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Proton exchange membrane fuel cells hold great promise as a power source for future low-emission aircraft.
However, the reduced ambient pressure at high altitudes poses challenges for the reactant air supply to the fuel
cells. We introduce several advanced topologies for the fuel cell’s air supply and analyze them with a thermo-
dynamic model, which uniquely accounts for interactions with the stack, humidifier, and thermal management
system. The results show that the optimal topology depends on the aircraft type. For the propulsion of regional
aircraft, an added turbine stage can reduce the mass of the fuel cell system and tank by 4.5 %; whereas for

auxiliary power in larger aircraft, two-stage compression enables a 10.9 % efficiency gain during cruise. These
findings underscore the importance of tailored air supply solutions for fuel cell systems and provide a pathway
towards improving their performance in aircraft applications.

1. Introduction

Commercial aviation is responsible for approximately 4 % of human-
induced global warming [1] and is a particularly hard-to-abate sector
[2]. As passenger numbers continue to rise, the emissions of aviation are
projected to increase further [3]. In response, there is an urgent need to
decarbonize future aircraft, and one promising approach to reduce the
emissions of future aircraft designs is to replace conventional jet fuel
with hydrogen produced from renewable sources [4]. Hydrogen can be
utilized in three distinct ways as an aviation fuel. Firstly, it can serve as
feedstock for the production of synthetic kerosene (power-to-liquid).
This approach requires only minor modifications to the engines, but
faces the challenge of a high fuel production cost [5]. Secondly,
hydrogen can be directly combusted in modified gas turbine engines.
However, the volumetric energy density of hydrogen is much lower than
that of conventional jet fuel, even if the hydrogen is stored in liquid form
(gaseous H2, 700 bar: 4.8 MJ/L, liquid H2: 8.5 MJ/L, jet fuel: 34.9 MJ/
L) [6]. Thus, extensive modifications of the aircraft would be required to
store a sufficient amount of hydrogen. Moreover, the combustion of
hydrogen raises the challenge of mitigating NOx emissions, despite
potentially lower costs of liquified hydrogen compared to synthetic
kerosene [7]. The third option is to use fuel cells to convert the hydro-
gen’s chemical energy into electric energy. Fuel cells can either be used
to drive propellers with electric motors [8,9], or to provide electric
auxiliary power onboard the aircraft [10,11]. In this context, proton
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exchange membrane (PEM) fuel cells have emerged as a particularly
promising technology for aviation because of their high efficiency and
inherently low emissions. Fuel cells can achieve system-level efficiencies
of around 50 %, which is higher than the efficiency of small turboprop
engines and electric generators that are coupled to large turbofan en-
gines [11,12].

Notwithstanding their advantages, PEM fuel cell systems face critical
challenges for their application in aviation. The low ambient pressure at
high flight altitudes imposes stringent requirements for the air supply of
the fuel cell stacks. The ambient air needs to be highly compressed to
achieve feasible stack operating pressures of > 1 bar, which reduces the
overall system efficiency and increases the mass of the air supply system
[13]. This is a significant drawback as the specific power of fuel cell
systems needs to improve substantially in order to become competitive
to conventional engines [4]. The EU’s Strategic Research and Innovation
Agenda targets a system-level specific power of 2.0 kW/kg by the year
2030, the state-of-the-art is 0.5-0.75 kW/kg [14,15]. A high fuel cell
system efficiency is important to minimize the additional volume that is
required for the hydrogen tanks. Furthermore, state-of-the-art low
temperature PEM fuel cell systems require liquid cooling to achieve
power outputs of several hundred kW. The liquid cooling system pe-
nalizes the aircraft performance because of its added mass and aero-
dynamic drag [16]. Air-cooled low temperature PEM fuel cells could
enable a simplified thermal management, but are currently only avail-
able for lower power requirements [17,18]. In addition, air-cooled high
temperature PEM fuel cells could become a promising alternative once a
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Nomenclature

Symbol Description

cp Specific heat capacity (Jkg 'K™1)
Fy4 Drag force (N)

h Specific enthalpy (J/kg)

m Mass (kg)

m Mass flow (kg/s)

N Number of components (—)
P Pressure (Pa)

p Electric power (W)

Q Heat flow (W)

Rsp Specific gas constant (Jkg'K™1)
RH Relative humidity (—)

T Temperature (K, °C)

%4 Volume (m3)

X Molar fraction (—)

Greek symbols

n Efficiency (-)

11 Pressure ratio (—)
Subscripts

ar anode recirculation

amb ambient

aux auxiliary

av available

bp bypass

ccp compressor coolant loop
cp compressor

dr diffuser

eff effective

el electric

gf ground fans
hm humidifier

hx heat exchanger
in inlet

max maximum
norm normalized

nz nozzle

out outlet

ph preheater

pu coolant pump
red reduced

ref reference condition
req required

sh shaft

sl stage 1

s2 stage 2

sat saturation

sys system-level

tb turbine

tot total

sufficient technology readiness level is reached [19].

Previous studies have assessed various ways to improve the perfor-
mance of fuel cell systems for aviation. Massaro et al. [8] investigated
the feasibility of a fuel cell-based propulsion system for a regional
aircraft. Their results show that the fuel cell system’s efficiency and mass
can be improved by operating the stacks below their nominal maximum
load. Sparano et al. [20] studied a regional aircraft that uses PEM fuel
cells in combination with batteries. They proposed a combined approach
for the component sizing and energy management that improves the
mass and volume of the powertrain. Zhang et al. [13] studied the
sensitivity of the stack performance to various operating conditions and
derived an optimized control strategy for self-humidifying PEM fuel cells
under aviation conditions. Sain et al. [21] designed a PEM fuel cell
system for regional aircraft propulsion and compared different options
for the geometric arrangement of the air- and thermal-management
subsystems. Kosters et al. [16] proposed an innovative phase-change-
heat-pump cooling strategy for a MW-scale PEM fuel cell system.
Their simulation results show that phase-change-heat-pump cooling can
reduce the cooling drag compared to conventional liquid cooling.
Moslehi et al. [22] optimized the performance of a fuel cell/battery
hybrid powertrain by developing an energy management strategy that
explicitly considers the constraints of the air supply system. In a previ-
ous study [12], we developed an approach for the preliminary design of
fuel cell systems for regional aircraft propulsion. The proposed approach
identifies the smallest feasible combination of fuel cell system compo-
nents by optimizing the stack operating conditions for each flight phase.

The above studies used a variety of different topologies to compress
the ambient air for the fuel cell stacks. For example, refs. [8,12,13,22]
considered a single-stage compressor, Ref. [16] considered a single-
stage compressor that is coupled to a turbine, and Ref. [21] consid-
ered the option of multiple parallel compressor stages. However, all
these studies have in common that they only investigated one of these
topologies for their respective case. Campanari et al. [23] showed that a
thorough comparison of different air supply system topologies for a
given application can substantially improve the system performance.

While these previous studies made important contributions towards
adapting fuel cell systems for aviation, there is a need for a holistic
understanding of the system-level effects of different air supply system
topologies across varying flight conditions. This scientific gap limits our
technological ability to design lightweight and efficient fuel cell systems
for high-altitude operation, which in our view is the most critical
bottleneck for hydrogen-powered fuel cell systems in aviation. This
work addresses this gap with the following contributions:

1. We introduce and rigorously compare a number of advanced topol-
ogies for the air supply of fuel cells in aircraft applications. The
investigated topologies are as follows: The air can be compressed in a
single-stage compression process or in a two-stage compression
process. The two compressor stages can be arranged in series to
improve the maximum pressure ratio, or in parallel to enlarge the
range of feasible mass flows. Moreover, each compressor type can be
combined with a turbine stage to recover energy from the fuel cell
exhaust. These design choices result in six possible topologies.

2. The potential of these topologies is analyzed with a detailed ther-
modynamic model. Crucially, the model includes both direct effects
related to the air supply system and indirect effects that arise from
the coupling to the stacks, humidifier and thermal management
system. This enables an improved understanding of the benefits and
drawbacks of the above design choices.

3. The effects of different flight altitudes and power requirements on
the choice of the optimal air supply system topology are investigated
for two promising case studies for fuel cells in aviation: the propul-
sion of regional aircraft and the auxiliary power supply in larger
narrow-body aircraft.

These contributions provide a pathway towards improving the spe-
cific power and efficiency of fuel cell systems in aviation by introducing
custom-tailored air supply systems for high-altitude operation. In addi-
tion to the two investigated aircraft types, the proposed approach can
also be applied for other aircraft sizes because the component models
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are scalable to different power requirements.
2. Air supply system topologies

The two aircraft concepts that serve as case studies for this study are
briefly introduced below; a more detailed description can be found in
refs. [12,24,25]. The regional aircraft concept is designed by Atanasov
[24] and is shown in Fig. 1 (a). The aircraft is designed to carry 70
passengers; its size is similar to a conventional ATR-72 aircraft [26]. The
aircraft uses ten identical fuel cell systems to generate thrust with
electrically-driven propellers. The arrangement of ten propellers along
the wingspan was chosen to utilize the aircraft-level efficiency gains that
can be achieved with such a distributed propulsion concept [27]. Each of
the ten fuel cell systems provides 312 kW at takeoff and 273 kW during
the cruise phase at an altitude of up to 8840 m. The detailed electric load
profile is discussed in Section 4.1.

The narrow-body aircraft is described in Ref. [25] and is shown in
Fig. 1 (b). This aircraft is designed to carry 250 passengers, which makes
it slightly larger than an Airbus A321neo aircraft. The aircraft generates
thrust through direct hydrogen combustion in two gas turbine engines.
Four identical fuel cell systems provide electric power to auxiliary loads
such as the environmental control system. During the descent phase, the
fuel cells also provide mechanical power to the shafts of the two main
engines. This is done to reduce the aircraft’s fuel consumption: The
engines generally do not generate much thrust during descent, but need
to be able to quickly ramp up to full thrust if needed. Maintaining the
engines’ idle state can consume a considerable amount of hydrogen,
especially for short missions. In this concept, the fuel cells power an
electric motor that maintains the required temperature- and pressure-
level for the main engines [25]. This reduces the aircraft’s overall fuel
consumption, because the fuel cells operate more efficiently than the gas
turbine engines at their idle state. Each of the four fuel cell systems needs
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to provide an electric base load of 92 kW throughout the mission and an
additional 257 kW during the descent phase at an altitude of up to
10670 m. The detailed electric load profile is discussed in Section 4.1.

2.1. Overdll fuel cell system layout

The individual fuel cell systems in the two aircraft concepts provide
approximately the same maximum power output per system (auxiliary
power: 4x 350 kW, propulsion: 10x 312 kW). Hence, the same overall
fuel cell system layout is chosen for the two cases. The assumed layout is
based on a previous publication [12] and is shown in Fig. 2. The fuel cell
system contains three subsystems:

1. Air supply system
2. Stack- and humidification subsystem
3. Thermal management system

The remainder of this section summarizes the key aspects of each
subsystem. The air supply system provides pressurized air to the stacks
(stream 5) and can potentially recover energy by expanding the stack’s
exhaust air (stream 4) in a turbine. Several possible topologies for the air
supply system are introduced in Section 2.2. The stack- and humidifi-
cation subsystem combines several fuel cell stacks to achieve the
required system-level power output of several hundred kW. Fig. 2 shows
an exemplary scenario with two stacks; the actual number of stacks is a
result of the system sizing (as described in Section 3.4). Each stack is
equipped with a membrane humidifier and a recirculation blower for
unconsumed hydrogen.

The thermal management system is used to transfer the system’s
waste heat to the ambient air. The stack operating temperature is
controlled to 85 °C with the bypass of the fuel cell cooler (see Fig. 2). The
stacks are operated at their assumed maximum temperature of 85 °C

(b)
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Fig. 1. Investigated aircraft concepts. (a) Regional aircraft with fuel cell based propulsion, based on Refs. [12,24] (b) narrow-body aircraft with fuel cell systems for
auxiliary power and assisted idle, based on Ref. [25]. The power flows Pgack, Par, Pep.el; Ppu and Py are explained in Section 3.1.
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Thermal management system
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Fig. 2. Investigated fuel cell system layout, based on Ref. [12]. (Water sep. = water separator).

because this minimizes the aerodynamic drag of the thermal manage-
ment system. A second heat exchanger is used to remove the waste heat
of the compressor with a liquid coolant at a temperature of 55 °C. An air-
air heat exchanger is used to cool down the hot compressed air (up to
220 °C) to 85 °C before it enters the humidifiers. The stack’s cathode
exhaust also enters the humidifier at 85 °C and no significant heat
transfer occurs in the humidifier. The diffusers reduce the velocity of the
incoming ambient air streams and thereby increase the air pressure. If
the pressure increase in the diffusers is larger than the pressure drop in
the heat exchangers, the thermal management system works passively (i.
e., without using the ground fans). For the regional aircraft, the fuel cells
are only operated when the aircraft is moving fast enough to allow for
passive cooling. A small battery is used for taxiing and takeoff [12]. For
the narrow-body aircraft, the fuel cells need to be able to continuously
supply the electric base load when the aircraft is on ground. Hence,
ground fans are used to enforce an air flow through the heat exchangers
when the aircraft is not moving fast enough. Such electrically-driven
ground fans are commonly used in the environmental control system
of conventional aircraft [28].

In addition to the above subsystems, a hydrogen pre-conditioning
system is required to evaporate and heat up the liquid hydrogen from
the tanks to the required temperature and pressure at the inlet of the fuel
cell’s anode recirculation loop (>2.5 bar, >20 °C). The design of such a
liquid hydrogen storage and preconditioning system is a separate chal-
lenge [29] and is beyond the scope of this work. The two investigated
aircraft concepts were designed so that the boiloff rate of the liquid
hydrogen tanks is smaller than the aircraft’s hydrogen consumption
during flight [24,25]. Thus, there is no active cooling required to avoid
excessive evaporation of liquid hydrogen during flight.

2.2. Air supply system layout

The air supply system needs to compress the air from a variable

ambient pressure (as low as 0.24 bar at 10670 m) to the required
pressure at the inlet of the fuel cell stack (>1.0 bar). As explained in the
introduction, this can be achieved with a number of different topologies,
which are shown in Fig. 3.

The most basic topology only consists of an electrically-driven single-
stage radial compressor (see Fig. 3, topology T1). This is a commonly
studied topology [8,12,13] that provides reasonable performance with
the benefit of a low system complexity. The ambient air (stream 1) en-
ters the air supply system through a diffuser, which reduces the velocity
and increases the pressure at the inlet of the compressor. The bypass at
the compressor outlet is used for surge control. The surge control of a
compressor is necessary to avoid operating points where the required
mass flow is too low and would result in flow instabilities [22]. This is
achieved by increasing the compressor’s air mass flow beyond the
required amount and bypassing the excess air to the surroundings
(stream 3). This enables a stable compressor operation, but has the
drawback of a decreased system efficiency in flight phases where the
surge bypass is used [12].

Combining the single-stage compressor with a fixed-geometry tur-
bine leads to topology T2. Such a compressor-turbine-unit is already
available for smaller fuel cell systems, but the mass flow of that unit is
too low for the investigated aircraft applications [30]. Hence, this work
analyzes the potential of this concept based on automotive turbocharger
components, which are available for larger mass flows [31]. The specific
design of the compressor and turbine stages would need to be modified
for aircraft applications, but their overall behavior will be similar. The
turbine stage is installed on the same shaft as the compressor and de-
creases the required motor power. The air that enters the turbine does
not contain liquid water because it passes the water separator and
membrane humidifier after exiting the stack (see Fig. 2, stream 4).
However, the water separator and humidifier alone are not able to avoid
condensation inside the turbine under all operating conditions, because
the expansion decreases the air temperature. This can lead to
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Fig. 3. Investigated topologies of the air supply system (C = compressor stage, T = turbine stage). Valves and the compressor coolant circuit (interfaces 6 and 7) are

not shown for simplicity.

condensation of the previously gaseous water content towards the outlet
of the turbine stage. The resulting liquid water droplets would decrease
the turbine’s efficiency and could damage the turbine blades [32,33].
Hence, condensation should be avoided with an appropriate operating
strategy. This can be achieved by adding an additional air-air heat
exchanger (preheater) and a back-pressure-valve at the turbine outlet
[32]. The preheater uses heat from the hot air at the compressor outlet to
increase the turbine inlet temperature, which raises the water vapor
saturation pressure. If condensation would still occur, the back-pressure-
valve at the turbine outlet can be used to reduce the pressure ratio of the
turbine (steam 3'). This limits the temperature decrease of the fluid, but
results in a reduced power recovery.

Topology T3 adds a second compressor stage to the air supply sys-
tem. The purpose of using two serial stages is to enable a higher stack
operating pressure at low ambient pressures (the pressure ratio of a
single stage is typically limited to < 4.5 [31]). The two serial stages
could either be placed on the same shaft or on two separate shafts
[34,35]. The option with two separate shafts was selected because this
enables a better match with the varying air mass flow demand of the fuel
cell system. Some applications require a heat exchanger (intercooler)
after the first stage to reduce the inlet temperature of the second stage
[34]. Because the air temperatures remain moderate within the inves-
tigated system (< 220 °C at the outlet of the second stage), the inter-
cooler is omitted. Topology T4 introduces the combination of a serial
two-stage compressor with a turbine. The two stages could either be
equipped with two turbine stages or the entire energy recovery could
take place in a single turbine stage. In the investigated system, the
recovered shaft power with a combined turbine was found to be lower
than the shaft power of one of the two compressor stages (see Section
4.2). Thus, only one of the compressor stages is equipped with a turbine
stage to reduce the system complexity.

Lastly, there is also the option to arrange the two compressor stages
in parallel (see Fig. 3, topologies T5 and T6). The benefit of this option is
that one of the two stages can be turned off in flight phases with a low air
mass flow demand. The two compressor stages are equipped with two

separate turbine stages because they will not always be operated at the
same time.

3. Thermodynamic system model

An existing model for low-temperature PEM fuel cell systems from an
earlier publication [12] is expanded to capture the behavior of different
air supply system topologies. The model is implemented in MATLAB.
The model inputs are the requirements for the fuel cell system in the
respective aircraft (power requirement, altitude, velocity). The model’s
overall outputs are the fuel cell system’s efficiency and aerodynamic
drag as well as the system’s mass and volume based on an iterative
component sizing approach (see Section 3.4). These outputs are calcu-
lated for different sets of boundary conditions, which are determined by
the respective air supply system topology (see Section 2.2). A flow chart
of the thermodynamic system model is shown in Fig. S1 in the supple-
mentary information.

Because the investigated performance indicators (mass, volume, ef-
ficiency, drag) refer to steady-state operating points, steady-state models
are used. As in most previous aviation-related studies, the aircraft’s
flight mission is approximated with a number of steady-state operating
points [8,16,20]. The model assumes ideal gas behavior and ideal gas
mixtures, because the gases in the fuel cell system are present at mod-
erate temperatures and pressures.

The following sections define the system’s performance indicators
and describe the modeling approach and assumptions for the different
air supply system components. This is followed by an explanation of the
interfaces to the existing models for the stack, humidifier and thermal
management system from Ref. [12]. The flight mission profiles of the
two investigated aircraft (i.e., the model inputs) are discussed in Section
4.1.

3.1. Overadll system performance indicators

The fuel cell system mass mgys = Y m; is approximated based on the
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most relevant system components, which are listed in Table 1. The mass
of several smaller components such as piping, valves, diffusers and
nozzles is assumed to remain constant when using different air supply
system topologies. Hence, the mass of these smaller components does
not need to be calculated to compare the different topologies. The sys-
tem volume is approximated analogously based on the volume of the
components in Table 1.

The system efficiency 7,1y is defined with the effective (net)
power output Pgy crr, as well as the mass flow and lower heating value of
the consumed hydrogen.

P, sys.eff

@

Nsysiav =
4 mHz,sysAhLHV.Hz

The effective power output depends on the power of the stacks Py,
number of stacks Ny, and the power consumption of the auxiliary
components Py aux.

Psys.eff = Nstackpstack - Psys.aux (2)
The auxiliary power is defined as

Psys.aux = Pcp.el +Nstackpar +Ppu +ng (3)

with the power flows of the auxiliary components in Table 1. The term
P describes the compressor’s electric power consumption, which
depends on the shaft power of the compressor P, ¢, and the turbine Py, g,
(see Section 3.2.1). In topologies with two compressor stages, the
compressor’s overall power consumption is

Pcp,el = Pcp.el.sl +Pcp.el.52 (4)

where Pep c151 and P 1 52 denote the power consumption of the electric
motors of each of the two stages.

The aerodynamic drag of the thermal management system depends
on the air supply system topology, because different topologies result in
different waste heat flows for the compressor cooler, air cooler and fuel
cell cooler. This is considered by calculating the internal drag of the
three ram air channels that are used to remove these waste heat flows.
The internal drag of each ram air channel is calculated with the cooling
air mass flow my, and the air velocity difference between the inlet of the
diffuser and the exit of the nozzle [16].

Fd = mdr(cdrin - an,out) (5)

The total internal drag is

Fd.tot = Fd.FC + Fd,ac + Fd.cp + Freact (6)

where Fypc, Fyac and Fq ¢, correspond to the drag of the fuel cell cooler,

Table 1
Fuel cell system components.

Energy Conversion and Management 350 (2026) 120936

air cooler and compressor cooler. The term Fgreact = MepCdrin aCCOUNts
for the drag that is caused by the stacks’ cathode air stream [12].

3.2. Air supply system model

According to the definition in Fig. 2 and Fig. 3, the air supply system
consists of the air compressor, turbine and preheater. The modelling
approach for these components is described below.

3.2.1. Compressor
The enthalpy change in a compressor stage is [37]

Ep,air Tcp.in ISL?“
Ahgy, = 2EPR A (T]p ) Sair — 1 %)
Nep.s

where R .ir is the specific gas constant and Ilep = Pep out/Pep,in iS the
pressure ratio across the stage. The heat capacity C; ,;r is the mean value
of the temperature-dependent heat capacity between the stage’s inlet
and outlet temperatures [12]. The compressor’s shaft power is

Pcp,sh = Ahcpn.lcp (8)

where mg;, is the air mass flow. The effective electric power consumption
per stage is

Pcp.sh — ptb‘sh

©)

P, cpel =
”cp.m”cp.elﬂcppc

where 7, ,, = 0.97 is the mechanical efficiency [38], 7., = 0.94 is the

electric motor efficiency [39] and Neppe = 0.97-0.97 is the overall power
converter efficiency (DC/DC and DC/AC) [39]. The power consumption
is reduced by the turbine’s shaft power Py, ¢, (see section 3.2.2). If there
is no turbine, Py, ¢o= 0. The mechanical and electric motor losses in the
compressor result in a waste heat flow Qcp_ﬁq, which is removed with a
liquid cooling loop (see Fig. 2).

#_ 1) (10)

cp,mﬂcp.el

Qtp.liq = Ahcpmcp<

The compressor stage’s outlet temperature is calculated with Eq.
an.

Ep,airTcp‘in + Ahcp

Tcp.out = = an
Cp,air
The compressor’s isentropic efficiency
Nep s :fJK(mcpv HCP:« Ci.j,k) 12)

Component Subsystem in Fig. 2 Power Mass Volume Model description

Compressor Air supply system Pepsh Mep Vep Section 3.2.1

Turbine Air supply system P sh My Vo Section 3.2.2

Preheater Air supply system - Mph Voh Section 3.9.3

Stack Stack & humidification Pgack Mgtack Vistack Refs. [12,36]
subsystem

Humidifier Stack & humidification - Mpm Vim Ref. [12]
subsystem

Anode recirculation blower Stack & humidification P, My, Var Ref. [12]
subsystem

Ground fans Thermal management system Py Mgt % See Supplementary information

Fuel cell cooler Thermal management system - Mpy FC VixFc Ref. [12]

Air cooler Thermal management system — My ac Vhx.ac Ref. [12]

Compressor cooler Thermal management system - My cp Vhxep Ref. [12]

Coolant pump Thermal management system Ppu Mpy Vpu Ref. [12]

Diffusers and nozzles Thermal management system — — — Ref. [12]
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is evaluated with the semi-empirical Jensen-Kristensen approach
[40,41]. The underlying equations for the analytic function fjx in Eq.
(12) are described in Ref. [12]. The coefficients c;; of the function fx
are fitted to public manufacturer data for two single-stage compressors:
a larger Garrett G42-1200 compressor (Mcpmax = 0.85 kg/s, Mepmax =
4.2) and a smaller Rotrex C38-91 compressor (Mepmax = 0.63 kg/s,
Hepmax = 2.9) [31,38]. Details of the parameter fit approach are
described in Ref. [12]. The resulting efficiency maps of the two com-
pressors are validated in Fig. 4. Fig. 4 (a) and (c) show the manufacturer
data for the two compressors. Note that the G42-1200 compressor
achieves a maximum efficiency of 79 % whereas the smaller C38-91
compressor has a maximum efficiency of 75 %. Fig. 4 (b) and (d)
show the corresponding result of the model with two different sets of
coefficients ¢;jx. The simulation result is in good agreement with the
manufacturer data.

The depicted compressor maps are also used to determine whether
the surge bypass is required in a given operating point. If the stack’s
required air mass flow nicp req results in a mass flow that is below the
surge control limit, then the actually compressed mass flow nic, > Miep req
is increased until the operating point is within the feasible range. The
surge control limit is chosen based on the surge line and a 10 % margin
for the mass flow [42] (see Fig. 4). The excess mass flow mcp,, is vented
to the surroundings or expanded in the turbine.

mcp,hp = mcp - mcp.req (13)

The effects of different inlet pressures p., j, and temperatures T, On
the compressor map are considered with the Mach number similarity
approach [41,43,44]. The corrected mass flow m,req is given by Eq.
(14).
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Different compressor sizes (i.e., different mc,max and I, max) are
considered by using normalized compressor efficiency maps. The two
compressor maps in Fig. 4 (b) and (d) are normalized with respect to
their point of maximum efficiency 7., ; ma, based on Egs. (15) and (16).

. m
Mepnorm = o (15)
(mcp,red)
Nep.s max
11
2 1e)

11 -_®
cp,norm (Hcp ) roo

To represent the efficiency maps of geometrically similar compres-
sors with a different size, these normalized maps are scaled to a different
Mepmax and Tlepmax. The background and validation of this empirical
scaling approach are described in Ref. [12]. The scaled efficiency map of
the C38-91 compressor is used if the required maximum pressure ratio
Iep max is < 3.4. For Iy max > 3.4, the scaled map of the larger G42-1200
compressor is used.

The behavior of a single-stage compressor is described by Egs. (7)-
(16). In this case, the required pressure ratio per stage is >3.4 and the
normalized efficiency map of the G42-1200 compressor is scaled ac-
cording to Egs. (15) and (16). If there are two serial compressor stages,
Egs. (7)-(16) are applied for each stage and the inlet conditions of the
second stage are determined by the outlet conditions of the first stage.
The overall pressure ratio Il., is the product of the two individual
pressure ratios. Both stages are designed to contribute equally to the
overall pressure ratio, so that ITep 51 = Heps2 = \/I'Tp (s1 denotes stage 1,
s2 denotes stage 2). With two serial stages, the required pressure ratio
per stage is < 3.4 and the normalized map of the C38-91 compressor is
scaled to the respective requirements of each stage according to Egs.

mcp,red _ mcp Pref TCPvin (14) (15) and (16).
Pepin \| Tres If there are two parallel compressor stages, both stages provide the
same pressure ratio Iy 51 = Iep 52 = I, and different mass flows. Their
(a) (b)
Manufacturer data Model
3 3
225 225
© o
) o 55%
3 2 2 2 60%
4 ] 65%
o 15 015 68%
70%
1 1 71%
0 0.2 0.4 0.6 0 0.4 0.6 g
Mass flow (kg/s) Mass flow (kg/s) ;2;"
0
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‘é 3 E NN 7Nl N map limits
o o< WMy A | m——— surge control limit
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Mass flow (kg/s)

Fig. 4. Efficiency of the investigated compressors for different mass flows mc req and pressure ratios I, (reference conditions: 15 °C, 1.013 bar). (a) Manufacturer
data: Rotrex C38-91 compressor [38] (b) Empirical model: Rotrex C38-91 compressor, from Ref. [12] (c) Manufacturer data: Garrett G42-1200 compressor [31] (d)

Empirical model: Garrett G42-1200 compressor.
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share of the overall air mass flow is described by the ratio ry;.

mcp,sl = rmfrhcp (17)

mcp,sZ = (1 - rmf)mcp (18)

When sizing the system, r, is set to a fixed value (0.5 for regional
aircraft, 0.25 for narrow-body aircraft). When simulating a previously
sized system, r,¢ is numerically optimized to find the split that results in
the lowest overall power consumption of the two stages. In the case of
two parallel stages, the required pressure ratio per stage is > 3.4. Hence,
the normalized efficiency map of the G42-1200 compressor is scaled to
the respective requirements of each stage according to Egs. (15) and
(16).

The overall mass and volume of each compressor stage consist of the
mechanical components (impeller and housing), the electric motor and
the power converter. The mass and volume of the mechanical compo-
nents is calculated by linearly scaling the mass and volume of a baseline
design (6.0 kg, 4.0 L, mMcpmax= 0.63 kg/s [38]) with the compressor’s
maximum mass flow. The mass and volume of the electric motor and
power converter are calculated by linearly scaling the compressor’s
maximum power consumption P, with the specific power and power
density of a baseline design (electric motor: 1.34 kW/kg and 1.77 kW/L,
power converter: 6.03 kW/kg and 4.51 kW/L) [45].

3.2.2. Turbine
The enthalpy change in a turbine stage is [37]
Rsp air
1\ cpair
Ahtb = ”tbscp,aithb.in 1- Hi (19)
tb

where I, = P in/Ptb.out iS the turbine’s pressure ratio. The specific heat
capacity cp i is evaluated at the turbine inlet temperature Ty, ;,. The
shaft power of the turbine is

Pypsn = Ahgny, (20)

where my, is the air mass flow that is expanded in the turbine. For a given
pressure ratio, a fixed-geometry turbine can only operate at a narrow
range of mass flows [46]. If the mass flow at the turbine inlet is too high,
part of it needs to be bypassed to the surroundings. If the mass flow is too
low, all of the air is bypassed and the turbine cannot reduce the
compressor power in that flight phase. Fig. 5 (a) shows feasible combi-
nations of mass flow and pressure ratio for several fixed-geometry tur-
bines (public manufacturer data from Ref. [31]). Note that the curves
show the mean mass flow for a given pressure ratio and do not explicitly
consider the variation of the rotational speed. In a more detailed turbine

(a)

o
~

&
w

Mtb red (kg/s)
o
N

G25
G42
G45
O L 1 L
1 2 3 4 5

th (‘)
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map, each mass flow corresponds to a limited range of rotational speeds
[47]. However, such detailed data is not publicly available for the
investigated turbines and is not required for the chosen modeling
approach. Fig. 5 (b) shows the same curves in terms of normalized mass
flow My, norm and pressure ratio Iy, norm according to the definitions in
Egs. (21) and (22).

. Mg
Mip norm = rhtbi.ed (21)
tb,max
Iy — 1
th,norm = h (22)
tb,max

It is found that all these turbines can approximately be described by
the same normalized function g norm = fio (Ilibnorm ). Therefore, this
normalized function fy, can also be used to approximate the behavior of
geometrically similar turbines with different sizes (within the validated
range). The normalized function is implemented as a lookup table. The
datapoints of the lookup table are obtained by normalizing public
manufacturer data for a Garrett G42 turbine from Ref. [31] with Egs.
(21) and (22). When sizing a turbine stage for a given topology, M max
and Iy, nax are chosen based on the maximum mass flow and pressure
ratio that the turbine encounters.

When simulating a previously sized turbine, the scaled function fy, is
used to determine the usable mass flow my, < my, 5y for a given pressure
ratio Iy, and available mass flow my, oy. The excess mass flow My, is
bypassed to the surroundings.

mtb = mtb,av - mtb,bp (23)

Analogously to the compressor model, the effects of different inlet
pressures pyin and temperatures Ty, are considered with the Mach
number similarity approach [41,43]. The corrected turbine mass flow
My red 1S given by Eq. (24).

. . Dr T
Mip red = msz—ef “in 24

DPib,in Tref

The datasheet of the investigated Garrett G42 turbine only states the
maximum turbine efficiency of 77 % [31]. Bozza and De Bellis [47]
showed that the efficiency of radial fixed-geometry turbines typically
varies by about 10 % across the operating range. Hence, the isentropic
turbine efficiency 7, is set to 67 % as a conservative assumption.

The temperature and relative humidity at the turbine outlet are given
by

Ah
Tivout = Tipin — — (25)

p.air

(b) : ; - '
1 K
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£08¢f
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= = = model correlation
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0 02 04 06 08 1
H{,lumrm (‘)

Fig. 5. Feasible operating points of fixed-geometry turbines (reference conditions: 15 °C, 1.013 bar). (a) Manufacturer data for four different turbine stages: Garrett
G25, Garrett G35, Garrett G42, Garrett G45 [31] (b) Normalized curves for the same four turbines.
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RHp out = X120,tPtb out (26)

Psat

where Xyo0 1 is the molar fraction of water and pgac (T out) is the satu-
ration vapor pressure. Xpso., iS calculated based on the known
composition of the air streams from the humidifier (see Section 3.3) and
the compressor’s surge bypass. As discussed in Section 2.2, condensation
in the turbine should be avoided at all times. The model considers this as
follows: The preheater model determines the turbine inlet temperature
Ti,in (see Section 3.2.3). The resulting Ty, ouc and RHy, o are calculated
with Egs. (25) and (26). If the temperature increase in the preheater is
not sufficient to achieve RHy, o,y < 1, then the outlet pressure py, oyt iS
raised iteratively until RHy, o < 1 is achieved. The resulting loss in the
turbine’s shaft power is calculated with Eq. (19).

The mass and volume of the turbine stage are calculated with a linear
scaling law based on the turbine’s maximum mass flow Mg, max.

my, = stb,mmtb.max (27)

Vi = stbAthb.max (28)

The mass of a turbine stage is typically not published by manufac-
turers. Therefore, the scaling factors are approximated as Spm =
9.52kg/(kg/s) and spyv = 0.0063m3/(kg/s) based on the mechanical
components of the compressor stage (see Section 3.2.1). This approach
can be justified with manufacturer data for the Fischer EMTC
compressor series [30], which states that the version with two
compressor stages (EMTCC-120k) has approximately the same mass as
the version with one compressor stage and one turbine stage (EMTCT-
120Kk).

3.2.3. Preheater

The preheater model considers an air-air heat exchanger with
louvered-fin surfaces. Details of the heat exchanger model are described
in a previous publication [12]. The remainder of this section explains
how the existing heat exchanger model is used to size and simulate the
preheater in the air supply system. The mass flow, temperature and
pressure of the two air streams at the inlets of the preheater are known
from the compressor model (hot stream) and humidifier model (cold
stream). The preheater model is used to determine the required heat
exchanger size to achieve the desired outlet temperature of the cold air
stream Tpp cout- The target for Tpp oy is set to 120 °C to avoid conden-
sation in the turbine. The cold stream inlet temperature remains con-
stant at 85 °C (from humidifier). The heat exchanger is sized in a non-
linear optimization problem, which considers a large number of
possible fin arrangements and selects the lightest design that meets the
sizing constraints [12]. The sizing constraints are given by the desired
outlet temperature Ty ¢ oue and the pressure drops of the hot and cold air
streams, which are chosen as Apyn < 5000Pa and App . < 5000 Pa.
The results of the non-linear optimization problem are the preheater
mass myp, and volume Vyp, at the optimal solution (i.e., the optimal fin
arrangement for the preheater). When simulating a previously sized heat
exchanger, only the inlet conditions of the hot and cold air streams are
known. In this case, the model is solved numerically for the transferred
heat flow as well as the outlet temperatures and the pressure drops of the
hot and cold air streams.

3.3. Interfaces with existing component models

Each of the different air supply system topologies has the same in-
terfaces to the other parts of the fuel cell system. These interfaces are
numbered as 1...7 in Fig. 2 and are summarized in Table 2. Note that for
interface 1, the ambient temperature from the international standard
atmosphere is increased by an offset of 22.8 °C to resemble a “hot day”
scenario (37.8 °C at sea level) [48]. The “hot day” scenario is chosen
because it is the most challenging ambient condition for the thermal

Energy Conversion and Management 350 (2026) 120936

Table 2
Interfaces between the air supply system and the overall fuel cell system. The
numbers of the interfaces refer to those in Fig. 2.

Interface  Description Symbol Value/Background
1 Ambient air flow into Mep Eq. (13)
compressor
1 Ambient air pressure Pamb Interpolated from
International Standard
Atmosphere [49]
1 Ambient air temperature Tamb Interpolated from
International Standard
Atmosphere [49]
2 Compressor electric power Pepel Egs. (4) and (9)
consumption
3 Oxygen-depleted air that is Myent See Table S1 in
vented to the surroundings supplementary
(after turbine/ humidifier/ information
compressor surge bypass)
4 Humid oxygen-depleted air Mhm.w.out Known from humidifier
from wet side of membrane model [12]
humidifier
5 Compressed air flow after Mep req Known from stack model
compressor [12]
6 Coolant mass flow at outlet of  Mecp out Calculated from Qcp liq
compressor unit from Eq. (10)
6 Coolant temperature at outlet Teep.out 55°C [12]
of compressor unit
7 Coolant mass flow at inlet of ~ Ncepin Meepin = Meep.out
compressor unit
7 Coolant temperature at inlet Teepin 50°C [12]

of compressor unit

management system and the compressor [12].

3.4. Fuel cell system sizing

The required size of each fuel cell system component is determined
with an iterative sizing approach, which is described in detail in
Ref. [12]. Briefly summarized, the approach determines the smallest
feasible combination of fuel cell system components that is required to
meet the aircraft’s electric load demand. The size of the fuel cell stacks,
compressor, humidifier, coolant pump, anode recirculation blower, heat
exchangers, diffusers and nozzles are varied numerically until conver-
gence is achieved. The stack operating conditions (pressure and relative
humidity at the cathode inlet) are optimized for each flight phase in
order to maximize the system efficiency. The optimization considers the
contradicting effects of an increased operating pressure for the stacks:
higher pressures improve the stack’s cell voltage and efficiency, but
increase the auxiliary power consumption of the compressor. The effect
of varying operating pressures on the stack’s cell voltage and efficiency
is considered with a validated 1D fuel cell stack model from our previous
publication [12]. The stack model output for different currents, pres-
sures and relative humidities is shown in Fig. S2 in the supplementary
information. As described in Ref. [12], the stack model is also used to
capture the effect of different compressor pressure ratios on the required
stack size by adjusting the number of cells based on the stack’s power
output at different pressures. The iterative sizing approach also con-
siders the varying air mass flow demand and waste heat of the stack at
different operating pressures, which affects the size of the remaining
auxiliary components (humidifier, thermal management, etc.). The
feasible operating range of the compressor (see Section 3.2.1) is
considered as a constraint when optimizing the stack pressure. This
ensures that only feasible compressor operating points (i.e., points
within the map limits) are considered. The stack’s cathode stoichio-
metric ratio is kept constant at the assumed feasible minimum of 1.7 to
minimize the air flow that needs to be supplied by the compressor. To
account for the different air supply system topologies, several modifi-
cations were made to the original iterative sizing approach from
Ref. [12]. These modifications are described in the supplementary
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information.

3.5. Model validation and accuracy

The component models for the compressor and turbine are validated
in Fig. 4 and Fig. 5 by comparing the model output to manufacturer data
for different mass flows and pressure ratios. The assumed linear corre-
lation for the compressor and turbine mass is based on manufacturer
specifications, but could not be validated for different compressor and
turbine types because of the lack of detailed public data on the mass of
such components. However, because the compressor and turbine mass is
rather small compared to the mass of the remaining fuel cell system
components (see results in Section 4.2), this does not introduce a sig-
nificant inaccuracy for the overall results. The assumption of a constant
turbine efficiency is a simplification, but a sensitivity study on this
parameter showed that the model results are relatively robust with
respect to this assumption (see Section 4.2). The validation and accuracy
of the remaining component models for the stack, humidifier, heat ex-
changers, coolant pump, anode recirculation blower, diffusers and
nozzles is discussed in detail in our previous publication [12].

4. Results and discussion
4.1. Mission profiles

The fuel cell system model is used to assess the performance of the six
investigated air supply system topologies for each of the two aircraft
concepts. The design mission of the regional aircraft with fuel cell-based
propulsion is shown in Fig. 6 (a) to (c). The highest power requirement
of 10x 312 kW occurs during takeoff (TO). The climb phase (CL) and
cruise phase (CR) require somewhat less electric power, followed by a
very low power demand during the descent phase (DE). The design
mission of the narrow-body aircraft is shown in Fig. 6 (d) to (f). In that
case, the fuel cells only provide an electric auxiliary load of 4x 92 kW
throughout most of the mission. As described in section 2, the fuel cells
are used to maintain the rotational speed of the aircraft’s two main
engines during descent. This results in an increased electric load demand
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of 4x 349 kW throughout the descent phase.

4.2. Optimal topology for regional aircraft propulsion

This section investigates how different air supply system topologies
affect the overall fuel cell system performance in the regional aircraft.
The topologies are compared in terms of mass, efficiency and drag,
because these are the most critical performance indicators for an aircraft
propulsion system [50]. The results for the volume of the fuel cell system
are used to check whether the overall volume (including tank and fuel)
remains within a reasonable range. The iterative sizing process is used to
identify the smallest feasible combination of component sizes that can
provide the aircraft’s electric load demand (see Section 3.4). This pro-
cess is repeated for each of the six investigated topologies. The sizing is
conducted for 7 steady-state points that are shown in Fig. 6 (a) to (c).
After the sizing is complete, the fully sized system is simulated with a
higher temporal resolution of 25 steady-state points.

The results of the system sizing for the regional aircraft are shown in
Fig. 7 (a) to (c). The components of the baseline topology T1 (single
stage compressor, no turbine) are predicted to weigh 421.9 kg (see Fig. 7
(a)). This results in a specific power of 0.74 kW/kg (excluding the tank),
which is higher than the manufacturer specifications for an existing fuel
cell system by Powercell (0.47 kW/kg) [15]. This is expected, since the
model considers a larger compressor with a maximum efficiency of 79 %
(Garrett G42, see Section 3.2.1). Moreover, the simulated value does not
include the mass of valves, tubes, wiring and structural components (see
Section 3.1). The consumed hydrogen mass in one of the ten fuel cell
systems is found to be 56.9 kg. In combination with a LH2 tank gravi-
metric efficiency of 25 % [4], this leads to a LH2 tank mass of 227.5 kg
per fuel cell system. The resulting total LH2 tank mass is 2275 kg
(excluding reserves).

An added turbine (topology T2) is predicted to decrease the overall
mass by 4.5 %. To expand the fuel cell exhaust in a turbine stage without
the risk of water condensation, the air needs to be heated in an addi-
tional heat exchanger (preheater). Nonetheless, the energy recovery
benefits of a turbine stage are found to outweigh the mass of the turbine
stage (1.9 kg) and preheater (2.3 kg) by far. The use of a serial two-stage
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Fig. 6. Mission profiles of the two investigated aircraft concepts [12,24,25] (a) regional aircraft: electric power demand for one of the ten fuel cell systems (b)
regional aircraft: altitude (c) regional aircraft: velocity (d) narrow-body aircraft: electric power demand for one of the four fuel cell systems (e) narrow-body aircraft:

altitude (f) narrow-body aircraft: velocity.
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Fig. 7. Optimal air supply system topology for regional aircraft propulsion (a)-(c) and auxiliary power supply in narrow-body aircraft (d)-(f). The topologies T1-T6
are defined in Fig. 3. The figure shows the component mass for one of the fuel cell systems (the regional aircraft contains 10 systems, the narrow-body aircraft
contains 4 systems). (a) Propulsion: component mass, (b) propulsion: system efficiency during takeoff, (c) propulsion: system efficiency during cruise, (d) auxiliary
power: component mass, (e) auxiliary power: system efficiency during takeoff, (f) auxiliary power: system efficiency during cruise. Aircraft images reproduced from

Refs. [24,25].

compressor is predicted to result in a mass increase of 5.9 % without a
turbine (T3) and a slight decrease by 1.5 % with a turbine (T4). The
parallel two-stage compressor topologies with and without a turbine (T5
and T6) result in a similar overall mass as the respective single-stage
topologies. The overall volume is found to be in a feasible range for
all topologies and varies by —6.4 % to + 2.3 % compared to the baseline
(see supplementary information).

The different tank sizes in Fig. 7 (a) can be explained with the effi-
ciency of the different topologies. The overall fuel cell system efficiency
during takeoff and cruise is compared in Fig. 7 (b) and Fig. 7 (c). All
topologies with a turbine (T2, T4, T6) can improve the system efficiency
during takeoff and cruise. However, topologies T4 and T6 lead to slightly
higher efficiencies during takeoff. The aerodynamic drag with the
different topologies is shown in the supplementary information. Most
topologies lead to a slight increase compared to the baseline topology
T1. However, this increase in drag is negligibly small compared to the
aircraft’s thrust and is therefore assumed to not affect the selection of the
optimal topology (see supplementary information).

The improved performance of topologies T2 and T6 can be explained
with a more detailed analysis of the power flows in the fuel cell system.
Fig. 8 (a) shows the overall system efficiency throughout the entire flight
mission for topology T2. The highlighted points TO, CL, CR and DE
correspond to the four phases takeoff, climb, cruise and descent. The
corresponding net system power Pgycrr, stack power PgpcNstack and
auxiliary power Py aux are shown in Fig. 8 (c). The main contributors to
the auxiliary power are the compressor (increases Pgys aux) and the tur-
bine (decreases Psysaux). The shaft power of these two components is
shown in more detail in Fig. 8 (e). The turbine reduces the required
compressor power Pg, o by 40-49 % during takeoff, climb and cruise.
During descent, the air flow is too low to operate the turbine and Py, g, =
0. The corresponding stack operating pressure and ambient pressure are
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shown in Fig. 8 (g). The stack pressure is optimized for each flight phase
to maximize the efficiency (see Section 3.4).

With topology T6, the efficiency follows a similar pattern throughout
most of the flight mission but is significantly higher during the descent
phase (see Fig. 8 (b), point “DE”). This can be explained with the surge
control of the compressors. The low electric power requirement during
the descent phase results in a low air mass flow requirement for the
compressor (see point “descent req.” in Fig. 8 (i)). The single-stage
compressor in topology T2 needs to compress considerably more air
than what is required by the stack to move the operating point beyond
the surge line (see point “descent act.” in Fig. 8 (i)). The two parallel
compressor stages in topology T6 are designed to operate simulta-
neously during takeoff, climb and cruise. During descent, only stage 1 is
used and stage 2 is bypassed. This results in a smaller surge bypass flow
and a lower compressor power consumption during the descent phase
(see Fig. 8 (j)). The temperature range of the main fluid streams in the air
supply system as well as detailed results for the other topologies are
included in the supplementary information.

In summary, topologies T2 and T6 are both able to improve the ef-
ficiency and overall system mass compared to the baseline (topology
T1). Topology T6 further improves the efficiency during descent.
However, the overall mass including the tank is nearly the same for both
topologies because the descent phase only lasts for a short time.
Considering that topology T6 is significantly more complex, it can be
concluded that topology T2 (single-stage compressor with turbine) is the
best option for the investigated regional aircraft.

The above analysis is based on assumptions for the turbine efficiency
Nl s (constant, see Section 3.2.2) and compressor efficiency 7, ; (based
on compressor map, see Section 3.2.1). Fig. 9 explores the effect of
different efficiency assumptions on the turbine power share Py, ¢ /Pcp sh
during the cruise phase of the regional aircraft (topology T2, point “CR”
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in Fig. 8 (a)). The overall system model assumes 1, s = 0.67 and 7, ; =
0.77 for this operating point. These assumptions result in a turbine
power share of 47 % (see circle in Fig. 9 (a)). As expected, lower turbine
efficiencies would lead to a lower turbine power share. However, an
increased turbine efficiency would also lead to a decreased turbine
power share in this operating point. This unintuitive effect occurs
because of the constraint to avoid condensation at the turbine outlet.
Higher turbine efficiencies lead to an increased enthalpy change and a
reduced turbine outlet temperature (see Egs. (19) and (25)). To prevent
condensation, the pressure ratio of the turbine is reduced with a valve at
the turbine outlet if the relative humidity at the turbine outlet would
exceed a value of one (see section 3.2.2). In this operating point,
increased turbine efficiencies would require a reduction of the pressure
ratio Iy, = Pibin/Ptb.outs Which reduces the shaft power of the turbine

12

(see Fig. 9 (d) and (g)). Increased compressor efficiencies would lead to a
similar effect but slightly higher turbine power shares (see Fig. 9 (b) and
().

4.3. Optimal topology for auxiliary power supply in narrow-body aircraft

Next, we investigate how a different mission profile can change the
choice of the best air supply system topology. To do this, the iterative
component sizing is repeated for the case where the fuel cell system
provides auxiliary power in the larger narrow-body aircraft. The results
for the system mass in this aircraft concept are shown in Fig. 7 (d). Here,
an added turbine (T2) can reduce the overall system mass by 4.4 %
compared to the baseline (T1). The use of a serial two-stage compressor
in combination with a turbine (T4) leads to an even higher mass
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reduction of 8.1 %. As shown in Fig. 7 (d), topology T4 has a lower stack
mass, lower humidifier mass and an increased compressor mass
compared to the baseline (T1). The reason for this is the higher
maximum pressure ratio of the compressor, which enables higher stack
operating pressures and a more efficient humidification in the humidi-
fier. A serial two-stage compressor is more beneficial for this aircraft
than for the regional aircraft, because this aircraft operates at higher
altitudes (see Fig. 6). The topologies T5 and T6 with a parallel two-stage
compressor also achieve a mass reduction compared to the baseline, but
lead to a higher mass than topology T4. The results for the volume are
included in the supplementary information. Topologies T2 to T6 are
found to reduce the overall volume by 4.8-15.5 % compared to the
baseline, the most significant volume reduction is achieved with topol-
ogy T4.

The efficiency of the investigated topologies is shown in Fig. 7 (e)
and Fig. 7 (f). Compared to the baseline topology (T1), an added turbine
(T2) increases the system efficiency by 5.9 percentage points during
cruise. Topologies T4, T5 and T6 achieve even higher efficiencies during
cruise and furthermore improve the efficiency during takeoff. The best
efficiencies are achieved with topology T6 (parallel two-stage
compressor with turbine), which combines the benefits of topology T2
(power recovery in turbine) and T5 (wide range of feasible compressor
mass flows). This topology improves the cruise efficiency by 10.9 per-
centage points compared to the baseline. The drag throughout the flight
mission is shown in the supplementary information. Topologies T2, T4,
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T5 and T6 result in a similar or somewhat lower drag as the baseline,
while topology T3 has a slightly higher drag.

For the narrow-body aircraft, topologies T4 and T6 are selected for
an in-depth analysis. Topology T4 performs best in terms of mass while
Topology T6 achieves the highest efficiencies throughout the flight
mission. The detailed results for these two topologies are shown in
Fig. 10, the results for the remaining topologies are provided in the
supplementary information. The efficiency curves of topologies T4 and
T6 show the same trends, but topology T6 results in higher absolute
values. The main reason for the lower efficiency of topology T4 is that it
requires a higher compressor power (see Fig. 10 (e) and Fig. 10 (f)). This
is the case because the serial compressor stages in T4 are designed based
on a compressor map with a lower maximum efficiency (see Section
3.2.1). Moreover, topology T4 needs to use the surge bypass during
takeoff, climb and cruise (see Fig. 10 (i)). Note that both stages of the
serial two-stage compressor operate at the same actual mass flow .
The corrected mass flow mc; rq of the second stage is different because of
the different inlet conditions (see Eq. (14)). A smaller first stage could
operate more efficiently during these flight phases, but would not be
able to meet the mass flow and pressure ratio requirements of the
descent phase. On the other hand, the two-stage parallel compressor in
topology T6 is able to provide the required mass flow without using the
surge bypass. This is achieved by having two stages with different sizes,
and only using the larger stage 2 during descent (see Fig. 10 (k) and
Fig. 10 ().
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Aircraft image reproduced from Ref. [25].

The result of the stack pressure optimization is shown in Fig. 10 (g)
and Fig. 10 (h). The main benefit of a serial two-stage compressor is that
it can achieve higher overall pressure ratios. This benefit is used at the
start of the descent phase, where the two serial stages provide an overall
pressure ratio of Ilepg1-Tleps2 = 5.3. During takeoff, climb and cruise,
higher pressure ratios would not be beneficial as this would lead to an
increased surge bypass mass flow (see Fig. 10 (i) and Fig. 10 (j)). The
pressure ratio of the two parallel stages is limited to Ieps1 = Teps2 =
4.1. This leads to a slightly better stack efficiency of topology T4 at the
start of the descent phase at t = 199.4 min (see Fig. 10 (a) and Fig. 10
(b)). However, the overall efficiency of topology T4 is still lower than
that of topology T6 even during descent because of the higher
compressor power consumption.

Ultimately, the choice of the best topology depends on the design
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targets at the overall aircraft level. A serial two-stage compressor with a
turbine (topology T4) is the best option if the goal is to minimize the
overall mass (fuel cell system and tank). If the priority is to improve the
system efficiency to minimize the fuel consumption, then a parallel two-
stage compressor with turbines (topology T6) would be the most
favorable option.

The sensitivity of the turbine power share to different compressor
and turbine efficiency assumptions is shown in Fig. S10 of the supple-
mentary information (analogously to Fig. 9). For this aircraft, the
behavior is similar to that of the regional aircraft case, except there is no
reduction in turbine power share if higher turbine efficiencies would be
assumed. The reason for this is the higher flight altitude, which leads to
higher compressor pressure ratios, increased compressor outlet tem-
peratures and a more efficient heat transfer in the preheater. This leads



M. Schroder et al.

to higher turbine inlet temperatures and thus lower relative humidities
at the turbine outlet.

5. Conclusions

This work investigated several advanced topologies for the air supply
of fuel cells in aircraft applications. The investigated topologies use
different compressor designs (single-stage, two serial stages, two par-
allel stages) and an optional turbine stage for exhaust expansion. The
topologies were analyzed with a detailed thermodynamic model, which
includes both direct effects related to the air supply system and indirect
effects that arise from the coupling to the stacks, humidifier and thermal
management system. The key findings can be summarized as follows:

1. To expand the fuel cell exhaust in a turbine stage without the risk of
water condensation, the air needs to be heated in an additional heat
exchanger (“preheater”). Nonetheless, the energy recovery benefits
of a turbine stage are found to outweigh the mass of this additional
heat exchanger by far.

2. The choice of the optimal air supply system topology depends on the
aircraft type, specifically the maximum flight altitude and the dif-
ference between the minimum and maximum power that is required
during the flight mission.

3. For the propulsion of regional aircraft, a single-stage compressor that
is coupled to a turbine stage is the most favorable option. This to-
pology can decrease the overall mass (fuel cell system and LH2 tank)
by 4.5 % despite the added mass of the turbine and preheater.

4. At higher flight altitudes, two-stage compressor designs in combi-
nation with a turbine stage can provide additional benefits. For the
investigated narrow-body aircraft, a serial two-stage compressor can
decrease the mass of the fuel cell system and LH2 tank by 8.1 %
(compared to a conventional single-stage layout). If the goal is to
minimize the fuel consumption, then two parallel compressor stages
are beneficial as they can efficiently compress a wide range of air
flows. For the investigated aircraft, a parallel two-stage compressor
can improve the efficiency during the cruise phase by 10.9 per-
centage points.

In summary, the results show that conventional single-stage com-
pressors are not always optimal for fuel cells in aircraft applications. To
this end, the integration of two-stage compressors and turbine stages is
recommended as this can enable considerable improvements in specific
power and efficiency. Radial two-stage compressors and turbine stages
from the automotive industry can be a good starting point for this, but
would require design modifications to meet the stringent requirements
in aviation.

Several limitations in the developed approach remain to be
addressed in future work. First, the developed model is steady-state.
Transient simulations can be a useful extension to verify that the
investigated air supply system topologies can meet the requirements for
dynamic load changes. Second, the developed turbine model is based on
several simplifications, specifically the assumption of a constant effi-
ciency and the use of an averaged turbine map without explicit
consideration of rotational speed limitations. Third, this work focusses
on fixed-geometry turbines. Variable-geometry turbines are more com-
plex, but could further improve the performance benefits of topologies
with an added turbine stage.
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