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Abstract: The Solid Oxide Fuel Cell (SOFC) system is a highly intricate system characterized by
multiple variables and couplings. Developing an accurate model for the SOFC independent power
generation system is of paramount importance. Conducting experimental studies on the SOFC system
is costly, and it carries certain risks due to the requirements for pure hydrogen, high-temperature
environments, and other factors. To address these challenges, a high-performing model that precisely
reflects the inherent characteristics of the SOFC is essential for dynamic static analysis and the
identification of optimal operating points. This paper presents a SOFC system model based on
current controls, which was implemented in the MATLAB/Simulink environment, and it utilized a
nodal approach for modeling. The model incorporated a cold air bypass, which enabled the more
precise control of the SOFC reactor’s inlet and outlet temperatures. Furthermore, a 3D test and
verification method are proposed in order to focus on the influence of input parameters on the four
electrical characteristics, and four thermal characteristics, of output parameters. By conducting one-
dimensional, two-dimensional, and three-dimensional studies of these output parameters, a more
intuitive understanding of the system’s response to changes in input parameters was obtained. Under
conditions wherein all other variables were kept constant, the entire system attained its maximum
efficiency at approximately FU = 0.8, BP = 0, and AR = 6. The outcomes of this study have significant
implications for exploring the optimal operating point in the SOFC independent power generation
system in an in-depth manner. It provides valuable insights for enhancing the system’s efficiency and
performance.

Keywords: SOFC; nodal idea; model building; three-dimensional testing

1. Introduction

The energy crisis has emerged as a crucial and extensively discussed global issue in
the 21st century. Since the advent of the Third Industrial Revolution, human society has
witnessed a continuous expansion of technological inventions, and the proliferation of
production tools. Consequently, the exploitation and utilization of fossil resources, such as
coal, oil, and natural gas, have gained significant attention. These readily available and
cost-effective sources of energy have become vital for modernizing societies worldwide.
As industrialization progresses, the demand for energy has surged. Currently, fossil
energy contributes to more than 80% of global energy consumption, with oil accounting
for approximately 35%, followed by coal at about 23%, and natural gas at approximately
21% [1]. However, the excessive exploitation of fossil fuels has led to environmental
pollution and concerns regarding energy surplus reserves, prompting extensive research
and the development of new energy sources [2]. Renewable energy has emerged as
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a promising alternative to traditional non-renewable sources, and thus, it has received
significant attention in research. Among the new energy technologies, fuel cell technology
stands out as one of the most prominent and promising options in recent years. Fuel cells,
as an efficient and low-emission energy conversion technology, have drawn widespread
attention, and it has been the focus of several research projects. For instance, solid oxide fuel
cells utilize solid oxide as an electrolyte which directly converts hydrogen and oxygen into
electricity; then, heat is produced under high-temperatures. Compared with traditional
combustion power generation, fuel cells not only significantly reduce greenhouse gas
emissions, thus mitigating climate change, but they also possess a high degree of energy
efficiency, holding potential for revolutionary advancements in the energy industry. Amid
the global focus on environmental protection and energy crises, fuel cell research and its
application have become crucial [3]. They not only explore cleaner, more efficient, and
sustainable energy solutions to address environmental challenges, but they also present an
opportunity for the energy industry to usher in a greener, environmentally-friendly future,
thus contributing positively to humanity’s sustainable development.

1.1. SOFC Power Generation Principle and Characteristics

Fuel cells were initially proposed by scientist William Grove in 1839, and significant
progress has been achieved since Bacon’s pioneering work in the 1950s. The fundamental
principle of Solid Oxide Fuel Cells (SOFCs) is a straightforward electrochemical reaction
between hydrogen and oxygen within the SOFC reactor. The reaction replaces traditional
hydrogen and oxygen combustion with the generation of electric energy instead of heat
energy [4]. However, a challenge arises due to the considerable distance between the
electrodes and the limited gas contact area, leading to a hindered current flow. To address
this, the electrode structure is typically designed to be porous, maximizing the contact area
between the fuel gas, electrode material, and electrolyte. Figure 1 illustrates the Solid Oxide
Fuel Cell, developed by Huazhong University of Science and Technology. This solid oxide
fuel cell has a length of 1.32 m, a width of 0.68 m, a height of 1.65 m, and it can provide an
output power of 5 kW.
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Figure 1. Physical diagram of the SOFC system.

In terms of its structure, the Solid Oxide Fuel Cell (SOFC) shares similarities with
other fuel cells, comprising cathodes, anodes, and an electrolyte, as depicted in Figure 2.
The operational principle involves feeding pure hydrogen to the anode side and air to
the cathode side, employing calcium oxide as the electrolyte. SOFCs operate at elevated
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temperatures (around 800–1000 K). On the anode’s side, hydrogen is adsorbed onto the
catalyst’s surface and it loses its electrons, becoming hydrogen ions. These hydrogen ions,
in turn, travel through an external circuit to the cathode, generating an electric current.
Moreover, on the cathode’s side, oxygen from the air combines with electrons at the
porous cathode interface, forming oxygen ions. These oxygen ions cross the electrolyte
layer, eventually combining with hydrogen ions on the anode’s side to produce water.
By continuously supplying fuel and air to the reactor, this electrochemical reaction can
sustainably produce a direct current, effectively supplying power to external loads.
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Currently, the primary drawback of Solid Oxide Fuel Cells (SOFC) lies in their high
cost. However, SOFC self-contained power systems offer numerous advantages. Firstly,
the fundamental principle of SOFC is straightforward, involving an electrochemical process
between hydrogen and oxygen. Additionally, SOFC systems demonstrate high efficiency,
making them suitable for both small-scale power supplies and large commercial institutions.

Moreover, SOFCs operate with low noise levels, typically ranging from 30 to 60 decibels,
depending on factors such as size, design, operating conditions, and additional equipment
configuration. This characteristic makes them especially convenient for deployment in densely
populated areas and urban settings. As they are electrochemical devices, SOFCs do not rely
on mechanical movements or vibrating components, resulting in a stable operation without
noticeable mechanical vibrations.

SOFCs also offer the advantage of being environmentally friendly, a crucial aspect
given the global focus on environmental protection. The reaction between hydrogen
and oxygen in SOFCs only produces pure water, making them particularly appealing for
applications in automobiles. By utilizing SOFCs in vehicles, the adverse impact of exhaust
emissions on the urban environment and climate can be significantly reduced.

1.2. SOFC Modeling at Home and Abroad

In pursuit of continuous improvement in the production of SOFC system materials, es-
tablishing a high-precision mathematical model holds paramount importance for accurately
depicting the dynamic and static performance of the SOFC system. Such a model is crucial
for conducting in-depth research, designing, and optimizing the performance of SOFCs.
Significant progress has been made in modeling SOFC systems to date. For instance, D.
McLarty et al. constructed an SOFC model with the assumption that the inlet comprised
hydrogen and water [5]. On the other hand, Gemmen et al. considered more complex fuel
components at the inlet, such as methane, ethanol, and natural gas. They also took into
account the generation of hydrogen through external or internal reforming with regard to
the reactor’s reaction [6,7]. Additionally, Achenbach developed a three-dimensional flat
SOFC temperature model to study the temperature distribution. This model focused on
the heat convection exchange between battery and fuel gas, while also considering the
heat released via the electrochemical reaction inside the SOFC [8]. More comprehensive
models have been developed, such as the SOFC models, ranging from 1D to 3D models, as
noted by Hofmann et al. [9]. Their research focused on the application of new materials to
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SOFC through the 1D model, the differences between forward and reverse airflow using
the 2D model, and the impact of cross airways on SOFC characteristics using the 3D model.
Campanari and Koyama et al. adopted a multi-node approach by dividing the SOFC
into several fixed nodes, using the same flow plate, in the direction of the gas flow. This
allowed for a detailed analysis of the changes occurring in each physical quantity within the
single cell sheet during construction [10,11]. In P. Iora’s model, dynamic equations of mass
conservation, energy conservation, and mole fraction conservation laws were employed to
construct the reactor model. These dynamic equations were approximated as quasi-static
forms [12]. Some researchers have specifically targeted the Auxiliary Power Unit (APU)
application of SOFCs. For instance, Petruzzi et al. primarily focused on establishing an
SOFC system model for APU application, although their model did not include a fuel
processor and gas supply pipeline [13]. Keegan et al. developed a flat SOFC model in
the MATLAB/Simulink environment to study the application of automatic APU systems.
Although they analyzed the system’s performance, their investigation into the dynamic and
static performance of the system was not extensive [14]. In addition to modeling the SOFC
stack, researchers have also focused on modeling peripheral auxiliary components, such
as gas supply lines, blowers, mass flowmeters, and reformers. Murshed et al. conducted
research on a flat SOFC model that included peripheral auxiliary equipment like blowers,
reformers, combustion chambers, and heat exchangers [15]. Adhikari et al. constructed a
model encompassing peripheral auxiliary equipment like heat exchangers, combustors,
blowers, and fuel reformers; they also installed a super capacitor to model electrical man-
agement [16]. Mueller et al.’s SOFC model primarily comprises a core reactor, combustor,
two heat exchangers, and a controller. They also explored the fuel flow control model based
on external load power [17].

2. SOFC Model Building

To conduct comprehensive and in-depth research on the SOFC system, it is crucial to
develop a detailed and rational model of the SOFC’s independent power generation system.
Such a model should accurately represent the inherent characteristics of the SOFC system,
allowing for analysis of output voltage, heat exchanger temperature, and combustion
chamber temperature control; this will form the basis for analyzing the system’s dynamic
and static performance [18]. Given the high cost and certain experimental risks associated
with domestic SOFC system experiments, simulation experiments based on an accurate
and realistic model comprise a valuable research method. Monitoring and controlling
the working temperature of the reactor are essential. Although controlling the input of
cold air is a common approach for regulating the temperature of the reactor in SOFC
systems, achieving precise control over the maximum reaction temperature and maximum
temperature gradient, solely by adjusting the input of cold air, is challenging. To address
this, the model proposed in this paper introduces a parallel main air inlet, along with a
traditional bypass air line. The bypass air pipe incorporates an internal flow valve, and
the inlet temperature is jointly controlled by the main air pipe and the bypass air pipe,
significantly enhancing the accuracy of temperature control in the fuel cell stack [19]. An
existing model forms the basis of this study, and in the simulation environment provided
by MATLAB/Simulink, a 5 kW solid oxide fuel cell system model is developed. The model
takes into account the conservation of mass, energy, mole fraction, heat conduction, and
heat radiation, in accordance with relevant physical laws.

2.1. SOFC System Composition

The peripheral auxiliary subsystem, also known as the Balance of Plant (BOP) system,
is an indispensable component of the SOFC system. This paper focuses on an investigation
of an improved SOFC independent power generation system, as illustrated in Figure 3.
The system comprises essential elements such as the combustion chamber, heat exchanger,
blower, shunt, mixer, gas transmission pipeline, tail gas treatment system, water tank, and
electronic control unit. This well-designed SOFC system structure offers several advantages,
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including simple configuration, ease of implementation, high energy utilization, and
seamless integration during production. The incorporation of this design allows for better
monitoring and control of system parameters like flow rate, temperature, and pressure,
significantly enhancing the overall energy recovery rate of the entire system [20].
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The system comprises five main subsystems, as follows: the power reactor subsystem,
the fuel supply subsystem, the air supply subsystem, the electronic control subsystem, and
the exhaust gas recovery subsystem. In the fuel supply subsystem, pure hydrogen gas is
introduced to provide sufficient fuel for the core reactor’s electrochemical reactions. The
reactor subsystem’s primary function is to convert chemical energy into electrical energy
through electrochemical reactions between hydrogen and oxygen from the air, supplying
power to external loads. The air supply subsystem plays a crucial role in providing the
SOFC reactor with the necessary oxygen for electrochemical reactions while also regulating
the reactor’s operating temperature [21]. Moreover, the electronic control subsystem is
responsible for adjusting the reactor’s power output to meet external power demand
and the internal power needs of the SOFC system. The voltage and current output from
the reactor undergo a transformation through rectifiers, voltage regulators, and boost
converters, which provide the power supply for the electrical equipment. As for the
exhaust gas recovery subsystem, it consists of components such as a combustion chamber,
hydrogen heat exchanger, air heat exchanger, water tank, and exhaust gas treatment system.
In addition to heating fuel and air, this subsystem utilizes waste heat to warm water in
the tank; this can be produced daily and used in everyday life. The exhaust gas recovery
subsystem significantly enhances the energy recovery utilization rate of the entire SOFC
system [22].

2.2. Modeling Methods and Processes

Due to the complex and robust nature of the SOFC independent power generation
system, a MATLAB/Simulink simulation environment was employed to establish indi-
vidual sub-component models such as the reaction reactor, combustion chamber, heat
exchanger, blower, and so on. These sub-models are then integrated to form a dynamic
model of the entire SOFC system. The state variable signal transmission between each
sub-component module is consistent with the real SOFC independent power generation
system, and each sub-model operates independently, allowing for easy additions, deletions,
and modifications. In terms of material properties, each subsystem in the SOFC system
is composed of basic solid and fluid materials. For solid substances, which lack fluidity
and mixing, the primary focus of modeling is on their temperature characteristics. On
the other hand, fluid substances require consideration of temperature characteristics as
well as fluid flow rate, volume fraction, total number of moles, and mole fraction when
developing the models [23]. In this paper, the nodal approach is primarily employed to
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construct the model for each subsystem. The method involves dividing a device, such as a
heat exchanger, into N nodes along the direction of gas flow, as depicted in Figure 4. For
this study, we adopted five nodes, but the number of nodes can be reasonably adjusted
based on the specific modeling requirements. In theory, there is no limit to the number of
nodes that can be used. Each node is further divided into a solid control unit and a fluid
control unit based on material properties. These two units are the fundamental components
that directly contribute to the general model using conservation laws, such as the energy
conservation law and mass conservation law [19]. Employing this node division method
reduces the complexity and difficulty associated with modeling the SOFC system.
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2.2.1. General Model Equation

Regarding the control units (solid and fluid) considered for the model in this paper,
the following assumptions are made [24]:

(1) All the gases involved meet the ideal gas equation of state.
(2) All characteristic parameters of the gas are uniformly distributed during gas flow.
(3) The SOFC system is absolutely independent and sealed, and there is no heat transfer

with the external environment.
(4) There is no material accumulation and precipitation in the reactor, combustion cham-

ber, or other devices.
(5) The SOFC has a 100% current efficiency rate.
(6) The hysteresis characteristics of the gas in each gas supply pipeline are replaced with

an inertia link and a delay link.

Solid control unit.
When modeling the solid control unit, we solely focused on its temperature character-

istics. The temperature model used for the solid control unit is expressed, as follows [25]:

ρsVsCs
dT
dt

= ∑
.

Qin (1)

Vs is the volume, Cs is the specific heat capacity, T is the temperature, ρs is the density, and

∑
.

Qin is the heat transfer energy of this component and other components adjacent to it. In
this model, two cases are considered. The first case involves heat transfer energy between
two adjacent solids, which is calculated based on Fourier’s law, as follows:

.
Q =

kss·Sarea·(T2 − T1)

L
(2)
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kss is the heat transfer coefficient between solid matter and solid matter; Sarea is the contact
area between solid matter and solid matter; T1 and T2 are the temperatures of two control
units, respectively; and L is the distance between them. Another scenario involves a fluid
adjacent component. In this case, the heat transfer energy between the two can be calculated
using the following formula:

.
Qin = Sarea·hgs·(T2 − T1) (3)

Sarea is the heat transfer surface area, hgs is the heat transfer coefficient between the solid
material and fluid material, T1 and T2 are the temperatures of the solid control unit and
fluid control unit, respectively.

Fluid control unit.
In the fluid control unit, the temperature characteristics, velocity characteristics, and

mole fraction characteristics are considered.

(1) Temperature characteristics

In accordance with the relevant physical laws, we specified that there would be no
thermal expansion of the liquid within the temperature range under consideration; hence,
the thermometer of the fluid control unit is calculated, as follows [26]:

NCV
dT
dt

=
.

Ninhin −
.

Nouthout + ∑
.

Qin (4)

N is the quantity of the fluid substance, CV is the constant specific heat capacity of the
fluid, T is the temperature of the fluid control unit,

.
Nin and

.
Nout are the velocity of the

fluid inflow and outflow, respectively, hin and hout are the molar specific enthalpy of fluid
inflow and outflow, and ∑

.
Qin is the energy transfer between this unit and adjacent units,

which can be calculated using Equation (3). The molar specific enthalpy of the fluid can be
calculated, as follows:

h = ∑ Xihi, i ∈ {H2, O2, H2O, N2} (5)

The molar ratio enthalpy of the component substance is the integral of CP,i(T), as
follows:

hi = hi,298.15 +
∫ T

298.15
CP,i(T)dT, i ∈ {H2, O2, H2O, N2} (6)

hi,298.15 is the molar specific enthalpy of the component at a standard temperature of 298.15.
In the SOFC’s independent power generation system model presented in this paper, the
fluid primarily consists of four types of gases, as follows: hydrogen, oxygen, water vapor,
and nitrogen. The fluid control unit typically involves a mixture of more than two gases.
The formula for calculating the constant specific heat capacity of the fluid is as follows:

CV = ∑ XiCP,i(T)− R, i ∈ {H2, O2, H2O, N2} (7)

CP,i(T) is the molar specific heat capacity of the component substance at a constant pressure,
and the empirical formula is as follows [27]:

Cp,H2(T) = 56.505− 22, 222.6T−0.75 + 116, 500T−1 − 560, 700T−1.5 (8)

Cp,O2(T) = 37.432− 2.0102× 10−5T1.5 − 178, 570T−1.5 + 2, 368, 800T−2 (9)

Cp,H2O(T) = 143.05− 58.04T0.25 + 8.2751T0.5 − 0.036989T (10)

Cp,N2(T) = 30.6675− 0.013T + 3.308× 10−5T2 − 2.32× 10−8T3 + 5.6048× 10−12T4 (11)



Atmosphere 2023, 14, 1261 8 of 23

(2) Velocity characteristics

In accordance with the pertinent laws, the outlet velocity of a fluid passing through a
systemic component can be calculated, as follows:

.
Nout =

.
Nin + ∑ Ri, i ∈ {H2, O2, H2O, N2} (12)

Ri is the molar reaction rate of a fluid material,
.

Nin and
.

Nout are the velocities of fluid
inflow and outflow, respectively.

(3) Mole fraction properties

In accordance with the relevant conservation law, when the fluid flows normally, the
mole fraction of its internal components has the following calculation relation:

N
dXi
dt

=
.

NinXi,in −
.

NoutXi,out + ∑ Ri, i ∈ {H2, O2, H2O, N2} (13)

N is the amount of substance in the fluid. In accordance with the ideal gas equation of state,
the following equation is given:

N =
RT
PV

(14)

P, V, and T are the pressure, volume and temperature of the fluid control unit, respectively,
and R is the universal gas constants.

2.2.2. Model of Each System Component

The SOFC independent power generation system model established in this paper
mainly includes the following subsystem models [28]:

(1) Heat exchanger model

In this study, a convective heat exchanger is employed, wherein cold air flow and
high-temperature air flow travel in opposite directions. Due to the significant temperature
difference between these airflows, they undergo a heat exchange when passing through
the metal pipeline. The heat exchange in the convective heat exchanger is purely physical,
unlike the electric reactor and combustion chamber, where chemical reactions take place.
Therefore, the gas in the heat exchanger only experiences temperature changes that affect
pressure changes. To model the equivalent heat exchanger, it is divided into N nodes,
and the heat exchanger model is constructed by connecting multiple nodes in series, in
accordance with the airflow direction. The fluid temperature can be calculated using
Equation (4), and the solid temperature can be calculated using Equation (1).

(2) Reactor model

The reactor model is divided into N nodes in accordance with the finite element
division method, and the reaction relation, mathematical formula, and parameter type
involved in each node are the same. The N child nodes are connected in series to form
the reactor model. Since there is hydrogen and oxygen in the reactor, an electrochemical
reaction will occur, and this reaction is an exothermic reaction. The modified model is as
follows:

ρPENVPENCPEN
dTPEN

dt
= ∑

.
Qin,PEN +

.
Qreact −

.
Wout (15)

.
Qreact is the total energy released during the electrochemical reaction, and the calculation
formula is as follows: .

Qreact = RH2O·hH2O(T) (16)

RH2O is the formation rate of water vapor, which can be calculated, as follows:

RH2O =
i·Snode

2F
(17)
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i is the current density flowing through the node, Snode is the area of the node, and F is the
Faraday constant. In Equation (15),

.
Wout is the electric energy generated by the reactor,

which is the output power of a single battery. The calculation formula is as follows [29]:

.
Wout = i·Snode·Vcell (18)

Vcell is the voltage at the node, which is the single cell voltage.

(3) Combustion chamber model

During electrochemical reactions in the reactor, there is typically an excess of hydrogen
and air injected. Consequently, the remaining hydrogen that is not consumed during the
reaction in the reactor undergoes complete combustion in the combustion chamber. The
high-temperature flue gas produced in the combustion chamber serves as the heat source
for the heat exchanger. For analytical convenience, and to reduce computational complexity,
it is assumed that there is no heat exchange between the components of the combustion
chamber and the external environment [30]. The reaction rate of each substance in the
combustion chamber can be calculated using the following formula:

RH2 = 2RO2 = −RH2O = −
.

XinXH2,in . (19)

The molar flow rate of the combustor outlet gas can be calculated using the general
Equation (12), the mole fraction can be calculated using the general Equation (13), and the
temperature can be calculated using the general Equation (4).

(4) Lag model of the gas supply system

The design of gas supply systems in SOFC power systems mainly includes the hydro-
gen supply system, air supply system, and bypass air supply system. When controlling the
gas flow rate using a gas flow meter, the changes in gas flow are not instantaneous; rather,
they exhibit a certain time delay. In accordance with the modeling approach discussed
in this paper, the dynamic response process of the gas supply system is simplified as a
first-order inertia link and a delay link to reduce computational complexity. Its transfer
function is as follows:

G(s) =
1

Ts + 1
e−τs (20)

τ is the delay time, and T is the inertia time constant. In this study, the value of τ is set to
10 s, and the value of T is set to 0.5.

2.3. Integration of SOFC Models

After constructing the sub-models for the aforementioned system components, the
dynamic model of the SOFC independent power generation system is assembled by in-
terconnecting and encapsulating them in MATLAB/Simulink, following the structure
illustrated in Figure 3. This model’s structure is relatively intricate, involving the encap-
sulation of numerous sub-modules. The reliability and accuracy of the mechanism model
for each system component, which is based on various conservation laws, are directly
dependent on the model’s parameters [31]. Regarding other characteristic parameters such
as molar mass, density, pressure, the specific heat capacity of certain solids or gases, heat
conductivity among different substances, and the activation energy of electrodes, these
parameters are entirely determined by the properties of the substance types present in the
sub-models of each system component. In this paper, reliable results from peer-reviewed
sources are directly referenced for these parameter values [32]. The dimensions of each
system component used in this model precisely match the corresponding component di-
mensions of the actual system. As a result, the characteristic parameters and geometric
dimensions studied in this paper for each system component sub-model are accurate and
reliable.
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In order to further validate the SOFC stack, real-time experimental data were collected
with the test bench temperature, which was maintained at 973 K and 923 K. In MATLAB,
under identical experimental conditions, the constructed single cell model was simulated
at the same time. A comparison and analysis of the experimental data and simulation data
were conducted, resulting in the U-I-P characteristic curve shown in Figure 5.
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From Figure 5, it can be observed that when the experimental conditions are identical
to the simulation conditions, the output data collected from the experimental tests closely
match the data collected under simulation conditions. Consequently, the solid oxide fuel
cell system model constructed in this study is deemed to be accurate.

3. SOFC Performance Testing and Verification
3.1. SOFC Performance Indicators

This paper focuses on the investigation of three key performance indicators of SOFC,
as follows: operating parameters, thermal output characteristics, and electrical output
characteristics. Utilizing the model established earlier, the thermoelectric output charac-
teristics of SOFC are the result of fine-tuning under various operating parameters. The
SOFC system can achieve the real-time monitoring of the external load power demand by
adjusting the fuel utilization. Additionally, regulating the temperature of the core stack can
be accomplished by introducing excess air into the system. Moreover, the electricity in the
stack temperature gradient can be further adjusted through the bypass valve. Various pa-
rameters can be adjusted to enhance the output efficiency of the system. As an independent
power generation system, the SOFC system must primarily meet the electricity demand
of external loads. Moreover, it is essential to ensure that the core reactor’s temperature
remains within the rated value to ensure the system operates safely, stably, efficiently, and
in an energy-saving manner.

3.1.1. Operation Parameters and Their Ranges

(1) Fuel utilization rate (FU).

FU =
RH2
.

NH2

=
nIs

2F
.

NH2

. (21)

RH2 is the hydrogen reaction rate,
.

NH2 is the hydrogen flow rate, n is the number
of cells in the model, Is is the output current. The fuel utilization rate generally ranges
between 0.6 and 0.9. As can be seen from the above formula, when the current output of
the reactor is set as a fixed value, the fuel utilization rate is inversely proportional to the
molar flow rate of hydrogen. When the fuel utilization rate is lower than 0.6, the molar
flow rate of hydrogen is high and too much hydrogen is pumped into the reactor, resulting
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in an increase in power generation cost and a waste of fuel, which also leads to the low
efficiency of the system. However, when the fuel utilization rate is higher than 0.9, less
hydrogen is injected into it, which may easily lead to unstable electrical output or power
generation failure [33].

(2) Air excess ratio (AR).

AR =

.
NO2

RO2

=
4FXO2

.
Nair

nIs
. (22)

.
NO2 is the molar velocity of oxygen, RO2 is the electrochemical reaction rate of oxygen,

and the air excess ratio is equal to the ratio of the two. XO2 is the mole fraction of oxygen in
the air,

.
Nair is the air velocity at the outlet of the blower, and n, Is, and F have the same

meanings as in Equation (21). The optimal range for the excess air ratio is typically between
6 to 12. When setting the stack as a fixed value, there exists a positive relationship between
the output current, excess air ratio, and the molar flow rate of air. If the excess air ratio
falls below six, the molar flow velocity of air is low, resulting in a lower intake of cold air
into the stack. As a consequence, the electric reactor heats up slowly, which may lead to
the stack temperature exceeding its rated value. On the other hand, if the excess air ratio
exceeds 12, the molar velocity of air becomes very high, and an excessive amount of cold
air enters the stack, leading to a rapid loss of temperature in the reactor. Consequently, the
reactor may fail to reach the temperature required for normal electrochemical reactions.

(3) Bypass valve opening (BP).

BP =

.
Nair,by

.
Nair

. (23)

.
Nair,by is the air flow rate of the bypass subsystem,

.
Nair is the molar flow rate of the

total air, the bypass valve opening is equal to the ratio of the two, the value of the bypass
valve opening is generally 0.0–0.3, if the value of the bypass valve opening is higher than
0.3, this will result in a low reactor inlet air temperature, thus affecting the performance of
the SOFC system.

(4) Reactor current (Is):

The stack current is determined by the power demand of the load outside the SOFC
system. For the 5 KW SOFC independent power generation system studied in this paper,
the normal working reactor current range is generally 10–80 A.

3.1.2. SOFC Static Performance Tests

Based on the model established in Section 2, the research on the performance of
the SOFC system involves a significant number of charts and a large amount of data.
Therefore, it is not convenient to display each one individually. Using different currents,
since the influence trend of each input parameter of the SOFC system exhibits a consistent
performance, we take Is = 60 A as an example for analysis. Under this current, we selected
the condition of FU = 0.75, AR = 9, BP = 0.15 to analyze the operation of the SOFC
independent power generation system for 30,000 s, as shown in the Figure 6.

Based on the analysis in Figure 6, it is observed that the temperature gradually in-
creases from node 1 to node 5. At the same time, as the reactor operates normally, the rate
of electric push heating gradually slows down and eventually stabilizes. This model’s
behavior aligns with the actual situation.
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Figure 6. Tpen changes over time.

Figure 7 presents the heat exchanger divided into five nodes along the direction of gas
flow. Each node is further divided into gas control, cold air, cold fuel gas (exhaust), and
solid control units (fuel pipes, air pipes, exhaust pipe), resulting in a total of six temperature
indices. By gathering the temperature parameters of the five nodes in the heat exchanger,
the variation in temperature over time is depicted, as follows.
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Figure 7 illustrates a gradual increase in temperature from node 1 to node 5. The fuel
temperature at node 1 is only 850 K, whereas at node 5, it reaches 1150 K, at approximately
880 degrees Celsius, which closely aligns with the actual behavior of an SOFC reactor at
its normal reaction temperature. The temperature difference between the two parameters
also diminishes as heat transfer deepens. Furthermore, Figure 7 presents the temperature
representation of each parameter across the five nodes. It shows a similar transformation
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trend for each parameter, with a gradual increase from node 1 to node 5, eventually
stabilizing at the SOFC reactor’s reaction temperature.

3.2. Thermal Output Characteristics and Their Ranges

The SOFC operates using electrochemical reactions at high temperatures. To ensure
the absolute safety of the reactor, it is crucial to limit the highest temperature of the SOFC
reactor within a specific working range. Additionally, the temperature gradient inside the
reactor should not be too large, as excessive temperature gradients can lead to thermal
stress and reactor damage. For the peripheral BOP system, the temperature difference
between the hydrogen temperature and the air temperature at the inlet of the point reactor
should also be controlled within certain limits, and the maximum temperature of the
combustor must stay within the material’s maximum bearing range [34]. It is evident that
temperature safety and control are fundamental prerequisites for the smooth operation of
the entire SOFC stack. Taking the above considerations into account, this paper defines
and sets four thermal characteristic parameters in the system, with their respective value
ranges, as follows.

3.2.1. Thermal Output Characteristic Parameters

(1) Maximum operating temperature of PEN(Max.TPEN).

Max.TPEN = max{TPEN(i)}, {i = 1, 2, . . . , N − 1}. (24)

In the process of building the SOFC single cell model, it is divided into N nodes. The
maximum working temperature of the PEN(Positive-Electrolyte-Negative) is the maximum
temperature of all nodes, and the value range of the maximum working temperature of
PEN is Max.TPEN ≤ 1173 K, which was the maximum temperature of the reactor material
obtained through the experiment.

(2) Maximum operating temperature gradient of PEN( Max.|∆TPEN |).

Max.|∆TPEN |= max|TPEN(i + 1)− TPEN(i)|, {i = 1, 2, . . . , N − 1} . (25)

The maximum operating temperature gradient of the PEN is the maximum tempera-
ture gradient in the battery. The SOFC independent power generation system generally
requires Max.|∆TPEN | ≤ 8 Kcm−1. This value is set using the ultimate tension method and
mechanical strength estimation, which concerns material safety.

(3) Gas temperature difference at the reactor inlet (∆Tinlet):

∆Tinlet = max|THE, f uel − THE,air

∣∣∣. (26)

The inlet gas difference between the anode and cathode of the reactor is defined as the
inlet temperature difference of the reactor, which is also equal to the difference between the
outlet gas temperature of the hydrogen heat exchanger and that of the air heat exchanger.
The range of gas temperatures at the inlet of the reactor is ∆Tinlet ≤ 200 K, which was
verified by the experimental conditions.

(4) Combustion chamber temperature (TB).

The combustor temperature can be calculated using the temperature model in Equation (1),
which concerns the solid control unit set up in Section 2, and its value range is 870 K ≤ TB ≤
1270 K; 1270 K is the maximum temperature that the combustor material can bear.

3.2.2. One-Dimensional Test and Verification of Heat Output Characteristics

The static thermal characteristics of the SOFC system were tested and verified using the
Simulink model of the 5 kW class SOFC independent power generation system, considering
the existing experimental conditions and relevant data. Under one-dimensional testing
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and verification, it was necessary to keep Is = 60 A unchanged, and change the value of
one of the three parameters (FU = 0.75, BP = 0.15 and AR = 9) to explore its influence on
Max.TPEN , Max.|∆TPEN |, ∆Tinlet, and TB. The results are shown in Figure 8.
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Figure 8. One-dimensional test diagram of the thermal output characteristics of the SOFC (a–c).

The SOFC system imported a decreased level of hydrogen along the FU direction;
the greater the level of unreacted hydrogen that moves along the FU direction into the
combustion chamber, the less fuel that is produced. Therefore, the combustion chamber
temperature showed a downward trend, and the combustion chamber produced a high
temperature flue gas reduction. Moreover, if the temperature is not great enough, the gas
in the heat exchanger exhibits a low reactor temperature, therefore, the reactor temperature
shows a downward trend. From the reactor temperature and combustion chamber temper-
ature shown in Figure 8a, it is evident that the high temperature area is concentrated in
the low value FU area, and the reactor temperature and combustion chamber temperature
have similar variation trends along the coordinate axis. If the FU is too small, the fuel
flow into the SOFC system will be too large, and the preheating capacity of fuel and air is
significantly different. The temperature difference between the two when they enter the
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reactor will gradually increase as the FU decreases. However, if the FU is too large, the con-
centration of hydrogen downstream of the cell decreases, and the current density of the cell
decreases at the outlet. As a result, the reaction in a single cell is not uniform, and the PEN
temperature gradient increases so that the temperature gradient of the high-temperature
PEN is concentrated in the high-value FU region.

Figure 8b verifies that with an increase in BP, the cold air flow into the reactor and
combustor also increases, which leads to the gradual reduction of reactor and combustor
temperatures. For the PEN temperature gradient, a BP that is too large will lead to a
decrease in hydrogen concentration downstream of the cell sheet and an increase in PEN
temperature gradient. With an increase in BP, the cooling ability of the air entering the
cathode of the reactor increases so that the temperature difference at the inlet of the reactor
increases. In general, when the current output is constant, with an increase of BP, the
system voltage, power, and system efficiency generally show a decreasing trend.

The air flow at the inlet of the SOFC system increases along the AR direction, and
the increase in AR reduces the hydrogen concentration downstream of the battery sheet
and the battery current density at the outlet, thus making the reaction in a single cell sheet
uneven and the PEN temperature gradient increase. This causes the temperature gradient
of the high temperature PEN to be concentrated in the high value AR region, as shown
in Figure 8c. However, if the AR is too small, it will cause the fuel to flow into the SOFC
system in too large a quantity, meaning that the air flow will be too low; the preheating
capacity of fuel and air is obviously different, therefore, the temperature difference between
the two in the reactor inlet gradually increases.

3.2.3. Two-Dimensional Test and Verification of Heat Output Characteristics

The static thermal characteristics of the SOFC system were tested and verified using
the Simulink model of the 5 KW class SOFC independent power generation system, con-
sidering the existing experimental conditions and relevant data. Using two-dimensional
testing and verification methods, it was necessary to keep Is = 60 A and BP = 0.15 un-
changed. We changed the value of FU and AR, and we explored its influence on Max.TPEN ,
Max.|∆TPEN |, ∆Tinlet, and TB. The results are shown in Figure 9.
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The variation trend of the maximum working temperature of PEN with FU or AR
has been concluded above, and the high temperature region mainly consists of the low
value AR and FU region, which is the dark red part of the lower-left corner of Figure 9a.
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Since SOFC system is a multi-coupled and multi-variable system, understanding the trend
concerning temperature change with multi-variables can help to better understand its
thermal characteristics, which can provide the basis for finding the optimal operating point
in its steady state. Figure 9c shows the two-dimensional thermal map of the combustion
chamber temperature. It is evident that this is very consistent with the trend of temperature
change in the two figures in Figure 9d, and both of them are AR and FU regions with low
values. Therefore, when AR and FU are selected as the operating variables, the adjustment
of the maximum PEN operating temperature and combustion chamber temperature can
almost be regarded as the same constraint process so that the system can run safely and
stably. Figure 9d shows the two-dimensional thermal diagram of the gas temperature
difference at the reactor inlet, and its temperature variation trend was the same as the
reactor temperature and combustor temperature after one week. Figure 9b shows the
two-dimensional thermal map of the reactor temperature gradient. The high-temperature
region mainly comprises the high-value AR and FU region, which is the dark red part of
the upper-right corner of the picture. The temperature change trend is in opposition to the
reactor temperature and combustion chamber temperature. Therefore, in general, under
specific output conditions, if AR and FU are selected as control variables, it is evident
that there is a competitive relationship between Max.TPEN , TB, ∆Tinlet, and Max.|∆TPEN |,
which are two opposing regulation processes.

3.2.4. Three-Dimensional Test and Verification of Heat Output Characteristics

The static thermal characteristics of the SOFC system were tested and verified using the
Simulink model of the 5 KW class SOFC independent power generation system, considering
the existing experimental conditions and relevant data. Using three-dimensional testing
and verification methods, we kept Is = 60 A unchanged, and we changed the value of FU,
AR, BP to explore its influence on Max.TPEN , Max.|∆TPEN |, ∆Tinlet, and TB. The results
are shown in Figure 10.
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As shown in Figure 10a, the maximum operating temperature of PEN is in the high
temperature region, when all three variables are minimum values. Therefore, for this
temperature constraint, the operation strategy of the three variables is the same, that is,



Atmosphere 2023, 14, 1261 17 of 23

neither too small nor too large. When it is too small, the temperature is too high, the reactor
overheats, internal deformation easily occurs, as does damage, resulting in leakage and
other faults. When it is too large, the temperature is too low, the electrochemical reaction
degree is not enough, the reactor output voltage is low, and the system efficiency is low.
Therefore, it is necessary to select appropriate parameter values in combination with other
constraints.

Figure 10b shows the 3D thermal map of the maximum operating temperature gradient
of PEN. As shown in the figure, the high-value area is mainly concentrated in the high-value
FU and high-value AR areas, and it also tends to increase as the BPincreases. The variation
trend contrasts with the combustor temperature and reactor temperature.

Figure 10c shows the 3D thermal diagram of the combustion chamber temperature.
As is evident from the figure, when all three variables are minimum values, the combustor
temperature is in the high temperature region, which is the same as the change trend
of the maximum operating temperature of PEN. Therefore, for the combustor tempera-
ture constraint, the operation strategy of the three variables is the same as the previous
maximum operating temperature of PEN. That is, it cannot be too small or too large; if
it is too small, the exhaust gas temperature of the combustion chamber is too high, and
the preheating temperature of the fuel and air is too high, resulting in the high internal
temperature of the reactor. This may cause internal deformation and damage, which can
easily cause air leakage and other faults. If it is too large, if the temperature is too low, if the
gas preheating is not sufficient, the degree of electrochemical reaction is not enough, and
the reactor output voltage is low, then the system efficiency is low. Therefore, it is necessary
to select appropriate parameter values in combination with other constraints.

From Figure 10d, it is evident that the high temperature region of the gas temperature
difference at the inlet of the reactor is concentrated in the low-value AR and FU regions,
and the high-value BP region. With the increase in BP, the flow of cold air in the bypass
valve increases and mixes with the preheated air, which reduces the inlet air temperature
and increases the temperature difference at the gas inlet. The increase in AR reduces
the reactor temperature. If the excess ratio of AR is too small, it will cause the air flow
into the SOFC system to be too low. The preheating capacity of air and fuel is obviously
different, thus, when the two are placed into the reactor, the inlet temperature difference
gradually increases. However, if the FU is too small, the fuel flow will be too large and
fuel preheating will not be sufficient. As a result, the preheating capacity of air and fuel
would also be significantly different, and the temperature difference between them would
increase gradually upon entering the reactor inlet.

3.3. Electrical Output Characteristics and Their Ranges

The electrical characteristic parameters studied in this paper for the SOFC indepen-
dent power generation system mainly comprise net output power and output efficiency.
During a normal operation, the SOFC’s efficiency typically falls within the range of 30% to
60%. Different input parameters have a comprehensive impact on the SOFC’s operating
temperature and output efficiency. Therefore, when ensuring the SOFC’s thermal safety, it
is essential to conduct a comprehensive analysis of SOFC efficiency under various power
conditions.

3.3.1. Electrical Output Characteristic Parameters

The SOFC system’s net output power calculation formula is as follows:

Pnet = Us Is − Pbl (27)

Us is the reactor voltage, Is is the reactor current, and Pbl is the blower power consumption.
The calculation formula of blower power consumption is as follows:

Pbl = Cbl
.

Nair. (28)
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As is evident from the above equation, the power of the blower is proportional to the
flow rate of the air. The calculation formula of the ratio coefficient Cbl is as follows:

Cbl =
Cp,airTair,in

ηbl

(Pbl,out

Pbl,in

) γ−1
γ

− 1

. (29)

In the above equation, Cp,air is the constant pressure specific heat capacity of air; Tair,in
is the temperature at which the air enters, generally room temperature; ηbl is the efficiency
of the blower; Pbl,out and Pbl,in are the inlet and outlet pressures of the blower, respectively;
and γ is the specific heat ratio of air, generally 1.4. Finally, the output efficiency of the SOFC
independent power generation system is calculated using the following formula:

ηsys =
Pnet

.
NH2 · LHVH2

× 100% (30)

LHVH2 is the low calorific value of hydrogen, which is generally 241.83 KJ mol−1.

3.3.2. One-Dimensional Test and Verification of Electrical Output Characteristics

The static thermal characteristics of the SOFC system were tested and verified using the
Simulink model of the 5 KW class SOFC independent power generation system, considering
the existing experimental conditions and relevant data. Using one-dimensional testing
and verification methods, we kept Is = 60 A unchanged, and we changed one of the three
parameters FU = 0.75, BP = 0.15, AR = 9 to explore its influence on Us, Pbl , Pnet, and ηsys.
The results are shown in Figure 11.
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As is evident from Figure 11a, the power consumed by the blower is a fixed value
because the power consumed by the blower is only related to AR. When the current
output is a constant value, combined with the previous static thermal characteristics, with
the increase of the fuel utilization rate, FU, the reactor temperature decreases, and the
associated reactor voltage also decreases. As a result, the net power output continues
decreasing. As is evident in the figure, the reactor voltage, system net output power, and
system efficiency exhibit the same downward trend. Under the premise of keeping all other
conditions unchanged, the entire system reaches its maximum efficiency at approximately
FU = 0.7.

As is evident from Figure 11a,b, the power consumed by the blower is a fixed value,
because the power consumed by the blower is only related to AR. When the current output
is a constant value, with the increase in BP due to the increase of cold air in the bypass
valve, combined with the previously obtained influence of BP on the static thermal output
characteristics, the overall temperature in the reactor decreases, and the voltage, power,
and system efficiency decrease overall, as shown in Figure 11c.

As is evident from Figure 11c, high power, high voltage, and high system efficiency are
generally located in the low value AR region. The main reasons for this are as follows: the
increase in AR reduces the reactor’s temperature, and thus, it reduces the voltage. Since the
model only considers the main blower power consumption in the SOFC system, although
the blower power consumption is directly proportional to AR, it has little influence on
the output power of the whole system. Under the current Is, the net output power of the
system is basically the same as the voltage variation of the reactor. For system efficiency,
along the direction of AR, when FU is fixed, the total energy input of the system is fixed,
and the change in system efficiency is the same as the net output power of the system,
which is not affected by other factors. Under the premise of keeping all other conditions
unchanged, the entire system reaches its maximum efficiency at approximately AR = 7.

3.3.3. Two-Dimensional Test and Verification of Electrical Output Characteristics

The static thermal characteristics of the SOFC system were tested and verified using the
Simulink model of the 5 KW class SOFC independent power generation system, considering
the existing experimental conditions and relevant data. Under two-dimensional testing
and verification conditions, we kept Is = 60 A and BP = 0.15 unchanged. We changed the
value of FU and AR, and we explored its influence on Us, Pbl , Pnet, and ηsys. The results are
shown in Figure 12.

Figure 12a shows the two-dimensional thermal diagram of the reactor’s voltage, and its
variation trend is essentially the same as that in Figure 12d. Figure 12d is a two-dimensional
diagram of the output efficiency of the system. When the total energy input is constant,
its power variation trend is the same as the net output power, and it is not affected by
other factors. High voltage and high system efficiency are generally in the low value AR
region. This is because the increase in AR reduces the reactor temperature, and thus, the
voltage. As is evident from Figure 12b, the power consumed by the blower increases as
the AR value increases; this is because a larger AR value means that a larger amount
of air needs to be fed into the whole system and a larger power is consumed using the
natural blower. Figure 12c is a two-dimensional diagram of the net output power of the
system. The high-power area mainly comprises the low-value AR and FU areas, which
can be seen in the dark red part of the lower-left corner of the picture. When the FU or AR
exceeds a certain threshold, the system cannot work properly, and the net output power
is 0. Therefore, when subsequently selecting the optimal operating point, the FU and AR
must not exceed the threshold, as it affects the normal operation of the system. Under the
premise of keeping all other conditions unchanged, the entire system achieves its maximum
efficiency at approximately FU = 0.725 and AR = 6.
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3.3.4. Three-Dimensional Test and Verification of Electrical Output Characteristics

The static thermal characteristics of the SOFC system are tested and verified using the
Simulink model of the 5 kW class SOFC independent power generation system, considering
the existing experimental conditions and relevant data. Under three-dimensional testing
and verification conditions, we kept Is = 60 A unchanged, and we changed the values of
FU, AR, and BP to explore its influence on Us, Pbl , Pnet and ηsys. The results are shown in
Figure 13.
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Figure 13a shows the 3D thermal diagram of the reactor voltage. As the SOFC system is
a multi-coupled system, and the three operating variables have different influence trends on
temperature, compared with the previous one-dimensional and two-dimensional diagrams,
the three-dimensional diagram can show the relationship between the stack voltage changes
and the three operating variables in a more intuitive way. It is convenient to observe the
voltage change of the reactor when the three operating variables change at the same time
in order to find the static optimal operating point faster. The change in trend, shown in
Figure 13c, is essentially the same as that shown in Figure 13a. This is because when the
system output current is certain, the net output power of the system is positively correlated
with the output voltage. As is evident from the 3D figure, the high output values are all in
the areas with small FU, BP, and AR values. The reason for this is that with the increase
in FU, AR, and BP, the voltage temperature of the reactor decreases, causing the output
voltage to also decrease. Moreover, as the parameter increases, the output voltage and net
output power of the system becomes 0 when it exceeds a certain threshold. Figure 13b
shows the 3D thermal map of the power consumed by the blower. With great certainty, it
can be asserted that the simultaneous change in FU, BP, or both, will not change the value
of the power consumed by the blower, and its value is only related to AR.

Figure 13d shows the 3D diagram of system efficiency. In accordance with the above
modeling formula, system efficiency is the ratio of net output power to the chemical energy
of hydrogen gas. With the increase in FU, when the amount of hydrogen gas is constant,
the reactor temperature and combustor temperature decrease, which leads to a decrease
in the net output power of the SOFC system and a decrease in system efficiency. With the
increase in AR, the air inputted into the system far exceeds the amount of air required
by the system, and the excess air removes a considerable amount of heat, thus reducing
the voltage of the reactor. Under the condition where the output current of the system
remains unchanged, a reduction in the output power of the system will inevitably lead
to a reduction in the output efficiency of the system. As is evident from the figure, the
increase in BP also slightly reduces the output efficiency of the system, but the influence of
BP on the system’s efficiency is limited, to a much lower extent than the influence of FU
and AR changes on system efficiency. Under the premise of keeping all other conditions
unchanged, the entire system achieves its maximum efficiency at approximately FU = 0.8,
BP = 0, and AR = 6.

4. Conclusions

This paper establishes a model of an SOFC independent power generation system
based on current control. Firstly, the model wasa constructed using the principles of energy
conservation, mass conservation, and mole fraction conservation laws, defining system
components such as the core reactor and the heat exchanger. The nodal idea was employed
during the modeling process, and experimental results demonstrate the model’s excellent
compatibility with actual SOFC systems. Compared with traditional SOFC models, this
model incorporated a cold air bypass, to enable the more precise control of the reactor’s
inlet and outlet temperatures. The inclusion of the bypass offers theoretical precision in
controlling the reactor’s temperature.

In this paper, in accordance with the characteristics of the SOFC system, the fuel
utilization rate, FU, the air excess ratio, AR, and the bypass valve opening, BP, were used
in combination as a means of regulation. At the same time, the working range was set by
referencing actual situations. The variation range of FU is 0.6–0.9, the variation range of
BP is 0–0.3, and the variation range of AR is 6–12. The output parameters of the thermal
characteristics and electrical characteristics of the system were studied comprehensively
using output one-dimensional, two-dimensional, and three-dimensional graphs.

Using one-dimensional output plots, we can intuitively observe the range of the
influence of a single input variable on the output parameters, while keeping all other
conditions unchanged. The entire system reaches its maximum efficiency at approximately
FU = 0.7, BP = 0, or AR = 7. With the aid of two-dimensional heatmaps, we can visually



Atmosphere 2023, 14, 1261 22 of 23

assess the interaction effects of two parameters on the output parameters, while keeping all
other conditions unchanged. The system achieves its maximum efficiency at approximately
FU = 0.725 and AR = 6. Furthermore, using three-dimensional plots, a comprehensive and
intuitive analysis of the relationship between SOFC system outputs and various parameters
is possible. This facilitates the identification of the optimal operating point, under the
premise of keeping all other conditions unchanged. The entire system reaches its maximum
efficiency at approximately FU = 0.8, BP = 0, and AR = 6. It is important to note that these
results are not entirely identical to the previous results, as the SOFC is a multi-coupled
system, and the range of influence of each parameter changes as the system varies. This
highlights the significance of this study in terms of providing a deeper understanding of
the complex behavior of the SOFC system and its response to parameter variations.
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