Approach speed 115 kts [21]
Certification basis Cs-25 [23]
Max payload 7200 kg [20]
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Table 1. Cont.

Parameter ATR 72-500 Reference
OEI net ceiling (95% MTOM, ISA +10) 7700 ft [19]
Entry-Into-Service 1997 [23]
Maximum take-off mass 22,500 kg [19]
Operating empty mass 12,850 kg [19]
Maximum fuel mass 5000 kg [19]
Maximum operational Mach number 0.55 Ma [19]
Design Mach number 0.44 Ma [19]
Reference wing area 61.00 m? [19]1
Wing loading 352.4 kg /m? [19] 1
Engine (SLS, SA) 2051 kW (each) [19]
Power loading 0.18 kW/kg [19] 1
Volume coefficient horizontal stabilizer 1.07 [21]1
Volume coefficient vertical stabilizer 0.124 [21]1!
Final reserve fuel/energy 45 min at holding speed [24]
Alternate 87 NM [19]

1 This value was derived from data presented in the cited reference.

The calibration process involves iteratively refining the model outputs to ensure
consistency with the known performance metrics, aerodynamic characteristics, and physical
dimensions of the ATR 72-500, visualized in Figure 1. Once the model’s results align
with these established parameters, the calibration is considered complete, providing
a robust foundation for further studies involving advanced propulsion systems and
configurations [25].

Official Documents | | Textbook Equations

Validation . 5 Calibration
apnnp®

SUAVE: ATR 72-500 like

Aircraft Performance Output

Figure 1. Design and calibration process of the baseline aircraft in enhanced version of SUAVE,
including data of documents, calibration of the textbook equations and the validaiton based on
output of the aircraft performance.

2.3. Impact of the New Propulsion Architecture

Previous research projects have identified a significant increase in the maximum
lift coefficient (c;, max) as a potential key advantage of distributed electric propulsion
systems [26]. This increase enables a reduction in wing size while maintaining or improving
overall aerodynamic performance, making this approach particularly promising [26]. As
a result, this study incorporates adjustments to the sizing charts to accurately capture
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the fundamental performance characteristics of the configuration under investigation [27].
CL,max Plays a critical role in the following flight phases:
Wing Loading Based on Approach Speed [18,28]

my Z)2Approach "0 €L max
S mig 1
1.232.2. Q- (J)

o

The parameters used in this equation include the maximum takeoff mass (171) and the
reference wing area (S). The approach speed (vapproach) is considered with a safety factor of
1.23 as per certification requirements. Air density is denoted by (p), while (cL, max) represents
the maximum lift coefficient, which is dimensionless. The gravitational acceleration (g) is
taken as 9.81 m/s?, and the maximum landing mass is (mygg)-

Power loading based on take off field length [29]

3
p 1.2 2¢ < my-g > 2
mo-g Toc TP * 0 * STOFL \/ 000 \S:CamaxTO @)

The parameters in this equation include the engine power (P) and the proportionality

factor (Ktoc), which depends on the engine configuration. The propeller efficiency (771p) is
a dimensionless quantity that accounts for the conversion of shaft power into thrust power.
The density altitude factor (¢) is represented by o, while the takeoff field length (Storr)
refers to the required runway distance. The maximum aerodynamic lift coefficient during
takeoff (Ca max10) is also included. The proportionality factor (Ktoc) is derived from the
ATR 72-500 configuration, as the impact of the electric propulsion system cannot yet be
accounted for within this formula. Further investigation is required, but this falls outside
the scope of the present study.

As shown in Section 3.1, it is evident that the wing of the ATR 72-500 was not
originally designed for optimal cruise conditions. However, by utilizing distributed
electric propulsion, this can be achieved. The wing loading for the DEP configuration
is adjusted towards the optimum for cruise flight, as illustrated in Section 3.3. As discussed
in Keller et al. [26], the maximum lift coefficient increases with the number of propellers.
For this study, the minimum number of propellers required to achieve the necessary cr, max
is selected to ensure aerodynamic and propulsive efficiency. Since cp max is particularly
relevant for landing and low thrust conditions, the “maximum lift coefficient without
propeller forces” from Keller et al. [26] is used. Operational strategies and the interaction of
distributed electric propulsion with critical flight phases will be examined in future studies
through the implementation of higher-fidelity surrogate models, made possible by the
findings of this investigation.

2.4. Aircraft Energy System Model

In the following, the integration of the energy network into the design environment is
demonstrated, including key inputs and outputs as well as geometric considerations for
the tank placement. Subsequently, the network model is explained in detail, outlining each
subsystem’s equations and their interactions within the energy architecture.

2.4.1. Integration Aspects of Energy Network

The throttle, which is unknown (i.e., there is an implicit solving for this unknown) in
these calculations, is therefore the input for the energy network. For the design process,
the mass and the volume of each component are required to calculate the center of gravity
and allocate the corresponding volume within the aircraft. These parameters significantly
influence the geometry of the configuration. The liquid hydrogen tank plays a unique role



Aerospace 2025, 12, 249

8 of 29

in this process and is incorporated into the fuselage. See Figure 2; the following relations
are used:

Electric motor
and power converter

~

Cable

i

- FC system

— { \ LH2 Tank
{_: uuuuuuuuuuuu — |H.N”

Thermal

circuit n Heat exchanger
+E (in underfloor bay)

Figure 2. Geometrical topology of the system. This diagram represents the components allocation

and connection of components within the energy system model.

The required tank lengths [ for the fuel tanks are based on the fuel mass and tank
geometry, considering a cylindrical volume with end caps. The diameter of the fuel tank is
based on the fuselage width: D = Fuselage width. The volume of each section is given as
the volume of a cylinder Viyiinder = ”TDZZ and the volume of ellipsoidal end caps, where

D3
k - e

k is a flattening factor and defined as 0.1 for Veap = . Since each tank has two

end caps, their total volume is Veaps = k - ”TDB. The total volume of one tank is therefore
Viank = HT[)Zl+k T(TD?)

Since the tank stores liquid hydrogen, the total volume must equal the volume
occupied by the fuel. This relationship is determined by the fuel mass my,, and the
density of liquid hydrogen prn,: Viank = Zif—;ezl.

The density of liquid hydrogen is given by pr 11, = 71kg/m?, as well as the volumetric
efficiency (allowances), which is assumed to be 7, = 0.927 [30]. The values used for
the tank calculations refer to a pressure of 1.2 to 1.4 Bar,, as stated by Brewer et al. [30].
The pressures and the thermodynamic behavior of LH, over time are not considered in
detail. This aspect is accounted for through the allowances. Additionally, the tank’s inner
diameter is assumed to be 85% of the fuselage diameter (s; = 0.85) to account for structures

and insulation.
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This leads to the following expression for the required tank length:
4 Meyel 1
l=— —=—-kD| ————= 3
<7TD2 OLH, ) 1o - 8¢ 4+ 2kD ®)

This value is then stored in the iterative sizing process and used to extend the fuselage
by the corresponding length. The position of the fuel tank is assumed to be located behind
the cabin. The Gravimetric Index is defined as 0.35. For the initial design, the topology
illustrated in Figure 2 was used. The FC system, cooling components, and hydrogen tank
are positioned within the fuselage, while the electric propulsion motors and corresponding
power converters are located in the nacelles. This configuration facilitates efficient space
allocation with minimal effort, as the aerodynamic effects of a fuselage extension can be
easily accounted for. The component-based structure of SUAVE, organized into distinct
classes, enables future adjustments to the topology to be implemented.

2.4.2. Energy Network Model

The energy network model represents the propulsion architecture, illustrated in
Figure 3. To avoid reverse calculations, the throttle is directly applied to the FC to obtain
an explicitly solvable system of equations, as mentioned in Section 2.1. As outputs of the
energy network, the thrust, waste heat, and hydrogen mass flow computed by the energy
system are returned to the design loop.

Aircraft Power Circuit

Nacelle

LH2 Storage

<—%—[PropellerJ—[Motor}—[Power Converter}—F

Fuel cell system

Waste Heat Exchanger 3 |

Power Converter

Compressor system

Aircraft Thermal Circuit

Figure 3. Topology of the energy system model, showing the interconnections between its components.

This diagram depicts the thermal circuit in red, while the power circuit is in black.

Hydrogen is fed from the tanks to the FCs, and the electric power output of each
cell is then routed to the main aircraft power circuit via a power converter. From
there, power is provided to the propulsion motors driving the propellers, electric motors
driving compressors for each FC'’s air supply, and other onboard systems like avionics,
environmental control systems, etc., with separate power converters considered for each of
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these. Additionally, power is provided to other necessary FC balance of plant components,
such as humidifiers, recirculation blowers, or cooling pumps.

In addition, power is also needed for the main aircraft thermal circuit, which manages
waste heat from the FC systems and propulsion motors and dissipates it via the main
heat exchangers, which is taken into account by a constant additional resistance value
per mission section, but will be taken into account exactly in the future depending on the
operating conditions.

The model also considers a buffer battery to account for the transient behavior of the
FC. However, these do not affect the operation of the model during mission analysis but
only contribute to their masses and volumes during vehicle sizing. The sizing is performed
by assuming a buffer capacity of 0.15 h at nominal power.

All other components of the model are represented by simple, physics-based equations
and a set of parameters derived from literature for an optimistic future scenario. In the
following, the model equations used for the energy network are presented and explained,
with the corresponding parameter values provided in the Appendix A.

Fuel Cells Including Power Converters

As mentioned before, the throttle T(t) in SUAVE is directly applied to the FCs to set

the FC output power PEC  (t) using
C FC,
PeFl,out(t) = T(t) ’ Pel,OIIlltax (4)

with PeFlCO’fEaX being the maximum rated FC power. The output power of the FC power

converters PeFl%;tP C(t) is then determined using the efficiency of the converters 5FC):
FC-PC FC FC-PC
Pel,out (t) = Pel,out(t) : 77( ) (5)

To describe the efficiency of the FCs themselves, e5-(PYC  (t)) representing the specific

electric energy drawn from the FCs in kWh per kg of hydrogen input is calculated with the
following linear correlation:

FC PFC ) = FCr 1 1 PE],Cout(t) 6
€al ( el,out( )) = &g — &FC N W 6)
el,out
where el;c’r is the specific energy drawn at rated power and a ¢ is the factor representing

the dependence of the specific energy on the FC load factor. The origin of this equation
is further explained in Appendix A.1. Note that for the network setup in this study, the
load factor used in this equation equals the throttle setting of the system mentioned in
Equation (4).
The value calculated above can then be used to determine the required hydrogen mass
flow MFHS(t) with
PEC (t)

MI;IS(t) = 8FC(6113,(1;? (t)) 7)

el el,out

as well as the air mass flow using the fuel to air ratio f1:
FC FC FC
M (1) = Mg (1) - fair 8)

Using the difference between the total specific energy released from the hydrogen e

and the above calculated f- (Pflgut(t) ), the waste heat from the FC QFC (#) can now also

be calculated as follows:
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QES(H) = M (1) - (el — e (PEG(1))) ©)

Fuel Cell Balance of Plant (BOP)
The power required for the additional FC balance of plant components like humidifiers

or water separators, but excluding air compressors and thermal management systems

FC-PC BOP.
P k

“Lout_ (1), is calculated using a power factor

PFPOP) (1) = kBOP . pEC (1) (10)

el

Fuel Cell Air Compressor
The input power for the air compressors required for FC operation Pgecc}? rComp) (1)

can, according to [31], be described by

P(FC Aeromp) ( ) MEC ( t) NFC ) Cp,air Tamb(t)
mech Alr\ "/ 6 j(FC-AirComp) U(FC-AirComp)
-1
PEC ) 7
1.05 -1 (11)
< Pamb (t)

where NFC-AIrComp) i the number of compressors, Cp,air is the heat capacity of the air,
T.mb(t) is the ambient temperature, 7FC-AITComP) ig the compressor efficiency, v is the
isentropic exponent of the air, and ppc and pamp () are FC input pressure and ambient air

pressure, respectively.

The necessary output power of the compressor electric motors chcﬁ erOmpM)(iF)

P(FC AirCompM-PC) (t)

is equal to the compressor input power, while the input power P

P(FC AirCompM-PC)
elin )
is calculated using the efficiency of the motors #FC-AIComMPM) and converters
U(FC-AirCompM-PC)

and output power (t) of the corresponding power converters

, respectively:

FC-AirC M FC-AirC
PI(neCh irComp )( ) _ Pr(nech ir omp)(t) (12)
P(FC-AirCompM) ¢
P(FC-AirCompM-PC)(t) _ ‘mech ( ) (13)
elout - W(FC—AirCompM)
(FC-AirCompM-PC)
P(FC-AirCompM-PC) ( t) __ “elout (t) (l 4)
el,in - n(FC-AirCompM-PC)
LH2 Storage
The total hydrogen mass flow MIL{I;IZS (t) from the fuel tanks is determined by:
MEES (1) = NF€ - MES (1) (15)

with NFC being the number of FCs in the system.
In order to provide the necessary vaporization enthalpy AHE to the hydrogen stored

in liquid form, a heat flow QL125

QLIS (1) = M (1) - AHL? (16)

(t) must be provided to the tanks:

Aircraft Thermal Circuit
The amount of waste heat that needs to be dissipated from the aircraft via each main
heat exchanger can then be calculated as follows:

NFC LHZS
Qhwele;ltex< ) Qhe;\t] ENLEX Qhea’t ( ) (17)
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where NWHe is the number of heat exchangers. The power to run the aircraft thermal
circuit P4TC(t) is based on the work of NASA [32] and simplified to

PATC(t) = 0.371 - QFS () + 1.33kW (18)

While this empirical equation does not yet account for changing temperatures
for example, it represents the average conditions for the flight profile assuming
standard atmosphere.

Power Off-Take for On-Board Systems

A constant power off-take PY°T for other onboard consumers is assumed that needs

to be provided as the output power of a corresponding power converter PgSuTt'PC) (t):
POT-PC
e(l,out )(t) = ePlOT vt (19)
The required input power for the converter is determined by its efficiency 5TOTTC):
p(POT-PO) (t)
(POT-PC) __ “elout
Pel,in (t) - U(POT—PC) (20)
Power Balance Aircraft Power Circuit
Losses in the aircraft power circuit are accounted for using
APC, ] C p(FC-PC C
Pe(l o) = NF pe(l,out )(t)(l B UAP ) (21)
with 74PC representing the efficiency of the power circuit. Finally, the power provided to

the electric propulsion motor converters Pgil\r/ll_PC) (t) can be determined using the following
power balance:

: 1 .
p(PM-PC) (t) = ( NFC p(EC-PC) (t) — N(EC-BOP) pe(fC) ()

elin — NPM elout
_ N(EC-AirComp) PéfiCn-AirCompM—PC)(t) _ Péfi(r)lT-PC)(t)
— PATC() — PélAPC,loss)) (22)
Propulsion Motors Including Power Converters
The output power of the propulsion converters Péfgffc) (t) can then be determined

using their efficiency 7PMTC) by

(PM—PC)( b = P(PM-PC)( £ - 77(PM-PC) (23)

el,out elin

PM
p mech

and the shaft power (t) supplied to the propulsors by the propulsion motors by

Preen(t) = Pio (1) ™ (24)

mech\*/ ™ “el,out
where 7™ is the propulsion motor efficiency.
Masses and Volumes
During vehicle sizing, the masses and volumes of all components are calculated using
values for gravimetric and volumetric power density, respectively:
(Component,max)
mComponent _ el,out (25)

Component
m

(Component,max)
Component __ _elout
4 - Component (26)
v
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Here, mComponent 4,4 yyComponent ap0 the calculated mass or volume of the
Component,max)
P( p ”

component, P, . is the rated power of the component used for sizing, and
C t C t . . . .
. TPORENE and pvomponen are the gravimetric and volumetric power density of the

component, respectively.

These equations are used for every component except for the tank and buffer battery
and are listed in detail in Appendix A.3 for mass calculations and Appendix A.4 for
volumes, respectively. The calculations for the tank are described in Section 2.4.1.

For the battery, its capacity is first determined using a sizing factor T(FC/trans);
CBat _ (FCtrans) | P(fC,maX) 27)
el,out
where CBat represents the battery capacity and Pe(focl’?ax) is the rated FC power. Mass and
volume of the battery are then determined using the specific energy 52! and energy density
cBat of the battery:
CBat
Bat _
me = gt (28)
e,m
CBat
Bat _
V= cBat (29)
e,V

with mBat being the mass and V52! the volume of the battery. These formulas describe the
complete energy system integrated within SUAVE.

2.5. Assessment and Figure of Merit

For a meaningful evaluation of the concepts, selecting an appropriate figure of merit
is essential. Since this study focuses on assessing efficiency improvements, the Energy
Specific Air Range (ESAR) is chosen as the primary metric. Additionally, for the evaluation
of off-design performances, the ESAR is further adapted to align with the specific conditions
of it.

2.5.1. Energy Specific Air Range

The (ESAR) is derived from the well-known Specific Air Range (SAR) [33], which is
typically defined as:
dR

SAR = - (30)

where dR represents the change in range and dm the change in the aircraft mass. Since
two different energy carriers are compared, the change in mass is not a relevant parameter
and is therefore replaced by energy as the defining metric. To obtain an energy-based
performance indicator at the aircraft level, the concept of ESAR is developed. This metric
takes into account both the propulsion system efficiency and aircraft-specific parameters.
An ESAR formulation is given by the adapted equation of Seitz et al. [34]:
dR Voo

ESAR = —

dE ~ TSPC -mg-g 1)

This formulation shows that the aircraft range is directly related to the lift-to-drag
ratio %, and overall efficiency of the propulsion system. In summary, the Energy Specific Air
Range (ESAR) is a comprehensive figure of merit that enables the comparison of efficiency
gains for modern propulsion systems, whether thermal or electrical, by accounting for
the entire efficiency pathway from the energy source to the produced thrust, which leads
to synergies through better aerodynamics. This can be effectively represented using a
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Ladder Chart, which splits the respective parameters accordingly and references them to
the comparative aircraft, as illustrated in Section 3.3.

2.5.2. Improvements for the Off-Design Assessment

As described in Section 1, a more significant variation in performance outside the
design point can be expected for configurations utilizing hydrogen as an energy carrier.
This is primarily because the tank, rather than the energy carrier itself, is the dominant
factor in terms of the required volume and mass and, therefore, is not mission dependent.

A performance matrix based on ESAR, incorporating multiple off-design points with
adapted mission profiles, is integrated into the payload-range diagram to evaluate this
effect. Therefore, the figure of merit (i.e., ESAR) is further refined by incorporating the mass
of the payload mpay10aq, While energy (E) and range (R) are expressed as total values
now to account for the performance of off-design points appropriately. As a result,
the Energy Specific Payload Air Range (ESPAR) emerges as the figure of merit for the
off-design analysis.

E
ESPAR = ————— (32)
R- Mpayload

This approach enables a comprehensive evaluation of performance across all relevant

missions. In this context, higher-fidelity methods become increasingly significant.

3. Results

As mentioned in Section 1, all relevant results of the three configurations are presented,
namely the reference, baseline, and lead configuration. The results include the sizing
chart, which forms the basis of the designs. Additionally, the physical properties of the
configurations, including masses and geometries, as well as their calibration parameters,
are outlined. The performance is depicted using payload-range diagrams and ladder
charts as figures of merit for the assessment. As a final representation of performance,
the EPSAR is incorporated as a figure of merit across various off-design points within the
payload range.

3.1. Reference Configuration

The reference configuration sizing chart in Figure 4 illustrates the design space, with
key constraints marked in thick red. The wing loading results in 352 kg/m?, as specified
in Section 2.2, since it reflects the sizing chart of the ATR 72-500. As shown in green, the
cruise constraint gets its minimum and hence optimum for lowest power loading to the
right of the approach speed constraint.

Thus, the resulting design point shows that the wing loading for optimal cruise
conditions does not fall within this area. As described in Section 2.3, this means the wing
area is too big for optimum cruise but is needed to allow acceptable approach speeds and
relatively low power loading for an acceptable take-off distance. The design space is located
in the upper-left region and is bounded by the thick red lines, where the approach speed
is represented as a horizontal line, the service ceiling as a vertical line, and the take-off
distance as an exponential curve.
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Figure 4. Sizing chart of the reference configuration. The chart highlights key constraints in red, the
resulting design point, and the optimum cruise wing loading, illustrating a mismatch between the
design point and the optimum cruise conditions.

The stated results were calculated using the following calibration factors (see
Section 2.2) given in Table 2. The calibration factors show that they are all in the expected
regions, except for the wing and fuselage factors. These deviations might originate from
the family concept with the ATR 42, which has a similar fuselage and wing to keep the
additional detailed design to a minimum.

Table 2. Mass calibration factors.

Component Mass Calibration Factor
Operational items 1.15
Landing gear 0.94
Main wing 1.38
Fuselage 0.81
Horizontal stabilizer 1.12
Vertical stabilizer 1.03
Propulsion system 0.99

Due to the low fidelity of low-speed aerodynamic calculations with high-lift devices,
significant calibration is required for takeoff and landing, as shown in Table 3.

Table 3. Drag calibration factors.

Flight Segment Drag Counts per Flight Segment
Take-off 150

Second segment 6

Climb 6

Cruise 1

Descent 6

Landing 190
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As shown in Section 4.1, the calibration results in a deviation of 0.5% in the Maximum
Takeoff Mass and 0.01% in the Operating Empty Mass. As can be seen in Section 4.1. the
payload-range characteristics of the ATR 72-500 and the reference configuration are very
close to each other. This, along with their similar masses and geometries, indicates the
successful calibration of the reference configuration.

3.2. Baseline Configuration

The results of this configuration, as shown in Figure 5, demonstrate the effects of
an improved Power Specific Fuel Consumption (PSFC) by 28% [25] on the otherwise
unchanged reference configuration. The improved PSFC results in a mass reduction of
—5.6% and an overall improvement in SAR by 44%.

Reference Configuration

Engine | —28%

—44% | Block energy /NM

Mass | —5.6%

Baseline configuration

Figure 5. Ladder chart comparing the baseline to the reference configuration, where the deltas in
engine efficiency and aerodynamic efficiency are referenced to mid-cruise conditions.

3.3. Lead Configuration

The design point of this configuration is optimized for cruise, which can be seen
in Figure 6, resulting in a wing loading of 440kg/m? with a ¢ max of 3.3 and a power
loading of 0.16 kW /kg. As described in Section 2.3, the minimum possible number of
propellers was selected, leading to a configuration with 10 propellers. Since the option to
consider a battery electric configuration should be preserved for future research, the design
range has been reduced to 800 km, while all other TLARs mentioned in Section 2.2 have
been maintained.

With a significant improvement in PSFC and an increase in wing loading, which leads
to a 4% aerodynamic enhancement in cruise, the ESAR improves by 28% compared to the
baseline configuration, considering the same design mission; see Figure 7. This significant
gain is primarily limited due to the approximately 3.5 times heavier propulsion system.
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Figure 6. Sizing chart of the lead configuration. The chart highlights key constraints in thick red, the
resulting design point, and the optimal cruise, illustrating a match between the design point and the
optimal cruise condition.

Baseline configuration

Engine | —32% —28% | Block energy /NM

Aerodynamic | —4%

Mass | +13% +

Lead configuration
Y

Figure 7. Ladder chart comparing the Lead to the Baseline configuration, where the deltas in engine
efficiency and aerodynamic efficiency are referenced to mid-cruise conditions.

4. Discussion

The following section presents the effects on the three configurations’ mass, geometry,
and performance. Subsequently, a detailed performance assessment is conducted,
examining the variations in efficiency outside the design point and relating them to
real-world applications.

4.1. Comparison

The mass examination highlights the effects of the significantly heavier powertrain
in the FC configuration and the resulting mass increases in other components, such as the
landing gear, which is strongly affected by this additional weight due to snowball effects,
see Table 4. Furthermore, the space required for the fuel cell and tanks within the fuselage
and the resulting elongation lead to a noticeable increase in overall mass.
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Table 4. Comparison of mass breakdown and corresponding center of gravity for all configurations.

Component Reference Baseline Lead
Mass X-AxisCG Mass X-Axis CG Mass X-Axis CG
inkg inm inkg inm inkg inm

Main wing 1973 12.37 2119 12.40 1883 15.08

Fuselage 2078 12.29 2136 12.29 2259 13.25

VTP 222 23.94 238 24.00 209 25.82

HTP 132 25.23 147 25.26 123 27.80

Nose landing gear 115 4.09 119 4.09 125 4.80

Main landing gear 557 12.81 585 12.84 627 15.81

Crew 313 8.19 313 8.19 313 8.83

Propulsion System 1644 10.20 1736 10.20 5674 18.9

Systems 4422 11.67 4436 11.67 4382 12.77

Operational items 1022 10.92 1022 10.92 1022 11.77

Design Fuel 1800  12.23 2601 12.26 373 20.35

Design Payload 6650  12.29 6650 12.29 6650  13.25

OEM 12,478 11.88 12,851 11.93 16,617 15.38

MTOM 20,928 12.04 22,102 12.08 23,640 14.86

Further significant variations are presented in Table 5, which, despite the mass increase,
features a reduced reference wing area enabled by the higher ¢y .. Additionally, the
fuselage is nearly three meters longer, and due to the aft-shifted center of gravity (CG), the
main wing origin is positioned three meters further aft.

Table 5. Summary of most defining aircraft parameters of all three configurations.

Key Fact Reference Baseline Lead
MTOM CG in percent MAC 15 15 15
MTOM CG inm 12.08 12.04 14.86
OEM in kg 12,851 12,478 16,617
Main Wing in m? 62 59 54
Span in m 274 26.6 27.05
VTP in m? 16.2 15.0 14.9
HTP in m? 12.0 11.0 10.8
Design fuel energy in kWh (670 NM) ! 29,886 20,682 n/a
Design fuel energy in kWh (432 NM) L 22727 15,764 12,309
Total installed shaft power in kW 4120 3902 4408
Fuselage length in m 27 27 29.44
L/D Cruise 16.8 16.8 17.3
max Cj, 2.6 2.6 3.3
Main Wing Origin 11.45m 11.45m 14.47

! The Design mission of the lead configuration differs from the reference and baseline configuration.

In the payload-range diagram in Figure 8, the differences in operational flexibility are
clearly evident. It is apparent that, for a conventional turboprop aircraft, an improvement
in PSFC significantly expands the potential mission envelope. Moreover, for configurations
with hydrogen as the energy carrier, the adjusted design range restrictions and the abrupt
downturn of the MTOM curve immediately after the design point additionally limit the
operational range.
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Figure 8. Payload range diagram of the reference, baseline and lead configurations as well as an
ATR 72-500.

4.2. Off-Design

The energy network model, which incorporates interactions with the mission profile,
enables a wide range of analyses. Figure 7 illustrates the potential savings of the lead
configuration compared to the baseline configuration for the design mission of the lead
configuration. However, considering off-design points reveals that these potential savings
diminish significantly outside the design mission.

Figure 9 illustrates a payload-range diagram depicting the percentage deviation of
ESPAR performance relative to the design point. The diagram has been cropped for small
ranges and payloads to highlight the relevant region. Within this region, the progression of
the respective ESPAR values is shown, referenced to the design point. Dark violet indicates
zero deviation from the design point, while the color gradient towards yellow represents
the percentage degradation of ESPAR. The dashed lines indicate constant ESPAR values,
making it evident that ESPAR decreases not only with decreasing payload but also with
decreasing range.

The results presented in Section 4 indicate that the variation with respect to payload
is significantly stronger than the variation with respect to range. To make the deviation
over the range more visible, the ESPAR is differentiated with respect to the range for
different payload values, diR (ESPAR); see Figure 10. For example, the ESPAR of the lead
configuration declines by 7.7% from the off-design point with a 5000 kg payload from
500 NM to 250 NM range. This highlights the necessity of evaluating new aircraft concepts
not only at the design point but also in off-design conditions. In future research, these
insights will be further applied to market data to assess the overall impact.
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Figure 9. Payload-Range Diagram with ESPAR performance matrix (zoom on design point).
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Figure 10. ESPAR differentiated with respect to range, for different payload values.

5. Conclusions

The study evaluates the potential and challenges of integrating hydrogen-based
propulsion systems into regional aircraft, with a particular focus on highly integrated
aircraft configurations featuring distributed electric propulsion (DEP). Through a rigorous
design and calibration process using the SUAVE framework, three aircraft configurations
(reference, baseline, and lead) were assessed to quantify the benefits of advanced
propulsion architectures.

The integration of FC technology with DEP also introduces potential new risks
that must be addressed in future research. While this study focuses on the overall
aircraft design, it is essential to acknowledge key safety challenges related to high-voltage
power distribution, insulation requirements, and redundancy strategies to ensure
operational safety.

Furthermore, while the subsystems of current FC systems ensure most of the necessary
functions in an electrified propulsion system, the development of reliable design solutions
for cold start, in-flight restart, and emergency shutdown is still required [35]. These
operational aspects are critical for ensuring the reliability of hydrogen fuel cell systems in
aviation applications, particularly in adverse environmental conditions.

High-voltage electrical architectures necessary for DEP pose challenges such as electric
arcing, insulation breakdown, and electromagnetic interference, which could impact system



Aerospace 2025, 12, 249

21 of 29

reliability. Additionally, thermal management strategies for power electronics and energy
storage systems must be optimized to mitigate risks related to overheating and potential
failure. The safety implications of hydrogen as an energy carrier further necessitate robust
fault detection and isolation strategies to prevent hazardous scenarios.

Based on this preliminary data, higher-fidelity models will be developed, which will
feed back into the OAD framework. In particular, the results of this study will contribute to
the refinement of a detailed thermal management system (TMS) surrogate model, which
will facilitate the consideration of ISA variations in the next research stage to better represent
real-world conditions. Moreover, the dependency of fuel cell and fuel tank operations on
operating pressure will also be integrated into those models, as well as the possible need
for a hydrogen compressor for the fuel cell system in some cases.

This investigation also highlights the necessity of a new assessment approach and
integrating its findings into preliminary aircraft design, which will be examined in greater
detail in future studies. Implementing higher-fidelity formulations and their impact plays
a crucial role in this evaluation.

A key novelty of this study is the full transparency of the energy network model,
including all equations governing the propulsion and energy system, as well as the
detailed calibration factors used in the design process. By making these equations publicly
available, this work ensures that engineers and researchers can replicate the results, validate
methodologies, and build upon the findings to further refine hybrid-electric aircraft
design. The open-access approach fosters reproducibility and accelerates advancements in
sustainable aviation technology by providing a robust framework for future studies.

The findings demonstrate that integrating fuel cell electric propulsion with DEP can
lead to significant improvements in energy efficiency, provided that key design trade-offs,
such as mass penalties, are carefully addressed. The lead configuration, optimized for cruise
conditions, achieved a 28% improvement in Energy Specific Air Range (ESAR) compared
to the baseline, despite a 13% increase in operating empty mass. However, off-design
performance assessments revealed that hydrogen-based aircraft configurations exhibit
sensitivity to mission variations, implicating the need for refined operational planning.

The payload-range diagrams and ESAR-based performance metrics indicate that
hydrogen aircraft require tailored mission planning strategies to maximize operational
efficiency. Moreover, the integration of LH2 storage and DEP necessitates novel aircraft
design considerations, including optimized fuselage layouts, refined mass and balance,
and enhanced aerodynamic efficiency.

By advancing methodologies for hybrid-electric and hydrogen-powered aircraft design
and ensuring full transparency in its modeling framework, this research contributes to
the broader goal of achieving climate-neutral aviation while maintaining competitive
operational schedules. The insights presented pave the way for further investigation into
sustainable propulsion systems, ultimately supporting the transition to low-emission air
transport. Future research will focus on improving energy systems modeling, refining
off-design performance evaluations, and addressing key challenges in certification and
operational integration.
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Abbreviations

The following abbreviations are used in this manuscript:

ATR French: Avions de Transport Régional,
Italian: Aerei da Trasporto Regionale,
lit.: ‘Regional Transport Airplanes’

APC Aircraft Power Circuit

ATC Aircraft Thermal Circuit

BOP Balance of Plant

cr,max  Maximum Lift Coefficient

CG Center of Gravity

DEP Distributed Electric Propulsion

EASA  European Union Aviation Safety Agency

EIS Entry Into Service

ESAR Energy Specific Air Range

ESPAR  Energy Specific Payload Air Range

FC Fuel Cell

FC-PC Fuel Cell-Power Converter

HTP Horizontal Tail Plane

ISA International Standard Atmosphere

LH, Liquid Hydrogen

MAC Mean Aerodynamic Chord

MTOM  Maximum Take-Off Mass

NM Nautical Mile

OAD Overall Aircraft Design

OEM Operating Empty Mass

PM Propulsion Motor

POT Power Off-Take

PSFC Power Specific Fuel Consumption

SAR Specific Air Range

SUAVE  Stanford University Aerospace Vehicle Environment

SynTrac  Synergies of Highly Integrated Transport Aircraft

TMS Thermal Management System

TRL Technology Readiness Level

VTP Vertical Tail Plane

WHex Waste Heat Exchanger

Appendix A. Model Derivation and Parameters
Appendix A.1. Fuel Cell Equations

The total specific energy e in kWh/kg states how much energy can be released from
the hydrogen fuel. It can be calculated using the molar enthalpy of the hydrogen oxidation
reaction Agh, the molar mass of hydrogen My, and the fuel efficiency of the FC stack 17}:561,
which is the stoichiometric ratio of hydrogen consumed to the amount of hydrogen fed to
the stack:

C
77]lfjuel
My,

el = Agh - (A1)
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In contrast, the specific electric energy ¢/ describes how much electric energy is
produced from the hydrogen, and can be described as follows:

FC
EFIC _ yeell ' quel
¢ T 2F Mgy,

(A2)

where U is the mean cell voltage of the stack and F is the Faraday constant. The cell
voltage can thus also be used as a measure of efficiency for the cell. It changes depending
on the operating conditions, but above all depending on how much current is drawn from
the cell. This can be shown using the FC polarization curve as in Figure Ala, which shows
the cell voltage U over the current density I, which is the current per cell surface area
and measured in A/cm?. This results in a maximum theoretical power output of the cell.
Increasing the current density further, will lead to a decrease in power due the dropping
voltage, as can be seen in Figure Alb,c, which show the power output of the cell ch over
the current density and cell voltage over power output, respectively. The rated power of a
FC P:;C’r is usually set slighty below this maximum peak. The direct relation of EEIC and
Ul can also be seen when comparing Figure Alc,d, where the drawn power was also
normalized to the maximum rated power of the cell ch'r / PEFZC’T.

cel FC
U P

_ Uceh‘,(l)

~a _ _ UceH,(Z)

' 1
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Figure A1l. Different operating points of the FC stack shown on (a) the FC characteristic curve, (b) the
power over current density curve, (c) the voltage over power curve and (d) the specific energy over
the load factor.

The resulting curve can now be fitted by a linear approximation using Equation (6) of
the network model. To determine the parameters, two operating points must be examined,
one at part-load (1) and one at rated power (2). The parameters can then be calculated
as follows:

FC
erer - U i (A3)
el 2F My,

FC,(1) _ yeelt (1) . W}:Eel

el 2F My,

(A4)
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T
Pel

with Ue!(1) and U//(2) being the voltages measured at the two operating points. Note

that ar. will always be negative, because eflc is higher in part-load conditions. For this

study, eflc’r and a . have been chosen based on expected FC performance.

Appendix A.2. Energy-Related Parameters

Table Al. Energy-related parameters.

Symbol Name/Meaning Value Ref.
ntM Efficiency of propulsion motor (in %) 95 [36]
5 (PM=PC) Efficiency of propulsion motor power converters (in %) 99 [36]
nAPc Efficiency of Aircraft Power Circuit (in %) 99.5 [36]
y(FC=PC) Efficiency of fuel cell power converters (in %) 97 [36]
8gc,r) Specific electric energy from fuel cell feed (kWh/kg) 20 [37]
XFC Factor for variable specific energy from fuel cell feed -0.5 [37]
et Specific total energy from fuel cell feed (kWh/kg) 33.3 [37]
fEe Fuel cell air demand factor (kgAir/kgH,) 60 [38]
deP Factor for BOP power demand (kW /kW) 0.01 [37]
(FC—AirComp) Efficiency of air compressor (in %) 87 [39]
y(FC—AirCompM) Efficiency of air compressor motor (in %) 95 [36]
(FC—AirCompM—PC) " Efficiency of air compressor motor power converters (in %) 99 [36]
PgOT Constant power off-take (kW) 150 [40]
yPOT=PC) Efficiency of consumer power converters (in %) 97 [36]
AHM? Specific vaporization enthalpy of Hy (kWh/kg) 0.125 [41]
Cpair Isobaric heat capacity of air (kWh/kgK) 2.8 x10°% [42]
Isentropic exponent of air 1.4 [42]
(FC trans) Sizing factor for buffer battery (h) 0.15 [43]
F Faraday constant kAs/kmol 96,485 [31]
My, Molar mass Hj kg/kmol 2 [31]
Appendix A.3. Mass-Related Formulation and Parameters
(FC,max)
= 781';;;; (A6)
(FC—PC,max)
l,out
= W (A7)
Pm
P(FC—BOP,max)
— e (A8)
(FC—BOP)
Pm

m(FC—AirComp)

FC—AirCompM)

FC—AirCompM—PC)

(FC—AirComp,max)

_ _mech ( A9)

(FC—AirComp)
m

(AirCompM,max)

_ _mech (AlO)

AirCompM
Pm

(AirCompM—PC,max)

_ el,out ( All)

p(AirCompM—PC)
m



Aerospace 2025, 12, 249 25 of 29
CBat
mbB = 5 (A12)
e,m
(Bat—PC,max)
(Bat—PC) _ el,out
m = B =PC) (A13)
m
WL Q}(IWHex,max)
ex __ eat
m = W (A14)
Q(ATC,max)
mATC — hea}K - (A15)
Im
(POT—PC,max)
(POT—PC) _ elout
m ~poTRO) (Ale)
m
P(APC,maX)
mAPC _ _el PC (A17)
Pm
(PM—PC,max)
(PM—PC) _ el,out
m = 7P(PM7PC) (A18)
m
P(PM,max)
mPM — mecll;lM (A19)
Pm
LH?2
LH2S _ M
m = W (A20)
i
Table A2. Mass-related parameters.
Symbol Name/Meaning Value Ref.

fc Gravimetric power density Fuel Cell (kW /kg) 3.5 [37]

,(f €-FO) Gravimetric power density Fuel Cell converters (kW /kg) 25 [36]

ﬁ,f C-BOP) Gravimetric power density Fuel Cell balance of plant (kW /kg) 10 [37]

,(15 €~ AirComp) Gravimetric power density air compressor (kW /kg) 12 [44]
pﬁ"comp M Gravimetric power density air compressor motor (kW /kg) 10 [36]
p1(11Aeromp M=PO)" Gravimetric power density air compressor motor power converter (kW/kg) 100 [36]
cbat Specific Energy battery (kWh/kg) 0.3 [43]

p,(f at—PC) Gravimetric power density battery converters (kW /kg) 25 [36]
quVHex Gravimetric power density heat exchanger (kW /kg) 2 [37]
q;‘;TC Gravimetric power density aircraft thermal circuit (kW /kg) 5.5 [37]
p,(nPOT_PC) Gravimetric power density consumer power converters (kW /kg) 25 [36]
parc Gravimetric power density aircraft power circuit (kW /kg) 500 [36]
p,(anfpc) Gravimetric power density propulsion motor power converters (kW /kg) 100 [36]
phM Gravimetric power density propulsion motor (kW /kg) 10 [36]
nLH2S LH2 gravimetric storage density (kg/kg) 1 [45]
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Appendix A.4. Volume-Related Formulation and Parameters
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Table A3. Volume-related parameters.
Symbol Name/Meaning Value Ref.
fc Volumetric power density Fuel Cell (kW/ m?) 5000 [46]
I(JFC*PC) Volumetric power density Fuel Cell power converters (kW /m?) 3500 [47]
pz(,FC*BOP) Volumetric power density Fuel Cell balance of plant (kW /m?) 2000 [37]
pz(,FC*Alrcomp ) Volumetric power density air compressor (kW / m?) 5000 [44]
pf"comp M Volumetric power density air compressor motor (kW /m?3) 4500 [48]
pz(,Alrcomprpc) Volumetric power density air compressor motor power converter (kW/m3) 2500 [49]
chat Energy density battery (kWh/m?) 200 [50]
pz(,BaFPC) Volumetric power density battery power converters (kW /m?3) 3500 [47]
qiVHex Volumetric heat Volumetric power density heat exchanger (kW /m?) 400 [51]
AT Volumetric heat Volumetric power density aircraft thermal circuit (kW/m3) - -
z(,POT_PC) Volumetric power density consumer power converters (kW/m?3) 3500 [47]
pAPc Volumetric power density aircraft power circuit (kW /m?3) - -
pz(,PM_PC) Volumetric power density propulsion motor power converters (kW/m?) 2500 [49]
M Volumetric power density propulsion motor (kW /m?) 4500 [48]
nLH2s LH2 volumetric storage density (kg/m3) 50 [45]
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