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Abstract: Advanced airborne power generation technology represents one of the most effective
solutions for meeting the electricity requirements of hypersonic vehicles during long-endurance
flights. This paper proposes a power generation system that integrates a high-temperature fuel
cell to tackle the challenges associated with power generation in the hypersonic field, utilizing
techniques such as inlet pressurization, autothermal reforming, and anode recirculation. Firstly, the
power generation system is modeled modularly. Secondly, the influence of key parameters on the
system’s performance is analyzed. Thirdly, the performance of the power generation system under
the design conditions is simulated and evaluated. Finally, the weight distribution and exergy loss
of the system’s components under the design conditions are calculated. The results indicate that
the system’s electrical efficiency increases with fuel utilization, decreases with rising current density
and steam-to-carbon ratio (SCR), and initially increases before declining with increasing fuel cell
operating temperature. Under the design conditions, the system’s power output is 48.08 kW, with an
electrical efficiency of 51.77%. The total weight of the power generation system is 77.09 kg, with the
fuel cell comprising 69.60% of this weight, resulting in a power density of 0.62 kW/kg. The exergy
efficiency of the system is 55.86%, with the solid oxide fuel cell (SOFC) exhibiting the highest exergy
loss, while the mixer demonstrates the greatest exergy efficiency. This study supports the application
of high-temperature fuel cells in the hypersonic field.

Keywords: solid oxide fuel cell; hypersonic vehicles; long-endurance; airborne power generation;
performance analysis

1. Introduction

Hypersonic vehicles, characterized by their rapid and maneuverable flight capabilities,
are currently a focal point of research [1,2]. Ramjet engines power these vehicles, and
the absence of a mechanical shaft power output renders traditional shaft-actuated power
generation technologies inapplicable [3]. However, hypersonic vehicles are equipped with
numerous systems that require electrical power, including fuel supply and flight control
systems, which collectively ensure power, stability, and maneuverability [4]. In addition,
mission payload systems, such as active and passive radars, also have significant power
requirements [5,6]. As the vehicle’s performance and the number of electronic devices
increase, the system’s power consumption tends to rise [7]. Devices such as the auxiliary
power unit (APU) [8] and ram air turbine (RAT) [9] can harness incoming air to rotate
the impeller and generate electrical energy. However, during high Mach number flights,
the temperature of the incoming air rises significantly, leading to a substantial reduction
in impeller efficiency [10]. Currently, the power issue is typically addressed by the use
of batteries, but batteries with a low energy density cannot realize the long-endurance
flights [11]. The advancement of airborne power generation technology presents a viable
solution to fulfill the demand for megawatt-class power in future hypersonic vehicles [12].

Airborne power generation systems for hypersonic vehicles can be classified into
turbine-driven and non-turbine-driven categories. The research focus for turbine-driven
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airborne power generation systems centers on power cycle-based cogeneration technol-
ogy, which facilitates energy conversion among heat, mechanical, and electrical energies
through the absorption and release of heat by the working substance [13]. The power cycle,
comprising mainly of the Rankine cycle (RC) and the Brayton cycle (BC), is characterized
by the phase transition of the working substance in the RC and the absence of such a
transition in the BC [10]. Sforza et al. [6] proposed a semi-closed Rankine cycle power
generation system that utilizes hydrocarbon fuel as the working substance. However, the
continuous operation of this system leads to issues such as gas cracking and an increase
in the temperature of the working substance, rendering the system unsustainable [14].
On this basis, Bao et al. [15] proposed an open Rankine cycle power generation system
that utilizes regenerative cooling. This approach indirectly enhances the heat sink of the
hydrocarbon fuel by repeatedly heating the working substance multiple times, thereby
improving the cycle efficiency of the system to some extent. However, the system faces
challenges in providing megawatt-class power due to the constraint of the limited fuel
flow [16]. The Brayton cycle typically has a higher thermal efficiency at high temperatures
than the Rankine cycle does [17]. Cheng et al. [18] proposed a closed Brayton cycle (CBC)
power generation system based on a reheat type, which uses helium as a working sub-
stance and generates a maximum power of 132 kW. Supercritical carbon dioxide (S-CO2)
has attracted much attention due to its advantages of non-pollution, low cost, and small
size [19]. Miao et al. [20] proposed an S-CO2-based reheat CBC power generation system,
which improved the reheat effect by diverting the working substance and increased the
thermal efficiency of the cycle by introducing an additional compressor. As a result, the
system achieved a power generation efficiency of 28.9% and an output power of 161.1 kW.
To further improve the performance of the CBC power generation system, additional fuel
vapor turbines [3] and the use of new liquid metals [14] can also be added, but the funda-
mental problem of the lack of a cold source for hypersonic vehicles cannot be effectively
solved yet, which leads to the difficulty of breaking through the power generation efficiency
and power density of the CBC power generation system. Non-turbine-driven airborne
power generation systems have the advantages of simple structures and environmental
friendliness. Cheng et al. [21,22] evaluated the performance of a multistage semiconductor
temperature difference power generation system for hypersonic vehicles, and the system
power generation efficiency was only 18.38% due to the low efficiency of the thermoelectric
material. Harada et al. [23] conducted experiments on magnetohydrodynamic (MHD)
power generation driven by a scramjet engine. They performed both one-dimensional
and three-dimensional numerical simulations to interpret the experimental results, suc-
cessfully extracting a reasonable amount of output electrical energy. However, the MHD
power generation system continues to encounter challenges related to the magnetic sta-
bility of superconducting magnets, the compatibility with external magnetic fields, and
the preparation processes for high-temperature superconducting magnets. These issues
hinder the feasibility of engineering applications in the short term [14]. Consequently, the
development of advanced airborne power generation systems to bridge the significant
gap between the inadequate power supply and increasing energy demand has become an
urgent technical challenge for hypersonic vehicles.

Fuel cells are recognized as one of the cleanest sources of power generation globally.
They are devices capable of directly converting chemical energy into electrical energy,
exhibiting high energy conversion efficiency and producing zero emissions [24]. Among
these, the solid oxide fuel cell (SOFC) represents a type of high-temperature fuel cell that
offers higher integrated heat, improved stability, and the capability to utilize a variety of
fuels. Additionally, the specific power and power density of the SOFC surpass those of
other types of power generation systems [25]. Research has advanced in the domain of
unmanned aerial vehicles and low-speed vehicles that employ SOFC power generation
technology. Brandon et al. [26] have shown that SOFC auxiliary power units are capable of
generating relatively large amounts of additional power at a relatively low initial investment
compared to generating additional power by expanding the engine size. Okai et al. [27]
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analyzed the potential of the SOFC-GT hybrid system using key performance indexes.
Collins et al. [28] proposed a SOFC-GT hybrid system utilizing liquid hydrogen fuel
and a superconducting electric motor, which achieved a power density of 0.9 kW/kg.
Ji et al. [29–31] proposed a non-turbine jet engine concept integrating a SOFC and vapor
injection, which operates by replacing the turbine-driven compressor with the SOFC.
Li et al. [32] proposed a SOFC/piston engine hybrid power system for the aerospace field
and analyzed the system by building a mathematical model to obtain a power generation
efficiency of 52.29%. In the hypersonic domain, a SOFC operating temperature matching
the vehicle operating environment can be a good solution to the finite cold source problem
faced by turbine-driven airborne power generation systems [33]. Compared to other non-
turbine-driven airborne power generation systems, the SOFC has an extremely high power
generation efficiency and is expected to achieve a megawatt-class power supply [34]. With
the further increase in demand for hypersonic vehicles characterized by long-endurance
and high power, as well as the development of ultra-high-temperature SOFC technology,
the SOFC presents great potential in the airborne power generation system.

This paper proposes an airborne power generation system that integrates a high-
temperature SOFC, referred to here as the Fuel Cell Power System (FCPS). The primary
contributions include the completion of the preliminary structural design of the FCPS and
the development of a comprehensive zero-dimensional mathematical model to analyze the
system’s thermodynamic performance. The effects of five key parameters, namely, fuel
utilization, current density, SOFC operating temperature, steam-to-carbon ratio (SCR), and
oxygen-to-carbon ratio (OCR), on the performance of the FCPS are thoroughly investigated.
In addition, the weight distribution of the FCPS and the exergy loss of each component
under the design conditions are calculated. The organization of the paper is as follows:
Section 2 describes the structural design of the FCPS; Section 3 presents two types of
models for the key components and performance analysis; Section 4 shows and discusses
the results; and Section 5 summarizes the main findings and conclusions of the paper.

2. System Description

The FCPS structure is shown in Figure 1. The system consists of a heat exchanger, a
separator, a mixer, a reformer, an SOFC, a blower, and a motor. The black lines indicate
the fuel flow, the blue lines indicate the airflow, the long-drawn-dotted red lines indicate
the mixture flow, and the long-drawn red lines indicate the anode recirculation flow. The
working process is as follows: Firstly, the incoming air is compressed by the intake and
then enters the heat exchanger for cooling. The cooled air is subsequently divided into
two streams by splitter-1; one stream enters the reformer to participate in the reforming
reaction, while the other stream proceeds to the SOFC cathode to supply oxygen for the
electrochemical reaction. The airflow rate is contingent upon the OCR and SOFC operating
temperatures. Secondly, the anode recirculation gas is mixed with fuel and then compressed
by a blower to compensate for the pressure loss. The flow rate of the anode recirculation
gas is dependent on the SCR. The blower is driven by a motor that is powered by the
SOFC. Subsequently, the air, fuel, and steam undergo an autothermal reforming reaction
within the reformer, wherein larger fuel molecules are converted into smaller gas molecules
predominantly composed of hydrogen (H2). It should be noted that the steam content in the
reformer should not be too low to avoid serious carbon deposition affecting the reforming
efficiency [35]. Finally, the hydrogen-rich reformed gas is introduced into the SOFC anode,
where it undergoes both internal reforming and electrochemical reactions to produce
electrical energy. The exhaust from the SOFC is then directed into the combustion chamber
to mitigate the impact of the power generation system’s air draw on combustion efficiency.

The FCPS structural design takes into account the environmental conditions encoun-
tered in hypersonic vehicles. In comparison to the ground-based SOFC power generation
system, this design incorporates an air cooler to prevent performance degradation caused
by overheated air. Additionally, the method of SOFC anode recirculation is employed to
address the issue of water sourcing during the autothermal reforming process.
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Figure 1. The structure of the FCPS.

3. Mathematical Models

In this study, a zero-dimensional mathematical model is constructed to evaluate the
performance of the FCPS. To simplify the model, the following assumptions are made:

(1) The FCPS is in a stable operating condition.
(2) The air consists of 79% N2 and 21% O2.
(3) The reforming reaction is in a chemical equilibrium state.
(4) All system components are considered to be adiabatic.
(5) Only the H2 electrochemical reaction occurs at the SOFC anode.
(6) The SOFC anode and cathode outlet temperatures are equal to the SOFC operat-

ing temperature.
(7) The fuel is assumed as methane (CH4).
(8) The electrochemical properties of each single cell in the stack are identical.

3.1. Component Models

By constructing mathematical models of each component, the objective is to accurately
determine key parameters, such as gas composition, flow rate, temperature, and pressure
at the inlet and outlet of the components. Table 1 presents the coefficients for the important
components, such as the pressure recovery coefficient of the heat exchanger.

Table 1. The coefficients of the important components [30,36–38].

Coefficients Values

Pressure recovery coefficient of the SOFC 0.97
Pressure recovery coefficient of the reformer 0.99

Pressure recovery coefficient of the heat exchanger 0.97
Effectiveness of the heat exchanger 0.45

Pressure ratio of the blower 1.1
Efficiency of the blower 0.7

3.1.1. SOFC Model

In this paper, an SOFC model with internal reforming is used. The fuel composition in
the anode channel of the SOFC includes CH4, H2, and CO, etc. Due to the small value of
the voltage generated by the participation of CO in the electrochemical reaction, its effect is
neglected in this paper [39–41]. Under the influence of the catalytic layer, CH4 participates
in a steam reforming reaction with H2O, while CO engages in a water–gas shifting reaction
with H2O. Consequently, the SOFC encompasses a total of three distinct chemical reactions,
as shown in Equations (1)–(3).

CH4 + H2O ⇄ CO + 3H2 ∆H298 = 206 kJ · mol−1 (1)
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CO + H2O ⇄ CO2 + H2 ∆H298 = −36 kJ · mol−1 (2)

H2 + 1/2O2 ⇄ H2O ∆H298 = −241.8 kJ · mol−1 (3)

Following internal reforming, the SOFC outlet gas molar flow rate can be derived
from the three chemical reaction rates and chemical equilibrium constants [42,43], and
the relationships between the reaction rates and equilibrium constants are shown in
Equations (4)–(6).

Kr =
(nin

H2
+ 3x + y − z)3 × (nin

CO + x − y)

(nin
CH4

− x)× (nin
H2O − x − y)

×
p2

cell

(nin + 2x)2 (4)

Ks =
(nin

CO2
+ y)× (nin

H2
+ 3x + y − z)

(nin
CO + x − y)× (nin

H2O − x − y + z)
(5)

z = I/2F (6)

where x, y, and z are the reaction rates for the steam reforming reaction, water–gas shifting
reaction, and electrochemical reaction, respectively. Kr and Ks are the chemical equilibrium
constants for the steam reforming and water–gas shifting reactions, respectively.

The SOFC electrochemical model is used to calculate the SOFC operating voltage and
polarization loss. The SOFC operating voltage is equal to the difference between the Nernst
electromotive force and the polarization loss, and the Nernst electromotive force is the
maximum voltage that can be achieved by the SOFC in the open-circuit state, also known
as the open-circuit voltage, as shown in Equations (7) and (8).

U = E − (ηact + ηcon + ηohm) (7)

E = E0 −
RT
2F

ln
pH2O

pH2

(
pO2

)0.5 (8)

where U, E, and E0 represent the operating voltage, Nernst electromotive force, and
standard potential, respectively.

Polarization loss mainly includes the activation polarization, concentration polariza-
tion, and ohmic polarization. Activation polarization is a phenomenon in which the elec-
trode potential deviates due to the sluggishness of the electrochemical reaction proceeding,
causing the electrode to be charged differently than in the reversible case. Concentration
polarization is a phenomenon in which the electrode potential deviates from the equi-
librium potential due to the difference between the ionic concentration of the solution
at the interface layer of the electrode and the concentration of the bulk solution. Ohmic
polarization is caused by the movement of ions and electrons as well as the resistance
and contact resistance of the cell components, and the voltage drop due to the ohmic
polarization is proportional to the current density. The specific calculation equations are
shown in Equations (9)–(12) [44].

ηact =
RT
F

sinh−1
(

j
2jo,an

)
+

RT
F

sinh−1
(

j
2jo,ca

)
(9)

ηcon,an =
RT
2F

ln

(
pbulk

H2
pTPB

H2O

pTPB
H2

pbulk
H2O

)
+

RT
2F

ln

(
pbulk

CO pTPB
CO2

pTPB
CO pbulk

CO2

)
(10)

ηcon,ca =
RT
4F

ln

(
pTPB

O2

pbulk
O2

)
(11)

ηohm = j∑
k

ρkδk (12)
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where jo,an and jo,ca represent the exchange current density of the anode and cathode,
respectively.

The performance evaluation indexes of the SOFC include power, electrical efficiency
and fuel utilization. The power is the product of the total current and the operating voltage,
the electrical efficiency is the ratio of the power to the total energy input to the system, and
the fuel utilization is the ratio of the hydrogen actually participating in the electrochemical
reaction to the fuel entering the anode of the SOFC [32]. The specific calculation formulas
are shown in Equations (13)–(15).

P = jAcellU (13)

Efc =
P

(xCH4LHVCH4 + xCOLHVCO + xH2LHVH2)nin,an
(14)

Uf =
jAcell

2F(4xin
CH4

+ xin
H2

+ xin
CO)nin,an

(15)

The SOFC energy conservation model is used to calculate its operating temperature.
There are a total of three heat sources in the SOFC, namely, the heat generated by an
electrochemical reaction, the heat consumed by an internal reforming reaction, and the
heat transferred to the surrounding environment [42]. The heat generated by the elec-
trochemical reaction is shown in Equation (16) and the heat consumed by the internal
reforming reaction is shown in Equations (17) and (18). A portion of the heat generated
by the electrochemical reaction is utilized to drive the internal reforming reaction, while
another portion is dissipated to the surroundings. The remaining heat serves to elevate the
temperature of the mixture comprising the SOFC products and unreacted gases, as shown
in Equation (19).

Qrxn = I∑ η + nH2 T∆S (16)

Qr = x(hCO + 3hH2 − hH2O − hCH4) (17)

Qs = y(hCO2 + hH2 − hH2O − hCO) (18)

Qrxn − Qr − Qs − Qsurr = nan

∫ Tout
an

Tin
an

cp,andT + nca

∫ Tout
ca

Tin
ca

cp,cadT (19)

where Qsurr is the heat transferred to the surrounding environment.
Table 2 shows in detail the thickness of the cell elements and the physical properties

of the cell materials used for them in the SOFC model.

Table 2. Thicknesses of cell elements and physical properties of cell materials [44,45].

Items Values

Anode thickness 1000 µm
Cathode thickness 20 µm

Electrolyte thickness 8 µm
Interconnect thickness 67 µm

Anode resistivity 2.98 × 10 − 5exp(−1392/T) Ω·m
Cathode resistivity 8.114 × 10 − 5exp(600/T) Ω·m

Electrolyte resistivity 2.94 × 10 − 5exp(10350/T) Ω·m
Interconnect resistivity 1.2 × 10 − 3exp(4690/T) Ω·m

Anode activation energy 100 kJ/mol
Cathode activation energy 120 kJ/mol

Anode preexponential factor 1.3 × 1010 A·m−2

Cathode preexponential factor 2 × 109 A·m−2

Porosity 0.48
Tortuosity 3

3.1.2. Reformer Model

The reformer uses an autothermal reforming reaction as shown in Equation (20). The
oxygen required for the reforming reaction comes from the inlet and the steam required



Aerospace 2024, 11, 846 7 of 22

comes from the anode exhaust. The reforming reaction is considered as an equilibrium
state and the equilibrium parameters are solved by the principle of Gibbs free energy
minimization. The amount of oxygen required for the autothermal reforming reaction is
determined by the OCR as shown in Equation (21). The ratio of the anode recirculation gas
flow rate to the total anode exhaust gas flow rate is called the recirculation ratio. This ratio
is influenced by the SCR, which is calculated as shown in Equation (22). To prevent carbon
deposition from adversely affecting the performance of the reformer and the SOFC, the
minimum critical value of SCR can be expressed as Equation (23) [46].

CH4 + aH2O+bO2 ⇄ cH2 + dCO+eCO2 (20)

OCR = nO2 /(nCH4 + nCO) (21)

SCR = nH2O/(nCH4 + nCO) (22)

SCRc = {A · tanh[B · (T − 273) + C] + 1}/2 + D (23)

where A = 1.044, B = 9.971 × 10−3, C = − 6.497, and D = 1.369.
The reformer performance evaluation indices include selectivity of H2, selectivity of

CO, conversion efficiency, and reformer efficiency. The specific calculation methods are
shown in Equations (24)–(27).

φH2 =
xH2

xH2 + xH2O
(24)

φCO =
xCO

xCO + xCO2

(25)

φCH4 =
xin

CH4
− xout

CH4

xin
CH4

(26)

Erefo =
nout

H2
× LHVH2 + nout

CO × LHVCO

nout
CH4

× LHVCH4

(27)

3.1.3. Heat Exchanger Model

The heat exchanger is designed to cool the high-temperature compressed air through
the low-temperature fuel, thereby preventing any adverse effects on the operational per-
formance of the SOFC. The important parameter effectiveness of the heat exchanger is
defined as the ratio of the actual heat transfer to the maximum heat transfer, as shown in
Equation (28). By the principle of energy conservation, the heat released by the hot stream
is equal to the heat absorbed by the cold stream, as shown in Equation (29). When the inlet
temperatures of the hot and cold streams are known, the outlet temperatures of the hot and
cold streams can be solved by using the above two equations [32].

ε =
nccp,c(Tout,c − Tin,c)

(ncp)min(Tin,h − Tin,c)
(28)

Q = nccp,c(Tout,c − Tin,c) = nhcp,h(Tout,h − Tin,h) (29)

where the subscripts c and h stand for cold and hot flows, respectively.

3.1.4. Blower Model

To compensate for the pressure loss generated by the components, a blower must
be utilized to provide the required differential pressure for anode recirculation [38]. The
temperature of the outlet gas from the blower depends mainly on the pressure ratio and
efficiency of the blower, as shown in Equation (30). The blower outlet gas pressure is
positively related to the pressure ratio, as shown in Equation (31). The electrical energy
required to operate the blower is supplied by the motor, and the amount of power required
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is determined by the enthalpy difference between the inlet and outlet gases of the blower,
as shown in Equation (32).

Tout =
{

1 + (1/Eblower )
[
(πblower )

(γ−1)/γ − 1
]}

Tin (30)

pout = pin πblower (31)

Wblower = hblower,out − hblower,in (32)

where Eblower and πblower are the efficiency and pressure ratio of the blower, respectively.

3.2. Performance Analysis Model
3.2.1. Weight Model

As the energy system of a vehicle, weight is another important index in addition to the
thermodynamic properties. Although there is no accurate and systematic methodology for
modeling the weight of the SOFC power generation system, a preliminary assessment is
necessary. The weight of the FCPS consists of the SOFC, reformer, heat exchanger, blower,
motor, fuel, and other auxiliary components.

mtotal = msofc + mrefo + mHX + mblower + mmotor + mfuel + mother (33)

The weight calculation of the SOFC is based on its power density, where 0.9 kW/kg is
the design condition for the SOFC power density. Table 3 lists the sources and values for
different SOFC power densities.

Table 3. Power densities of SOFC.

Sources Values

Aguiar et al. 0.9 kW/kg [47]
Japan Aerospace Exploration 1.2 kW/kg [48]
NASA Glenn Research Center 2.5 kW/kg [36]
Washington State University 4.6 kW/kg [36]

The weight of the reformer consists of the wall and the insulating layer. The wall is
made of Inconel 625 and the insulating layer is made of aluminum oxide ceramic [49]. The
weight of the reformer is shown in Equation (34).

mrefo = 2π

[ .
mrefo
ρrefo

(
3600 × 4
50000π

)

]2/3

(ρwallτwall + ρinsuτinsu) (34)

where
.

mrefo is the mass flow rate of the reformer inlet and ρrefo is the reformer flow
density [49].

ρwall= 8.4 g/cm3, ρinsu= 4 g/cm3, τwall= 0.08 cm, τinsu = 1.3 cm

The heat exchanger is a plate-fin type with a heat transfer coefficient of 40 W/(m2·K),
the thickness of the plate is 0.03 cm, the thickness of the shell is 0.15 cm, the material is
silicon carbide, and the density of the material is 2700 kg/m3 [28]. The weight of the heat
exchanger is shown in Equation (35).

mHX = AHX × (0.0003 + 0.0015)× 2700 (35)

where AHX is the heat exchanger area, obtained by the mean logarithmic temperature
difference method.
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The blower weight is shown in Equation (36) [28].

mblower =

.
min

1.16

(
0.21π2

blower − 2.52πblower + 17.01
)

(36)

The motor power density is 5.207 kW/kg [50] and the motor weight is shown in
Equation (37).

mmoto = Pmoto/5.207 (37)

The fuel weight is determined by the fuel mass flow rate and the operating time of the
power generation system, as shown in Equation (38).

mfuel =
.

mfuel × t (38)

3.2.2. Exergy Analysis Model

Exergy, as a unified measure of the quantity and quality of energy in an integrated
way, expresses the ability of energy to do work [32]. By calculating the exergy loss of
each component of the FCPS, the system’s components with the largest exergy loss and
the smallest exergy efficiency are identified, and a direction is given for improving the
efficiency of the system and reducing the exergy loss. The exergy of the mobile working
substance includes physical exergy and chemical exergy, as shown in Equation (39).

Ex = Ex,ph + Ex,ch (39)

Physical exergy is defined as the maximum amount of the system’s energy that can
theoretically be converted to any other form of energy when the system is reversibly
changed from an arbitrary state to equilibrium with a given environmental state [51], as
shown in Equation (40).

Ex,ph = H − H0 − T0(S − S0) (40)

Chemical exergy is the maximum useful work that a substance can do during a
chemical reaction [52], as shown in Equation (41).

Ex,ch = n(∑
k

xkek,ch + RT0∑
k

xk ln xk) (41)

To simplify the exergy analysis process of each component, the concepts of fuel exergy
and output exergy are used in this paper [32]. Table 4 gives the specific definitions of the
fuel exergy and output exergy of each component.

Table 4. Fuel exergy and output exergy of FCPS.

Components Fuel Exergy Product Exergy

HX Ex,2 − Ex,11 Ex,17 − Ex,16
Mixer2 Ex,7 + Ex,8 Ex,9

Reformer Ex,9 Ex,10
SOFC Ex,10 + Ex,12 − Ex,4 − Ex,13 Pfc

Mixer2 Ex,3 + Ex,5 Ex,6
Blower PM Ex,7 − Ex,6

Exergy loss is defined as the difference between the fuel exergy and the output exergy,
exergy efficiency is defined as the ratio of output exergy to fuel exergy, and exergy loss
rate is defined as the ratio of component exergy loss to total exergy loss, as shown in
Equations (42)–(44).

Ex,D = Ex,F − Ex,P (42)

ηx =
Ex,P

Ex,F
(43)
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σi =
Ex,D,i

∑
i

Ex,D,i
(44)

3.3. Model Validation

The experimental results of Zhao [45] are used as a benchmark to validate the SOFC
model at different operating temperatures. The anode inlet fuel composition consists of
3% H2O and 97% H2, and the operating temperatures are 600 ◦C, 700 ◦C and 800 ◦C. The
experimental results of Rokni [53] are used as a benchmark to validate the SOFC model
at different fuel concentrations, where the operating temperature is 700 ◦C and the fuel
concentrations are 49% H2, 73% H2, and 97% H2. The SOFC model established in this paper
is used to calculate the operating voltage of the SOFC under two experimental conditions
and obtain its polarization curves. The comparison results are shown in Figure 2.

Aerospace 2024, 11, x FOR PEER REVIEW 11 of 23 
 

 

  
(a) (b) 

Figure 2. The results of the SOFC model validation. (a) The different operating temperatures and 
(b) the different fuel concentrations. (Note: The “600 V” in the figure represents the SOFC operating 
voltage when the SOFC operating temperature is 600 °C). 

The data of Ji [38] is used as a benchmark to validate the reformer model; the fuel 
composition after the autothermal reforming of three fuels, CH4, C3H8, and CH3OH, are 
calculated separately by the reformer model established in this paper, and the comparison 
results are shown in Table 5. 

The quantitative indicator of the model validation results is the Mean Absolute Per-
centage Error (MAPE), as shown in Equation (45). The MAPE of the SOFC model valida-
tion result is 4.16%, and the MAPE of the reformer model validation result is 5%. There-
fore, both models are deemed to meet the established accuracy requirements. 

e, c, e,1

1 100%( ) ( )N
k k kk

Fitness x x x x
N =

− ×=   (45) 

where e and c represent the experimental and computational results, respectively. 

Table 5. Results of reformer model validation. 

Case1 (CH4) O2 (%) N2 (%) CH4 (%) CO2 (%) CO (%) H2 (%) H2O (%) T (K) 
Literature 0.00 7.00 10.00 24.00 3.00 14.00 41.00 874.00 

Model 0.00 6.70 9.60 24.00 3.70 15.46 40.27 885.00 
Case2 (C3H8) C3H8 (%) N2 (%) CH4 (%) CO2 (%) CO (%) H2 (%) H2O (%) T (K) 

Literature 0.00 16.00 8.00 28.00 7.00 15.00 27.00 919.00 
Model 0.00 15.90 6.60 27.20 7.78 15.30 27.17 930.00 

Case3 (CH3OH) CH3OH (%) N2 (%) CH4 (%) CO2 (%) CO (%) H2 (%) H2O (%) T (K) 
Literature 0.00 0.00 2.00 29.00 4.00 14.00 51.00 923.00 

Model 0.00 0.00 1.61 28.89 3.91 14.09 51.49 925.00 

3.4. Solution Method 
The computational logic of the FCPS is shown in Figure 3. Firstly, the system param-

eters are initialized, including the flight altitude, flight Mach number, fuel tank parame-
ters, pressure recovery coefficients of each component, SOFC cathode inlet temperature, 
OCR, fuel utilization, and current density. Secondly, after completing the calculations for 
the intake and heat exchanger components, the SOFC anode outlet parameters and SOFC 
excess air coefficient are guessed, and the calculations for the blower and reformer com-
ponents are executed to obtain the SOFC inlet parameters. The parameters required for 
the heat exchanger include the pressure recovery coefficient, the effectiveness, and the 
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The data of Ji [38] is used as a benchmark to validate the reformer model; the fuel
composition after the autothermal reforming of three fuels, CH4, C3H8, and CH3OH, are
calculated separately by the reformer model established in this paper, and the comparison
results are shown in Table 5.

Table 5. Results of reformer model validation.

Case1 (CH4) O2 (%) N2 (%) CH4 (%) CO2 (%) CO (%) H2 (%) H2O (%) T (K)

Literature 0.00 7.00 10.00 24.00 3.00 14.00 41.00 874.00
Model 0.00 6.70 9.60 24.00 3.70 15.46 40.27 885.00

Case2 (C3H8) C3H8 (%) N2 (%) CH4 (%) CO2 (%) CO (%) H2 (%) H2O (%) T (K)

Literature 0.00 16.00 8.00 28.00 7.00 15.00 27.00 919.00
Model 0.00 15.90 6.60 27.20 7.78 15.30 27.17 930.00

Case3 (CH3OH) CH3OH (%) N2 (%) CH4 (%) CO2 (%) CO (%) H2 (%) H2O (%) T (K)

Literature 0.00 0.00 2.00 29.00 4.00 14.00 51.00 923.00
Model 0.00 0.00 1.61 28.89 3.91 14.09 51.49 925.00

The quantitative indicator of the model validation results is the Mean Absolute Per-
centage Error (MAPE), as shown in Equation (45). The MAPE of the SOFC model validation
result is 4.16%, and the MAPE of the reformer model validation result is 5%. Therefore,
both models are deemed to meet the established accuracy requirements.
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Fitness(x) =
1
N ∑N

k=1 (
∣∣xe,k − xc,k

∣∣/xe,k)× 100% (45)

where e and c represent the experimental and computational results, respectively.

3.4. Solution Method

The computational logic of the FCPS is shown in Figure 3. Firstly, the system parame-
ters are initialized, including the flight altitude, flight Mach number, fuel tank parameters,
pressure recovery coefficients of each component, SOFC cathode inlet temperature, OCR,
fuel utilization, and current density. Secondly, after completing the calculations for the in-
take and heat exchanger components, the SOFC anode outlet parameters and SOFC excess
air coefficient are guessed, and the calculations for the blower and reformer components
are executed to obtain the SOFC inlet parameters. The parameters required for the heat ex-
changer include the pressure recovery coefficient, the effectiveness, and the temperature of
node 12. For the blower, the necessary inputs are the efficiency, pressure ratio, and SCR. The
reformer requires the pressure recovery coefficient and OCR as input parameters. Thirdly,
the SOFC internal reforming equations, electrochemical equations, and energy balance
equations are solved to obtain the SOFC operating temperature and outlet parameters. The
parameters required for the SOFC include the pressure recovery coefficient, operating tem-
perature, fuel utilization, and current density. The iteration parameters include the SOFC
operating temperature and SOFC anode recirculation gas composition, and the iteration
ends when the error between the calculated and set values reaches an acceptable range.
Finally, when the system is in steady state operation, the FCPS performance parameters
such as SOFC voltage, power, and electrical efficiency are output. In Figure 3, the green
color represents the iterative process for the SOFC operating temperature, the yellow color
represents the iterative process for the SOFC anode recirculation gas composition, and the
blue color is used to distinguish the first two colors.
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4. Results and Discussion
4.1. Effect of Key Parameters on FCPS Performance

To better evaluate the performance of the FCPS and to investigate the influence of the
key parameters on its performance, this section discusses the effects of five component
parameters: fuel utilization, current density, SOFC operating temperature, SCR, and OCR.
Table 6 presents the range of variation for these five component parameters.

Table 6. Ranges of the parameter variation.

Parameters Ranges

Fuel utilization 0.60–0.85
Current density 2 × 103–7 × 103 A/m2

SOFC operating temperature 1100–1275 K
SCR 1.0–3.5
OCR 0.0–0.9

4.1.1. Effect of Fuel Utilization on FCPS Performance

Figure 4 shows the trend of the FCPS performance as the fuel utilization is transformed
from 0.6 to 0.85. From the figure, it can be seen that as the fuel utilization increases, the FCPS
electrical efficiency and power increase, the power density increases and then decreases,
and the voltage continues to decrease. When the fuel utilization increases, more fuel is
utilized by the SOFC, and the electrical efficiency and power increase, but the increase in
fuel utilization will also make the average mole fraction of hydrogen and oxygen inside
the SOFC decrease, causing a decrease in the Nernst voltage. In addition, when the fuel
utilization increases, it is necessary to increase the SOFC activation area and pass more
air to the SOFC cathode to maintain the SOFC operating temperature, which will make
the weight of the SOFC and heat exchanger components increase, resulting in a situation
where the power density appears to decrease.
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4.1.2. Effect of Current Density on FCPS Performance

Figure 5 shows the trend of the FCPS performance as the current density is transformed
from 2000 to 7000 A/m2. From the figure, it can be seen that as the current density increases,
the FCPS voltage, electrical efficiency, and power decrease, and the power density continues
to increase. When the current density increases, the SOFC polarization loss increases, which
causes a decrease in the voltage and a subsequent decrease in the electrical efficiency and
power for a given total current. When the current density increases, more fuel is consumed
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per unit of the activation area of the SOFC, the activation area required by the SOFC
decreases, the weight of the system is reduced, and the power density increases as a result.
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4.1.3. Effect of SOFC Operating Temperature on FCPS Performance

Figure 6 shows the trend of the FCPS performance as the SOFC operating temperature
is transformed from 1100 to 1275 K. From the figure, it can be seen that the FCPS perfor-
mances all increase and then decrease with the increase in the SOFC operating temperature.
The increase in the SOFC operating temperature resulted in a decrease in the SOFC polar-
ization loss and an increase in the system performance. However, as the SOFC operating
temperature is further increased, the internal reforming is more complete, resulting in
a decrease in the average molar fraction of hydrogen and oxygen, and a decrease in the
Nernst voltage, leading to a decrease in the system performance. In addition, the increase
in the SOFC operating temperature results in a reduction in the SOFC cathode inlet air
requirement and a reduction in the weight of the heat exchanger, resulting in a relatively
slow change in the power density in the later stages.
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4.1.4. Effect of SCR on FCPS Performance

Figure 7 shows the trend of the FCPS performance as the SCR is transformed from 1 to
3.5. From the figure, it can be seen that as the SCR increases, the FCPS voltage, electrical
efficiency, and power density decrease, and the power continues to increase. Since the steam
comes from the SOFC anode recirculation, as the SCR increases, the anode recirculation
ratio increases and more exhaust gas is reused, which improves the system power to some
extent. However, the increase in exhaust gas dilutes the hydrogen concentration in the
SOFC, resulting in a lower Nernst voltage. In addition, due to the increase in the anode
recirculation ratio, the flow rate of the blower and reformer increases, and the power of the
motor increases, resulting in an increase in the weight of the components and a decrease in
power density.
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4.1.5. Effect of OCR on FCPS Performance

Considering that the variation of the OCR directly affects the performance of the
reformer component, thus indirectly affecting the performance of the SOFC, this study will
focus on analyzing the effects of the OCR on the reformer performance parameters and
its outlet gas composition. As shown in Figure 8a, the OCR has a significant effect on the
performance parameters of the reformer. At an OCR greater than 0.4, the selectivity of H2
and reformer efficiency continue to decrease, while the growth of selectivity of CO and
conversion efficiency slow down. The reason for this phenomenon can be attributed to
the increase in the OCR leading to a high reforming temperature, which in turn promotes
the production of more H2O from H2 and O2. As shown in Figure 8b, this reaction results
in a decrease in H2 content and an increase in H2O content, which leads to a decrease in
reformer performance. Based on these results, the design condition of the OCR for the
FCPS is set at 0.4.
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4.2. The Performance of the FCPS under the Design Conditions

The design conditions of the FCPS are shown in Table 7. The incoming air parameters
are calculated based on a flight altitude of 25 km and a flight speed of 5 Ma. The fuel
requirements are based on a flight time of 2 h. For a vehicle with a power demand of 50 kW,
the fuel flow rate is set to 0.1 mol/s. The fuel utilization is established at 0.75, with a current
density of 5000 A/m2 and an operating temperature of 1200 K. The SOFC cathode inlet
temperature is set to 1100 K, as excessive temperature gradients may cause damage to the
SOFC material. Additionally, the SCR is set to 2, as a low SCR could result in significant
carbon deposition.

Table 7. Design conditions of FCPS.

Parameters Values

Flight altitude 25 km
Flight speed 5 Ma
Flight time 2 h

Fuel flow rate 0.1 mol/s
Fuel utilization 0.75
Current density 5000 A/m2

SOFC operating temperature 1200 K
SOFC cathode inlet temperature 1100 K

SCR 2
OCR 0.4

Under the above design conditions, the parameter information of each operating
node can be obtained from the established mathematical model, as shown in Table 8.
For example, the mixture composition at the SOFC anode inlet is 26.63% H2, 2.86% CH4,
9.29% CO, 12.93% CO2, 20.00% H2O, and 28.26% N2. The mixture composition at the
SOFC anode outlet is 7.22% H2, 3.97% CO, 19.76% CO2, 42.30% H2O, and 26.74% N2. It
can be noticed that the concentrations of CO2 and H2O increase significantly during the
passage through the SOFC, while the concentrations of the other gaseous concentrations
decrease accordingly.
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Table 8. Information of FCPS nodes.

No. H2 CH4 CO CO2 H2O N2 O2 n T P

% % % % % % % mol/s K bar

1 0.00 0.00 0.00 0.00 0.00 79.00 21.00 1.54 221.05 0.03
2 0.00 0.00 0.00 0.00 0.00 79.00 21.00 1.54 1188.12 4.29
3 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.10 300.00 101.00
4 7.22 0.00 3.97 19.76 42.30 26.74 0.00 0.88 1200.00 4.00
5 7.22 0.00 3.97 19.76 42.30 26.74 0.00 0.46 1200.00 4.00
6 6.06 17.75 3.29 15.84 35.49 21.57 0.00 0.56 956.94 4.00
7 6.06 17.75 3.29 15.84 35.49 21.57 0.00 0.56 980.91 4.40
8 0.00 0.00 0.00 0.00 0.00 79.00 21.00 0.14 1100.00 4.16
9 4.83 14.16 2.63 12.64 28.32 33.18 4.25 0.71 996.91 4.16
10 26.63 2.86 9.29 12.93 20.00 28.26 0.00 0.83 943.05 4.12
11 0.00 0.00 0.00 0.00 0.00 79.00 21.00 1.54 1100.00 4.16
12 0.00 0.00 0.00 0.00 0.00 79.00 21.00 1.40 1100.00 4.16
13 0.00 0.00 0.00 0.00 0.00 88.27 11.73 1.25 1200.00 4.00
14 7.22 0.00 3.97 19.76 42.30 26.74 0.00 0.41 1200.00 4.00
15 1.79 0.00 0.98 4.89 10.46 73.05 8.83 1.66 1200.00 4.00
16 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.32 300.00 101.00
17 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.32 699.65 97.97
18 1.50 16.30 0.82 4.09 8.76 61.15 7.39 1.99 1031.30 4.00

The performance parameters of the FCPS at design conditions are given in Table 9.
The SOFC operates at 0.85 V, with a system power of 48.08 kW and an anode recirculation
rate of 54.01%. In particular, it is noted that the power density of the FCPS at a Ma5 flight
speed is as high as 0.62 kW/kg, which significantly exceeds the 0.38 kW/kg of the closed
Brayton cycle power generation system [54] and the 0.49 kW/kg of the Rankine cycle
power generation system [55] at the same speed condition [10]. This advantage is expected
to become more significant as the power density of the SOFC is further improved. The
reforming reaction within the SOFC absorbs the heat released from the cell, resulting in a
system power generation efficiency of 51.77%. The reformer also has good performance,
with the selectivity of H2 reaching 93.50% and a conversion efficiency of 79.83%.

Table 9. Performance parameters of FCPS.

Components Parameters Units Values

SOFC

Nernst voltage V 0.91
Ohmic polarization V 0.03

Activation polarization V 0.02
Concentration polarization V 0.01

Operating voltage V 0.85
Activation area m2 11.35

Current A 5.28 × 104

Power kW 48.08
Power density kW/kg 0.62

Anode recirculation rate % 54.01
Power generation efficiency % 51.77

Reformer

Selectivity of H2 % 93.50
Selectivity of CO % 58.50

Reformer efficiency % 72.87
Conversion efficiency % 79.83

4.3. Weight Analysis

The weight distribution of the FCPS under the design conditions is shown in Figure 9a,
where the weights of the SOFC, reformer, heat exchanger, blower, motor, fuel, and other
auxiliary components are 53.69 kg, 4.65 kg, 0.91 kg, 0.16 kg, 0.20 kg, 11.52 kg, and 4.13 kg,
respectively, and the total mass of the FCPS is 77.09 kg. Among them, the SOFC weight
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accounts for 69.6%, so improving the SOFC power density is a key technology for the
application of the SOFC power generation system in aircrafts. When the SOFC power
density is 1.2 kW/kg, the total mass of the FCPS is 62.11 kg and the SOFC weight accounts
for 64.5%, as shown in Figure 9b. When the SOFC power density is 2.5 kW/kg, the total
mass of the FCPS is 39.20 kg and the SOFC weight accounts for 49.1%, as shown in Figure 9c.
When the SOFC power density is 4.6 kW/kg, the total mass of the FCPS is 29.54 kg, and
the SOFC weight accounts for 35.4%, as shown in Figure 9d. With the increase in the
SOFC power density, the performance of the SOFC power generation system applied to
hypersonic vehicles will be further improved.
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4.4. Exergy Analysis

To analyze the distribution pattern of the useful work loss within the system, deter-
mine the location and extent of thermodynamic inefficiencies, and indicate a direction for
improving the system performance, exergy calculations of the components of the FCPS are
carried out. The results of the exergy analysis are shown in Table 10 and the distribution of
the exergy loss is shown in Figure 10.

From Table 10 and Figure 10, it can be concluded that the exergy loss in the heat
exchanger is 0.49 kW, attributed to the higher operating temperature of the SOFC under the
design conditions, the low excess air coefficient of the SOFC, and the minimal air flow rate
involved in the heat exchange process. The exergy loss of Mixer-1 and Mixer-2 are 0.13 kW
and 1.78 kW, respectively, and the exergy loss of Mixer-2 is greater due to the complex
mixture composition and larger entropy increase as the anode recirculation gas and fuel
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are mixed for the first time in Mixer-2. The reformer exergy loss is 2.84 kW. The exergy loss
of autothermal reforming mainly comes from an incomplete chemical reaction and carbon
deposition that causes pressure loss and catalyst degradation [35]. The SOFC exergy loss is
9.62 kW. The SOFC, based on the Gibbs free energy principle, has a high power generation
efficiency, but there is still a large exergy loss in the SOFC due to the polarization loss and
incomplete internal reforming. The exergy loss of the blower is 0.29 kW. This loss can be
attributed to several irreversible processes occurring within the blower, including friction
loss and dynamic pressure loss, which result in an exergy efficiency of only 65.72%. In
addition, the exergy loss associated with the SOFC constitutes 63.49% of the total loss,
while the exergy loss from the reformer accounts for 18.75% of the total loss. The exergy
loss of the two accounts for 82.24%.

Table 10. Results of FCPS exergy analysis.

Components Fuel Exergy
(kW)

Product
Exergy (kW)

Exergy Loss
(kW)

Exergy
Efficiency (%)

Exergy Loss
Rate (%)

HX 3.70 3.20 0.49 86.65% 3.26%
Mixer-1 119.84 119.70 0.13 99.89% 0.89%

Reformer 119.70 116.86 2.84 97.63% 18.75%
SOFC 57.72 48.10 9.62 83.33% 63.49%

Mixer-2 117.17 115.40 1.78 98.48% 11.71%
Blower 0.84 0.55 0.29 65.72% 1.90%
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Figure 11 is the exergy flow diagram of the FCPS. From the figure, it can be seen that
the fuel input exergy is 85.22 kW, the motor input exergy is 0.84 kW, the reformer air input
exergy is 3.88 kW, and the SOFC cathode air input exergy is 1.22 kW, of which 48.08 kW
is converted to useful work by the SOFC, and the system exergy efficiency is 55.86%. The
exergy value of the uncirculated exhaust gas from the SOFC anode is 28.39 kW. Considering
that the subsequent exhaust gas will be introduced into the combustion chamber, the exergy
efficiency is expected to be further improved.
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5. Conclusions

To provide sufficient power for hypersonic vehicles during long-endurance flights,
an advanced airborne power generation system with an integrated high-temperature fuel
cell is proposed in this paper. A comprehensive assessment of the power generation
system is conducted through the development of a mathematical model and a performance
simulation analysis. The following conclusions are obtained:

(1) The electrical efficiency of the FCPS increases with the fuel utilization, decreases with
a rising current density and SCR, and initially increases before declining with an
increasing fuel cell operating temperature. The power density of the FCPS initially
increases with the fuel utilization, then decreases as the fuel utilization continues to
rise. Additionally, the power density increases with a higher current density and
initially rises with an increasing fuel cell operating temperature, before experiencing
a slight decrease. Conversely, the power density decreases with an increasing SCR.
The key parameters demonstrate inconsistent patterns of influence on the electrical
efficiency and power density of the FCPS. Therefore, there is an optimal matching of
the performance parameters of the FCPS for different application purposes.

(2) Under the design conditions, the FCPS operates with a power output of 48.08 kW, an
electrical efficiency of 51.77%, and a stabilized operating voltage of 0.85 V. In addition,
the anode recirculation rate for the SOFC is 54.01%, which indicates that the anode
recirculation technique is effective in providing the necessary steam to the power
generation system. Furthermore, the performance of the reformer is commendable,
exhibiting a hydrogen selectivity of 93.50%.

(3) The weight analysis of the FCPS shows that the system power density reaches
0.62 kW/kg. The energy density of the system is 1.24 kWh/kg for 2 h of stable
operation. This performance index is superior to most existing airborne power genera-
tion systems. The SOFC weight accounted for 69.6%, and improving the SOFC power
density is a key technology for the FCPS. Through the exergy analysis of the FCPS, it
is found that the exergy efficiency of the system is 55.86%. The component with the
largest exergy loss is the SOFC, followed by the reformer. Consequently, enhancing
the performance of both the SOFC and the reformer is essential for the FCPS to attain
higher efficiency.
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Nomenclature

Symbols Subscripts
j Average current density, A/m2 act Activation
p Pressure, pa con Concentration
A Area, m2 ohm Ohmic
x Molar fraction an Anode
n Molar flow, mol/s ca Cathode
I Current, A cell Fuel cell
T Temperature, K moto Motor
∆S Entropy increase, J/(mol·K) in Inlet
h Enthalpy, J/mol out Outlet
cp Specific heat capacity, J/(mol·K) TPB Three-phase boundary
P Power, kW bulk SOFC main part
ech Standard chemical exergy, J/mol refo Reformer
R Gas constant, J/(mol·K) HX Heat exchanger
K Chemical equilibrium constant
F Faraday constant, 96485 C/mol Abbreviation

SOFC Solid oxide fuel cell
Greek APU Auxiliary power unit
η Polarization loss RC Rankine cycle
ρ Resistivity, Ω·m BC Brayton cycle
δ Thickness, m MHD Magnetohydrodynamic
π Pressure ratio GT Gas turbine
ξ Pressure recovery coefficient FCPS Fuel cell power system
j Average current density, A/m2 LHV Low heating value
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