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Abstract: Developing hybrid electric aircraft is propitious to reducing carbon dioxide emissions and
fuel consumption. Combustion engines coupled with solid oxide fuel cells are proposed for aircraft
propulsion systems, where the compressor is powered by fuel cells instead of turbines. The thermal
cycle of the new engine is obviously different from that of conventional combustion engines and can
be characterized in the temperature entropy diagram under some reasonable assumptions, which
were analyzed and investigated. Performance parameters, such as the specific thrust, are derived
and can be expressed by several fundamental thermal parameters. Three different cycles integrating
Brayton cycles and SOFC are shown. The main conclusions are as follows: (1) The maximum
operating pressure ratio of the Brayton cycles integrated with fuel cells is 32. The maximum thermal
efficiency of the cycle at the lowest combustion temperature is 82.2%, while that of the BC is 65.1% at
the high combustion temperature. (2) The new cycles can not work if the combustion temperature is
lower than 1350 K. Otherwise, the fuel utilization will be too huge.

Keywords: solid oxide fuel cell; gas turbine; hybrid cycle; thermodynamic performance; hybrid electric

1. Introduction

Improving the thermal efficiency of engines is an important approach to reducing
mission-level energy consumption and carbon dioxide emission levels in the aviation sec-
tor [1]. Most aircraft are powered by combustion turbines, including gas turbine engines
and internal combustion engines. The performance of the gas turbine can be improved
by increasing the overall pressure ratios, component efficiency, and turbine inlet tempera-
ture [2]. However, the thermal efficiency of the combustion engine has almost reached its
full potential using these methods. Some new aero-engine schemes were proposed, such
as pulse detonation engines, fuel cell engines [3], solar-powered engines [4], and so on.
Fuel cells can be considered power sources for small commuter airplanes and unmanned
aerial vehicle engines [5]. The thermal efficiency of fuel cells is significantly higher than
that of combustion engines to a large extent [6]. Therefore, the specific fuel consumption of
aircraft will be reduced if it is powered by fuel cells. The proton exchange membrane fuel
cell (PEMFC) and solid oxide fuel cell (SOFC) are considered the most promising fuel cells
in the aerospace field [7].

The applications of the PEMFC on aircraft have been achieved, which revealed that
the fuel cell could be considered power systems of aircraft, even though its power-weight
ratio is low. The efficiency of the PEMFC is 40~60%, which is higher than that of the
gas turbine (20~40%). However, the power density of the fuel cell system is far lower
than that of the gas turbine power plant (about 3~8 kW/kg). Thus, the endurance of the
aircraft is influenced if the combustion engines replace the fuel cell power systems. Boeing
completed the first manned PEMFC-powered airplane test [8]. Correa [9] et al. described
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and validated a multi-disciplinary dynamic model of the PEMFC-based powertrain of an
ultra-light aircraft. Bégot [10] et al. experimentally investigated the cold-operation and
start-up abilities of a PEMFC stack on aircraft by performing a variety of climatic tests.
Renau [11] et al. designed and manufactured a high-temperature PEMFC and its cooling
system to power an unmanned aerial vehicle (UAV) for a high-altitude mission. Rey [12]
et al. summarized the systems’ design and flight tests of a PEMFC aircraft for future system
optimization. Kim [13] et al. fabricated a fuel cell system using 15 wt.% NaBH4 solutions
as the hydrogen source for a UAV power source. Baldic [14] et al. demonstrated that the
specific energy of the PEMFC power system is 2~7 times that of existing battery systems.
Marchant [15] et al. showed that the effects of atmospheric flight conditions are more
important for fuel cells fueled by hydrogen, compared with direct methanol fuel cells.
In summary, the PEMFC power system performs well if hydrogen is readily available.
However, it is difficult to transport and store hydrogen. Moreover, the volume energy
density of hydrogen is lower than that of kerosene. The fuel tank will be huge, which leads
to an increase in the aerodynamic drag and fuel consumption of aircraft.

SOFC power systems have received more attention because they can use hydrocarbon
fuels other than only hydrogen. The Defense Advanced Research Projects Agency (DARPA)
tested the world’s first SOFC aircraft fueled by propane [16]. The fuel-cell version aircraft
has 8 h endurance, while the battery-powered version aircraft has only 2 h endurance.
Giacoppo [17] et al. also performed an experimental and computational fluid dynamics
study about the SOFC system fueled by propane in a confined environment. Chu [18]
et al. showed that the propane-fueled SOFC systems with high specific power and energy
density would have direct application in a variety of unmanned systems. Fuel cells can
also be integrated with a combustion engine to improve the thermal efficiency of the whole
system, especially the high-temperature SOFC, which can integrate with gas turbines [19],
internal combustion engines [20], Stirling engines [21], etc. The reason is that combustion
engines can use the energy in the high-temperature exhaust gas produced by the fuel cells.

SOFC gas turbine hybrid systems for aircraft propulsion systems have been studied
for many years. Himansu [22] et al. proposed a system for high-altitude long-endurance
aerospace missions. Aguiar [23] et al. optimized the hybrid system architecture, and its
thermal efficiency can reach 66.3%. Water and Cadou [24] proposed a combination system
integrated with a gas turbine engine and a bypass SOFC power system for the more electric
airplane. The alternative electric power of this combination system is further higher than
that of a conventional combustion engine. Yanovskiy [25] et al. revealed that the application
of SOFC gas turbine hybrid systems in the aviation field can increase efficiency by 25–40%
compared with gas turbine engines. Okai [26] et al. showed that SOFC gas turbine hybrid
systems perform well when they serve as a core engine of distributed propulsion aircraft.
Borer [6] et al. designed and analyzed a diesel-fueled SOFC gas turbine hybrid system for a
commuter airplane. The unit fuel consumption and carbon dioxide emission of the aircraft
have decreased significantly. Studies aforementioned reveal that the SOFC gas turbine
hybrid propulsion system has great promise in terms of thermodynamic performance.

A novel fuel cell engine integrated with a compressor and a nozzle has been pro-
posed [27]. The layout of the engine is different from the conventional SOFC gas turbine
hybrid systems to a large extent. The compressor is powered by fuel cells rather than
turbines. This engine can achieve a high combustion temperature. Therefore, its thermal
efficiency and specific thrust are higher compared to the conventional combustion engine.

Although many studies have been done on SOFC combined cycles, the exist research is
a bit insufficient. First, the system configuration of the hybrid systems for aircraft is similar.
Secondly, the comprehensive derivation of the mathematical models for the fuel cell hybrid
systems is less. Moreover, the equations containing the basic parameters to express thermal
efficiency do not exist. Therefore, it is not clear how the fundamental parameters affect the
performance of the system.

The novelty of this paper is that three hybrid cycles composed of fundamental Brayton
cycles and SOFCs are proposed, and the performance of these cycles is researched and
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compared with fundamental Brayton cycles from the perspective of the thermodynamic
cycle. Based on reasonable assumptions, the performance of these cycles can be expressed
by mathematical equations, which include several basic parameters. Currently, there are
no rare relevant research papers on this topic. The demonstration of the characteristics
and potential for the new cycles is beneficial to the development and application of fuel
cell aircraft.

2. SOFC Brayton Cycles

Three SOFC cycles are proposed and studied in this paper, namely the ideal isobaric
heating Brayton cycle with the SOFC (BFC), the ideal reheated isobaric heating Brayton
cycle with the SOFC (RBFC), and the ideal isothermal expansion Brayton cycle with the
SOFC (IBFC). For the basic BFC, fuel is used sequentially by the fuel cells and the nozzle.
For the RBFC, the combustor exhaust is reheated in the middle of the nozzle. For the
IBFC, the combustor exhaust expands in the nozzle when heat is added, which is similar to
inter-turbine burners [28]. The performance of these new cycles is compared to that of an
ideal Brayton cycle (BC) and an ideal reheated Brayton cycle (RBC). The schematic and T-s
diagrams of the cycles are shown in Figures 1 and 2. Moreover, the difference between the
study and our previous paper is shown in Table 1.

Sustainability 2023, 15, x FOR PEER REVIEW 4 of 16 
 

M SOFC

Fuel

Intake Compressor SOFC Combustor Nozzle

M SOFC

Fuel

Intake Compressor SOFC Combustor Nozzle

(a) 

(b) 

(c) 

M SOFC

Fuel

Intake Compressor SOFC Combustor Nozzle

Fuel
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Table 1. Comparisons of the study and the previous study.

Items The Study Previous Study

Cycle Ideal Practical
Research method Equation derivation Detailed thermodynamic model
Research content Fundamental thermodynamic parameters Complex system performance

The operation of Brayton cycles is ideal and that of the SOFC is not ideal in this paper.
The reason is that the SOFC active area will be too huge if the current density of the SOFC
is too small. It is meaningless. However, the efficiency of the components of gas turbines
has been extremely high, such as burners. So, the operation of the gas turbines operated
under ideal conditions is meaningful.

The schematic and T-s diagrams of ideal Brayton cycles with the SOFC are shown in
Figures 1a and 2c, respectively. A detailed demonstration of an ideal Brayton cycle with an
SOFC can be found in the Supplementary materials. This article focuses on the analysis
related to thermal cycles, while some details are reasonably simplified. The preheating
process of air for SOFCs is shown in Figure 2c from state 3 to state a. The temperature of
state a is in the range of 600~1000 ◦C. The power produced by the SOFCs is equal to the
power consumed by the compressor. The working fluids are heated by the electrochemical
reaction entropy production of the fuel cell, which is depicted in Figure 2c as a–b. After that,
the working fluids are heated to reach the combustion temperature, T4, by the combustion
reaction. The schematic diagram and T-s diagram of ideal reheated Brayton cycles with
SOFCs are shown in Figures 1b and 2d, which is the combination of ideal reheated Brayton
cycles and SOFCs. The reheat pressure of the cycle can be higher than that of the reheated
Brayton cycles. The schematic diagram and T-s diagram of an ideal isothermal expansion
Brayton cycle with SOFCs are, respectively, shown in Figures 1c and 2e. After isobaric
heating, the working fluids undergo isothermal heating. Meanwhile, the heat added from
state 4 to state 4.5 is completely converted into expansion power. Generally, the temperature
of the working fluids decreases in the nozzle, which leads to the velocity increase of the
working fluids. If heat is added to the working fluids by heat exchangers, the temperature
of the working fluids may keep constant in the nozzle. The working fluids undergo full
expansion from state 4.5 to state 5.

3. Methodology
3.1. Model Assumptions

In order to express the parameters, such as the thermal efficiency and specific thrust
in equation form, some ideal assumptions have been made to derive the performance
parameter equations for the three proposed novel thermodynamic cycles. The effects of the
design parameters on the engine performance can be clearly shown through the equations.
In addition, some configurations of actual SOFC systems are also reasonably simplified to
drive the equations [28].

(1) The working fluids are air, which is considered to be the ideal gas;
(2) The fuel is assumed as hydrogen, and the reforming process is neglected. It can be

directly used by the SOFC without being reformed;
(3) The total pressure recovery coefficient of the fuel cells is 1;
(4) The combustion efficiency is 1;
(5) The expansion and compression components are assumed as isentropic;
(6) The mass flow rate of the working fluids is assumed to be constant;
(7) The mass flow rate of the fuel is negligible;
(8) The energy of preheating and compressing the fuel is neglected.

3.2. Fuel Cells

According to the reference. [29], if the temperature of the reactants entering the fuel cell
is not at the surrounding temperature, the maximum work and efficiency are different from
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those reported. Here, we assumed that the temperature of the reactants entering the SOFC
is the same as that of the surrounding temperature. Moreover, the surrounding temperature
is assumed as the reacting temperature. Thus, the ideal efficiency of the electrochemical
reaction can be expressed as the ratio of the Gibbs free energy change and enthalpy change:

η0 =
∆G
∆H

(1)

The current is the production of the mole rate of electrons and the Faraday constant:

I = 2F·n (2)

The ideal voltage is the ratio of the Gibbs free energy change and the current:

U0 =
∆G

I
(3)

The actual efficiency of the electrochemical reaction is the production of the ideal
efficiency and the ratio of the actual voltage and the ideal voltage:

ηfc =
∆G
∆H
× Uout

U0 (4)

The actual electrochemical reaction efficiency, ηfc, is the function of the temperature
and pressure, reaction concentration, and electrode properties. In this work, the actual
efficiency is assumed as 0.7. The complex actual process calculation is ignored.

The actual power of the fuel cells is the production of the current and the actual voltage.

Pfc = I ×Uout (5)

If the heat addition in the cycle is Qabs, then the electric power produced by the fuel
cell will be defined in Equation (6). φ is the fuel utilization of a fuel cell in a thermal cycle.

Pfc = Qabs
φ·ηfc·∆H

(1− φ)·∆H + φ·∆H·(1− ηfc)
(6)

In brief,

Pfc = Qabs·
(

1
φ·ηfc

− 1
)−1

(7)

The heat addition by the fuel cells can be expressed as:

Qfc = Qabs·
φ·∆H·(1− ηfc)

(1− φ)·∆H + φ·∆H·(1− ηfc)
(8)

In brief,

Qfc = Qabs·
(1− ηfc)(

1
φ − 1

)
+ (1− ηfc)

(9)

The ratio of the fuel cell power and fuel cell heat can be expressed as:

Rfc =

[(
1
φ − 1

)
+ (1− ηfc)

]
(1− ηfc)·

(
1

φ·ηfc
− 1
) (10)
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Particularly, the electric power produced by the fuel cells is equal to the compression
power in the cycles based on the SOFC.

Pfc = Qabs·
(

1
φ·ηfc

− 1
)−1

= cp·
(
Tout,comp − Tin,comp

)
(11)

In addition, to examine the energy utilization ratio by the fuel cells and combustion
reaction, the energy fraction is defined as Equation (12). ∆H is the heat added for the
working fluids in the cycles.

ψ =
Pfc

Pfc + ∆H
(12)

The performance parameters of the ideal Brayton cycles and ideal reheated Brayton
cycles are shown in the Supplementary Materials, Equations (E-S1)–(E-S14).

3.3. Ideal Brayton Cycles with the SOFC

For an ideal Carnot cycle, the output is equal to the difference between the heat ab-
sorption and heat release, which means that the heat (which did not transfer to the outside)
converts into outputting power. Thus, the output “work” appears in the denominator
and the “heat” appears in the numerator, correspondingly. We assumed that the constant-
pressure specific heat, cp, of air is 1005 J/(K·kg), and the specific heat ratio “γ” of air is
1.4. For an ideal Brayton cycle with the SOFC (BFC), according to Figure 2c, the thermal
efficiency and specific power have been derived [27] and can be expressed as:

ηBFC = 1− π
1−γ

γ [1− ηfc·φ] (13)

Specific power may be expressed as:

PBFC = cpT2

[(
τ − π

γ−1
γ

)
·
(

1 +
ηfc·φ

1− ηfc·φ

)
− τ·π

1−γ
γ + 1

]
(14)

The nozzle exit velocity may be expressed as:

cout =

√
2·cpT2

[(
τ − π

γ−1
γ

)
·
(

1 +
ηfc·φ

1− ηfc·φ

)
− τ·π

1−γ
γ + 1

]
(15)

The specific thrust can be expressed as:

Fs = cout =

√
2·cpT2

[(
τ − π

γ−1
γ

)
·
(

1 +
ηfc·φ

1− ηfc·φ

)
− τ·π

1−γ
γ + 1

]
(16)

The energy fraction for the RBC is defined as the ratio of the compression power and
the energy addition.

ψBFC =
Pcomp

∆H3−4 + Pele
=

(
π

γ−1
γ − 1

)
τ − 1

(17)

According to Equation (11),

cp·T2·
(

π
γ−1

γ − 1
)
= cp·(T4 − T3)·

(
1

φ·ηfc
− 1
)−1

(18)

The fuel utilization of the fuel cell in the BFC can be derived by Equation (18).

φBFC =

ηfc

τ − π
γ−1

γ

π
γ−1

γ − 1

+ 1


−1

(19)
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The preheated working fluids from state 3 to the state for the high-temperature SOFC
can not be recycled, because the working fluids in the nozzle enter the atmosphere after
outputting the expansion power. Therefore, the energy to preheat the working fluids must
be provided by the fuel energy rather than the nozzle exhaust. There is a maximum fuel
utilization of the fuel cell in the BFC, which can be expressed as:

φBFC,max = 1−
cp·(600 + 273.15− T2)

cp·(T4 − T3) + cp·(T3 − T2)
(20)

In brief,

φBFC,max =
τ − 873.15

T2

τ − 1
(21)

In this work, T2 = 280 K. The maximum fuel utilization of the fuel cell in the BFC is:

φBFC,max =
τ − 3.12

τ − 1
(22)

One of the limitations of the SOFC is the maximum fuel utilization. Another limitation
is the temperature difference between the inlet and the outlet, which can be expressed as
Equation (10):

∆Tfc =
Pfc (1−ηfc)[(

1
φ−1

)
+(1−ηfc)

]
·
(

1
φ·ηfc

−1
)
·cp

=
T2·
(

π
γ−1

γ −1
)

 (1−ηfc)[(
1
φ−1

)
+(1−ηfc)

]
·
(

1
φ·ηfc

−1
)


(23)

The maximum temperature difference of the fuel cells is assumed as 200 K. Therefore,
the maximum pressure ratio can be expressed as:

πmax = log
( γ−1

γ )
〈

∆Tfc,max

T2
·

 (1− ηfc)[(
1
φ − 1

)
+ (1− ηfc)

]
·
(

1
φ·ηfc
− 1
)
+ 1〉 (24)

If the highest temperature is 2000 K, the maximum compressor pressure ratio will be
32.4 with a fuel utilization of φfc= 0.40. Moreover, the performance parameters of the RBFC
and IBFC can be required by the same way, which is shown in Supplementary Material S2.

4. Results and Discussion

It is useful to evaluate the thermal efficiency and the specific thrust of the five cycles to
measure and assess their performance. The performance parameters are mainly affected by
the pressure ratio, combustion temperature, and reheat pressure ratio, which is studied in
Sections 4.1–4.3. In addition, fuel utilization can be obtained by the mathematical models
in Section 3. The weight requirement and space constraint are important parameters in
the aviation field, which have been researched in our previous papers [30]. The compres-
sor power requirement and size of the SOFC were also researched. This paper mainly
analyzed the performance of the new power cycle from the prospect of the first law of
thermodynamics and revealed the performance potential for the cycles.

4.1. Pressure Ratio

This overall pressure ratio determines the thermal efficiency of an ideal BC, which
means that the efficiency is not affected by the combustion temperature. However, the
thermal efficiency of the RBC, RBC, RBFC, and IBCs require the fuel utilization of the fuel
cell, fuel cell efficiency, and temperature ratios, τ1 and τ2. The combustion temperature
is limited up to T4 = 2000 K, and the engine consumes ambient air at T2 = 280 K, giving
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T4/T2 = 7.14. In addition to P4/P2 and T4/T2, the RBF and RBFCs require a fuel cell
efficiency, ηfc, of 0.7, and a pressure ratio across the high-pressure turbine, P4/P4.5, of 0.3.
The performance of these cycles is plotted in Figure 3 for a range of pressure ratios.
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Figure 3. The performance of the cycles; (a) thermal efficiency, (b) specific thrust, (c) fuel utilization,
and (d) overall performance vs the pressure ratio with a combustion temperature of 2000 K and a
reheat pressure ratio of 0.3.

The variation trends of the thermal efficiency and the specific thrust with a pressure
ratio variation of the five cycles are similar, which indicates that the BFC, RBFC, and IBFC
all have characteristics of the Brayton cycle to a certain extent. However, the pressure
ratio of these cycles is limited by the maximum temperature difference of the fuel cells,
as shown in Figure 4. The power and heat of the fuel cell increase with an increase in
the pressure ratio, which leads to the increase of the SOFC temperature difference. The
highest-pressure ratio will be 32.4, because the designed maximum SOFC temperature
difference, ∆Tfc,max of 200 K, will be reached. The conclusions are consistent with that in
reference. [31], which revealed that the simplified analysis method is useful to demonstrate
the effect of the fundamental parameters on the system.
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The thermal efficiency of the BFC is the highest among the studied cycles because
highly efficient SOFCs play a significant role in the cycle. The more fuel that is utilized by
the fuel cell, the higher the efficiency. The fuel utilization of the cycle is the highest, accord-
ing to the mathematical models. The thermal efficiency of the IBFC is the second highest,
mainly because of isobaric heating, even though the fuel utilization of the fuel cells in the
IBFC is slightly lower than the one in the BFC, as shown in Figure 3c. In addition, it is more
efficient to improve the thermal efficiency by isothermal heating instead of isobaric heating.
If the difference in fuel utilization between the two cycles is big, the thermal efficiency of
the RBFC will be higher than that of the IBFC. The thermal efficiency of the RBFC is low
due to the low fuel utilization and isobaric heating. The thermal efficiency of the BC is
close to that of the RBFC. The thermal efficiency of the RBC is the lowest. The thermal
efficiencies of the BFC, RBFC, and IBFCs are 73.2%, 62.5%, and 65.5%, respectively, at a
pressure ratio of 32.4. The thermal efficiencies of the BC and RBCs are 63.0% and 53.7% at
a pressure ratio of 60. The BFC has a distinct advantage over the BC and RBCs in terms
of thermal efficiency. The theory analysis results of the hybrid cycle are consistent with
the results calculated by the detailed mathematical model [31]. The thermal efficiency of
the BC is far higher than that of the Brayton cycle, even though the pressure ratio of the
compressor is small.

The specific thrust of the BFC is higher than that of the BC because more heat is added.
The specific thrust of any of the BFC, RBFC, and IBFCs is higher than that of the RFC cycle
because the compressor is powered by fuel cells, as shown in Figure 3b. The specific thrust
of the IBFC is higher than that of the RBFC. It is more efficient to improve specific power
by the combination of isothermal and isentropic expansion instead of the combination of
isobaric heating and isentropic expansion. The specific thrust measures, the workability
of air with 1 kg/s, and the thermal efficiency measures the efficiency of the fuel utilized.
Therefore, the thermal efficiency of the BFC is the highest, but the specific thrust is smaller
than that of the IBFC and RBFC.

The highest specific thrust of the BFC, RBFC, and IBFCs is 1591 N/(kg·s−1),
1774 N/(kg·s−1), and 1890 N/(kg·s−1), respectively, at a pressure ratio of 32.4. The highest
specific thrust of the BC and RBCs is 1233 N/(kg·s−1) and 1519 N/(kg·s−1) at a pressure
ratio of 60. Any one of the BFC, RBFC, and IBFCs has an advantage over the BC and the
RBC in terms of specific thrust. Figure 3d shows that the BFC has advantages in thermal
efficiency and specific thrust compared to the BC and the RBC. Both the RBFC and the IBFC
have advantages in specific thrust compared to other cycles.
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4.2. Combustion Temperature

The combustion temperature is an important parameter for improving the performance
of the conventional Brayton cycle. In the present study, the performance of the five cycles
was compared with the overall pressure ratio of 40 over the combustion temperature ranges.
The highest combustion temperature of the BC and the RBC is 2000 K. The exhaust gas is
expanded in the nozzle rather than in the turbines for the BFC, RBFC, and IBFCs. Therefore,
the highest combustion temperature of these cycles is 2200 K. The performance of these
cycles over a range of pressure ratios is plotted in Figure 5.
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The thermal efficiency of the ideal BC is constant over a range of combustion tempera-
tures, according to Equation (13). The thermal efficiency trend for the BC with a combustion
temperature variation is contrary to the one for the BFC in Figure 5a. As the combustion
temperature increases, the fuel utilization of the BFC decreases, as shown in Figure 5c,
which leads to a decrease in thermal efficiency. The reason is explained in Section 4.1. The
thermal efficiency trends with a combustion temperature variation of the RBC, the RBFC,
and the IBFC are similar in Figure 5a. The reason is that the fuel utilization of these cycles
is lower than that of the BFC. The effect of the thermal efficiency improvement by the
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increased combustion temperature is offset by the decreased fuel utilization of the fuel
cells. The thermal efficiency of the RBFC and the IBFC is close to constant. The thermal
efficiency of the RBFC ranges from 62.0% to 64.5% at combustion temperatures of 1200 to
2000 K. The IBFC ranges from 67.0% to 67.3%. For the BC and the RBC, there is a limitation
of the maximum combustion temperature, as shown in Figure 5c, which is 2000 K. The
BFC, RBFC, and IBFCs can operate at a further high combustion temperature of 2200 K in
this work. The limitation of these cycles is the maximum fuel utilization of 0.7. The energy
of the compression and first heat addition is just taken into account when calculating the
limitation value of the fuel cell’s fuel utilization. Therefore, the overall fuel utilization of
the RBFC and the IBFC is below 0.7, as shown in Figure 5c. The minimum combustion tem-
perature is 1350 K at a maximum fuel utilization of 0.7. The maximum thermal efficiency of
the BFC at the lowest combustion temperature is 82.2%, which is higher than that of the BC
at 65.1% and the RBC at 55.1% at the highest combustion temperature.

The specific thrust of these cycles increases significantly with the increase of the
combustion temperature due to the increase in the expansion temperature ratio. The
specific thrust of the BFC, RBFC, and IBFCs at a combustion temperature of 2200 K is
1696 N/(kg·s−1), 1902 N/(kg·s−1), and 2014 N/(kg·s−1), respectively, which is extraordi-
narily higher than that of the BC of 1251 N/(kg·s−1) and the RBC of 1496 N/(kg·s−1) at
the combustion temperature of 2000 K. Figure 5d shows that the curves of the BFC, RBFC,
and IBFCs are at the top right corner of the specific thrust–thermal efficiency diagram
compared with the BC and the RBC when the combustion temperature varies. It revealed
that increasing the combustion temperature is more beneficial for the BFC, RBFC, and IBFC.

4.3. Reheat Pressure Ratio

For the RBC, RBFC, and IBFC, the pressure of the reheat position is an important
parameter and influences the specific thrust improvement of these cycles. The reheating
process occurs in the afterburner for these cycles. The reheat pressure depends on the
afterburner position in the nozzle. The reheat pressure ratio is defined as a value between
the afterburner pressure and atmospheric pressure. When the reheat pressure ratio is 0, the
reheat pressure is the afterburner pressure. When the reheat pressure ratio is 1, the reheat
heat pressure is the atmospheric pressure. In this work, the performance of the five cycles
is compared under the conditions of the overall pressure ratio of 40 and the combustion
temperature of 2000 K for a range of reheat pressure. The performance of these cycles is
plotted in Figure 6.

The thermal efficiency and the specific thrust of the BC and BFCs are constant due to
the absence of the reheating process over a range of reheat pressure ratios. The thermal
efficiency of the BFC, RBFC, and IBFCs decreases with the increase of the reheat pressure
ratio because of huge entropy loss in the reheating process [32]. As the reheat pressure
ratio increases, the specific thrust increases slowly and then decreases sharply in the RBFC
and RBCs. The reason is that more heat can be added as the reheat pressure ratio increases.
When the reheat pressure is moderately high, the nozzles can output more power. When the
reheat pressure is extremely low, the pressure ratio of the afterburner and the atmosphere
is extremely low, which causes little power to be produced by the nozzles. Therefore, the
conclusions and reasons here are consistent with those (the specific thrust of the BFC is
higher than that of the BC) in Section 4.1, but the effect is not obvious if the reheat pressure
is too small. In contrast to that of the RBFC, the specific thrust of the IBFC increases
continuously with the increase of the reheat pressure ratio. The maximum specific thrust
of the IBFC is 2058 N/(kg·s−1). In the process of isothermal expansion, the added heat is
completely converted into expansion power. The higher the pressure ratio is, the more heat
is added. Therefore, the expansion power increases. Figure 6d shows that the IBFC has an
advantage over the RBFC in achieving high specific thrust and high thermal efficiency.
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5. Conclusions

The effects of the pressure ratio, combustion temperature, and other thermodynamic
parameters on new hybrid cycles have been demonstrated based on the derivation of the
performance parameter. Thermodynamic analysis has shown the advantages of the Brayton
cycle integrated with an SOFC for aircraft propulsion systems, compared with the Brayton
cycles in this paper. The main conclusions are as follows:

(1) The thermal efficiency and specific thrust of the ideal BFC both increase with the
increase of the pressure ratio. However, there is a maximum pressure ratio of 32.4
due to the limitation of the temperature difference between the fuel cell inlet and the
outlet. The highest thermal efficiency of the BFC is 73.2% at a pressure ratio of 32.4.
The highest thermal efficiency of the BC is 63.0% at a pressure ratio of 60. The BFC
has an obvious advantage over the BC and the RBC in thermal efficiency.

(2) The thermal efficiency of the BFC decreases as the combustion temperature increases.
The thermal efficiencies of the RBFC and IBFC show the opposite trends. The maxi-
mum thermal efficiency of the BFC at the lowest combustion temperature is 82.2%,
while that of the BC is 65.1%.
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(3) The thermal efficiency of the RBFC and the IBFC decreases with an increase in the
reheat pressure ratio. The specific thrust increases slowly and then decreases sharply
in the RBFC. The specific thrust of the IBFC increases with the increase of the reheat
pressure ratios. The maximum specific thrust of the IBFC is 2058 N/(kg·s−1).

(4) Even though the application of the innovative power cycle composed of fuel cells and
gas turbines on aircraft is challenging, it provides a new prospect for the development
of low-emission aircraft. The electricity aircraft will save fossil fuel and produce little
carbon dioxide emission largely.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15032805/s1, Figure S1: the schematic diagram of an ideal
Brayton cycle with SOFCs; Figure S2: detailed Scheme diagrams of the ideal Brayton cycles with
solid oxide fuel cells; Figure S3: verification of the SOFC model; Figure S4: validation assessment of
the SOFC model. References [33–36] are cited in Supplementary Materials S1 and S2.
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Nomenclature

A Area (m2) Subscripts
c Velocity (m/s) a Air

cp
Constant-pressure specific heat abs Heat addition
(J/(kg.K)/s)

F Faraday constant (96,485 C/mol) comp Compressor
FS Specific thrust (N/(kg/s)) fc Fuel cell
G Gibbs free energy (J/mol/s) g Exhaust
H Enthalpy (J/mol/s) max Maximum
I Current (A) out Open circuit voltage
n Mole rate of electrons out Outlet
p Pressure (Pa) BC Brayton cycle
P Power (J/s) BFC Brayton cycle with SOFC

Q The amount of heat (J/s) IBFC Isothermal Brayton cycle
with SOFC

Rfc Ratio of fuel cell power and heat RBC Reheating Brayton cycle

T Temperature (K) RBFC Reheated Brayton cycle
with SOFCs

U Voltage (V) PEMFC Proton exchange membrane
fuel cell

W Mass flow (kg/s) SOFC Solid oxide fuel cell

∆T,SOFC
Temperature difference between
SOFC inlet and outlet

ψ
Ratio of electric power and

Superscript
total power

τ Temperature ratio 0 Ideal conditions
φ Fuel utilization
π Pressure ratio
γ Ratio of specific heat
η Thermal efficiency
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