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Abstract: Developing high-efficiency and low-carbon propulsion systems is a pressing concern within
the aviation field. This paper studies a hybrid power system that combines a solid oxide fuel cell and
a gas turbine (SOFC-GT) with propane as fuel, which is easy to store and has a high energy density.
The analysis focuses on key parameters such as compressor pressure ratio, fuel utilization rate, and
fuel distribution. And a balance between system efficiency and the power-to-weight ratio has been
achieved through multi-objective optimization. The conclusions indicate that system efficiency and
system weight in the hybrid power system are optimized in opposite directions. Within the design
parameters, the hybrid power system’s efficiency achieves 0.621, the specific fuel consumption is
115.2 g/kWh, and the power-to-weight ratio is 0.569 kW /kg. Further discussion on the application of
this hybrid system in long-endurance unmanned aerial vehicles shows an efficiency of 0.651 during
the cruise phase, indicating a promising application prospect of a propane-fueled SOFC-GT hybrid
system in the aviation field.

Keywords: SOFC; hybrid power system; power-to-weight ratio; multi-objective optimization

1. Introduction

According to a report, CO; emissions from the global aviation industry have risen
rapidly over the last two decades [1]. In 2022, the carbon emissions of transport are projected
at 8.0 gigatons, with aviation contributing roughly 12% [2] and growing at an annual rate
of 4.4% [3]. As a result, green aviation has become an important development direction
of carbon reduction and carbon neutrality. Improving the efficiency of aviation engines
and developing low-carbon propulsion systems are crucial for reducing aviation carbon
emissions. However, traditional aircraft power systems face constraints due to the Carnot
cycle, limiting thermal efficiency improvements. Against this backdrop, multi-electric and
all-electric aircraft technology are gradually emerging.

Fuel cells stand out as efficient energy converters, which are able to directly translate
the fuel’s chemical energy into electricity. They offer a substantial improvement in energy
conversion efficiency over traditional aviation power systems, achieving an efficiency of
over 60% [4]. In particular, a high-temperature solid oxide fuel cell (SOFC) is adaptable to
various hydrocarbon fuels, which relieves the cost of producing high-quality pure hydrogen
needed by extra low-temperature fuel cells [5]. Furthermore, SOFCs have a solid-state
structure and potential for integrated cycles with other systems [6]. They are gradually
becoming a focus of advanced and efficient power-generation system research for the
aviation industry [7].

The integration of an SOFC with a GT addresses key challenges faced by an SOFC
alone in aviation applications. SOFCs exhibit high energy conversion efficiency but struggle
with two major issues: a relatively low power-to-weight ratio, projected at 0.65 kW /kg by
2030 [8], and the need for stable operating parameters to maintain optimal electrochemical
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performance, which is difficult during the variable energy demands of flight. The output
power of SOFCs may not meet the rapid response required by an aircraft’s dynamic load.
Combining an SOFC with a GT effectively overcomes these limitations. The GT component
compensates for the lower power-to-weight ratio and slower dynamic response of the
SOEFC. This integration leverages the high power-generation efficiency of an SOFC and the
high power density of a GT, achieving a synergistic enhancement of the overall system’s
performance. Consequently, the SOFC-GT hybrid system offers an innovative pathway
toward the development of greener and more sustainable aviation power systems.

Several studies indicate the potential of this hybrid system. BRAUN et al. [9] devel-
oped a 300 kW SOFC-GT auxiliary power unit (APU) for aircraft using aviation kerosene as
fuel, achieving an efficiency of up to 64% during the cruise phase. Himansu et al. [10] im-
plemented a hydrogen-fueled SOFC-GT system in High-Altitude Long-Endurance (HALE)
unmanned aerial vehicles (UAVs), finding that for missions exceeding ten days, the system'’s
high energy efficiency significantly reduces fuel consumption, outweighing the system’s
mass penalty. Additionally, Yanovskiy et al. [11] demonstrated that integrating an SOFC-GT
hybrid power system powered by liquid hydrogen (LHj) or liquefied natural gas (LNG)
into civil or transport aircraft can increase the original range by 20% to 100%.

Research on SOFC-GT hybrid power systems commonly employs aviation kerosene [10,12],
hydrogen [13,14], methane [15-17], and natural gas [18,19] as fuels. Among these, aviation
kerosene faces challenges in reforming due to its high carbon number, leading to carbon
deposition and coking [20], which can obstruct fuel pipelines and affect the service life
of the system. Hydrogen, due to its flammability and explosiveness and relatively low
volumetric energy density (8.51 GJ/m3), poses issues such as leakage, explosion risks, and
high costs during storage and transportation [21]. In contrast, propane, a major component
of liquefied petroleum gas (LPG), demonstrates significant advantages for application.
Propane is abundant in reserves, and due to its lower vapor pressure, it can be liquefied
without high temperatures, making it easier to compress, store, and transport compared to
methane or natural gas. Furthermore, the energy density of liquid propane (46.4 MJ/kg) is
substantially surpasses that of methanol (19.9 MJ/kg), making it an ideal fuel choice for
portable applications, personal devices, and even compact power systems in the aerospace
field [22].

The abovementioned SOFC-GT hybrid power systems have given less consideration
to the balance between system performance and weight. When integrating an SOFC-GT
hybrid power system into the aviation industry, the system will face challenges such as
low-temperature and low-pressure atmospheric conditions, difficulties in storing gaseous
fuels, and the low power-to-weight ratio of the SOFC. This study, using propane as fuel,
analyzes the impact of key cycle parameters on the performance and power-to-weight ratio
of the SOFC-GT system. Through multi-objective optimization, this study determines the
input parameters for the hybrid power system at optimal efficiency and the best power-
to-weight ratio. This study also analyzes the performance of the hybrid system under
variable altitude and low temperature, low-pressure working conditions along a typical
long-endurance UAV flight profile. This provides substantial technical support for the
feasibility of fuel cells and hybrid power systems in applications such as long-endurance
power for UAVs, advanced hydrogen-fueled gas turbine engines, and new energy aviation
power systems.

2. System Description and Assumptions

Figure 1 presents the configuration of an SOFC-GT hybrid power system that con-
tains some components like the air intake (IN), compressor (C), reformer (REF), SOFC,
combustion chamber (CB), turbine (T), and heat exchangers (HE1 and HE2). As depicted,
air enters the intake and is compressed by the compressor and then preheated through
dual-stage heat exchangers before entering the SOFC cathode (at point 4). The fuel has
two pathways: one part is directed to the reformer for reforming reactions (at point 7) with
a fraction of the exhaust gas from the SOFC anode (at point 11), and the other enters the
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combustion chamber (at point 8) to be co-combusted with the SOFC outlet gas. The role
of the reformer is to convert larger hydrocarbon fuels into smaller molecular synthesis
gases such as CHy and CO, which then enter the SOFC anode (at point 9), where CHy4
reforms and electrochemical reactions occur to produce electricity. The gases with elevated
temperature and pressure generated in the combustion chamber are used to preheat air and
drive the turbine to generate electricity. Through adjusting the proportion of fuel entering
the reformer and the combustion chamber, the output power of the SOFC and GT can be
varied. This approach aims to enhance the system’s power-to-weight ratio and also meets
the mission requirements of the aircraft across different flight phases.
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Figure 1. Configuration of the SOFC-GT system.

The idealized assumptions regarding the SOFC-GT hybrid power system are summa-
rized below:

1.  Gaseous working fluids are considered as ideal gases.

Air is composed of 79% N and 21% O,.

Energy losses from the system flow to the environment are not considered.

The SOFC only considers the electrochemical reactions of Hy, while the electrochemical
reactions of CH, and CO are neglected.

Ll

3. Mathematical Model

This paper is based on the Matlab/Simulink platform to establish the model of an
SOFC-GT hybrid power system, adhering to the principles of mass and energy conserva-
tion. The simulation primarily includes components such as the SOFC, heat exchangers,
combustion chamber and turbine.

3.1. Reformer Model

To avoid carbon deposition in SOFCs, the system employs steam reforming, where the
steam needed by the reforming process is derived from the exhaust gas of the SOFC anode.
The reaction equation is as follows:

CsHg + 3H,O — 3CO +7H, (1)

3.2. SOFC Model
(1) Material Balance Model

The fuel that is not fully reacted in the reformer continues to undergo reforming
and replacement reactions in the SOFC, where the generated hydrogen then engages in
electrochemical reactions. The reaction equations are as follows:

CH; + H,O — CO + 3Hj, )

CO+ Hy,O — COy + Hy 3)
Anode reaction : Hp + 0>~ — HpO + 2¢~ 4)
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Cathode reaction : 0.50; +2¢~ — 0>~ (5)
Total reaction : H> + 0.50, — H>O (6)
The electrochemical reaction rate ry, can be calculated as

_NyS

er - 2F (7)

The fuel distribution ratio is the proportion of fuel entering the SOFC to the total
amount of fuel.

kr — NSOFC (8)
Nfyel
where ngopc and n¢,e) (mol/s) represent the molar flow rate of fuel entering the SOFC and
the total molar flow rate of fuel, respectively.
(2) Electrochemical Model

The actual operating voltage E of SOFCs is the ideal reversible voltage Eocp minus
various irreversible losses, which include the activation polarization #,., the concentration
polarization 7o and the ohmic polarization #,p,,,, [23,24].

Eocp = E +

©)

05
RTsorc In PH,P0,
2F szO

where F = 96,485(C/mol) and p, stands for the partial pressure of the gas x (x = Hp, Oy,

H,0).
E = Eocp — Yact — Yconc — Hohm (10)
Hohmic = j'S‘Rahmic (11)
B
Rotmic = ) 0nAn exp ( Toorc ) (12

where Rj,ic(€)) encompasses the ohmic resistances of the anode, cathode, electrolyte, and
interconnection, while 6, (cm) represents the thicknesses of the anode, cathode, electrolyte,
and interconnection, respectively. The relevant parameter values are detailed in Table 1 [25].

Heone = —% In (1 - ]]L> (13)
Hactan = m%smhfl (210]””) (14)
Hactea = 2m"%sinhf1 (2 Ié,m> (15)

Toan = Jon (202) (P40 exp et 16)

where |1 denotes the limiting current density (A/ cm?). The exchange current densities
for the anode and cathode are denoted by Jj 5, and Jo , (A/ cm?), respectively; Ja; and J¢,
(A/cm?) represent reference exchange current densities of the anode and cathode of SOFCs,
respectively. Additionally, E;; and E.; (J/mol) represent the activation energies for the
anode and cathode, respectively. The detailed parameter values are shown in Table 2 [25].
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Table 1. Ohmic loss parameters.

Ay(Q - cm) B, (K) Sy (cm)
Anode 0.00298 —1392 0.01
Cathode 0.008114 600 0.22
Electrolyte 0.00294 10,350 0.004
Interconnection 0.1256 4690 0.004

An SOFC’s fuel utilization rate is determined by the ratio of the proportion of hydrogen
that participates in the electrochemical process relative to the provided fuel:

ra, _ N-j-S/2F

nHz ,in n H2 ,in

Llf—

(18)

SOEFC stack output power depends on the number of cells and electrochemical properties:
Psorc = N+j-5-E (19)

3.3. Gas Turbine Model

The gas turbine model primarily consists of components such as the air intake, com-
pressor, combustor, and turbine. The primary mathematical model equations are presented
in Equations (20)—(28) [26,27].

(1) Atmosphere model

The atmospheric temperature is the static temperature at the engine inlet.

288.15 — 0.0065A, A < 11km
Tair { 216.5, A > 11km (20)
The atmospheric total pressure is the engine inlet static pressure.
po = | 101325(1 - 0.225577 10-44)°", A < 11km 2
| 226320095, A > 11km
(2) Airintake model
The total temperature and total pressure of the inlet airflow can be expressed as
k—1_ 5
Tinlet,in = Tair(l + Ma ) (22)
x—1 5 1
Pinletin = Uipair(l =+ TMH ) (23)
where the total pressure recovery factor can be expressed as
o;=1,Ma <10
24
{ 0 =1—0.075(Ma —1)"*,Ma > 1.0 @)

Assuming that the flow of the airflow in the inlet channel is adiabatic, the total
temperature and pressure of the airflow at the outlet of the inlet channel are as follows:

{ Tinlet,out = Tinlet,in (25)

Pinletout = Pinlet,in

(3) Compressor model



Energies 2024, 17, 3681

6 of 19

The temperature and power consumption formulas of the compressor are as follows:

o =
k=1
Tcom,out = Tcom,in [1 + (7-[c0mT - 1) / Wcom] (26)

Peom = mcom,in(hcom,out - hcom,in)

(4) Combustion chamber model

The temperature at the outlet of the combustion chamber can be derived from the
following formulas:

Tiin T in
Hcomb,in = Z nifTst/d Cp,idT + Z HO,i + Z njfTS]td Cp,]‘dT + Z HO,]‘
i i j j

Ti out (27)
Hcomb,out =L nifTstld Cp/de + Y Hom = Hcomb,in
m m

where Hy denotes the enthalpy of the combustion chamber gas under the standard con-
dition, T4 refers to the standard temperature, c, is the molar heat capacity, and  is the
molar flow rate of each gas component. The subscripts i and j represent the gas components
in the exhaust gases of the anode and cathode of the SOFC, respectively. The subscript m
indicates the gas components in the exit gas of the combustion chamber.

(5) Turbine model

The temperature and output power formulas of the turbine are as follows:

Tturb,out = Tturb,in |:1 - (1 - nt’;lr%)) Wturbil (28)

P turb — mturb,in(hturb,out - hturb,in

3.4. Auxiliary Component Model

The system’s auxiliary components include heat exchangers, inverters, generators, etc.
The mathematical Formulas (28)—(31) [28,29] are presented as follows, with the relevant
parameters shown in Table 2.

(1) Heat Exchanger model

Q = ”hot,in'cp,hot' (Thot,in - Thot,out) = ncold,in'cp,cold' (Thot,out - Tcold,in) (29)

where ny,ot and 71,414 represent the molar flow rates of hot and cold fluids, respectively.
The definition of heat exchanger efficiency is as follows:

( Tin — Tout ) max

Cheat = (30)
cat Thot,in - Tcold,in
(2) Power Generation model
Generator : Pgrac = PGT'ﬂgen = (Pturb - Pcom)"?gen (31)
Inverter : Psorc,ac = Psorc ino (32)

3.5. Operation Parameters of Hybrid Power System

The operating parameters in this paper primarily refer to the design points in the
literature [30]. The main parameters used in the simulation of the hybrid system are
presented in Table 2.
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Table 2. SOFC-GT hybrid system operating parameters.

Component Parameter Numerical Value
Reforming temperature 1023 K
Reformer Reforming method Steam reforming
Water-to-carbon ratio 2.5
Active surface area (S) 834 cm?
Number of cells(N) 1152
Fuel utilization rate s 0.85
Fuel distribution ratio k 1
SOFC Jan (A/cm?) 7 x 10°
Jea (A/sz) 7 x 10°
Eun (J/mol) 1.1 x 10°
Ecq (J/mol) 1.2 x 10°
Pressure ratio 7ty 2.9
GT Compressor adiabatic efficiency #com 0.78
Turbine adiabatic efficiency 7, 0.82
Other equipment Generator efficiency #7¢en 0.94
Inverter efficiency #;,, 0.94

3.6. System Component Weight Model

As an aircraft propulsion system, system weight is also a crucial metric for evaluating
the performance of the SOFC-GT hybrid power system. The weight formulas for the
primary components of the system are detailed in Table 3 [8,31].

Table 3. SOFC-GT hybrid power system weight model.

Component Mass (kg) Equation

Motor Mmotor = —2.354 + 1.609 X Prmotor-06%> (33)
SOFC MSOFC = Psopc/(0.263 X 2.5) (34)
Heat exchanger Mpeat = —2.29 X Cheat +46.1 (35)
GT Mgt = 0.625-(Pgr +200)%8 (36)
System Msystem = Mmotor + Msorc + Mheat + MGT + Mothers (37)

Other components Mothers = Msystem X 10% (38)

3.7. Performance Evaluation Metrics

In order to better evaluate the performance of the hybrid system, the system effi-
ciency 77sys, power-to-weight ratio Ysys, and specific fuel consumption I are chosen as the
evaluation indexes of the system performance, which are defined as follows:

Pnet AC Pnet AC
= —=.100% = ———=———-100% 39
Tsys Qin Nfuel' LH Vel 39)

where Phet ac and Qjn represent the net power generation and total input energy of the
system, respectively. ng,e and LH Vi, are fuel flow rate and lower heating value of fuel,
respectively. The formula for calculating system net power generation is as follows:

Pret,ac = Psorc,ac + Pcr,ac (40)

where Psopc ac and Pgt ac are the AC power output by the SOFC and GT, respectively, #iny
and 77gen are the efficiency of the inverter and the efficiency of the generator, respectively.

P
Ysys = - netAC 41
y Msystem ( )
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Meyel -3600

Isfc =
Psorc + Pt

(42)

3.8. Calculation Method of Hybrid Power System

Once the mathematical models for each part of the hybrid system are established, the
sub-models are connected according to the architecture in Figure 1. The simulation process
of the SOFC-GT hybrid power system is shown in Figure 2, and all stream data at various
operating points are shown in Table 4.

Model assumptions

Intake
/ H.Ma. ng Lb T1 P

Comp T
[Fems > Tp:.P
e e
PGT, Nsys, Ysys, Isfn
HE2
Th6 P16 T3, Ps, T
Anode Tutb
REF outlet gas Turh Tis P1s. 5. Py
T7. pr N
/> gy Ts, po, nox T
SOlFC B
T, P13. 3
L HE1 N T10, Pro> Miox
T4 Pras Ta. Dy, Ts, ps. s
E, Psorc
NO

Figure 2. SOFC-GT hybrid system simulation process.

Table 4. SOFC-GT hybrid system stream data.

NO. Temperature Pressure Molar Flow Mole Fraction

(XK) (Pa) Rate (mol/s) C3Hg N, (o)) H, H,O CcO CO,
1 288 1.013 x 10° 25 0 78.99 21.01 0 0 0 0
2 424 2938 x 10° 25 0 78.99 21.01 0 0 0 0
3 823.5 2.85 x 10° 25 0 78.99 21.01 0 0 0 0
4 1047 2.765 x 10° 25 0 78.99 21.01 0 0 0 0
5 1184 2.794 x 10° 24.27 0 81.59 18.41 0 0 0
6 298 1.013 x 10° 0.16 100 0 0 0 0 0 0
7 298 1.013 x 10° 0.16 100 0 0 0 0 0 0
8 298 1.013 x 10° 0 0 0 0 0 0 0 0
9 1023 2.85 x 10° 3.53 0 0 0 47.1 9.96 7.29 35.65
10 1184 2.794 x 10° 3.53 0 0 0 7.29 49.85 6.03 36.83
11 1184 2.794 x 10° 2.406 0 0 0 7.29 49.85 6.03 36.83
12 1184 2.794 x 10° 1.124 0 0 0 7.29 49.85 6.03 36.83
13 1322 2.629 x 10° 27.47 0 71.64 15.57 0 7.3 0 5.49
14 1124 2.56 x 10° 27.47 0 71.64 15.57 0 7.3 0 5.49
15 944 1.044 x 10° 27.47 0 71.64 15.57 0 7.3 0 5.49
16 527 1.013 x 10° 27.47 0 71.64 15.57 0 7.3 0 5.49
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3.9. Model Validation

In order to better verify the accuracy of the SOFC model established in this paper,
the experiment of Navasa [32] is taken as the verification benchmark. Based on the model
method in this study, the operating parameters of the SOFC in the experiment were input,
in which the operating temperature was 1023 K and the inlet fuel was 96% H; and 4% H,O,
and the results were obtained as shown in Figure 3. It is clear that the simulation outcomes
in this paper closely match the empirical results, with the maximum deviation being under
3%, suggesting that the SOFC model developed in this study has good accuracy.

125
Experimental results
e ©  Model results
~.°.
1.00 | .
R0 "
Fag 9.. Q
R0
£0.75 e
Y
on
s
2 0.50 F
0.25 F
0.00 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Current density (A/cm?)

Figure 3. SOFC model validation.

In order to further verify the accuracy of the SOFC-GT hybrid power system estab-
lished in this study, a comparative evaluation with the performance of a 220 kW SOFC-GT
hybrid power system designed via SWPC was performed [33]. The system features a
parameter design that is consistent with the literature [30]. Table 5 presents the comparative
outcomes, which reveal a maximum error rate of less than 4%. This finding substanti-
ates that the SOFC-GT hybrid power system model established in this study satisfies the
accuracy requirements of the research.

Table 5. Comparison results of SOFC-GT hybrid power system verification.

Parameter Model Result Literature Result
Voltage (V) 0.576 0.61
SOFC AC Power (kW) 174.8 176
GT AC Power (kW) 45.7 47
System AC Power (kW) 220.5 223
System efficiency 0.58 0.57

4. Results and Discussions

In order to deeply reveal the performance potential of the SOFC-GT hybrid propulsion
system, this study initially analyzes the effects of pressure ratio, fuel utilization, and fuel
distribution ratio on the system performance. In view of the strict weight limitation of
the propulsion system, a multi-objective optimization algorithm is employed to determine
the optimal matching parameters of the hybrid system under the conditions of optimal
efficiency and optimal power-to-weight ratio. Subsequently, accounting for the distinct
low-temperature, low-pressure working environment faced by the SOFC-GT hybrid system
when utilized as an aircraft power source, the performance of the hybrid power system in
a typical long-endurance unmanned aerial vehicle flight profile is further analyzed.
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4.1. Impact of Key Parameters on System Performance
4.1.1. Impact of Pressure Ratio on SOFC-GT System Performance

As shown in Figure 4, with other parameters held constant, as the compressor pressure
ratio increases from 2.4 to 3.4, the output power of GT decreases from 65 kW to 24 kW, while
the output power of the SOFC increases from 175 kW to 179 kW, resulting in a downward
trend in total system output power. This occurs because as the compressor pressure ratio
rises, the work consumed by the compressor increases, thereby reducing the mechanical
output power available from the GT. Meanwhile, the increase in compressor pressure ratio
enhances the reversible potential and reduces losses caused by activation and concentration
polarization, thereby improving the working voltage and output power of the SOFC. As
the mass of the SOFC and its output power are directly proportional, the power-to-weight
ratio of the system also shows a declining trend.

0.50
[ |P GTKW
2504 [__]P SOFC/KW
N e —o— P/W kW/kg
— - 0.48
200 |9
I
T\\o -0.46 2
> 150 N =
~ 0\ Y]
-9 N =
100 ? U e
o
o\
50 Tl - 0.42
°\
)
0 T T T T T T T T T T T 040

24 25 26 27 28 29 3 31 32 33 34
Pressure ratio

Figure 4. Impact of compressor pressure ratio on system output power and power-to-weight ratio.

As shown in Figure 5, system power-generation efficiency declines with an increase in
the ratio of compressor pressure. This happens because as the pressure ratio increases, the
outlet temperature of the compressor rises, the preheating required by the SOFC cathode
inlet air decreases, and the system'’s heat recovery and utilization rate declines, causing a
decline in power-generation efficiency. According to Equation (42), when the fuel flow is
constant, the specific fuel consumption of the system is inversely proportional to the total
power of the system. Therefore, the system’s specific fuel consumption increases in tandem
with the increase in the compressor pressure ratio.

0.68 —a— Efficiency
i \ —e— Isfc g/lkWh /1 125
0.66 - = /’

\ o 4120
> 0.64 ‘\ =
Q
/ 2
9 4115 &
o062 / \ o

0.60 | ,/ J110
/ \
L ]
./
058 _~ \
4105
0.56 L L L
2.4 2.6 2.8 3.0 32 34

Pressure ratio

Figure 5. Impact of compressor pressure ratio on system efficiency and specific fuel consumption.
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4.1.2. Impact of Fuel Utilization on SOFC-GT System Performance GT

As shown in Figure 6, as fuel utilization rates increase, the total system output power
initially increases and then decreases. When the fuel utilization rate rises from 0.3 to 0.7,
the SOFC output power increases from 74 kW to 165 kW, while the GT output power
decreases from 125 kW to 62 kW. The increasing trend in the SOFC output power is greater
than the decreasing trend in the GT output power, causing an overall increase in system
output power. When the fuel utilization rate increases from 0.7 to 0.8, the growth in the
SOFC power slows down, and when the fuel utilization rate exceeds 0.8, the SOFC output
power decreases; this phenomenon is attributed to concentration polarization effects under
high current densities in the SOFC. Figure 7 further reveals the effect of fuel utilization on
the SOFC operating voltage and temperature. As the fuel utilization rate increases, the
polarization loss in the cell gradually increases, leading to a continuous decrease in the
output voltage of the SOFC. In addition, excessive fuel utilization may also lead to high
cell temperature, which in turn affects the long-term stability and service life of the SOFC.
Under constant fuel flow conditions, increasing fuel utilization means more hydrogen
participates in the electrochemical reaction, thereby increasing the proportion of SOFC
output power in the hybrid power system. Despite an increase in the hybrid system’s total
output power when the fuel utilization rate is less than 0.7, the power-to-weight ratio of
the system still shows a downward trend due to the relatively large mass of the SOFC.

0.70
P_GT/KW
2501 P_SOFC/KW
—o—P/W kW/kg - 0.65
200
L 0.60
en
° =
1504 | N
zZ N 0.5 %
A LA =
™ =
100 [Se|
~—, L 0.50
\\
50 N
§ N L 0.45
So—l_|
—9Q
O T T T T T T 0v40

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fuel utilization

Figure 6. Impact of fuel utilization on system output power and power-to-weight ratio.
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LA —*—Tgorc K °
41250
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1 1

M N
P

i /' 41210
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0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Figure 7. Impact of fuel utilization on SOFC operating voltage and temperature.
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Figure 8 shows the impact of fuel utilization rate on the system’s power generation
efficiency and specific fuel consumption. When the fuel utilization rate is too low, it leads
to increased internal losses in the SOFC and a large amount of fuel is wasted, at which time
the system power-generation efficiency is low and the specific fuel consumption is high.
As the fuel utilization rate increases, more fuel is utilized by the SOFC, and the power-
generation efficiency of the system increases. When the fuel utilization rate surpasses 0.7, a
decline in the system’s power-generation efficiency is observed. This reduction is due to
the increasing polarization losses in the fuel cell, which subsequently causes a decline in
the SOFC output power, negatively affecting the overall efficiency of the hybrid system.
Consequently, to optimize the hybrid system’s operational performance, it is imperative to
balance the selection of the fuel utilization rate.
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Figure 8. Impact of fuel utilization rate on system efficiency and specific fuel consumption.

4.1.3. Impact of Fuel Distribution on SOFC-GT System Performance

To optimize the work ratio of the SOFC and GT and enhance the power-to-weight ratio,
improving the advantages of the hybrid system, this paper sets up two fuel flow paths: one
part enters the SOFC and the other enters the combustion chamber. The proportion of fuel
entering the SOFC, and the combustion chamber can be adjusted by regulating the valve
openings. As shown in Figure 9, as the proportion of fuel entering the SOFC increases from
0.1 to 1, the SOFC output power increases from 25 kW to 177.7 kW, and the GT output
power decreases from 132 kW to 46 kW. Despite the increase in the total system output
power, the system power-to-weight ratio still tends to decrease due to the larger mass of
the SOFC. Figure 10 further reveals the impact of fuel distribution on the weight of the
SOFC and GT. As the proportion of fuel entering the SOFC increases, the weight of the
SOFC significantly rises, while the weight of the GT is less sensitive to fuel distribution.
Therefore, proper fuel distribution can help address the overall system weight issue. To
sustain a high system efficiency and a high power-to-weight ratio in the SOFC-GT hybrid
power system, thereby maximizing performance potential, the fuel allocation ratio should
be chosen in a compromise.

Figure 11 shows the influence of the fuel distribution ratio on both the efficiency and
the specific fuel consumption within the hybrid system. As the proportion of fuel entering
the SOFC increases from 0.1 to 1, system efficiency improves from 0.44 to 0.63, while the
specific fuel consumption decreases from 161 g/kWh to 113 g/kWh. This is due to the
higher power-generation efficiency of the SOFC compared to the GT, so increasing the
proportion of fuel going into the SOFC can effectively enhance the overall power-generation
efficiency of the hybrid system and reduce the specific fuel consumption.
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4.1.4. Hybrid Power System Parameter Design

In summary, fuel utilization, compressor pressure ratio, and fuel distribution ratio
notably influence the thermodynamic performance and system’s power-to-weight ratio. In
this section, the NSGA-II algorithm is employed to identify the optimal input parameters for
the SOFC-GT hybrid system, targeting the dual objectives of maximizing power-generation
efficiency and the power-to-weight ratio.

Multi-objective optimization involves adjusting the decision variables within an op-
timization model to either maximize or minimize the objective function values while
adhering to a set of constraints. In this study, the decision variables include fuel utilization
rate, compression ratio, and fuel distribution ratio. The computational flowchart for the
multi-objective optimization of the SOFC-GT hybrid power system is depicted in Figure 12.

Population INitialization
&Algebra(Gen)

v

Calculate Fitness
Function

.

. . Crossover&
Non-dominated Sorting& Mut;‘t\;on
Crowding Distance Calculation T
Elite Strategy Gen=Gen+1

Maximal Algebra

Yes

Optimal Solution

!

SOFC-GT »| Optimization
Simulation Model Results

Figure 12. Multi-objective optimization flowchart.

After performing multi-objective optimization based on NSGA-II, a set of non-
dominated solutions, known as the Pareto front, is generated. Figure 13 illustrates the
Pareto front, where each solution on the Pareto front is feasible and optimal, except that
the system efficiency and the power-to-weight ratio have different weights. In order to
select a solution from these optimal solutions that best meets the requirements of practical
applications, the linear programming method with multidimensional preference analysis
(LINMAP) is used in this study to make a comprehensive decision for these two objectives.
By applying the optimized decision variables selected by the LINMAP method to the
SOFC-GT hybrid powertrain model, we obtain the optimal power allocation scheme and
performance parameters under the given objectives, and the specific results are shown in
Table 6.
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Table 6. Optimized design parameters for SOFC-GT hybrid system.
Input Parameter Value Output Parameter Value
Fuel utilization 0.6 SOFC power/kW 106.3
Fuel distribution 0.55 GT power/kW 113.7
Pressure ratio 3 System efficiency 0.621
Fuel flow rate mol/s 0.16 Power-to-weight ratio kW /kg 0.569
Air flow rate mol/s 30 Specific fuel consumption g/kWh 115.2

4.2. SOFC-GT Hybrid System for Aviation Applications

After the parameters of the SOFC-GT hybrid system are determined, this section
presents the performance of the hybrid system under variable operating conditions. Under
the premise of meeting the load demand, in order to make the hybrid system operate more
efficiently, the SOFC is prioritized to be used as the main power output unit, while the
GT acts as the auxiliary power. At this point, the excellent performance of high power-
generation efficiency of the SOFC can be better utilized, while the mass penalty brought by
part of the SOFC can be circumvented by the GT with high power density.

The power density of the SOFC-GT hybrid system is lower compared to traditional
internal combustion engines [13]. Consequently, this system has been proposed for use in
UAVs, commuter aircraft, and distributed propulsion aircraft [8]. This type of aircraft is
highly sensitive to fuel consumption, and the thermal efficiency advantages of the hybrid
system will contribute to its extended endurance time. Figure 14 shows the flight profile
of a certain long-endurance UAYV, in which the aircraft is flying at Mach 0.7 Ma and its
cruising altitude is 8840 m. It contains several processes, including taxiing, takeoff, climbing,
cruising, descending, and landing. In the traditional aeronautical power system, in order
to meet the high power demand during the takeoff and climb phases, the engine is often
operated at the maximum power output point, while the cruise phase deviates from the
design conditions, and in the actual flight process, the percentage of high power demand
time is much lower than that of the cruise phase, which obviously results in an inefficient
use and waste of energy [34]. Using a hybrid power system can better utilize the efficiency
of SOFCs, thus enhancing overall system efficiency throughout the flight cycle and reducing
fuel consumption.
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Figure 14. Long-endurance UAV flight profiles.

Based on the demand load power as shown in Figure 14, a fuzzy logic control energy
management strategy was incorporated, resulting in the power allocation of the SOFC-GT
hybrid power system throughout the complete flight profiles as depicted in Figure 15.
Due to the startup time delay of the SOFC, the taxiing phase power is fully supplied by
the GT. During the cruise, the SOFC operates at rated power, with a supplementary fuel
injection in the GT for rapidly responding to the transient high power demands during the
takeoff and climb phases. Figure 16 illustrates the changes in system efficiency throughout
the entire flight mission profile, indicating that the efficiency of the SOFC-GT hybrid
system is maintained between 60% and 75% during the major flight cycles, demonstrating
superior overall performance. Particularly during the cruise phase, which occupies the
longest duration, the system efficiency reaches 65.1%, with a specific fuel consumption
of 109.7 g/kWh. The efficiency increases during the cruise phase compared to ground
conditions are due to the increased preheating requirement at the SOFC cathode inlet as
altitude increases, which in turn enhances the system'’s heat recovery utilization efficiency.
This is an improvement of over 25% compared to the small internal combustion engine
commuter aircraft (below 30%) [35], while also cutting fuel consumption by more than half,
highlighting the significant advantages and potential applications of the SOFC-GT hybrid
system in aviation propulsion.
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5. Conclusions

In this paper, an SOFC-GT hybrid power system fueled by propane is studied, and
the impacts of parameters like pressure ratio, fuel utilization, and fuel distribution on the
system performance are investigated. The following conclusions are drawn from this study:

1.  The optimization directions for efficiency and weight in the SOFC-GT hybrid power
system are opposite. For the optimized model, the system efficiency reaches 0.621,
the specific fuel consumption is 115.2 g/kWh, and the power-to-weight ratio is
0.569 kW /kg.

2. The efficiency of the SOFC-GT hybrid power system initially increases and then
decreases with the rise in fuel utilization rate (0.1~0.9), while output power proportion
of the SOFC increases with higher fuel utilization rates. By reducing the fuel utilization
rate, the output power proportion of the SOFC in the hybrid system can be decreased,
leveraging the high power-to-weight ratio of the GT to compensate for the mass
penalty of the SOFC. To maintain high efficiency and power-to-weight ratio, a fuel
utilization rate around 0.6 is advisable.

3. As the proportion of fuel entering the SOFC increases, the efficiency of the SOFC-GT
hybrid system increases while the power-to-weight ratio decreases. To balance the
thermodynamic performance and power-to-weight ratio of the hybrid system, the
fuel proportion entering the SOFC should be maintained at around 0.55.

4. When the hybrid power system is applied to aircraft power, the system efficiency in
the cruise phase can reach 0.651. Compared to traditional aviation power units, the
specific fuel consumption can be reduced by more than half, and the flight duration
can be more than doubled.
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Nomenclature
Nomenclature Nele System efficiency
F Faraday constant (C/mol) Ysys System power-to-weight ratio (kW /kg)
j Current density (A/cm?) Lfe Specific fuel consumption (g/kWh)
N Number of cells SOFC Solid oxide fuel cell
Eocp Open-circuit voltage (V) GT Gas turbine
Hact Activation polarization (V) LHV Lower heating value (kJ/mol)
Heone Concentration polarization (V) n Molar flow rate (mol/s)
Hohm Ohmic polarization (V) M Mass (kg)
E° Standard potential (V) Subscripts
TH, Electrochemical reaction rate com Compressor
us Fuel utilization rate comb Combustion
kg Fuel distribution ratio turb Turbine
S Active surface area (cm?) in Inlet
A Altitude (km) out Outlet
H Enthalpy (J) inv Inverter
h Specific enthalpy (J/kg) gen Generator
p Pressure (Pa) heat Heat exchanger
p Power (kW) ca Cathode
T Pressure ratio an Anode
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