Deutscher Luft- und Raumfahrtkongress 2025
DocumentID: 650282

ANALYSIS OF A GAS TURBINE ENHANCED FUEL CELL POWERTRAIN
FOR FUTURE AIRCRAFT

Niclas A. Dotzauer*, Franciscus L.J. van der Linden*

* German Aerospace Center, Institute of System Architectures in Aeronautics, Miinchener StraBBe 20, 82234
WeBling, Germany

Abstract

In this work, we present a novel idea of an SOFC combined with a gas turbine as the main powertrain of an
aircraft. Contrary to similar, existing ideas, a pre-burner instead of a post-burner is used to heat up the gases
before the fuel cell together with a hot air feedback. This allows for an autonomous start-up, the complete
avoidance of air/air heat exchangers, which reduces weight and flow losses, and the use of high pressures,
which is favorable for the operation of the SOFC. The investigations of this work are based on a dynamic Mod-
elica model using components of the ThermoFluidStream (TFS) library, developed by the German Aerospace
Center (DLR) with a custom fuel cell model following the TFS approach. To analyze the propulsion system, a
preliminary control scheme is developed to perform simulations of an exemplary, regional aircraft over a whole
mission while considering the different flight phases. First, a baseline case is simulated to investigate whether
the system can be operated, also from the control perspective, and whether the performance is sufficient for
the application in an aircraft. The results reveal that the system with the preliminary control loop achieves
overall system efficiencies of up to 77% during the cruise phase. Second, simulations with different take-off
temperatures and altitudes are carried out showing that the system runs robustly under more extreme condi-
tions. These results show that the proposed architecture is very promising for aircraft applications.
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1. INTRODUCTION ground. Whyatt & Chick [3] provide an analysis es-

Hydrogen technologies such as fuel cells can play a
significant role in the decarbonization of future air-
craft. Besides polymer electrolyte membrane (PEM)
fuel cells, solid oxide fuel cells (SOFC) can be of
high interest because the waste heat is produced at
a much higher temperature level. This leads to better
heat transfer properties allowing to use less or lighter
heat exchangers, a possibility to partly transfer the
residual heat into propulsive energy and to covering
thermal loads, e.g. anti-icing.

Most early studies about SOFC in aviation investi-
gated the substitution of conventional auxiliary power
units (APU). The study of Mak and Meier [1] is a good
example, stating that SOFCs have a weight disadvan-
tage, which can be compromised by fuel savings and
emission reduction due to possibly higher efficiencies.
The analysis was performed based on simulations of
replacing an APU sized for a 90 passenger more elec-
tric regional jet. Santarelli et al. [2] come to a similar
conclusion for an SOFC system as APU in small, re-
gional aircraft. Advantages over PEM fuel cells are
the useful heat recovery and the flexibility to use hy-
drocarbon fuels as well as jet fuel. Although SOFCs
have much higher startup times and thus would need
to be put in standby during the aircraft being on the
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pecially on the weight of an SOFC power unit for the
electrical loads of a Boeing 787 to investigate towards
more electric aircraft. The most promising system
with the SOFC being operated at a pressure of 8 bar
and at a voltage of 0.825V was analyzed in more de-
tail. The system was lighter than initially expected, but
still over the referred ’breakeven weight’ at which fuel
would be saved compared to the conventional system.
A broad overview of more studies on SOFC APU sys-
tems is given by the review of Fernandes et al. [4].

For stationary applications, the combination of gas
turbines and SOFCs has been studied to a greater
extent than for mobile applications. In Veyo et al. [5]
different cycle configurations with the combination of
tubular SOFCs and a gas turbine with an electric gen-
erator were investigated computationally and a test rig
was built for proof of concept tests. The results indi-
cate, that, the more complex the cycles are, the more
efficient but also the more cost intensive they get. For
example a simple cycle where the SOFC is operated
at atmospheric pressure has less components but is
also less efficient than a cycle with one low-pressure
and one high pressure fuel cell stack using a two-
staged compressor with intercooling. The integration
of a pressurized stack with a micro gas turbine into a
200 kW test rig showed that the operation of such a
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system is feasible with automatic start-up and opera-
tion control. This system had an overall efficiency of
roughly 53% but, under some improvements, it is as-
sumed to get to an efficiency of about 60%. Panne et
al. [6] numerically analyzed similar cycles. Addition-
ally to the results of [5], they came to the conclusion
that the less complex systems also have a wider op-
erating range, especially concerning the pressure ra-
tio. Furthermore, the fuel flexibility was studied, which
has little influence on the electric power output of the
systems and some effect on the thermal power. An-
other interesting concept was investigated by Milcarek
& Ahn [7] by the integration of micro-tubular SOFCs
into a combustor with a fuel-rich and a fuel-lean com-
bustion zone operated in series. The main advantage
is the potential for a fast startup of the system within
several minutes. Hence, it is possible to integrate this
technology into jet engines.

In this work, a novel idea of an SOFC combined with
a gas turbine as the main power source is presented,
together with a prototypic control architecture. Con-
trary to similar ideas from literature, a pre-burner in-
stead of a post-burner is used together with a recircu-
lation path from the fuel cell exhaust air to the fresh
air. This allows the pre-heating of the SOFC to op-
eration temperature without external equipment. Fur-
ther expected advantages are a complete avoidance
of air/air heat exchangers, which reduces weight and
flow losses, an easy startup of the system using the
pre-burner and the use of high pressures, which is fa-
vorable for the operation of the SOFC.

In Figure 1, a possible integration in the nacelle of an
aircraft is displayed. The system described above in-
cluding a two-stage compressor, the pre-burner, the
SOFC, the hot air feedback, a two-stage turbine and
air-hydrogen heat exchangers is complemented by a
gearbox connecting an electric motor and a propeller
to the propulsion system. Depending on the operat-
ing point, the motor can also be used as a generator
to distribute electric power to other systems in addi-
tion to the power supplied by the fuel cell. The idea
behind the proposed hybrid powertrain architecture is
to attach one larger nacelles to each wing of the air-
craft. These two nacelles provide enough power for
several smaller nacelles with only one engine to form
a distributed propulsion system. During the normal
operation of this hybrid system, most of the thermal
power is provided by the fuel cell and only a fraction
by the burner, which burns the excess hydrogen of the
fuel cell exhaust gas.

The goal of this work is answering two questions.
First, can the system be integrated and operated,
also from a control point-of-view? Second, can
this powertrain be useful for aviation concerning
its operability in different conditions as well as its
performance? This is done by conducting dynamic
system-level simulations with regards to a possible
control scheme over the whole mission range of an
exemplary aircraft in different ambient temperatures
and take-off altitudes.
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FIG 1. Symbolic nacelle integration of the powertrain
including the air flow, the hydrogen flow is not
shown in this layer.

2. SIMULATION SETUP

The system presented above is challenging to con-
trol because of the sensitivity of the SOFC, the
large number of actuators, the high influence of the
SOFC itself on the system and the strict tempera-
ture gradients, which have to be complied. Hence,
a prototypical control system is developed for the
explained powertrain architecture. This control will
be based on a dynamic simulation model in Model-
ica. Herefore, the in-house developed, open-source
library ThermoFluidStream (TFS) of the German
Aerospace Center (DLR) provides an appropriate
framework. The included, principle-based models
enable robust simulations to estimate the dynamic
behaviour of the whole fuel cell system and to analyze
the performance over a whole flight mission.

2.1. Modeling Approach

Components from the TFS library and a custom fuel
cell model following the TFS approach are used
to model the proposed architecture. The Modelica
model is presented in Figure 2, where parts such as
sensors and flow resistances were left out for visual-
ization purposes. In the hydrogen subsystem, marked
by the green envelope, a source provides gaseous
hydrogen at 23.15K, which is just above the boiling
temperature of 21.15K [8]. After introducing heat
from the burner via a conduction element, the fuel is
compressed to a pressure of 10 bar. In streamwise
direction, the flow is separated into two paths, one
leading to an air-hydrogen heat exchanger to further
heat up the hydrogen and the other bypassing this
heat exchanger. The recombined flow then enters the
fuel cell. The fuel cell anode exhaust gas including
unused fuel and steam is burned. Note that a recir-
culation would need humidity management, which is
deemed to be too heavy for aircraft applications. In
the air subsystem, marked by the blue envelope, a
source provides air, which is compressed to 10 bar
as well before it flows through the burner. After the
fuel cell, heat is transferred from the exhaust air to
the hydrogen path in the heat exchanger. Further
downstream the flow is separated into two parts.
One path is the hot air feedback, which is mixed with
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the air after the compressor and before the burner
to heat up the fresh air stream. This is possible
because of a highly over-stoichiometric air flow, which
is used for the thermal management of the fuel cell.
The other path leads to the turbine and ultimately to
the outlet. The media models of hydrogen, air and
water are taken from the TIL Media Suite [9] while
being adapted to the use within the TFS library. Pure
hydrogen is used from the source to the fuel cell.
In every other component, a gas mixture of water
vapor, hydrogen, oxygen and nitrogen is employed.
Instead of the electrical part of a possible powertrain,
a variable resistor is connected to the fuel cell to
represent a load.

Control Conduction Element
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/ H2 Subsystem
/

/
U
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—‘ Valve | Resistor
{m y/ ‘\\ | Fuel cell
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FIG 2. Simulation model of the fuel cell system includ-
ing the control (grey), the hydrogen subsystem
(green) and the air subsystem (blue). This is a
simplified version of the simulation model used
for visualization purposes.

Obvious simplifications are the lack of a hydrogen
tank and the part of the hydrogen conditioning, where
it is transformed from the liquid to the gaseous state.
Additionally, components for a safe operation of the
fuel cell such as emergency valves are not consid-
ered yet. The simplified burner, highlighted in red,
is currently modeled by introducing heat into the air
flow. The heat flux Qpurner is calculated by

(1) Qburner = T.nHQ,burner ' HHVHZ

with the mass flow of consumed hydrogen 72 purner
and the higher heating value of hydrogen HHVy, =
141.7 MJ/kg.

The fuel cell model considers different physical as-
pects. The thermodynamics are covered by introduc-
ing one fluid volume for each electrode following the
TFS approach. The masses of the different compo-
nents of the gas mixture model change according to
in- and outgoing mass flows. Fick’s diffusion law is
used to calculate the mass flow to the membrane.
Distinct from the latter, the mass flow of consumed
hydrogen mm, cons IS linked to the electric current i by
Faraday’s law of electrolysis:

ZHQ-F

2 1= —
( ) MH2'Nc€lls

. mHZ,consa
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where zpo is the number of electrons per molecule
of hydrogen, F' the Faraday constant, My- the molar
mass of a hydrogen molecule and N,;s the number
of cells. The open circuit voltage Upcy is computed
by the Nernst equation including the standard-state
reversible voltage E°, a temperature-dependent term
and a pressure-dependent term.

T
(8) Uocv = EO_eT'(T_TO)_%'ln (

P20 >
PH2 - \/PO2
The parameter er is an empirical parameter, T — Ty
the difference between fuel cell and reference tem-
perature, R the universal gas constant and the nor-
malized pressures px of water vapour, hydrogen and
oxygen, respectively. To evaluate the cell voltage, the
difference of open circuit voltage and three different
voltage losses is calculated as

(4) Ucell = UOCV — Nact — Nohm — Tlcon -

The activation losses

RT j
®) ot = 10 (2

are dominant for low current densities j whereas a.. is
the symmetry factor of the reaction and j, is the ex-
change current density. The ohmic losses, dominant
for moderate current densities, are assessed by

(6) Tlohm = ASR - .7

with the temperature-dependent area specific resis-
tance defined as

T E m
(7) ASR = exp ( act,oh L)
Bohm

RT

from [10]. Hereby, B, is a material-specific con-
stant and E,.,onm the activation energy. The concen-
tration losses

Ji
(8) Nact = Ccon * In (m) ;
Jiim — ]

dominant at high current densities, are currently
implemented with a generalized approach from [11]
using the parameter c.,,, and the limit current density
Juim, Which are both empirical parameters. For the
empirical and the material-dependent parameters,
some assumptions are made to obtain an estimated
performance of SOFC technology available for an
entry into service of the aircraft in 2050.

2.2. Control Scheme

For this system, a control logic based on seven con-
trollers is implemented. In the hydrogen system, the
fuel cell inlet pressure and the mass flow have to be
controlled to ensure the operation of the fuel cell and
the burner. For now, this is realized by the combi-
nation of a compressor after the conduction element
and a valve at the burner inlet. Additionally, the by-
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pass over the heat exchanger is used to adjust the
temperature of the hydrogen at the fuel cell inlet to
the same level as the air temperature at the fuel cell
inlet. Similarly to the hydrogen system, the fuel cell
inlet pressure and the mass flow of the air system are
controlled, not only for the operation of the fuel cell,
but also for its thermal management. The latter is re-
alized by balancing the combination of a highly over-
stoichiometric inlet air flow, which has a cooling effect,
and the recirculation air flow, which has a heating ef-
fect. For now, it is assumed that a lower concentration
of around 15% mass to 18% mass of oxygen in the air,
caused by the recirculation and the burner, doesn'’t
have a large effect on the fuel cell performance. Fur-
thermore, the electric resistor is controlled to influence
the operating point of the fuel cell to obtain a desired
power output. The control of the presented system is
complex, as the different control-loops influence each
other. For example, if less power is requested by the
electrical system, the mass flows of fuel and air be-
ing needed for the operation are lower, because the
operating point of the fuel cell stack changes. Simul-
taneously, the efficiency increases, which results in
less heat being produced. Hence, the thermal man-
agement is affected as well.

The controllers in the current stage of the system are
implemented as PI controllers. An overview of the set
points is given in Table 1. The inlet pressure into the
fuel cell stack is denoted as p; ;, for each species
Hydrogen (H2) and Air. Accordingly, A refers to the
surplus ratio, T} 4, to the inlet temperature and P.; rc
to the electric power output of the fuel cell stack. The
surplus ratio is defined as

mk,in

9) Ak =

Mk,cons

with the inlet mass flow ry ;, and the consumed
mass flow 11, cons Of the species k. Thus, the control
of the surplus ratio is effectively a control of the mass
flow. This is important for the integration, as the
surplus ratio can not be measured in a real system
as opposed to the mass flow. For this first analysis
of the system, the air compressor and the turbine
are not coupled, which would not be the case in a
real system. This is done for an easier control of
the system without the need of properly sizing the
compressor and the turbine together.

3. RESULTS AND DISCUSSION

In the first part of this section, a baseline mission sim-
ulation is carried out with the presented simulation
setup. Starting at sea level with an ambient temper-
ature of 15°C, the international standard atmosphere
(ISA) is assumed to calculate the altitude-dependent
air properties. The altitude profile is depicted in Fig-
ure 6a over the whole duration of the mission. Dif-
ferent phases are considered with a peak altitude of
7620 m or 25000 ft, which is the ceiling service alti-
tude for many common turboprop aircraft, and a go-
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TAB 1. Overview of the control scheme with the control
variables, their set points and the correspond-
ing actuators.

Variable Set point Actuator
DH2,in 10 bar Hydrogen compressor
PAir,in 10bar Fresh air compressor
AH2 1.15 Burner inlet valve
Air 4 Turbine
TH2,in 650°C Hot air feedback compressor
T Airin 650°C Three-way valve
P re various Resistor

around altitude of 2560 m (8000 ft) added to the land-
ing altitude. The performance of the proposed pow-
ertrain architecture over the baseline mission is ana-
lyzed.

In the second part of this section, simulations with ex-
treme conditions such as high and low ambient tem-
peratures and a high take-off altitude are performed.
The results are then compared to the baseline case.
Hereby, possible improvements of the powertrain for
future iterations are discussed.

3.1. Baseline Mission

For the operation of the fuel cell, among other as-
pects, suitable temperatures of the reactants have to
be provided. A detailed view of the temperatures at
various locations during the cruise phase is displayed
in Figure 3. As mentioned above, the ground tem-
perature for the baseline mission is set to 15°C re-
sulting in a temperature of -34.5°C at cruise altitude,
which is the inlet temperature at the source. Com-
pressing the air to 10bar has a large effect on the
temperature. Together with the hot air feedback and
the heat of the burner, the inlet temperature of the
fuel cell is set to 650 °C. The increased temperature
after the fuel cell is lowered again in the air-hydrogen
heat exchanger and in the turbine before reaching the
exhaust. The hydrogen enters the associated subsys-
tem in a gaseous state at a temperature of 23.15K or
-250°C. After heating up the fuel by the conduction
element and the compression, the fuel cell inlet tem-
perature of the hydrogen is set to the same value as
the air. This is achieved by adjusting the flow rate over
the bypass with the air-hydrogen heat exchanger. The
operating temperature of the SOFC is 810 °C, which
is not shown in the figure, lying well within the de-
sired range of 600°C to 1000 °C. The stack temper-
ature during the flight varies from 793°C in the end
of the descent phase to 817 °C after take-off. This is
already good for this simple control approach. How-
ever, there is potential for optimization regarding the
strict temperature gradients for SOFCs of around 5-
10 K/min [12]. Especially in the transition from taxi to
flight and vice versa, the temperature gradients reach
levels of over 100 K/min. In the current system only
the fuel cell inlet temperature is controlled. Therefore,
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the control loop should be optimized for a better ther-
mal management.
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FIG 3. Temperatures in °C at various locations of the ar-
chitecture, shown in a simplified version of the
simulation model for visualization purposes.

Over the mission duration, different electrical power
levels are requested from the fuel cell ranging from
200 kW during the taxi phase to the peak demand of
1 MW during take-off. This is displayed as P.; stqck in
Figure 4 together with the total chemical input power
(1 0) Pch,tot - mcons,tot . LHVHg;

where 1icons 1ot 1S the mass flow of consumed hydro-
gen by burner and fuel cell combined and LHVy, is
the lower heating value of hydrogen. It is assumed,
that water is completely vaporized, because the tem-
peratures are well above the dew point of 180°C at
10 bar pressure [13]. Hence, the use of the lower
heating value is justified. Also shown in Figure 4 is
the effective mechanical power, which is computed by
the difference of the power output of the turbine and
the power input of the three compressors:

3

Pmech,eff = Pturbine - E Pcmnpressor,ia
=1

(11)

assuming a combined operation without any losses.
Together with the net power output

(1 2) Py = Pel,stack: + Pmech,eff;

the impact of the pressurization and the mechanical
components using the heat of the burner and the fuel
cell is illustrated. Over the mission, the ratio of the
effective mechanical power and the net power output

P7nech,eff

(13) Pnet

T"Pmech =
slightly varies around 20% as seen in Figure 5. The
ratio ranges from 21% during the climb to 14% dur-
ing the landing. Only in the taxi phases rpmech IS
very low. For these phases, a better operational point
might be found in the future. For the majority of the
mission duration, however, it makes sense to pressur-
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FIG 4. Total chemical power of the system, electrical
power output of the SOFC, effective mechanical
power output of the compressors and the turbine
and net power output of the complete system.

efficiency depicted in Figure 5:

Pnet
Pch,tot

(14) Nsys =

Additionally to poviding power, the integration of the
pressurization also increases the system efficiency
compared to the SOFC stack efficiency. The latter
is evaluated by

Pel,stack

(1 5) Nstack =

)

Pch,sta(:k:

where

(16) Pch,stack = mcons,stack . LHVH2

with the hydrogen mass flow consumed by the stack
Meons,stack- When evaluating the cruise phase, for
example, the system efficiency at 76% is 6% higher
than the stack efficiency at 70% during this phase.
Pressurization also allows for a smaller, lighter fuel
cell stack, which is essential for the application in an
aircraft. Although it is not the focus of this work, there
will be a trade-off between SOFC weight and pressure
level as the balance of plant components such as the
compressors and the turbine get heavier and larger
with an increasing pressure level. This was shown
by [14] for PEM fuel cells in aviation. Although the
PEM fuel cell system differs from an SOFC system,
the dependencies of the pressurization are similar.

3.2. Varying Ambient Conditions

The operation of the powertrain of an aircraft has to
be ensured not only for standard conditions such as
in the baseline mission, but also for more extreme
conditions. To analyze the behaviour and the perfor-
mance of the proposed powertrain architecture, three
different cases are considered with the specifications
shown in Table 2. The names refer to the city or air-
port with the correspondent conditions. These air-
ports are also included in extreme weather tests of
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FIG 5. Fuel cell stack efficiency, overall system effi-
ciency and share of the mechanical power in the
net power output.

new commercial aircrafts such as the Airbus A350
[15].

The landing and take-off altitudes are set to the same
value in each mission for a more meaningful analy-
sis. The full altitude profiles are presented in Fig-
ure 6a. Since the altitude of the Igaluit and Al Ain
cases, presented in Table 2, are almost the same as
the baseline case, they are not included in the figure
for better visibility. The corresponding temperatures
are displayed in Figure 6b. Note that the ambient tem-
peratures over Arctica don’t follow the ISA function.
Therefore, the temperatures for the Iqaluit case are
taken from [16] with a ground temperature of -40°C
following the temperatures of the arctic minimum. For
the other cases, the basic ISA function should be a
good approximation of real-world conditions. [17].
When analyzing the power output, there are only
small transient deviations between the electrical
power of the fuel cell for the different missions since
this is a controlled variable. Similarly, the stack
efficiency remains almost the same when varying the
ambient conditions by controlling the inlet pressure,
the inlet temperature and the surplus ratio to a con-
stant value. In addition, the consumed mass flow by
stack and burner combined is at the same level and
therefore also the total chemical input power (see
Equation 10). The only major differences appear for
the effective mechanical power output depicted in
Figure 7a and for the overall system efficiencies in
Figure 7b. Analyzing the effective power, the highest
power output appears for the lgaluit case with the
lowest temperatures, followed by the baseline case.
This can be explained by the Joule-Brayton process,
which, in general, yields a higher power output for
lower ambient temperatures. In flight phases with low
altitudes, i.e. in the beginning of the climb, towards
the landing and during the go-around, the effective
mechanical power of the La Paz case is slightly
higher than the one of the baseline case. Here,
another working principle of the Joule-Brayton pro-
cess applies, where the power output is also higher
for higher pressure ratios. At the same ambient
temperature, the pressure ratio in the La Paz case is
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FIG 6. Mission profiles: a) Altitude profile for the base-
line and the La Paz case. The Iqaluit and the Al
Ain cases are not shown, because they are al-
most the same as the baseline case. b) Temper-
ature profiles for all missions.

higher than in the baseline case due to lower ambient
pressures. Regarding these relations, the Al Ain case
has the lowest power output due to higher ambient
temperatures and similar ambient pressures as e.g.,
the baseline case. This agrees with the simulation
results. At high altitudes, however, the power output
of the La Paz case is almost as low as the one of the
Al Ain case. This can be explained by the ambient
pressure being the same and the temperature levels
being similar.

The overall system efficiencies observed in Figure 7b
follow the results of the mechanical power output.
While the latter contributes to a higher net power
output, the total chemical power input remains al-
most the same between the different missions, as
explained above. One difference hereby is, that the
efficiency is lower for high power outputs. However,
the overall efficiencies are quite high, reaching values
from 74.4% up to 77% during the cruise phase and
still being above 70% during take-off.

4. CONCLUSION

This work analyzed a possible integration of a gas
turbine enhanced SOFC powertrain for the applica-
tion in future aircraft. A dynamic, system-level sim-
ulation model was developed using the TFS library
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TAB 2. Specifications of the performed mission simulations.

Name Location Ground altitude  Ground temperature  Sea level temperature
Baseline Generic Om 15°C 15°C
La Paz El Alto, Bolivia 4061 m 15°C 41.4°C
Igaluit  Igaluit, Canada 34 m -40°C -40.2°C
Al Ain Al Ain, UAE 264 m 45°C 46.7°C
Basell ] to 77% were achieved, exceeding the efficiencies of
—e— Baseline —— |qaluit . . .
03 L . state-of-the-art conventional jet engines. Although the
. —— LaPaz Al Ain L
— model represents a more principle-based approach,
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FIG 7. Major differences when varying the ambient con-
ditions: a) Effective mechanical power output of
the compressors and the turbine for the different
missions. b) Overall system efficiencies for the
different missions.

and a custom fuel cell model in Modelica. This was
done to investigate the behaviour of the fuel cell and
the balance of plant components needed for its opera-
tion. A first control scheme was introduced with which
it was possible to perform simulations over the com-
plete mission duration of an aircraft. Key aspects of
the dynamics were included while keeping CPU times
low. The first goal of this work was to show the fea-
sibility of operating the proposed powertrain archite-
cure, also from the control perspective, which was
achieved by performing the mission simulations. The
second goal was to investigate, whether the system
can be useful for the application in aviation, regarding
both, the operability in different conditions and also
the performance. The results show, that the power-
train performs well under various extreme conditions,
which are used for testing commercial aircraft. Si-
multaneously, high overall system efficiencies of up
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the results are a promising outcome for this archite-
cure. Towards a real integration, however, many as-
pects have to be considered, e.g. concerning a reli-
able and safe operation. Future iterations of the sim-
ulation setup might include optimizations such as the
exact position of heat exchangers in the architecture
or optimizing the operating points, also for different
flight phases. It would also be interesting to look into
the startup phase in more detail. Furthermore, the
control scheme should be improved to handle more
complex situations and for a better thermal manage-
ment while being real-time compatible. Additional fea-
tures of the simulation setup might include emergency
bypasses around the SOFC stack to enable a safe op-
eration, consider the hydrogen conditioning featuring
a tank and a vaporizer and connecting the stack to an
electrical system. Moreover, a more elaborate burner
model is desired in order to analyze the oxygen con-
centration through the air cycle. Especially for an inte-
gration in future aircraft, the component masses and
dimensions have to be considered as well.
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