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Highlights

• System-level jet and fuel cell hybrid engine models considering mass and volume are
established.

• The maximum overall efficiency of the proposed hybrid engine is 63% without mass
and volume constraints.

• Both weight and volume exhibit exponential increasing trends with the overall effi-
ciency when it exceeds 50%.

• The weight and volume of the hybrid engine have a linear relationship with the overall
efficiency when the efficiency is lower than 50%.

• The thermal efficiency for the novel hybrid engine is increased by 21% compared with
that of CFM56 3C1.

• The propulsion efficiency for the novel hybrid engine is increased by 42% compared
with that of CFM56 3C1.

Abstract

Mass and volume penalties associated with fuel cell integration have hindered the manu-
facturing and integration of hybrid power systems into civil aircraft. To address this issue,
a novel scheme, a turbofan engine integrated with solid oxide fuel cells, is proposed in this
paper, which has the advantage of high thermal efficiency and propulsion efficiency, where
the electricity produced by the solid oxide fuel cell (SOFC) is used to drive the ducted fan.
Then, a multidimensional model that accounts for mass, volume, and thermodynamic per-
formance is established. The equivalence ratio and split ratio have a significantly stronger
influence on the volume and mass ratios than the current density. These two parameters
directly determine the power ratio between the fuel cell and the gas turbine. An increase in
the power ratio leads to a simultaneous rise in both the volume and mass ratios; however,
the overall efficiency cannot be continuously improved, with its maximum value being
approximately 63% without mass and volume constraints. During the multi-objective opti-
mization process, the weight and volume of the hybrid engine have a linear relationship
with the overall efficiency when the efficiency is lower than 50%. However, both mass and
volume exhibit exponential increasing trends as the overall efficiency is over 50%. This is
caused by the nonlinear change in the fuel cell reaction area; as polarization loss decreases,
the thermal efficiency of the hybrid system improves. The maximum overall efficiency is
taken as the optimization objective, with the constraints that the mass fraction of the fuel
cell does not exceed 0.4 of the total engine mass and that the volume fraction of the fuel cell
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stack is less than 0.2 of the gas turbine engine volume. Compared with the CFM56 3C1,
the thermal efficiency for the novel hybrid engine is increased by 21%, and its propulsion
efficiency is increased by 42%.

Keywords: turbine fuel cell; hybrid power system; solid oxide fuel cell; multidisciplinary
optimization; mass penalty; overall efficiency

1. Introduction
1.1. Low-Carbon Propulsion in Civil Aviation

The rapid growth of air transportation has made civil aviation a significant anthro-
pogenic contributor to global CO2 emissions, accounting for 2.5% of the global CO2 emis-
sions from human activities [1]. To address the challenge, the international aviation industry
has set a net-zero carbon emissions goal by 2050. The European Union has also passed
legislative initiatives to gradually increase the blending ratio of SAF (Sustainable Aviation
Fuel) in flights. However, the global production of SAF accounted for only 0.2% of total
aviation fuel consumption in 2023 [2]. Despite capacity expansion, which may meet the
EU’s 6% requirement by 2030, a global supply gap is still expected.

Battery energy storage, liquid hydrogen propulsion, and Power-to-Liquid (PtL) syn-
thetic fuels are the three most promising technological pathways for carbon-neutral avia-
tion [3]. However, aviation is extremely sensitive to the weight and volume of the propul-
sion systems and energy carriers. The energy density of current battery-powered propulsion
systems is typically less than 500 Wh/kg, which is insufficient to meet the needs of medium-
and long-range commercial airliners. In contrast, the energy density of hydrogen reaches
120 MJ/kg, about three times that of conventional jet fuel [4]. Adler E J et al. [3] found that
liquid hydrogen aviation systems reduced primary energy demand by 15–30% compared to
PtL aircraft, highlighting the strategic value of green hydrogen for improving life-cycle en-
ergy efficiency. Hydrogen fuel cells have high efficiency, as they directly convert hydrogen
energy into high-quality electrical energy through electrochemical reactions [5].

Developing low-carbon propulsion systems is essential for reducing aviation’s climate
impact. SAF is only a transitional solution, while green hydrogen–fuel cell systems offer a
long-term zero-emission pathway. However, challenges remain, including hydrogen’s low
volumetric energy density and limited power density of aviation fuel cell systems.

1.2. Solid Oxide Fuel Cell–Gas Turbine Hybrid Engine

SOFC-GT combines the high efficiency of solid oxide fuel cells (SOFCs) with the high
power density of gas turbines (GTs), enabling near-zero-emission. Seyam et al. [6] indicated
that the efficiency of SOFC-GT systems was expected to exceed 59%. The SOFC-GT system
introduces additional weight penalties, but efficiency gains on long-haul flights offset this
weight penalty, showing its potential for application in large aircraft.

However, there are still technical challenges in the aviation application of SOFC-GT.
Gunaltili et al. [7] reported SOFC-GT efficiency of 60–80%, highly dependent on the deep
integration of fuel cells and turbines.

(1) Hybrid engine architecture

Scholars have proposed various SOFC-GT architectures, notably FLyCLEEN for 200-
seat aircraft. Leal and Ribeiro [8] described a zero-emission SOFC-GT architecture, demon-
strating that the integration of SOFCs and gas turbines could significantly improve the
system energy and exergy efficiencies of the system. For mid-range commercial aircraft,
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Daggett et al. [9] designed a liquid hydrogen SOFC-GT hybrid architecture, whose fuel mass
consumption could be reduced by 40–50% compared to conventional jet fuel propulsion.

Ji et al. [10] proposed a dual-mode engine that integrated fuel cells, a gas turbine,
and an electric motor for wide-body aircraft. This engine improved efficiency as well as
the working environment for motors and electronic devices by utilizing the cryogenic
energy of liquid hydrogen. Ji et al. [11] also used multidisciplinary coupled design to
balance propulsion system weight and thermal load. In addition, Chen et al. [12] proposed
multi-objective optimization for SOFC-GT power matching. This SOFC-GT configuration
had a cruise efficiency of 65.1% for long-endurance unmanned aerial vehicles.

(2) Steady-State Thermal Performance

Once the system architecture has been determined, steady-state and thermodynamic
analysis assess feasibility and optimize system parameters. SOFC-GT coupling involves
heat, mass transfer, and electrochemical reactions. Studies often employed thermodynam-
ics laws to quantitatively evaluate performance across flight conditions. Pratt et al. [13]
performed ideal-cycle analysis showing that matching the pressure ratio and SOFC temper-
ature improves efficiency over the Brayton cycle.

Then, Xu et al. [14] showed that the dual-shaft hybrid system improved efficiency,
while it required a strict trade-off optimization with the fuel cell’s thermal management
to prevent thermal stress failure and performance degradation. Hybrid steady-state per-
formance depends on both cycle parameters and fuel. SOFC fuel flexibility enables ther-
modynamic comparison of different fuels. Liu et al. [15] employed exergy analysis to
compare SOFC-GT systems fueled by liquid hydrogen (LH2), liquefied natural gas (LNG),
and aviation kerosene (Jet-A) and found that the thermal efficiency of SOFC-GT achieved
nearly 63%, higher than the 54% of jet fuel.

Ammonia, due to its high volumetric energy density and ease of liquefaction for
storage, is also an important zero-carbon aviation fuel. Wagner et al. [16] reported that an
ammonia-fueled SOFC-GT system achieved nearly 60% cruise thermal efficiency in Boeing
737–800 applications. Chemical hydrogen storage combined with SOFCs offers a safer, and
more compact solution for hydrogen storage and transportation. Chen et al. [17] proposed
a sodium borohydride/aluminum hydrolysis hydrogen production system coupled with
an SOFC-GT system, which achieved an exergy efficiency of 49.3%, with major losses from
hydrolysis and polarization.

The SOFC-GT hybrid system also demonstrates excellent performance in supersonic
and hypersonic aircraft. Focusing on a Mach 3.5 supersonic transport aircraft, Xu et al. [18]
showed that SOFC-driven compressors and cryogenic precooling improved thrust and
efficiency. In applications at higher Mach numbers, Kuai et al. [19] found that steam reform-
ing had stronger cooling capabilities and higher SOFC power compared to dry reforming.
SOFC-GT hybrid systems, as indicated by steady-state calculations, can significantly im-
prove efficiency, reduce fuel consumption, and enable low- or zero-carbon emissions.

Some studies have also been conducted to address dynamic operating conditions,
such as takeoff, climb, and cruise, prior to commercial application. These efforts were
motivated by the mismatch in response characteristics between SOFCs and gas turbines:
the gas turbine provides rapid thrust response, whereas the SOFC is highly sensitive to
thermal stress. To accurately capture the transient characteristics under varying operating
conditions, scholars have developed various integrated dynamic models [20,21], provid-
ing a theoretical foundation for the successful application of SOFC-GT hybrid systems
in aviation.

(3) Solid Oxide Fuel Cell Lightweight Design

https://doi.org/10.3390/aerospace13090814

https://doi.org/10.3390/aerospace13090814


Aerospace 2026, 13, 814 4 of 35

Although the high efficiency of SOFC-GT systems has been confirmed, aviation appli-
cations require high power density. Improving power density through component-level
optimization, advanced manufacturing, and system integration remains a key challenge.

Pesterfield et al. [22] developed an integrated combustion chamber, reducing the
amount of heat exchange equipment as well as system volume. High temperature-pressure
stresses affect the SOFC seal and packaging weight. Schafer et al. [23] pointed out that fuel
leakage can lead to performance degradation and safety hazards.

Increasing the SOFC stack power density can effectively offset its weight disadvantage,
and pressurization is an important approach. Pratt et al. [24] experimentally demonstrated
that pressurization from 1 to 4 bar increased peak power density by approximately 10%. In
system-level experiments, Kojima et al. [25] developed a 1.5 kW SOFC and 10 kW GT hy-
brid platform, showing that the fuel supply and pressure control must be highly integrated
to preserve efficiency gains. Some scholars have studied research progress in SOFCs in the
fields of electrochemical characterization, durability enhancement, and key material opti-
mization [26–30]. These studies cover advanced impedance spectroscopy analysis methods,
anode structural engineering [30], cathode poisoning tolerance [29], and high-temperature
stability design of interconnects [28]. These studies provide important theoretical and
technical support for the application of SOFC-GT low-carbon energy systems. To address
mass-related challenges, academia and industry use advanced manufacturing. Airbus
emphasizes that high specific power density is crucial for aviation fuel cell applications.
Using COMSOL Multiphysics simulations, Geisler et al. [31] demonstrated the importance
of developing lightweight components, pressure-resistant lightweight casings, and stack
configurations with low cooling flow rates. Ahilan et al. [32] applied 3D printing to enable
lightweight aerospace-grade SOFCs beyond traditional manufacturing limits.

However, the use of lightweight and high-power-density technologies may lead
to SOFC performance degradation. Vilela et al. [33] indicated that lightweight, high-
power applications required stricter lifetime management to control the microscopic
degradation mechanisms.

As summarized in Table 1, increasing pressure and cycle optimization can improve the
power density of SOFC-GT systems; however, their application in aviation is constrained
by the weight and volume of the stacks and other components. Integrated chambers,
improved seals, and 3D-printed ultrathin stacks aim to overcome SOFC-GT component-
level bottlenecks. However, balancing power density, lightweight design, and thermal
efficiency remains the most critical engineering challenge.

Table 1. Measures to increase weight or volume power density.

Measures Qualitative Results Quantitative Results Impact on
Endurance/Environment References

System pressurization
Increased voltage and mass
transfer; enhanced volumetric
power density

Pressure increased form 1 bar to 4
bar; peak power density increased
by approximately 10%

Improved power capacity [24]

Operating parameters
optimization

Balancing efficiency and
power-to-weight ratio

Power-to-weight ratio: 0.569 kW/kg;
thermal efficiency: 62.1%

Meet the endurance
requirements for
long-endurance drones

[12]

Dynamic power allocation Global optimal at non-design
points; weight-reduced BoP

System weight reduced by 27.7%;
thermal efficiency: 73.21%

High efficiency, low fuel
consumption, and low CO2

[21]

Lightweight manufacturing Lightweight structure
Fabrication of an ultra-thin metal
support structure approximately
25 µm thick

Reduce weight and extend
endurance [31,32]

Anode-supported SOFC +
precise gas control

Balancing service life and
power generation

High power density at 0.75 V;
hydrogen utilization: 65%

Hydrogen-powered and
zero-carbon emissions [33]

Liquid hydrogen/ammonia
fuel + thermal integration

Reduce size and fuel
consumption

Fuel consumption reduced by
40–50%; thermal efficiency of 60–63%

73.1% CO2 life-cycle
reduction [9,15,16]
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1.3. Original Contributions of This Work

The original contributions of this work can be summarized as follows:

(1) A novel integrated modeling framework for a turbofan solid oxide fuel cell hybrid
engine is developed, in which the power produced by fuel cells is used to drive
the ducted fans. The thermal efficiency and propulsion efficiency are significantly
improved simultaneously.

(2) A unified mass–volume constrained design methodology, aimed at the fuel cell hybrid
engine, is proposed. This methodology systematically incorporates both gravimetric
and volumetric metrics into the system-level optimization, addressing a key limitation
of existing studies that predominantly focus on single-objective thermodynamic
performance.

(3) A comprehensive performance optimization framework is constructed based on
multidisciplinary design optimization, through which the trade-offs among efficiency,
specific power, and system compactness are quantitatively evaluated.

(4) New insights into the coupling mechanism and performance limits of turbofan solid
oxide fuel cell hybrid engines are provided, offering theoretical guidance for the
design of next-generation propulsion systems for regional and narrow-body aircraft.

1.4. Research Framework

The structure of this paper is as follows: Firstly, the overall system architecture and
working principle are described. The mathematical models for the hybrid engines are
presented, which include the SOFC models and the component models related to the jet
engines, such as fans, turbines, etc. The models are validated against experimental data
published in the literature. Subsequently, the performance analysis is conducted, which is
divided into three subsections: (1) The effects of the key parameters on the performance
and size of the hybrid engine are described. (2) We conduct multidisciplinary optimization
study to quantify the relationship between the volume or mass of the engine and the overall
efficiency of specific fuel consumption. Simultaneously, the variation trends of the other
parameters are monitored. (3) According to the optimization results, the comparisons
between the proposed engine and the kerosene turbofan in terms of the performance and
size are completed.

2. System Architecture of the Turbine Fuel Cell Hybrid Power System
2.1. Turbofan Engine Integrated with Solid Oxide Fuel Cell Architectures

The schematic diagrams of the aerodynamic structure and the thermodynamic cycle
for the turbine fuel cell hybrid power system are shown in Figures 1a and 1b, respectively.
Fresh air enters the intake and is compressed by the fan. Then, most of the compressed
air flows into the bypass duct, where it expands and generates thrust. The remaining air
enters the core flow stream, participating in the electrochemical cycle and the Brayton
cycle. The core air enters the compressor, where it is compressed, heated, and pressurized.
After heat exchange with the turbine exhaust gases, the temperature of the compressed air
reaches the required inlet temperature for the SOFC, and then the compressed air flows
into its cathode. Similarly, the fuel is preheated by exchanging heat with the exhaust gases
from the combustion chamber outlet until its pressure and temperature reach the required
operating conditions of the SOFC. Electricity is generated through the electrochemical
reaction of fuel and air in the fuel cell. Then, the exhaust gas from the fuel cell and fresh fuel
are thoroughly mixed in the mixing chamber and subsequently fed into the combustion
chamber. The exhaust gas from the combustion chamber, after heat exchanging with
fresh fuel, is sequentially delivered to the high-pressure turbine and the low-pressure
turbine. The shaft power produced by the high-pressure turbine is entirely used to drive
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the compressor, while the low-pressure turbine drives the fan. After heat exchanging with
air, the turbine exhaust gas flows to the core nozzle, where it expands and generates thrust.
Meanwhile, the electricity generated by the fuel cell through electrochemical reactions is
supplied to the electric motor, which is used to drive the ducted fan; the fuel cell no longer
contributes to driving the compressor, thereby forming a multi-power-source parallel
propulsion coupling configuration. The thrust of the hybrid power system is generated by
three components: the core nozzle, bypass nozzle, and duct fan nozzle.

 

(a) Schematic diagram of the aerodynamic configuration (b) Thermodynamic cycle diagram 

Figure 1. Configuration and thermodynamic characteristics of the turbine fuel cell hybrid propulsion
system.

Compared to traditional high-bypass turbofan engines, the turbine fuel cell hybrid
engine significantly increases the bypass ratio of the jet engine by incorporating a ducted
fan: (1) On one hand, fuel cell has high efficiency; by applying the principle of cascaded
fuel utilization, the chemical energy utilization of the hybrid engine can be remarkably
improved, thereby increasing its thermal efficiency. (2) On the other hand, the ducted fan
provides high propulsion efficiency, thereby significantly improving the turbine propulsion
efficiency. Under the combined effect of improved thermal efficiency and propulsion
efficiency, the specific fuel consumption of the proposed novel turbine fuel cell hybrid
system can be significantly reduced compared to that of a conventional turbine engine.

2.2. Architecture Comparisons of Turbine Fuel Cell Hybrid Power Systems

To minimize the mass penalty associated with volume and weight, the architectures of
the turbofan engine integrated with solid oxide fuel cells are proposed in Figure 1, which
are different from the currently proposed configurations [9,13,16,20,34,35] shown in Table 2.
Not all thrust is produced by electrically driven ducted fans. The mass penalty from the
motors and generators is limited to some degree. The degree of reduction depends on the
proportion of propulsion work distributed. On the other hand, it does not represent a fully
original approach. Hydrogen is selected as the fuel, eliminating the need for complex fuel
processing systems.

Table 2. Comparison of system architectures based on the combination of solid oxide fuel cells and a
gas turbine for aircraft propulsion and power.

Publications System Configuration Features Propulsion and Power

Pratt and Cadou [13] CPOX Fuel cell provides electrical power to airborne equipment.
Turbo jet engine provides thrust.

Tang and Hong [34] CPOX
Fuel cell and turbo jet engine both provide electricity to drive the
motor for propulsion.
Power source is from SOFCs.
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Table 2. Cont.

Publications System Configuration Features Propulsion and Power

Daggett et al. [9] Combustor gas exchanger
RLNG reforming

Fuel cell and turbo jet engine both provide electricity to drive the
motor for propulsion.
Power source is not mentioned.

Xu et al. [20] CPOX
Fan and compressors are driven by the SOFCs

Fans produce propulsion power.
Power source is not mentioned.

Wagner et al. [16]
Ammonia decomposition reactor
Exhaust heat exchange
Multi-spool aeroengine

Fans produce propulsion power.
SOFC provides onboard electrical power supply.

Yu et al. [35] Three-shaft jet engines
Closed helium cycle

Distributed electric propulsion system powered by the power
turbines and SOFC.
Power source is not mentioned.

This paper —
Propulsion power is from the nozzles of the turbofan engines and
the ducted fans powered by the SOFC.
SOFCs provide onboard electrical power supply.

3. Mathematical Models
3.1. SOFC Model

In the turbine fuel cell hybrid system proposed in the present work, the fuel cell used
is a high-temperature SOFC, and its structural schematic is shown in Figure 2a. This fuel
cell mainly consists of six parts: the cathode layer, anode layer, electrolyte layer, anode fuel
channel, cathode air channel, and connector. The cathode layer, anode layer, and electrolyte
layer are collectively referred to as the PEN structure, which serves as the main region for
electrochemical reactions. In an SOFC, the electrochemical reaction between hydrogen and
oxygen primarily takes place within the PEN structure.

  
(a) (b) 

Figure 2. Structural schematics of the solid oxide fuel cell unit and stack. (a) Solid oxide fuel cell
unit [36]; (b) Fuel cell stack [20].

Given that the operating conditions of each single SOFC can be kept consistent,
multiple cells can be stacked to form a fuel cell stack to enhance output power, as illustrated
in Figure 2b [20]. In this stack, the dedicated gas manifold is used to centrally distribute
and recover the working fluid. Based on the analysis of the stack’s structural characteristics
and operating principles described above, the thermodynamic and electrochemical models
for the SOFC are developed in this section. The thermodynamic model of SOFCs primarily
consists of chemical reaction models and models for the conservation of mass, energy,
and momentum.

To simplify the model calculation process, reduce computational complexity, and
ensure the accuracy of the description of the main mechanisms, the following simplifying
assumptions are employed: (1) The airflow throughout the entire fuel cell system is consid-
ered zero-dimensional, flowing along the axial direction, and the aerodynamic parameters
at each cross-section are assumed to be uniformly distributed. (2) All gases are considered
as ideal gases. (3) The oxygen content in air is 21%, and the nitrogen content is 79%.
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(4) The reactants and products within the fuel cell are assumed to be uniformly mixed.
(5) The outlet temperature of the fuel cell is taken as the operating temperature of the
fuel cell.

3.1.1. Chemical Reaction Model

Hydrogen is the only fuel reactant in this model; therefore, the main electrochemical
reactions in the fuel cell are the oxidation of hydrogen (at the anode) and the reduction
of oxygen (at the cathode). The SOFC electrolyte is a fully stable sintered solid-solution
material. When high-valence metal ions are replaced by low-valence metal ions, a large
number of oxygen ion vacancies are generated within the electrolyte to maintain charge
balance. These vacancies serve as transport pathways for oxygen ions and enable oxygen
ions to migrate from the cathode to the anode. Then, at the anode–electrolyte interface,
the oxygen ions ultimately react with hydrogen ions to form water vapor. The specific
electrochemical reactions are as follows:

Cathode reduction reaction : O2+4e− → 2O2− (1)

Anode oxidation reaction : 2O2−+2H2 → 2H2O + 4e− (2)

Overall electrochemical reaction : 2H2+O2 → 2H2O (3)

3.1.2. Mass–Energy–Momentum Conservation Model

The conservation equations of mass, energy, and momentum are used to quantitatively
describe the SOFC chemical reactions and transport processes in key regions such as the
electrodes, electrolyte, and gas channels: (1) The mass conservation equation characterizes
the overall conservation of mass of reactants and products during the electrochemical
reaction. (2) The energy conservation equation describes the conversion and conservation
of energy within the system. The input chemical energy and fluid kinetic energy, along with
the output electrical energy, thermal energy, and the changes in the system’s internal energy,
satisfy the principle of energy conservation. (3) The momentum conservation equation
characterizes the momentum transfer and conservation of the fluids within the fuel cell.
The specific expressions of the three conservation equations [10,20] are shown in Table 3.

Table 3. The specific formula of the mathematical model.

Name Mathematical Model No.

Conservation of Mass Equation ∇ ·
(
−Deff

j ∇Cj + UCj

)
= SQ (4)

Equation of Conservation of Energy ∇ ·
(
ρcpUT

)
= ∇ · (λ∇T) + SE (5)

Equation of Conservation of Momentum ∇ · (ρUU) = −∇p +∇ · (µ∇U) + SM (6)

Here, Deff
j is the effective diffusion coefficient of gas j, Cj is the molar concentration of

gas j, U is the velocity vector, SQ is the mass source term of the fluid, ρ is the fluid density,
cp is the specific heat capacity of the fluid at constant pressure, λ is the thermal conductivity
of the medium, SE is the energy source term, µ is the dynamic viscosity, and SM is the
momentum source term.

3.1.3. Electrochemical Model

Under isothermal conditions, the ideal potential of the fuel cell can be expressed as the
ratio of the maximum useful work during the electrochemical reaction to the charge carried
by the external circuit. The electrochemical reactants form a multicomponent system, so
the thermodynamic voltage of the electrode reaction (open-circuit voltage) deviates from
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the ideal voltage under standard state. This potential deviation is determined by the
temperature, pressure, and molar concentration of the working substances, as:

UOCP =
−∆G0

2F
+

RT
2F

ln
( pH2

√pO2

pH2O

)
(7)

where ∆G0 is the change in Gibbs free energy; R is the gas constant; and pA is the partial
pressure of reactant A at the electrode–electrolyte three-phase boundary (TPB).

UOCP is the open-circuit voltage, which represents the theoretical maximum terminal
voltage of the fuel cell under given operating conditions. However, the actual operating
voltage is much lower than UOCP. When the cell delivers current, the terminal voltage
continuously declines due to the combined effects of internal resistance and polarization.
Electrode polarization is directly related to interfacial electrochemical reactions and mass
transport processes and is mainly classified into three types: activation polarization ηact,
concentration polarization ηconc, and ohmic polarization ηohmi. These polarization losses
are related to factors such as temperature, component concentration, working fluid pressure,
and material properties. These represent inherent and unavoidable energy losses during
fuel cell operation. Therefore, the actual voltage of the fuel cell equals the open-circuit
voltage minus the polarization losses [11].

U = UOCP − ηact − ηconc − ηohmi (8)

Activation polarization refers to the voltage loss caused by the electrode surface redox
reactions as they overcome the kinetic energy barrier. A high temperature will accelerate
the reaction rate, thereby reducing activation polarization losses. Activation polarization
loss has a quantitative relationship with current density. And this loss can be described by
the nonlinear Butler–Volmer equation, which applies to first-order charge transfer reactions.

j0,i = γi exp
(
−Eact,i

RT

)
(9)

γi =
RT
nF

ki (10)

j = j0,i

[
exp

(
F

RT
ηact,i

)
− exp

(
− F

RT
ηact,i

)]
(11)

Here, γi is the pre-exponential factor, ki is the reaction rate constant of electrode i, i
represents different electrodes, Eact,i is the activation energy level at electrode i, and j0,i is
the exchange current density at electrode i. An implicit equation method is used to solve
the activation overpotential.

Ohmic polarization refers to the voltage loss caused by the internal resistance of the
fuel cell that hinders the flow of current. The voltage drop caused by ohmic polarization
loss follows Ohm’s Law and can be expressed as follows:

ηohmi = 2.99 × 10−5 jL exp
(

10300
T

)
(12)

Concentration polarization is the voltage loss caused by the decrease in the reactant
concentration near the electrode surface. Concentration polarization becomes significant at
the electrode surface when the transport rate of reactants and products are lower than the
reaction rate required by the discharge current. Based on the Nernst equation, the specific
equation for concentration polarization is shown below:
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ηconc,H2 = −RT
2F

ln

 1 −
(

jRTdH2 /2FDeff
H2OPH2,electrode

)
1 +

(
jRTdH2 /2FDeff

H2OPH2O,electrode

)
 (13)

ηconc,O2 = −RT
4F

ln


(

PO/δO2

)
−
((

PO/δO2

)
− PO2,electrode exp

[
RT
4F

jδO2 dO2
Deff

O2
PO

])
PO2,electrode

 (14)

δO2 =
Deff

O2,k

Deff
O2,k + Deff

O2−N2

(15)

where F is the Faraday constant, Deff
H2O and Deff

O2
are the effective diffusion coefficients of

different electrodes, PO, PO2,electrode, and d are the oxygen pressure, the partial pressure
at the electrode surface, and the electrode thickness, respectively, Deff

O2,k is the effective
Knudsen diffusion coefficient of oxygen, Deff

O2−N2
is the effective binary diffusion coefficient

of oxygen and nitrogen, and j is the current density.
The output electrical power of an SOFC depends on the cell’s active area and the

electrochemical performance of each single fuel cell. The total active area of an SOFC is
defined as the product of the length, width, and number of single fuel cells. Thus, the
power density of a fuel cell can be defined as the ratio of the fuel cell’s electrical power to
its active area. In addition, the electrochemical efficiency of an SOFC is defined as the ratio
of the stack’s output electrical power to the chemical energy of the input fuel, where the
chemical energy of the fuel can be calculated using its calorific value and fuel flow rate.

PSOFC = U · j · ASOFC (16)

ASOFC = N × WFC × LFC (17)

PA =
PSOFC

ASOFC
(18)

ηSOFC =
PSOFC

LHVH2 ·
.

mH2,in
(19)

Here, U is the voltage, N is the number of cells, ASOFC is the total fuel cell area, W is
the width of a single cell, L is the length of a single cell, PA is the power density of the fuel
cell, ηSOFC is the efficiency of the fuel cell, LHVH2 is the lower heating value of hydrogen
fuel, and

.
mH2,in is the mass flow rate of hydrogen fuel entering the fuel cell anode.

3.2. Jet Engine Models

A gas turbine engine propulsion system consists of some key components, such as
the fan, compressor, combustor, and turbine. Therefore, corresponding thermodynamic
models for the above-mentioned main components are developed in this subsection [37].

3.2.1. Fan/Compressor

After being preliminarily compressed in the intake, the airflow enters the compressor
for isentropic compression. During this process, the compressor converts the kinetic
energy of the incoming air into internal energy through the interaction between the airflow,
the rotating moving blades, and the stationary stator blades. The characteristics of the
compressor are shown in Figure 3. Its key operating parameters, together with the inlet
aerodynamic conditions, determine the compressor performance as follows:
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{
πC = f1

( .
ma2, cor , nC, cor

)
ηC = f2

( .
ma2, cor , nC, cor

) (20)

[
nC,cor =

nC,cor

(nC,cor)des

]
(21)

where nC,cor is the compressor’s relative corrected rotational speed. In characteristic maps,
the relative corrected speed nC,cor is often used instead of the corrected speed nC,cor to
describe the similarity parameter of the compressor inlet circumferential Mach number.

Figure 3. Compressor performance curve.

The pressure ratio is defined as the ratio of the total pressure at the compressor outlet
to the total pressure at the inlet, as:

πC =
pt3

pt2
(22)

where pt3 is the total pressure at the compressor outlet.
Compressor efficiency is defined as the ratio of the isentropic work to the actual work, as:

ηC =
PC,i

PC
(23)

PC,i =
.

ma2(ht3i − ht2) =
.

ma2cpTt2(eC − 1) (24)

eC = π
γ−1

γ

C (25)

PC =
.

ma2(ht3 − ht2) (26)

where PC,i is the isentropic compression work, and PC is the actual compression work.

3.2.2. Combustion Chamber

During the combustion process, the gas is heated under constant-pressure conditions
in order to increase its temperature before entering the turbine. The increase in the gas
temperature before the turbine can raise the turbine cycle temperature ratio, thereby
significantly enhancing the cycle’s effective work. When establishing a steady-state model
of the combustion chamber, energy conservation must be taken as the core principle to
precisely match the energy balance between the heat released from combustion and the
temperature rise of the gas.

The enthalpy of the gas at the combustion chamber inlet ∆hin is:
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∆hin = ∑
i

ni

∫ Tin,i

Tstd

icp,idT + ∑
i

h0,i + ∑
j

nj

∫ Tin,j

Tstd

cp,jdT + ∑
j

h0,j (27)

where Tin,i is the temperature of the gas entering the fuel side, Tin,j is the temperature
of the gas entering the air side, Tstd is the temperature under standard state, h0,i is the
enthalpy of the inlet gas on the fuel side of the combustion chamber under standard
state, h0,j is the enthalpy of the gas entering the air side of the combustion chamber under
standard state, and n is the molar flow rate. Polynomial functions based on temperature
are used for cp calculations, with coefficients derived from NASA’s publicly available
thermodynamic database.

The temperature of the gas at the combustor outlet can be determined according to
the law of energy conservation:

∆hout = ∑
m

nm

∫ Tout

Tstd

cp,mcp,jdT + ∑
m

h0,m = ∆hin (28)

where ∆hout is the enthalpy of the gas at the combustor outlet, h0,m is the enthalpy of the
combustor outlet gas at the standard state, n is the molar flow rate of the gas, and m is the
individual gas components in the combustor outlet gas.

The combustion efficiency ηB is defined as the ratio of the actual heat released to the
theoretical total heat that could be released if the fuel were completely combusted. In
practical calculations, the released heat is typically represented by measuring the actual
enthalpy increase of the flue gas, and the expression is:

ηB =

.
mghB,out−

.
mahB,in

.
mfHu

(29)

where
.

mg is the flow rate of the exhaust gas at the combustor outlet,
.

ma is the flow rate of
the air at the combustor inlet, and

.
mf is the fuel flow rate at the combustor inlet.

The combustor total pressure recovery factor σB is a critical parameter for measuring
internal flow losses in the combustor, and its relationship with the total combustion pressure
loss coefficient ∆pB is as follows:

σB = (1 − ∆pB) =
pB,out

pB,in
(30)

3.2.3. Turbine

The primary role of the turbine is to generate power through the expansion of the gas,
causing a significant decrease in its total temperature and total pressure. Its key design
requirements are to achieve high energy conversion efficiency, a minimum number of
structural stages, and compact size at a given output power while ensuring reliability and
durability under severe conditions such as high temperature and high load. As a type
of rotating bladed machine, a turbine converts the thermal energy and pressure energy
of high-temperature, high-pressure gas into mechanical work through gas expansion. Its
performance parameters mainly include the corrected flow rate, pressure drop ratio, and
adiabatic efficiency. The corrected flow rate and corrected rotational speed are the main
dimensionless similarity parameters in turbine performance analysis. They are used to
quantitatively characterize the similarity of the turbine inlet axial Mach number and the
rim Mach number. The definitions of these two parameters are as follows:

Wg4,cor = Wg4
101325

pt4

√
Tt4

288.15
(31)
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nT,cor = nT

√
288.15

Tt4
(32)

where Wg4, Tt4, and pt4 are the physical flow rate of the gas at the turbine inlet, the total
temperature at the turbine inlet, and the total pressure at the turbine inlet, respectively.

Turbine efficiency is defined as the ratio of actual work to isentropic work, that is:

ηT =
PT

PT,i
(33)

where PT is the actual expansion work, and PT,i is the isentropic expansion work.

3.2.4. Nozzle

The primary role of a bypass nozzle is to expand the flow gas and thereby generate
thrust. In high-bypass-ratio civil turbofan engines, both the core and bypass nozzles are
convergent nozzles. The equations for nozzle-related performance are as follows:

Pnozz = Pnozz,in · σnozz (34)

Tnozz = Tnozz,in (35)

The outlet gas parameters are as follows:

Vnozz = CVN

√
2CpTnozz

(
1 − πnozz

− k−1
k

)
(36)

Fnozz = Wnozz(Vnozz − V0) + (Pnozz − P0)Anozz (37)

where Pnozz is the pressure at the nozzle outlet, Pnozz,in is the pressure at the nozzle inlet,
Tnozz is the nozzle outlet temperature, Tnozz,in is the nozzle inlet temperature, σnozz is the
total pressure recovery coefficient, Wnozz the airflow rate through the nozzle, CVN is the
speed coefficient, Vnozz is the exhaust velocity at the nozzle, Pnozz is the static pressure at
the nozzle outlet, and Anozz is the nozzle area.

3.3. Mass and Size Model

The weight of the HPP system WHPP is corrected based on the weight of the original
turbofan engines as Equation (38) in Table 4. The weight of the HPP system is the sum of
the weight of the original turbofan engine Weng, the weight of fuel cells Wfc, the weight of
motors Wmot, and the weight of heat changers WHX. The fuel cell weight Wfc is the product
of the weight per square meter SOFCs and the total area Sfc, as shown in Equation (39). The
specific mass of the SOFC stack is 2.056 kg/m2, according to Collins and Mclarty, which is
among the lowest values reported for fuel cell technologies. The weight of the motor can
be acquired by Equation (40). The power density of the motor for electric aircraft is 11.56
kW/kg. Pcomp is the compressor power under the maximum thrust conditions. The mass
model of the turbine engine primarily refers to Torenbeek’s calculation method [38].

Table 4. Equations for the performance and weight of the engines.

Hybrid Engine Weight WHPP = Weng + Wcell + Wmot + WHX (38)

SOFC weight Wcell = Scell × 2.056 kg/m2 (39)

Motor weight Wmot = Pcomp/11.56 (kg/kW) (40)

Heat exchanger weight WHX = SHX × 4.86 kg/m2 (41)
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This study assumes that the volume of the hybrid engine is the sum of the engine
volume and the fuel cell volume. The length of the engine is determined by factors such as
the number of combustion chambers, the number of shafts, and whether a fan is installed.
The calculation logic follows a three-step progressive process: Step 1: Determine the basic
length based on the number of shaft lines: when there are two shaft lines, the engine base
length satisfies L2 = L; when the number of shaft systems exceeds 2, the engine length is
calculated according to Equation (43). Step 2: Modify the length based on the number of
combustion chambers: when the number of combustion chambers is 1, the modified length
satisfies L3 = L; when the number of combustion chambers is greater than 1, the engine
length is calculated according to Equation (44). Step 3: Determine the final length based on
whether a fan is installed: if the engine is equipped with a fan, the final length is calculated
using Equation (45); if no fan is installed, the length adjusted in Step 2 is used as the final
length of the engine.

L = c1

(
mair(1 + 0.2bpr)

ρc(1 + bpr)

0.5
+ d1

)
(42)

L2 = L × 1.1ns−2 (43)

L3 = L2 × 1.1nb−2 (44)

L4 = L3 × 1.1 (45)

Here, L is engine length, mair denotes the engine air mass flow rate, bpr is the bypass
ratio, ns denotes the number of shafts, nb is the number of combustion chambers, c is
the speed of sound, and c1 and d1 are empirical coefficients related to the integrated
components, with values of 0.0816 and 0.0405, respectively [38].

The formula for calculating the engine diameter and the maximum diameter is given
in Equation (47):

Dinlet =

(
4A
π

)0.5
(46)

Dmax = (Dinlet + aL+b)1.35 (47)

where Dinlet is the nacelle inlet diameter, Dmax is the maximum nacelle diameter, A is
the inlet area, and a and b are empirical coefficients related to the bypass ratio and fan
configuration of the engine, with values of 12 and 0, respectively [38]. All of these formulas
are expressed in SI units.

We assume that the engine has a cylindrical shape. Therefore, the engine volume is
given by:

Veng =
πD2

maxLmax

4
(48)

The volume of the fuel cell consists of the intake and exhaust manifolds and the fuel
cell stack. The volume of the intake and exhaust manifolds is determined by the width of
the fuel cell stack and the air velocity within the manifolds, which is set to 10–50 m/s in
this paper. The volume of the fuel cell stack is determined by the electrodes, electrolyte,
channel height, and the length and width of the active area, as well as the gas flow velocity.
In the present work, the air and fuel gas velocities in each single cell are set to 1–10 m/s.

In summary, the volume of the hybrid system is the sum of the engine volume and the
fuel cell volume:

V = Veng + Vcell (49)
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3.4. Model Validation

The model validation process helps enhance the model’s credibility, ensuring that the
established model can accurately reflect and predict the system’s performance changes.
The validation results are illustrated in Figure 4, which shows a comparison between
the polarization curves of the SOFC obtained through numerical simulation and those
measured experimentally. The experimental data for different temperature conditions are
sourced from Zhao and Virkar [39], while the experimental data corresponding to different
fuel components are sourced from Rokni [40]. The specific input parameters of the fuel cell
model are shown in Table 5.
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Figure 4. Validation of SOFC models under different operating temperatures and fuel composition
concentrations [39,40].

Table 5. SOFC model validation input parameters.

Parameters Zhao and Virkar [39] Rokni [40]

Pressure (bar) 1 1
Temperature (K) 873.15, 973.15, 1073.15 1023.15

Fuel 97% H2/3%H2O
73%H2/27%H2O
49%H2/51%H2O
24%H2/76%H2O

Anode thickness (m) 10−3 6 × 10−4

Electrolyte thickness (m) 8 × 10−6 5 × 10−5

Cathode thickness (m) 2 × 10−5 10−5

As shown in Figure 4, for various combinations of operating temperatures and anode
H2 fuel concentrations, the simulation results from the developed models show high
consistency with the experimental data, with the average error controlled within 3%.

The developed thermodynamic model of the baseline turbofan engine was validated
against published paper [41] data to ensure the accuracy and reliability of the overall
performance prediction. Key performance parameters, including atmospheric conditions,
overall pressure ratio, air mass flow, turbine inlet temperature, and other relevant operating
parameters, were obtained from the literature [41]. Thermal efficiency and thrust were
selected for comparison.

In the hybrid propulsion system, the SOFC operates under elevated pressure con-
ditions to achieve better integration with the gas turbine cycle and improve the overall
system performance. The output voltage of the SOFC increases with increasing operating
pressure, as shown in Figure 5, where the validated model is employed. When the pressure
is over 3 bar, the enhancement of fuel cell performance is relatively limited as the operating
pressure increases.
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Figure 5. Fuel cell I–V characteristics under different operating pressures.

As seen from Table 6, the deviations between the calculated and reference data re-
mained within an acceptable engineering range, demonstrating that the proposed model is
capable of accurately reproducing the overall thermodynamic and propulsion performance
characteristics of the baseline engine.

Table 6. Jet engine model validation.

Performance Parameters Reference This Work

Thrust-specific fuel consumption (g/(s·kN)) 10.98 11.14
Thrust (N) 9.97 × 104 1.008 × 105

Therefore, the validated turbofan model provides a reliable foundation for the sub-
sequent hybrid propulsion system integration, performance analysis, and parametric
optimization presented in this study. However, the predicted performance of the SOFC
at the elevated operating pressures and that of the turbofan engine with the different
operating conditions are based on the models and assumptions in this study. Further work
will focus on validating the SOFC model using elevated-pressure experimental data and
assessing additional turbofan parameters using more comprehensive engine test data.

3.5. Calculation Procedure

The calculation procedure for the SOFC-GT hybrid engine is illustrated in Figure 6.
The component models described in the preceding subsections are integrated sequentially
through the transfer of mass flow rate, total temperature, total pressure, gas composition,
and power between adjacent components. First, the flight and engine design parameters,
including the Mach number, component efficiencies, compressor pressure ratio, turbine
speed, SOFC bleed airflow rate, and fuel-to-air ratio, are specified. Initial estimates of the
coupling variables are assigned.

The intake and fan models first determine the total temperature, total pressure, and
airflow rate at the fan outlet. The resulting airflow is distributed between the core and
bypass paths according to the bypass ratio and mass-conservation relationship. The outlet
conditions of the fan are subsequently passed to the compressor models. The thermody-
namic states are then calculated sequentially through the compressor, SOFC, combustion
chamber, turbine, and nozzle models. In the SOFC model, the electrical power output
is determined from the bleed airflow rate, fuel-to-air ratio, operating pressure, and elec-
trochemical characteristics. This electrical power is supplied to the compressor of the
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ducted-fan system, thereby coupling the SOFC model with the ducted-fan model. Mean-
while, the turbine model is coupled with the fan and core-compressor models through the
shaft-power balance. The exhaust conditions obtained from the turbine and the different
flow paths are finally supplied to the core and bypass nozzle models to calculate their
respective thrust contributions.

Model assumptions

SOFC:
Pressure,Temperature,

SOFC efficiency,
Concentration,Power

Intake:
Pressure,Temperature,

Concentration,
Mass flow

Fan:
Pressure,Temperature,

Mass flow,
Power,BPR

Compressor:
Pressure, Temperature,

Mass flow,
Power

Turbine:
Pressure,Temperature,

Concentration,
Pressure ratio,

Mass flow

Core nozzle:
Pressure,Temperature,

Concentration,
Mass flow

Engine performance:
Thermal efficiency,

Specific thrust,
Specific fuel consumption...

Input:
Mach,Altitude,

Components efficiency,
Compressor pressure ratio,
Turbine inlet temperature,

SOFC bleed...

Start

End

Combustor:
Pressure,Temperature,

Concentration,
Mass flow

Ducted fan:
Pressure,Temperature,

Power,Mass flow

Bypass nozzle:
Pressure,Temperature,

Concentration,
Mass flow

Ducted fan nozzle:
Pressure,Temperature,

Concentration,
Mass flow

 

Figure 6. Calculation procedure of the SOFC-GT hybrid system.

After completing one calculation cycle, the mass-flow continuity, shaft-power balance,
and electrical-power balance are examined. If any residual exceeds the prescribed conver-
gence tolerance, the relevant coupling variables, including the bleed airflow rate, fuel-to-air
ratio, and turbine operating state, are updated using the results of the current iteration,
and the entire component calculation sequence is repeated. The updated state variables
are used as the initial estimates for the next iteration. The procedure continues until all
mass-flow, power-balance, and component-matching residuals satisfy the convergence
criteria. The converged component states then define the final thermodynamic design
of the SOFC-GT hybrid engine. Finally, the thrust generated by the core nozzles, ducted
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nozzles, and bypass nozzles is combined, and the design-point performance parameters,
including thermal efficiency, specific thrust, and specific fuel consumption, are determined.

4. Results and Discussions
In general, the change in overall pressure ratios, combustion temperature, bypass

ratios, etc., will lead to the variation of the thermal efficiency, propulsion efficiency, and
thrust specific fuel consumption of the performance of the combined engine. Furthermore,
the length and diameter of the turbojet engine will change, too. The above-mentioned
regulation law between the thermodynamic parameters and the performance parameters
of the turbofan has been studied thoroughly. In summary, the optimized overall pressure
ratio exists at a given combustion temperature to maximize thermal efficiency for the
engine. Moreover, to maximize the propulsion efficiency, the exhaust velocity of the outer
bypass and core duct should be the same. For the novel combined engine, its performance
is affected by the Brayton cycle and the electrochemical reaction simultaneously. The
equivalent ratio (the ratio of the actual fuel-to-air ratio to the stoichiometric fuel-to-air
ratio), flow split ratio (the ratio of the air mass flow rate entering the fuel cell to the total air
mass flow rate at the compressor outlet), and fuel cell current density have a significant
influence on the performance of the system. Moreover, the volume and the weight are also
affected by these parameters. It is important to analyze the effects of these parameters on
the performance and weight of the combined engine and optimize them. In the subsequent
analysis, the component efficiency is listed in Table 7.

Table 7. Component efficiencies of the combined engine.

Design Variables Value Design Variables Value

Fan pressure ratio 1.5 Fuel cell electrolyte height 15 µm
Fan efficiency 0.86 Fuel cell air electrode height 30 µm
Ducted fan pressure ratio 1.5 Fuel cell fuel electrode height 10 µm
Ducted fan efficiency 0.86 Fuel cell air support height 30 µm
Compressor pressure ratio 26.7 Fuel cell fuel support height 300 µm
Compressor efficiency 0.86 Fuel cell connector height 200 µm
Burner combustion efficiency 0.99 Fuel cell unit length 0.1 m
Burner total pressure recovery coefficient 0.99 Fuel cell air channel height 200 µm
High-pressure turbine efficiency 0.88 Fuel cell fuel channel height 200 µm
Low-pressure turbine efficiency 0.88 Fuel cell unit width 0.1 m

4.1. Effects of the Thermodynamic Parameters on the Performance and Size of the Combined Engine
4.1.1. Effects of the Equivalent Ratio on the Combined Engine

First, the equivalent ratio is studied. The engine is operated at an altitude of 11 km and a
0.78 Mach number. The overall pressure ratio is 40, and the pressure ratio of the fan is 1.5. The
air split ratio of the burner is 0.3, and the fuel split ratio of the burner is 0.1. Fuel utilization
of the fuel cell is 0.75. As the equivalent ratio increases, the thrust increases linearly and the
TSFC decreases in a parabolic manner, as shown in Figure 7. The outlet temperature of the
compressor is constant. This means that the inlet temperature of the fuel cell is constant. Its
outlet temperature is determined by the excess air ratio, current density, and operating pressure.
Under a constant current density, with an increasing equivalent ratio, the fuel cell operation
temperature increases, with nearly linear growth up to 1350 K. The polarization of the electrolyte
decreases to a large degree. It leads to the output voltage of the fuel cell increasing in a parabolic
manner up to 0.95 V. At the high equivalent ratio of 0.9, the output voltage remains nearly
constant. In general, the efficiency and power of the fuel cell both increase with increasing
equivalent ratios. The rise of the equivalent ratio also causes the growth of the combustion
temperature, and the performance of the Brayton cycle is improved. In Figure 7b, the combined
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engine achieves a thermal efficiency approximately 5% higher than that of the fuel cell on
average. Therefore, it is not appropriate to use the solid oxide fuel cell alone. Its efficiency
is lower because of the lower fuel utilization. The overall efficiency of the combined engine
increases in a parabolic manner, too. This trend is similar to that of the thermal efficiency. In
Figure 7f, most of the thrust is outputted by the ducted fan rather than the core duct and bypass
duct. Therefore, the overall propulsion efficiency of the combined cycle is slightly affected by
the equivalent ratio. The TSFC decreases in a parabolic manner.
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Figure 7. Performance parameters of the combined cycle vs. equivalent ratio. (a) Thrust and
thrust-specific fuel consumption (TSFC), (b) Hybrid engine and fuel cell efficiency, (c) Temperature,
(d) Propulsion and overall efficiency, (e) Dimensional ratio, (f) Thrust, (g) Fuel cell voltage and current
density, (h) Air mass flow, (i) Turbine and fuel cell power.
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On the other hand, the thrust produced by the fuel cell is about four times that of
the jet engine at the equivalent ratio of 1 because the electric power produced by the fuel
cell is about 1.5 times that of the jet engine. From the perspective of power or thrust, the
fuel cell has remarkable advantages. However, as shown in Figure 7e, the volume ratio
and mass ratio both increase, which has a highly detrimental impact on the combined
engine. At the constant current density, the electrochemistry reaction area increases with
the growth of the fuel mass flow. Thus, the mass ratio increases remarkably. Even when the
equivalent ratio is as low as 0.15, the mass ratio is still over 0.3. When the equivalent ratio
is 0.8, the mass ratio is up to 1. This means that the thrust–weight ratio of the combined
engine is 0.5 times that of the original turbofan engine. The increase in mass ratio of the
combined engine is less steep than that of volume ratio. When the equivalent ratio is over
0.8, the volume of the combined engine will have a more significant impact than weight.
The primary cause is that the volume of the turbofan engine still increases nearly linearly
with an increasing bypass ratio. However, the mass of the turbofan engine increases almost
in a logarithmic manner.

In summary, the overall efficiency will reach the maximum when the equivalent ratio
is over 0.4. Under the condition, the combustion temperature is less than 1400 K, and the
fuel cell outlet temperature is less than 1170 K. They are all within the normal allowable
range. But the volume ratio and mass ratio both are over 0.5. The aerodynamic performance
of the combined engine is degraded. When the equivalent ratio further increases by 0.2, the
efficiency rises at a rate of less 1%. The volume ratio increases by at least 0.15. The potential
advantage of the high power of the fuel cell at the high equivalent ratio cannot be fully
realized. The overall efficiency and size ratio should be compromised.

4.1.2. Effects of Flow Split Ratio on the Combined Engine

For the combined engine, a portion of the air and fuel is directed into the fuel cell, and
the fuel cell exhaust and the rest of the air and fuel are mixed in the burner. Therefore, the
air and fuel split ratios are important to the power and thrust production of the combined
engine. The performance impact characteristics are analyzed. The fuel utilization of the
fuel cell is 0.75, and the pressure ratio of the fan is 1.5. The overall pressure ratio is 40, and
the equivalent ratio is 0.5. The cruising condition is an altitude of 11 km and the Mach
number of 0.78. The component efficiency is shown in Table 7. The air split ratio is the
same as the fuel split ratio in this analysis.

As the split ratio increases, more air and fuel are sent into the burner directly. In
Figure 8b, the thermal efficiency of the combined engine decreases nearly linearly with
the combustion temperature increases in Figure 8c. The combined cycle is more similar to
the Brayton cycle. A 0.1 reduction in the split ratio results in a 0.019 reduction in thermal
efficiency. The reduction in ducted fan thrust exhibits a greater magnitude than that of
the core engine thrust. Therefore, the thrust decreases. A 0.1 increment in the split ratio
is associated with a decrease of 2.5 kN in thrust. At the different flow split ratios, the
mass flow of air and fuel are both constant. The TSFC of the combined engine increases
by 0.375 g/(s·kN) for each 0.1 increment in the flow split ratio. In order to improve the
performance of the fuel cell engine, the air and fuel split ratios should be maintained within
an appropriate range.

In terms of the dimensional size of the combined engine, the volume and mass ratio
exhibit a decreasing trend with increasing split ratios. At split ratios below 0.25, the volume
of the combined engine will increase by 50% at least. This means that the length of the
engine has to be increased by 50% if the inlet area of the engine is kept constant. The
manufacturing of such a long low-pressure shaft presents significant challenges. At a
flow split ratio of 0.1, the mass ratio is 0.79. Even though the mass increases, the overall
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efficiency also increases. The gain in the latter aspect is sufficient to compensate for the
mass penalty associated with the former. In general, the volume ratio should be given
particular attention.

Figure 8. Performance parameters of the combined cycle vs. flow split ratio. (a) Thrust and
thrust-specific fuel consumption (TSFC), (b) Hybrid engine and fuel cell efficiency, (c) Temperature,
(d) Propulsion and overall efficiency, (e) Dimensional ratio, (f) Thrust, (g) Fuel cell voltage and current
density, (h) Air mass flow, (i) Turbine and fuel cell power.
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4.1.3. Effects of Current Density on the Combined Engine

The effects of the current density of the fuel cell on the combined engine are stud-
ied. An increase in current density will cause the linear decline of the output voltage
in Figure 9g. A 1000 A/m2 reduction in current density will lead to an output volt-
age decline of 0.01 V on average. Because the fuel cell for the combined engine is op-
erated at a high pressure over 1 Mpa, the polarization loss is small, comparing that it
is under atmospheric conditions. The fuel cell efficiency and engine thermal efficiency
decrease linearly with the decline in the output voltage. Power produced by the fuel
cell decreases slightly due to the coupled effects of the output voltage and current den-
sity. The changes in thrust and TSFC are less than 5%, even with a threefold increase
in current density. In Figure 9e, the volume ratio and mass ratio are both decreased at
a logarithmic scale. When the current density rises from 5000 A/m2 to 10,000 A/m2,
the area power density of the fuel cell increases, and the area needed for the combined
decreases. The volume and mass ratios are decreased. When the current density is over
10,000 A/m2, the rise of the polarization loss leads to small changes in the area power
density of the fuel cell. The volume and mass ratios remain almost unchanged. In summary,
the current density being within the range of 8000–10,000 A/m2 is suitable to keep the high
overall efficiency and low volume and mass ratios. High operating pressure is favorable
for preserving this setting.

Equivalent ratios and flow split ratios both have a more significant impact on volume
and mass ratios than current density. In other words, these ratios determine the power ratio
of the fuel cell to the engine. When the power ratio increases, the volume and mass ratios
increase as well. But the overall efficiency cannot always increase. The maximum overall
efficiency is about 63% without mass and volume constraints. A variety of measures can
be employed to reduce weight. The trade-off between efficiency enhancement and weight
gain exists always.

4.2. Optimization of the Combined Engine

The maximum endurance is attainable only when overall efficiency, thrust, thrust
power weight, and volume power density are all elevated. The key parameters are defined
as follows: The equivalence ratio is the ratio of the actual fuel–air ratio to the stoichiometric
fuel–air ratio. The air split ratio is the fraction of the SOFC air mass flow and the compressor
air mass flow, while the fuel split ratio is the fuel mass flow ratio of the SOFC and the total
hybrid power system. The mass ratio and volume ratio are defined as the ratios of the
SOFC mass and volume, respectively, to the whole system. The thrust-to-weight ratio is
the ratio of hybrid engine thrust to hybrid engine weight and reflects the specific thrust
capability of the propulsion system. The power density is defined as the output power per
unit mass or volume of the system or component. These definitions are used consistently
throughout the optimization and subsequent performance analysis.

4.2.1. Research on the Coupling Optimization of Overall Efficiency and Power Density

As shown by the analysis in the previous section, the rise in overall efficiency in-
variably comes at the expense of the mass ratio and volume ratio. Therefore, this section
analyzes the coupling relationship between the overall efficiency, thrust, volume ratio,
and mass ratio through the concurrent optimization of two objectives. Table 8 shows the
optimization settings, including constraints, variable range, and optimization algorithm.
The optimization was performed using the controlled elitist genetic algorithm solver based
on a variant of NSGA-II. The two objectives were to maximize the overall efficiency and
minimize the volume ratio. The design variables were subject to their prescribed lower
and upper bounds and the physical/operational constraints. A constraint tolerance of
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0.001 was adopted. A population size of 300 individuals and a maximum of 70 generations
were used. Uniform mutation was employed with a mutation probability of 0.01 for each
design-variable entry. The crossover fraction is 0.8. The maximum number of generations
is limited to 70.
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Figure 9. Performance parameters of the combined cycle vs. current density. (a) Thrust and
thrust-specific fuel consumption (TSFC), (b) Hybrid engine and fuel cell efficiency, (c) Temperature,
(d) Propulsion and overall efficiency, (e) Dimensional ratio, (f) Thrust, (g) Fuel cell voltage and current
density, (h) Air mass flow, (i) Turbine and fuel cell power.
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Table 8. Optimization settings for maximum overall efficiency and power density.

Optimization Objective Maximize Overall Efficiency and Power Density

Constraints Temperature difference of the fuel cell is less than 350 K
Current density is between 2000 and 15,000 A/m2

Optimization variables and ranges

Equivalent ratio is between 0.1 and 1
Flow split ratio is between 0.1 and 0.9
Heat ratio is between 1 and 3
Pressure ratio is approximately between 40 and 50

Optimization algorithm Genetic algorithm

First, the relationship between the overall efficiency and the cruise thrust–weight ratio is
shown in Figure 10. As the overall efficiency increases, the cruise thrust–weight ratio decreases.
An increase of one percentage point in the overall efficiency corresponds to an average 0.1
reduction in the cruise thrust–weight ratio. As the overall efficiency decreases, the decline
rate of the thrust–weight ratio decreases. In general, the efficiency increment results from the
growth of the fuel cell power, which means that the rise in the weight of the combined engine
is because the power density of the fuel cell is lower than that of the turbofan engine. At the
maximum overall efficiency of 0.49, the cruise thrust–weight ratio is 1.05.
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Figure 10. Pareto front of overall efficiency and power density.

In Figure 11, under constant current density and fuel utilization, the equivalent ratio,
heat ratio, and overall pressure ratio all remain almost constant. They are, respectively, 0.82,
1.02, and 49. Substantial changes in both the overall efficiency and thrust-to-weight ratio
can be achieved merely by varying the flow split ratio. In other words, at a given current
density and fuel utilization, the pressure ratio and the equivalent ratio are almost fixed to
the maximum of the overall efficiency and the thrust–weight ratio. The heat ratio is over 1.
This means that a small amount of external flow heat exchange can contribute positively to
engine performance. In general, if the fuel cell stack suffers from poor thermal insulation,
the heat ratio will over 1. So, this finding is beneficial to the design of the fuel cell stack
and the casing. The high-pressure ratio is always advantageous for the Brayton cycle. An
equivalent ratio of 0.82 is higher compared with that of the ratio for a conventional turbofan
engine. However, part energy is extracted by the fuel cell. So, the combustion temperature
is not too high. The overall efficiency is affected by the flow split ratio. For a given cruise
thrust–weight ratio, the maximum overall efficiency exists.

https://doi.org/10.3390/aerospace13090814

https://doi.org/10.3390/aerospace13090814


Aerospace 2026, 13, 814 25 of 35

 
(a) Equivalent ratio variation (b) Flow split ratio variation 

 
(c) Heat ratio variation (d) Overall pressure ratio variation 

Figure 11. Multi-objective optimization results of overall efficiency and power density.

4.2.2. Research on the Coupling Optimization of Overall Efficiency and Volume Ratio

The optimization of the overall efficiency and volume ratio shows that the overall
efficiency–volume ratio relationship is linear for efficiency under 50%, but above 50%, the
relationship becomes exponential in Figure 12. The optimization settings are shown in Table 9.
The breakpoint was determined directly from the data by minimizing the residual fitting
error. Below the identified breakpoint, the linear approximation achieved R2 = 0.9872 and
RMSE = 0.00790, indicating an approximately linear dependence. Above the breakpoint, the
exponential model substantially outperformed a linear fit, with R2 = 0.9978 compared with
R2 = 0.8903 for the corresponding linear model. Over the full Pareto front, the continuous
piecewise linear–exponential model achieved an adjusted R2 of 0.9982 and an RMSE of 0.00892.
Detailed explanations are provided below. With a decreasing current density, the area of the
fuel cell increases significantly. The maximum overall efficiency is 0.55 with a maximum
volume ratio of 0.8. Volume constraints have become significant. Provided that the overall
efficiency is maintained below 51%, the volume ratio remains at or below 0.3.
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Figure 12. Pareto front of overall efficiency and volume ratio.
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Table 9. Optimization settings for maximum overall efficiency and volume ratio.

Optimization Objective Maximize Overall Efficiency and Volume Ratio

Constraints Temperature difference of the fuel cell is less than 350 K
Current density is between 2000 and 15,000 A/m2

Optimization variables and ranges

Equivalent ratio is between 0.1 and 1
Flow split ratio is between 0.1 and 0.9
Heat ratio is between 1 and 3
Pressure ratio is approximately between 40 and 50

Optimization algorithm Genetic algorithm

Figure 13 illustrates that the flow split ratio and current density have a similar changing
trend with increasing overall efficiency. It is necessary to decrease the current density when
the flow split ratio is decreased if the outlet temperature of the fuel cell is too high. A 0.1
decrease in the flow split ratio corresponds to a reduction of 1000 A/m2. The minimum
equivalent ratio should be higher than 0.4 to achieve high overall efficiency and a lower
volume ratio. Lower fuel cell channel height positively affects both the efficiency and
volume ratio. The volume ratio can be varied from 0.3 to 1 within an overall efficiency of
0.35 to 0.55 by regulating the equivalent ratio, flow split ratio, and current density. This
means that when the volume is constant, the optimization of the parameters is necessary to
maximize overall efficiency.
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Figure 13. Multi-objective optimization results of overall efficiency and volume ratio.

https://doi.org/10.3390/aerospace13090814

https://doi.org/10.3390/aerospace13090814


Aerospace 2026, 13, 814 27 of 35

4.2.3. Research on the Coupling Optimization of Overall Efficiency and Mass Ratio

As seen in Figure 14, the optimization of the weight ratio and the overall efficiency
shows that an exponential correlation between them is observed when the overall efficiency
exceeds 0.5. The optimization settings are shown in Table 10. The breakpoint was also
determined directly from the data by minimizing the residual fitting error using the same
method as in the previous section. To reduce the mass ratio and volume ratio, the overall
efficiency should not exceed 0.5. The variation trends of the volume ratios and the mass
ratios are similar. The main reason is that the area variation of the fuel cell is the main
determinant of the mass and volume of the fuel cell.
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Figure 14. Pareto front of overall efficiency and mass ratio.

Table 10. Optimization settings for maximum overall efficiency and mass ratio.

Optimization Objective Maximize Overall Efficiency and Mass Ratio

Constraints Temperature difference of the fuel cell is less than 350 K
Current density is between 2000 and 15,000 A/m2

Optimization variables and ranges

Equivalent ratio is between 0.1 and 1
Flow split ratio is between 0.1 and 0.9
Heat ratio is between 1 and 3
Pressure ratio is approximately between 40 and 50

Optimization algorithm Genetic algorithm

Figure 15 shows that within the weight ratio range of 0.2–0.8, the overall efficiency
can change from 0.2 to 0.6. Therefore, it is crucial to optimize the parameters under a given
weight constraint. The flow split ratio and current density exhibit similar variation trends
in order to avoid an excessively high outlet temperature of the fuel cell. The equivalent
ratio and the flow split ratio have a pronounced linear correlation with the overall efficiency.
In Figure 15d, when the current density is over 12,000 A/m2, both the overall efficiency
and the weight ratio are insensitive to it. The efficiency improvement or the weight ratio
reduction can be achieved by regulating the other parameters. When the current density
is below 8000 A/m2, the overall efficiency is insensitive to the current density, while the
weight ratio exhibits sensitivity. This implies that the overall efficiency can be kept the
same by regulating other parameters under different current densities. Developing a high-
current-density fuel cell is crucial for the combined engine. This means that improving
the power density is more important than efficiency improvement. However, current
research is focused more on the endurance and stability of the fuel cell. Fuel cells for
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aerospace applications have received relatively little attention. Moreover, under the current
parameters’ conditions, the overall efficiency is preferable not to exceed 50%. Otherwise,
the volume and mass of the fuel cell will increase substantially.

 
(a) Equivalent ratio variation (b) Flow split ratio variation 

 
(c) Fuel cell channel height variation (d) Current density variation 

Figure 15. Multi-objective optimization results of overall efficiency and mass ratio.

4.2.4. Research on the Coupling Optimization of Overall Efficiency and Thrust

Based on the above analysis, the relationships between the overall efficiency and
volume ratio and the overall efficiency and mass ratio have been demonstrated. The
optimization settings are shown in Table 11. The maximum overall efficiency is about 50%.
For an aeroengine, both overall efficiency and thrust are critical performance indicators.
Therefore, a multi-objective optimization is conducted to investigate the trade-off between
overall efficiency and thrust.

Table 11. Optimization settings for maximum overall efficiency and thrust.

Optimization Objective Maximize Overall Efficiency and Thrust

Constraints Temperature difference of the fuel cell is less than 350 K
Current density is between 2000 and 15,000 A/m2

Optimization variables and ranges

Equivalent ratio is between 0.1 and 1
Flow split ratio is between 0.1 and 0.9
Heat ratio is between 1 and 3
Pressure ratio is approximately between 40 and 50

Optimization algorithm Genetic algorithm

Thrust and overall efficiency exhibit a negative correlation in Figure 16. Overall
efficiency ranges from 0.4 to 0.5 across different thrust levels. The fuel utilization is not
sensitive to the overall efficiency when the efficiency is below 0.48. In Figure 17b, it varies
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within the range of 0.65–0.85. Thus, if the exhaust of the fuel cell can be sent into the burner,
fuel utilization can be regulated to meet the setting of the fuel cell or the engine. When
the efficiency exceeds 0.48, the fuel utilization increases to a large degree up to 0.9. The
overall efficiency is increased even though the polarization loss is huge. The airflow split
ratio is not sensitive to the overall efficiency when the efficiency is below 0.48. It can be
designed within the range of 0.62–0.67. This means that approximately 33–38% of the air
from the compressor is supplied to the fuel cell. When the overall efficiency is over 0.48,
the airflow split ratio is decreased. Because the fuel flow split ratio is always decreased as
the overall efficiency increases up to 0.5, more air is needed in the fuel cell to reduce the
temperature difference.
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Figure 16. Pareto front of overall efficiency and thrust.

 
(a) Equivalent ratio variation (b) Fuel utilization variation 

 
(c) Airflow split ratio variation (d) Fuel flow split ratio variation 

Figure 17. Multi-objective optimization results of overall efficiency and thrust.
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4.3. System-Level Overall Performance Comparison

By setting the fuel cell to account for no more than 0.4 of the total engine weight and
the fuel cell stack to occupy less than 0.2 of the turbine engine volume, as well as taking
maximum overall efficiency as the optimization goal, the overall design parameters for the
turbine fuel cell hybrid power system can be obtained, as shown in Table 12. The internal
airflow rate is 11.97 kg/s, and the total bypass ratio of the fan bypass and the fuel cell-driven
bypass fan is 17.8. With a compressor pressure ratio of 40, the high-pressure compressor
outlet temperature under cruise conditions can reach the operating temperature of metal-
supported solid oxide fuel cells. In this case, the combustion chamber outlet temperature
is only 1160 K, which is significantly lower than that of current aviation turbofan engines.
The main reason is that the proportion of the Brayton cycle increases as the turbine inlet
temperature rises, which leads to a rapid decrease in the overall thermal efficiency of the
turbine fuel cell hybrid power system. Therefore, the turbine inlet temperature should
not be too high. Meanwhile, both the fan pressure ratio and the ducted fan pressure ratio
are set as 1.5 to avoid excessive external dimensions for them. The bleed ratio of the fuel
cell high-pressure compressor is 37%; through auxiliary pressurization measures, the fuel
cell exhaust can be recirculated into the combustion chamber, thereby minimizing the
impact on the turbocharged engine. The fuel cell has an area of 598 m2. The engine would
require approximately 60,000 individual cells, implying a highly distributed multi-stack
architecture rather than a single centralized stack. The engine should be interpreted as
a modular arrangement composed of numerous parallel stacks, each containing several
hundred cells. Compressor outlet air is first delivered to the primary manifolds associated
with each stack. The primary manifolds subsequently branch into multiple secondary
manifolds, through which the air is evenly distributed to individual fuel cells. Such
a configuration inevitably increases the complexity of manifolding, current collection,
thermal management, and electrical integration. Similar to the air distribution process, the
current is collected through a three-level collection architecture.

Table 12. Overall design parameters and performance parameters.

Parameters Value Parameters Value

Total pressure ratio 40 Maximum combustion
temperature 1160 K

Fan pressure ratio 1.5 Ducted fan pressure ratio 1.5

Fan efficiency 0.88 Ducted fan efficiency 0.88

Low-pressure compressor
compression ratio 2.4 High-pressure compressor

compression ratio 11.11

Low-pressure compressor
efficiency 0.86 High-pressure compressor

efficiency 0.86

High-pressure turbine
compression ratio 5.59 Low-pressure turbine pressure

ratio 5.94

High-pressure turbine
efficiency 0.89 Low-pressure turbine

efficiency 0.89

Fuel cell bleed airflow rate 0.3747 Fan bypass ratio 5.038

Fuel cell area 598 m2 Motor efficiency 0.97

Total thrust 23.89 kN Internal airflow 11.97 kg/s

Fuel consumption rate 10.77
g/(kN·s) Total airflow 225 kg/s

Even with low single-cell failure probabilities, the cumulative failure risk associated
with tens of thousands of cells connected in series-parallel arrangements may become
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significant for aerospace applications. Practical implementation would therefore require
redundancy, fault isolation capability, modular power management, and advanced health-
monitoring strategies to ensure acceptable mean time between failures. The present work
mainly focuses on system-level thermodynamic feasibility rather than detailed stack relia-
bility optimization.

Table 13 shows the performance parameters of the CFM56-3C1 engine, as well as the
combined power performance parameters of the turbine fuel cell system. The CFM56-3C1
engine serves as the benchmark for this project. During the design process, it is ensured
that the new combined power system would deliver the same cruise thrust of 23.9 kN as the
CFM 56 3C1 under identical cruise conditions (11 km, 0.78 Ma) and that its takeoff thrust
would be no less than 104 kN, matching that of the reference engine. For the benchmark
engine, the thermal efficiency and specific impulse under cruise conditions are 0.47 and
0.62, respectively; accordingly, the overall efficiency is 0.29, the specific fuel consumption is
18.9 g/(kN·s), and the thrust-to-weight ratio of the turbofan engine is 5.47. After normaliza-
tion by the lower heating value, the fuel consumption is converted from aviation kerosene
to hydrogen-equivalent fuel consumption, and the equivalent specific fuel consumption
is given as 10.77 g/(kN·s). The turbine fuel cell hybrid power system achieves a thermal
efficiency of 0.57 and a propulsive efficiency of 0.88, representing significant increases
of 21% and 42%, respectively. The overall efficiency and specific fuel consumption of
the proposed hybrid power system are 0.50 and 10.77 g/(kN·s) under mass and volume
constraints, with improvements of 72% and 43%, respectively. However, the total weight
of the turbine fuel cell hybrid system is 4236 kg, including the masses of the engine, fuel
cell, motor, and heat exchanger of 1951 kg, 1193.3 kg, 761.7 kg, and 330.1 kg, respectively.
Consequently, the total mass of the turbine fuel cell hybrid system is 117% greater than that
of the original turbofan engine. As a result, the thrust–weight ratio of the turbine fuel cell
hybrid powerplant is 54% lower than that of the prototype. The hydrogen storage-related
subsystems are typically excluded when performing the comparison. An inclusion of LH2

tank mass would increase the overall system mass and consequently reduce the calculated
performance gains.

Table 13. Comparison of overall parameters.

Parameters CFM56-3C1 Combined Power Performance Improvement

Takeoff thrust 104 kN 105 kN 0
Cruise thrust 23.9 kN 23.9 kN 0
Cruising thermal efficiency 0.47 0.57 +21%
Cruise propulsion efficiency 0.62 0.88 +42%
Overall cruising efficiency 0.29 0.50 +72%
Fuel consumption during cruising 18.9 g/(kN·s) 10.77 g/(kN·s) −43%
Mass 1951 kg 4236 kg 117%
Thrust–weight ratio 5.47 2.53 −54%

5. Conclusions
To further investigate the relationship between the mass and volume penalties and

high efficiency for the turbine–fuel cell hybrid power system, this study conducts an
analysis of the parameter matching and parameter optimization of a hydrogen-fueled
turbine–fuel cell hybrid power system. The main conclusions are as follows:

(1) The equivalence ratio and air split ratio have a significantly stronger influence on the
volume ratio and mass ratio than the current density. These two parameters directly
determine the power ratio between the fuel cell and the gas turbine. An increase in the
power ratio leads to a simultaneous increase in both the volume ratio and mass ratio;
however, the overall efficiency cannot be continuously improved, with a maximum
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value of approximately 0.63 without mass and volume constraints. Therefore, in the
engineering application of the hybrid engine, key parameters must be simultaneously
regulated to achieve a balance between efficiency gains and mass penalties.

(2) Optimization of the overall efficiency and volume ratios or mass ratios shows that
the relationship between overall efficiency and the volume ratio is linear when the
overall efficiency is lower than 50%; however, when the efficiency exceeds 50%, this
relationship becomes exponential. As long as the overall efficiency remains below
50%, the volume ratio or mass ratio can be maintained below 0.3.

(3) With the constraint that the mass fraction of the fuel cell does not exceed 0.4 of the
total engine mass and the volume fraction of the fuel cell stack is less than 0.2 of the
gas turbine engine volume, as well as taking the maximum overall efficiency as the
optimization objective, the thermal efficiency for the novel hybrid engine reaches 57%,
representing a 21% improvement, and the propulsion efficiency is 88%, corresponding
to a 42% improvement, compared with that of CFM56 3C1. The equivalent specific
fuel consumption can be reduced by 43%. Due to the relatively large mass of the
fuel cell and the electric motor, the turbine–fuel cell hybrid power system exhibits a
117% increase in weight compared with the baseline turbofan engine. Consequently,
the thrust-to-weight ratio of the turbine–fuel cell hybrid system is reduced by 54%
relative to that of the baseline engine.
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Abbreviations

Nomenclature Greek symbols
Symbols γi Pre-exponential factor (Ω−1·m−2)
A Area (m2) η Efficiency

C
Molar concentration
(mol/cm3)

ηact Activation polarization (V)

CVN Speed coefficient ηconc Concentration polarization (V)

cp
Specific heat capacity
(J/(kg·K))

ηohmi Ohmic polarization (V)

d Electrode thickness (m) λ Thermal conductivity (J/(m·s·K))

Deff Effective diffusivity
coefficient (m2/s)

µ Dynamic viscosity (Pa·s)

Eact Activation energy (J/mol) ρ Density (kg/m3)

F
Faraday constant
(96,485 C/mol)

σ Total pressure recovery coefficient

G Gibbs free energy (J) π Pressure ratio
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h Enthalpy (J) Subscripts
j Current density (A/m2) a Air
k Reaction rate constant B Combustion
L Length (m) C Compressor
LHV Lower heating value (kJ/kg) g Gas
.

m Mass flow rate (kg/s) i Substance at the inlet
n Molar flow rate (mol/s) in Inlet

nC,cor
Relative corrected speed
(m/s)

j Substance at the outlet

nC,cor Corrected speed (m/s) loss Loss
N Number of single fuel cells nozz Nozzle
P Power (kW) out Outlet
p Pressure (Pa) std At reference standard state
R Gas constant Abbreviations
SE Energy source term GT Gas turbine
SM Mass source term of the fluid Jet-A Aviation kerosene
SQ Momentum source term LH2 Liquid hydrogen
T Temperature (K) LNG Liquefied natural gas
U Velocity (m/s) PtL Power-to-liquid
UOCP Open-circuit voltage (V) SAF Sustainable aviation fuel
W Width of a single cell (m) SOFC Solid oxide fuel cell
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