
����������
�������

Citation: Wu, X.-L.; Zhang, H.;

Liu, H.; Xu, Y.-W.; Peng, J.; Xia, Z.;

Wang, Y. Modeling Analysis of SOFC

System Oriented to Working

Condition Identification. Energies

2022, 15, 1804. https://doi.org/

10.3390/en15051804

Academic Editor: Francesco Calise

Received: 16 January 2022

Accepted: 22 February 2022

Published: 28 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Modeling Analysis of SOFC System Oriented to Working
Condition Identification
Xiao-Long Wu 1,2,*, Hong Zhang 1,3, Hongli Liu 1, Yuan-Wu Xu 4, Jingxuan Peng 5, Zhiping Xia 5

and Yongan Wang 6

1 School of Information Engineering, Nanchang University, Nanchang 330031, China;
6109119012@email.ncu.edu.cn (H.Z.); lhl318497@126.com (H.L.)

2 Shenzhen Research Institute, Huazhong University of Science and Technology, Shenzhen 518063, China
3 School of Mathematics and Computer Sciences, Nanchang University, Nanchang 330031, China
4 School of Information Science and Engineering, Wuhan University of Science and Technology,

Wuhan 430081, China; xyw201314@hotmail.com
5 School of Artificial Intelligence and Automation, Huazhong University of Science and Technology,

Wuhan 430074, China; pjx@hust.edu.cn (J.P.); d202080870@hust.edu.cn (Z.X.)
6 State Grid Hubei Maintenance Company, Wuhan 430050, China; wangyongancqu@126.com
* Correspondence: xiaolongwu@ncu.edu.cn or wxl6895209@hust.edu.cn

Abstract: Solid oxide fuel cell (SOFC) generation system is an important equipment to realize “carbon
neutralization”. In SOFC system, a fault will cause changes in working conditions, which is difficult
to detect early and find the reason due to the high temperature and seal environment. Therefore, the
mechanistic model is a feasible way to find the reasons for the change of system working conditions.
In this paper, based on the first law of thermodynamics, the system model of SOFC is built under
multiple working conditions, and the influence of stack, afterburner, heat exchanger, and reformer
fault is studied on the thermoelectric characteristics and efficiency of the system. The results show
that with the introduction of these fault mechanistic models, the dynamic response characteristics of
SOFC system under multiple working conditions can be obtained by tracking the key performance
parameters qualitatively. The work of this paper is helpful for the guidance of the fault diagnosis of
SOFC system in the future.

Keywords: solid oxide fuel cells system; system model; working condition identification; system
analysis; energy conversion efficiency

1. Introduction

Global efforts to reduce greenhouse gases and harmful air pollutants require the
development of clean and efficient energy conversion technologies [1,2]. Solid oxide fuel
cells (SOFC) have the advantages of high energy conversion efficiency and low operating
cost, which are widely considered as a promising alternative energy by industry experts
and researchers [3,4]. However, one of the reasons that the SOFC system technology has
not been used in large-scale generation is that it is difficult to identify system conditions
and detect faults. Therefore, it is necessary to deeply analyze the working condition change
mechanism of SOFC system, in order to solve the real-time working condition identification
of SOFC system in high temperature sealing environment.

Installing a sufficient number of sensors is difficult for SOFC systems [5,6]. SOFC
system belongs to the high temperature fuel cell system, and its key components are often
concentrated in a highly sealed hotbox [7]. The installation of sensor not only affects the
tightness of SOFC stack, but also affects the stack electrochemical reaction. Therefore, the
mechanism of system working condition evolution can only be studied by modeling. Some
scholars have studied SOFC stack and system modeling:

In terms of stack modeling, it is assumed that the stack operates in a constant temper-
ature environment. Iwata built a quasi 2D (co-flow and convection) and 3D (cross flow)
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model for planar SOFC. In addition, the author studied the influence of physical character-
istics, such as fuel recovery rate and gas pressure on temperature distribution, and showed
that increasing the recovery ratio of gas and pressure can effectively inhibit the rise of tem-
perature gradient [8]. Xi found that the four temperature layers (fuel flow, air flow, PEN) of
SOFC stack are similar to the dynamic and steady state characteristics of two temperature
layers (PEN and air flow), and a reduced order dynamic model was built to describe the
conservation of material and energy in anode and cathode pipelines [9]. Furthermore, Xi
analyzed the distribution and dynamic response of main parameters, such as temperature
and current density in the gas pipelines, and carried out a simulation verification [10].
Chen used a two-dimensional model to study the internal reforming reaction of SOFC with
ethanol as fuel [11]. Yan developed a two-dimensional model to analyze the effect of steam
to carbon ratio on SOFC stack, and pointed out that it is necessary to consider the change
of anode porosity when studying the carbon deposition of SOFC. Increasing the steam to
carbon ratio can eliminate carbon deposition. However, the current density will decrease
sharply [12]. Based on the aforementioned literature, the existing modeling of SOFC stack
involves thermoelectric characteristics, which are the key parameters for identifying its
working conditions. However, their models do not discuss the system working conditions.
Therefore, it is difficult to investigate the change of SOFC stack working condition under
constant temperature.

In SOFC system modeling, the existing work is mainly oriented to the hybrid genera-
tion system structure modeling and control-oriented modeling. Some scholars have deeply
analyzed the performance of SOFC cogeneration system through the model. For example,
Palomba simulated the energy saving and carbon dioxide emissions of cogeneration SOFC
system through modeling [13,14]. Antonucci investigated the acceptable cost of sodium
chloride nickel cell hybrid system using SOFC [15]. Krummrein proposed a detailed nu-
merical model of hybrid system (SOFC + micro turbine), and discussed the influence of fuel
cell operation limit on the operation range of hybrid power station, including stack temper-
ature, minimum stack voltage, and maximum fuel utilization [16]. Lee used a simplified
two-dimensional axisymmetric model domain to simulate the performance of a 1 kW fuel
cell reforming unit. The results show that with the increase of fuel ratio, the formation rate
of hydrogen and carbon monoxide increases. However, the increase rate decreases [17].
Maria built a three-dimensional model for SOFC/GT system to evaluate the operability
of hybrid energy system based on SOFC and micro gas turbine. This method defines the
operation range of the hybrid system, and finds the optimal operation parameters of load
operation. The influence of fuel cell exhaust gas on the afterburner temperature response
is verified based on CFD [18]. However, the relevant characteristic analysis of the inde-
pendent SOFC system is disregarded. Chanon studied the effects of steam to carbon ratio,
fuel utilization, temperature, and other key parameters on the current density, voltage,
and heat production of SOFC through modeling. Additionally, the overall performance of
SOFC integrated system is compared with the anode and steam cycles. In conclusion, the
SOFC system with anode cycle has the higher electrical efficiency than SOFC system with
steam cycle [19]. Park proposed an integrated system model based on SOFC and oxyfuel
combustion technology. The system is improved from the hybrid system of supercharged
SOFC gas turbine, which can capture CO2 almost completely and maintain high efficiency.
The results show that the system efficiency of the integrated system is almost equivalent to
the simplified SOFC gas turbine system [20]. Based on the aforementioned literature, the
modeling research of SOFC hybrid energy system mainly focuses on the system efficiency,
discharge characteristics, and temperature characteristics, which has a very important
reference for the SOFC system mechanistic modeling in this paper.

However, the hybrid model mainly focuses on the response characteristics of inte-
grated system, which is different from the system working conditions identification. It
is necessary to increasingly focus on the subcomponents of SOFC system. Some scholars
have carried out modeling research on system control problems. This kind of model pays
significant attention to the subcomponents of the system. For example, Mueller built the
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SOFC system model, including SOFC stack, reformer, heat exchanger, afterburner, etc.
The influence of stack operating temperature and fuel utilization rate was analyzed. The
research shows that the average temperature of the stack can be effectively controlled
by adjusting the cathode air flow rate [21]. Jiang identified a TS model for the reformer
temperature after verifying the effectiveness of generalized predictive control algorithm
for the SOFC system [22]. Yang proposed a TS fuzzy model based on the improved model,
which can optimize the prediction model through training data [23,24]. Jiang selected the
combined adjustment variables of air excess ratio and hydrogen utilization rate based on
the SOFC system model with bypass valve with pure hydrogen. In addition, the author
analyzed the dynamic and steady-state performance of the system using the hierarchical
unconstrained map method, and determined the working range of the regulating variables
and its dynamic influence on the system thermoelectric characteristics parameters in the
dynamic switching process [25]. Zhang pointed out that there are many problems in the
process of load tracking, and the optimization of SOFC thermal safety and efficiency is dis-
cussed based on the mechanistic model [26]. Based on the system mechanistic model, Cao
revealed the influence of fuel utilization rate, air excess ratio, bypass opening, stack voltage
on the system steady-state performance, and the dynamic response of system efficiency,
stack inlet temperature, stack outlet temperature, and afterburner temperature [27]. The
aforementioned literature has an important useful guideline for the SOFC system working
mechanistic analysis, but the identification of system working conditions still needs to be
further explored.

However, there are few reports on the modeling of SOFC system working conditions.
In the existing reports, most of them focus on the coldbox components, such as blower. For
example, Wu built the blower fault model [28], and Polverino built the controller fault, air
leakage fault, and blower fault model to analyze the SOFC system performance [29–31],
which only changed the system’s external input and did not involve the change of thermo-
electric characteristics caused by the system’s internal fault. Table 1 presents the modeling
methods aforementioned and their promotion to this paper. Therefore, it is necessary to
model and analyze the working condition changes of SOFC system key components.

Table 1. Reference of different SOFC models.

Model Type Detailed Model References Function

SOFC stack model Thermoelectric model [8–12] Analysis of stack thermoelectric
characteristics and working conditions

System model Hybrid system model [13–20] Evaluation of system working conditions
Control system model [21–27]

System fault model Coldbox model [28–31] Evaluation of system fault conditions
Hotbox model -

In addition, the SOFC system fault is usually not sudden, but gradually evolves
through the changes of system multiple transition phases in long-term abnormal oper-
ation [32,33]. There are multiple modes in the operation of any equipment, and there
are also multiple modes in SOFC system. After introducing the concept of multimode,
the difference of mode refers to the difference of working conditions. When it changes
from one stable mode to another, it is often not achieved by direct switching. There is
a transition stage in the process of transition. However, this gradual transition stage is
often disregarded in the past research, which leads to the one sidedness of the research.
Previous studies show that although the study of transition mode is often disregarded, it is
a common and important phenomenon [34]. Therefore, this paper proposes a multimode
SOFC system modeling method, which is mainly based on the energy conservation, mass
conservation, Nernst voltage, and other mechanistic equations of each component. After
integrating the system model, a complete SOFC system model is formed. Based on the
built multimode mechanistic model of SOFC system, combined with the dynamic and
steady state analysis, it is proposed to find the specific components of the fault through
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the performance of the system, in order to provide qualitative guidance for the working
condition identification of SOFC system. The contributions of this paper are as follows:

• In the process of building the model, the multimode theory is introduced, which is
helpful for the observation of the dynamic response characteristics of the system under
different fault levels.

• In the process of fault modeling, the problems of stack performance degradation,
afterburner gas flow rate instability, heat exchanger rupture, and reformer performance
degradation are taken into account, which helps in deepening the understanding of
system dynamic response under different working conditions.

The paper is organized as follows: Section 2 presents the overall framework of SOFC
system and stack type. In Section 3, the SOFC system multimode modeling is completed
and the results are obtained by the simulation in Section 4. Finally, in Section 5, the
conclusions are presented.

2. Overall Framework of SOFC System
2.1. Composition of SOFC System

In the experiment, the research object is a kW class SOFC generation system experi-
mental platform for the distributed power supply. The system structure is the efficiency
optimization system structure obtained through calculation. The calculation is based on
the load demand change of distributed generation, as well as the fuel flow rate, air flow
rate, high temperature exhaust gas flow rate, steam to carbon ratio, and other parameters.
Following the design and calculation, the natural gas SOFC system architecture suitable for
the distributed generation is shown in Figure 1, and the SOFC system prototype is shown
in Figure 2. The kW class SOFC system also integrates a set of BOP system to provide an
external load. The auxiliary system is composed of reforming subsystem, hydrogen supply
subsystem, air supply system, and afterburner subsystem. The natural gas is injected into
the reformer through the pressure reducing valve. Hydrogen (H2) and carbon monoxide
(CO) are obtained by reforming deionized water and methane in the presence of Ru cata-
lyst. The fuel gas enters the anode of SOFC stack after passing through the CO flow heat
exchanger. The air enters the cathode of the stack through the convection heat exchanger
(exhaust air heat exchanger) and the CO flow heat exchanger (fuel air heat exchanger).

In addition, the exhaust gas from the stack anode still contains a certain proportion
of combustible materials. When it is mixed with the exhaust gas from the cathode, it will
burn in the afterburner and release more heat. This increases the afterburner temperature
and further utilizes or recovers the heat energy in the subsequent components. In addition,
it reduces the release of harmful gas (CO). When the exhaust gas from the afterburner is
released, it will balance with the normal temperature air in the convective heat exchanger
to preheat the normal temperature gas to the high temperature range (500–600 ◦C), which
can improve the operation efficiency of SOFC system. In addition, the reaction between the
SOFC stack and afterburner is exothermic, and the cooling water tank is used to absorb the
underutilized waste heat of the system to heat the normal temperature water to realize the
cogeneration, which is helpful for the further improvement of system efficiency.

Compared with the pure hydrogen SOFC system, the natural gas SOFC system needs
to be equipped with desulfurizer, deionized water tank, water pump, and water evaporator
(for mixing deionized water and natural gas, as well as high-temperature vaporization)
to complete the reform for producing hydrogen. In this system, the uniformity of flow
distribution is particularly important, but due to the variety of system components, the
natural gas SOFC system shows strong coupling, which is more likely to cause the uneven
system flow distribution, and affect the performance and lifetime of SOFC stack.

In Figure 2, the function of insulation cotton is to insulate the SOFC stack from the
external environment, in order to ensure that the stack is in a working environment with a
good insulation effect. In addition, to control the SOFC system temperature in a safe range,
the temperature controller of the system sets the upper limit of heat source temperature.
Specifically, the afterburner maximum temperature is not higher than 1200 ◦C.
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Figure 1. Architecture diagram of natural gas SOFC system.

Figure 2. Physical diagram of SOFC system.

2.2. The SOFC Stack Type

This system key component is a planar type SOFC stack of kW class, which is consistent
with the stack form of Yan [35]. The stack structure is shown in Figure 3. Specifically, the
SOFC stack is an anode supported cross flow stack in the form of an outer airway. The
anode support material of the cell is Ni–YSZ, and the thickness is 1 mm. In the process of
generation in SOFC stack, the internal of the stack generates steam, carbon dioxide, heat,
and electric energy through an electrochemical reaction.

Figure 3. Structure of SOFC stack: (a) Stack cross-flow structure; (b) SOFC stack; (c) SOFC single cell.

3. Multimode Modeling of SOFC System
3.1. System Multimode Divide Theory

In the initial stage, the working conditions of SOFC system are the same. The transition
period is gradually deepening with time. Until the transition stage, the dynamic characteris-
tics of the system are similar to the next mode. Notably, the system operating characteristics



Energies 2022, 15, 1804 6 of 19

during the transition period are not necessarily monotonous, but may fluctuate back and
forth, during which other exceptional phenomena are more likely to occur:

y1 = f1(x1, x2, . . . , xn, u)
y2 = f2(x1, x2, . . . , xn, u)

...
yn = fn(x1, x2, . . . , xn, u)

(1)

In Equation (1), x1, x2, . . . , xn are the state variables of the system, y is the output of the
system, u is the input, and f is the nonlinear relationship function between the input and
output. In the system, the difference of state variables x1, x2, . . . , xn can be used to divide
the multimode. As far as each system mode is concerned, there are some differences in its
state, which can be expressed by the system characteristic model F = { f1, f2, . . . , fn}.

Aiming at the multimode phenomenon of nonlinear system, it can be expressed in
the form of phase plane. Here, the phase plane method uses the state variables x1 and x2
to divide the modes. Let x1 = k, x2 = dk/dt, k is the deviation value. In the phase plane
shown in Figure 4, the division threshold value regarded as the state feature α and β is
divided into six pieces. The division is based on the interval of the system feature model F,
which is specifically expressed as:

f1, {−α < x1 < 0, x2 > −β};
f2, {0 < x1 < α, x2 < β};

f3, {−α < x1 < 0, x2 < −β};
f4, {0 < x1 < α, x2 > β};

f5, {x1 < −α};
f6, {x1 > α}

Figure 4. Multimode divide.

From the left figure in Figure 4, the state characteristics of f 1 and f 2 are ideal, which can
be regarded as a normal mode and classified as mode 1 (right figure in Figure 4), while the
state characteristics of f 3 and f 4 are poor in error and far from the center of the phase plane
diagram, which can be regarded as a transitional mode. Therefore, the state is classified as
mode 2 (right figure in Figure 4). In terms of modal differences, the state characteristics
of f 5 and f 6 are farthest from the center of the coordinate system. Therefore, they can be
regarded as fault modes and classified into mode 3 (Figure 4, right).

Moreover, there is a multimode division in SOFC system: When the system is in a
different operation mode, the transition trajectory is different, and the working time is
different. Due to the difference of stability under multimode conditions, if it cannot be
analyzed qualitatively, it will affect the discrimination of SOFC system operation state.
Therefore, it is necessary to model the SOFC system based on the mechanistic model and
observe the SOFC system response trend.



Energies 2022, 15, 1804 7 of 19

3.2. SOFC System Modeling

The SOFC system modeling in this section is based on the structure in Figure 1, which
includes the reformer, stack, heat exchanger and afterburner, blower and pipeline, etc.
Among them, the complex external factors and interference factors of the system itself are
not considered in the modeling process. Therefore, the following assumptions are taken
into consideration in the modeling process:

(1) In the process of gas supply, the lag phenomenon caused by the flowmeter, desulfur-
izer, and sensor is replaced by the first-order inertia delay link;

(2) Since the multimode modeling belongs to the SOFC system work level, it does not con-
sider the internal factors of the stack, but only considers its temperature characteristics
and electrical characteristics;

(3) The system monitoring elements, such as flowmeter, pressure sensor, and temperature
sensor are disregarded;

(4) Neglecting the temperature gradient distribution in each subsystem of the system;
(5) All of the gases are ideal;
(6) The system has good thermal insulation and no heat exchange with the external

environment;
(7) Each cell efficiency of SOFC stack is equal;
(8) The modeling method of strictly monotonic degradation with time is adopted for the

fault transition stage.

According to the aforementioned assumption, it can effectively reduce the difficulty of
SOFC system multimode modeling. At the same time, in order to observe the difference of
multimode changes, the fault degradation coefficient should be increased appropriately in
the fault mode modeling.

(1) SOFC stack model

The electric characteristic equation of SOFC is as follows:

Ustack = ncell ×Ucell = n×
(

E0 +
KTcell

2F
ln

(
PH2 P0.5

O2

PH2O

))
(2)

In Equation (2), cell is the number of cells, U is voltage (V), P is pressure (bar), F is
faraday constant, and K is general gas constant.

The energy conservation equation of SOFC is shown in Equations (3) and (4):

dTstack,out

dt
CstackVstackρstack =

.
Qstack,in −

.
Qstack,out − JAstackUstack (3)

.
Qstack,in(out) = ∑

i

.
Ni,in(out)hi,in(out)Tstack,in(out) (4)

where i = [H2O, H2, CH4, CO2, CO, N2, O2], C is the specific heat capacity (J/(kg ◦C)) V
is volume (m3), ρ is density (kg·m3),

.
N is flow rate (mol/s), T is temperature (◦C), h is

enthalpy (J/mol), and
.

Q is energy value (W).
In addition, the SOFC stack temperature is divided into five equal nodes based on the

direction of gas flow, and the node modeling is completed according to the reference.

(2) Reformer model

In the system studied in this paper, the reformer type is steam reforming, and the heat-
ing mode is the combustion chamber ignition combustion, not the exhaust gas combustion
chamber heating. Therefore, the combustion chamber temperature of the reformer is set at
650 ◦C. For the modeling of the reforming chamber, Equations (5) and (6) can be used:

Energy conservation equation:

∑
.

Qre f ormer,in =
dT
dt

Cre f ormerVre f ormerρre f ormer (5)
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The mass conservation equation is as follows:

d
.

Ni
dt

=
.

N
f uel
i,in +

.
N

steam
i,in −

.
N

f uel
i,out + ∑ Rre f ormer (6)

In Equations (5) and (6), R is the molar reaction rate. Using Ri =
.

NinXi,in, the reaction
rate of reformer is obtained. X is the mole fraction of component i, and the meanings of the
other parameters are consistent with Equations (3) and (4).

(3) Afterburner

For the afterburner, where there is a combustion reaction, the energy conservation
equation is mainly described by Equation (7):

∑
.

Qa f terburner,in =
dT
dt

Ca f terburnerVa f terburnerρa f terburner (7)

The mass conservation equation is as follows:

.
Na f terburner,out =

.
Na f terburner,in + ∑ Ra f terburner (8)

The meanings of the relevant parameters in Equations (7) and (8) are consistent with
Equations (3) and (4).

(4) Heat exchanger

For the heat exchanger, there is only the heat exchange and no material change.
Energy conservation equation:

∑
.

Q = UA∆T (9)

∆T = f ((Thot
in − Tcold

out ), (T
hot
out − Tcold

in )) (10)

In Equations (9) and (10), it is the area and the change of temperature.
The mass conservation equation is as follows:

.
N

hot
in =

.
N

hot
out (11)

.
N

cold
in =

.
N

cold
out (12)

Equations (11) and (12) reflect that the inlet and outlet gas flow rate of hot gas pipeline
in the heat exchanger is equal, and the inlet and outlet gas flow rate of normal temperature
gas pipeline is also equal.

The detailed modeling of the aforementioned subcomponents and other BOP compo-
nents are completed by referring to the relevant general mechanistic equations. In addition,
in order to deeply observe the evolution process of system performance, the system efficiency
index is introduced to investigate the operation state of SOFC system in various modes:

SE =
n×U × I

.
NCH4 × LHVCH4

× 100% (13)

where SE is the system efficiency considering only the electrical characteristics, n is the
number of cells, U is the voltage value, I is the current value of the system discharge,

.
NCH4

is the flow rate of the fuel used for hydrogen production and heat supply by reforming,
and LHVCH4 is the low calorific value of methane.
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3.3. Multimode Modeling of SOFC System

The normal state modeling method has been described as previously mentioned. This
section mainly introduces the modeling of SOFC system fault and transition states based
on the typical fault types and related transition states that may occur in each key unit of
the system.

(1) Rupture of heat exchanger

The fault is the air pipeline rupture in the heat exchanger, where the exhaust gas from
the afterburner exchanges heat with cold air at normal temperature. The main causes of
this fault are excessive air supply pressure and afterburner high temperature.

In order to simulate the fault, the mechanistic equation of releasing air at the hole
should be added to the heat exchanger model. Starting from the heat exchanger pipeline in
Figure 5, in this scheme, the gas flow rate participating in the heat exchange per unit time
is obtained by simulating the loss of gas flow rate. The relevant mechanistic equations are
shown in Equations (14) and (15):

.
N2,in =

.
N1,out −

.
NH (14)

.
NH =

.
N1,out(1−ω) (15)

where
.

NH is the air flow rate at the outlet of the hole. The gas flow rate known to leak can
be obtained by Equation (14) to obtain the air flow rate participating in the system.

Figure 5. Gas leakage of heat exchanger.

(2) Performance degradation of reformer

The performance degradation of the pre-reformer is a typical fault. This fault is mainly
caused by carbon deposition in the reformer. Specifically, carbon deposition affects the
reaction degree of fuel and deionized water under the action of catalyst, which changes the
production of CO and H2 per unit time. In order to simulate this fault, the area of reforming
reaction zone Are f is reduced according to Equation (16):

Are f ormer,m = Are f ormer(1− χ) (16)

where the coefficient χ is limited in the range of [0, 1], which is related to the fault degree.
In addition, the reformer fault will also affect the change of outlet fuel temperature.

(3) Imbalance of gas flow in afterburner

In the SOFC system, the imbalance of gas flow in the afterburner is usually caused
by the electrochemical reaction instability of the front-end components, rather than the
structural damage of the afterburner itself. This is due to the fact that in the SOFC system,
the system peak temperature is in the afterburner, and its temperature is stably distributed
in the hot areas of the system through the pipeline, heat exchanger, and other components,
supplemented by gas flow. Therefore, the afterburner has enough high temperature
resistance and stability when it does not exceed the limited ignition point of its material.
Most of the problems in the afterburner are caused by the change of the external input
gas properties, which affects the internal combustion characteristics. In order to simulate
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the gas flow imbalance in the afterburner, the change Equation (17) of gas flow rate in the
afterburner is used to express the fault:

.
Nburner,in =

.
N(1 + κ) (17)

where κ is the coefficient of variation in the range of [–1, 1], which reflects the increase or
decrease of the afterburner inlet gas flow rate. If κ is a positive value, it indicates that the
gas flow rate increases at the inlet of the afterburner, otherwise it decreases.

(4) Degradation of stack electrical characteristics

The increase of SOFC stack ohmic resistance will result in the decrease of stack voltage
under constant current. Therefore, according to Equation (18), the fault is introduced in the
stack voltage model:

Ustack,m = Ustack(1− ε) (18)

where ε is the coefficient varying in the range of [0, 1] and is related to the fault amplitude.

(5) Modeling of transition modes

Transition mode is the transition state between the normal and fault modes of SOFC
system. There is a process from quantitative change to qualitative change in the process of
mode change. Therefore, the modeling of transition mode is the same as the fault mode,
and only the degradation coefficient is modified. Table 2 shows the specific transition mode
degradation coefficient and fault mode degradation coefficient.

Table 2. Transition and fault mode degradation coefficient for SOFC system typical faults.

Fault Type Transition Mode Fault Mode

Rupture of heat exchanger 0.05 0.3
Performance degradation of reformer 0.05 0.3
Imbalance of gas flow in afterburner 0.3 0.5

Stack performance degradation 0.05 0.3

3.4. Model Verification

In order to verify the accuracy of modeling, the instruments shown in Table 3 are
used to detect the thermoelectric characteristics of the stack. The electronic load is used to
detect the SOFC system electrical parameters from the experiment, and the temperature is
measured by the platinum rhodium thermocouple.

Table 3. Instruments used for model validation.

Sensors Instrument Accuracy Rangeability

Temperature Pt–Rh Thermocouple 1 ◦C 0–1600 ◦C
Voltage Electronic load 0.001 V 0–500 V
Power Electronic load 0.001 W 0–2.4 kW

Current Electronic load 0.1 A 0–120 A

The experiments are used to test the stack modeling effect. The experimental con-
ditions are as follows: The choice of fuel and air flow rate is consistent with the model.
Before entering the stack, the fuel will be preheated in the electric furnace to be close to the
stack temperature. The air is preheated to approximately 600 ◦C. The currents measured
experimentally and calculated by the model are compared in Table 4. Evidently, when a
single cell voltage is 0.6 V higher than its safety voltage, the current matching is good. The
Iexp is the experimental voltage, and Imodel is the model voltage.
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Table 4. Experimental voltage and model voltage under different current conditions.

Voltage 0 V 0.4 V 0.6 V 0.8 V 1 V

Iexp 0 A 16 A 23 A 21 A 5 A
Imodel 0 A 17.7 A 23.2 A 21.3 A 5.1 A

In terms of temperature, the differences between the experiment and the model are
compared in Figure 6. It can be seen that the model and experimental results show a rising
trend of temperature from the cross-current stack inlet and outlet direction. In this way, it can
be proved that the experimental qualitative analysis can be carried out on the built model.

Figure 6. Model temperature verification of cross-flow SOFC stack: (a) Stack temperature sensor
location; (b) Temperature distribution of SOFC stack in experiment; (c) Temperature distribution of
SOFC stack in the model.

In addition, the temperature difference is due to the fact that the temperature is
measured by connecting the temperature sensor (thermocouple) with the SOFC stack outer
wall, in order to maintain the SOFC stack tightness. For the voltage, the wire loses a little
voltage, and thus the modeling error is reasonable. Therefore, the aforementioned model
can be used to qualitatively analyze the thermoelectric operation trend of the system.

4. Results and Discussion
4.1. Normal Mode Dynamic Analysis

Based on the aforementioned model description, the SOFC system model as shown
in Figure 7 is built according to Figure 1. Then, the system parameters are set which can
operate stably. In this case, the operation result is regarded as the normal working condition
of SOFC system. At the same time, in order to more significantly represent the dynamic
response characteristics of the system, a larger value is selected as the system operation
parameters, and the set specific parameters are shown in Table 5.

Based on the aforementioned parameters, the total running time of the model is set to
150,000 s. In addition, the main performance output results of SOFC system are obtained in
normal mode. The trend chart is shown in Figure 8. The stack temperature is subject to the
stack last node temperature.
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Figure 7. SOFC system model structure.

Table 5. SOFC system main parameters.

Stack Parameter Set Value Input Variables Set Value

Number of Cell 27 cells Single cell voltage 0.76 V
Cell width 0.15 m Steam to carbon ratio 2.8
Cell length 0.15 m Fuel supply pressure 3.5 Bar

PEN layer thickness 5 × 10−4 m Deionized water supply 0.02 mol/s
Effective reaction area 169 cm2 Heating temperature of reformer 650 ◦C

PEN specific heat capacity 0.5 kJ kg−1 K−1 State of bypass valve Off

Figure 8. SOFC system main performance parameters under normal condition.

In Figure 8, the system tends to be stable in normal mode after the initial stage of about
10,000 s. The afterburner temperature reaches 1100 ◦C (red line) after entering the steady
state, and the stack temperature reaches 897 ◦C (pink line) after entering the steady state.
For the convenience of observation in Figure 8, the actual value of current is magnified
10 times in the figure, and the actual current is about 60 A (green line). In addition, the
system efficiency in the figure is magnified 10 times, and the actual system efficiency is
about 48% (yellow line). Table 6 presents the temperature of five nodes of the SOFC stack,
and the differences are evidently in a reasonable range, meeting the safe requirement
temperature gradient.

After obtaining the normal operation results of SOFC system, in order to compare
the system response characteristics under the fault and transition modes, it is necessary to
introduce the transition and fault modes to observe the system performance change trend.
Therefore, the introducing time of transition mode is set to 50,000 s, and the introducing
time of fault mode is set to 100,000 s.
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Table 6. Temperature distribution of SOFC stack nodes in normal condition.

Temperature Node 1 Node 2 Node 3 Node 4 Node 5

Anode 888 893 896 892 897
PEN 889 894 897 892 897

Cathode 880 892 896 892 896
Interconnect 888 893 896 892 896

4.2. Rupture of Heat Exchanger

Substituting Equations (14) and (15) into the system model, and substituting the
degradation coefficient shown in Table 2, the transition and fault mode response curves of
the heat exchanger rupture are obtained as shown in Figure 9.

Figure 9. The performance curve of system mode change is caused by the heat exchanger fault.

Based on the results in Figure 9, when the system enters into a steady-state operation
in about 10,000 s, the afterburner temperature is stable at 1100 ◦C, and the stack temperature
is stable at 897 ◦C, when the stack operates at a constant voltage of 27 × 0.76 = 20.52 V, the
current is stable at 60.01 A, and the system efficiency is 48%. When the system runs to
50,000 s, the system enters the transition mode before the heat exchanger fault. Thereafter,
the afterburner temperature does not change evidently, while the temperature, the SOFC
stack discharge current, and the system efficiency decrease slightly. However, the system
immediately enters a new steady state after a short period of self-regulation. In the tran-
sition mode, the SOFC stack discharge current is about 59.6 A, which is only 0.4 A lower
than the normal state, while the system operation efficiency returns to the new steady state
rapidly after the sudden drop, and then the operation efficiency is stable at 47.7% in the
transition mode.

When the system runs to 100,000 s, the fault mode is introduced into the system, and
both the system efficiency and the stack discharge current are significantly reduced. After a
short adjustment, the system efficiency is reduced to 47.2% and the stack discharge current
is reduced to 59 A. According to Table 7, the stack temperature distribution in transition
and fault modes do not exceed the safety range.

The mode change of SOFC system caused by the heat exchanger fault has no significant
effect during the transition mode. However, the system efficiency and stack discharge
current are significantly reduced during the fault mode. For the temperature of the stack
and afterburner, the rupture of the heat exchanger only leads to the reduction of the air
flow rate in the system cathode pipeline, which can only show the slight decrease of
electrochemical reaction degree in the SOFC stack. Under the condition of constant fuel
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supply, the slight decrease of electrochemical reaction degree will only make the stack gas
contain more combustible substances. After these combustibles flow into the afterburner,
the combustion in the afterburner cannot be fully carried out due to the lack of air supply.
This is the reason that although the combustibles quality of afterburner has been improved,
the afterburner temperature has not changed.

Table 7. Temperature distribution of SOFC stack nodes due to the heat exchanger fault.

Temperature
Transition Mode of Heat Exchanger Fault Mode of Heat Exchanger

Node 1 Node 2 Node 3 Node 4 Node 5 Node 1 Node 2 Node 3 Node 4 Node 5

Anode 887 892 895 890 895 874 879 882 878 882
PEN 887 893 896 890 896 874 880 883 878 883

Cathode 878 891 895 891 895 863 878 882 878 882
Interconnect 886 892 895 891 895 873 879 882 878 882

In addition, although there is an exothermic reaction inside the stack, due to the lack
of air supply, the electrochemical reaction degree inside the stack is reduced and the heat
released inside the stack is reduced. At the same time, due to the rupture of the heat
exchanger, the ability of heat exchange between the high-temperature exhaust gas from
the afterburner and the cathode air is significantly reduced, which causes the lower air
temperature to flow into the stack cathode. Therefore, when the heat exchanger breaks, the
stack temperature decreases in varying degrees.

4.3. Reformer Performance Degradation

In order to obtain the key parameter curve of SOFC system performance change under
the reformer fault, Equation (16) is substituted into the system model, and the degradation
coefficient shown in Table 2 is substituted into the system model. The transition and fault
mode response curves of the obtained reformer performance degradation are shown in
Figure 10.

Figure 10. The performance parameter curve of system mode change caused by the reformer fault.

From the results in Figure 10, when the system enters the steady-state operation in
about 10,000 s, the key performance parameters are consistent with the situation when the
system is in normal mode before entering the transition mode. After a period of time, when
the system runs to 50,000 s, the afterburner temperature does not change significantly after
introducing the transition mode, while the SOFC stack temperature, discharge current,
and the system efficiency decrease slightly. Similarly, the system enters a new steady-state
operation after a short period of self-regulation. In the transition mode, the SOFC stack
discharge current is about 59.1 A, and then it rises to 59.6 A, which is only 1 A lower than
the normal mode. Moreover, the system efficiency rises to a new steady state after a sudden
drop, and the system efficiency has been stable at 47.6% in the transition mode.

When the system runs to 100,000 s, the fault mode is introduced into the system, and
both the system efficiency and the stack discharge current are significantly reduced. After a
short adjustment, the system efficiency is reduced to 44.7% and the stack discharge current
is reduced to 55.9 A, which is 3.2 A lower than the transition mode. The temperature
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distribution of SOFC stack nodes is shown in Table 8, in which the temperature gradient of
SOFC stack meets thermal safety requirements.

Table 8. Temperature distribution of SOFC stack nodes due to the reformer fault.

Temperature
Transition Mode of Reformer Fault Mode of Reformer

Node 1 Node 2 Node 3 Node 4 Node 5 Node 1 Node 2 Node 3 Node 4 Node 5

Anode 888 892 895 890 895 886 887 888 883 887
PEN 888 893 896 890 896 886 888 889 883 887

Cathode 880 891 895 891 895 879 887 888 884 887
Interconnect 887 892 895 891 895 885 887 888 883 887

The mode change of SOFC system caused by the reformer fault has a significant impact
on the system efficiency, stack temperature, and stack discharge current in transition, and
the impact is further deepened during the fault mode. The stack temperature, discharge
current, and system efficiency are significantly reduced in Figure 10. For the stack and
afterburner temperature, the reformer fault only leads to a slight decrease of reformed
fuel composition and temperature (since the reforming reaction is endothermic), and
more methane will enter the stack. It will cause a small amount of carbon deposition
in the reformer, pipeline or stack, resulting in the reduction of electrochemical reaction
degree, which increases fuel in the afterburner. Due to the fact that when the fuel remains
unchanged, one part of the fuel is lost due to carbon deposition and the other part is
consumed by an electrochemical reaction, this reduces the heat of the afterburner and the
heat released by the stack. Although combustible materials increase in the afterburner, the
trace amount of combustible materials is not enough to increase the afterburner temperature,
which is the reason that the afterburner temperature has not changed significantly.

In addition, although the exothermic reaction takes place inside the stack, the fuel re-
duction decreases the electrochemical reaction degree, which also reduces the heat released
inside the stack. At the same time, sufficient supply of cathode air generates lower heat in
the stack, and the stack temperature is reduced. From the stack temperature distribution
data shown in Table 8, when the reformer performance degrades, each node temperature
of SOFC stack decreases compared with the normal mode.

4.4. Gas Flow Imbalance in Afterburner

In order to observe the SOFC system fault performance caused by the gas flow im-
balance in the afterburner, Equation (17) is substituted into the system model, and the
degradation coefficient of Table 2 is substituted into the system model. The transition and
fault mode response curves of afterburner gas flow imbalance are shown in Figure 11.

Figure 11. The system performance parameter curve caused by the imbalance of afterburner inlet air flow.
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In Figure 10, when the system enters a steady-state operation in about 10,000 s, the
key performance parameters are consistent with the global normal mode before the system
enters the transition mode. After a period of time, when the system runs to 50,000 s, the
afterburner and SOFC stack temperature do not change significantly (the temperature
change is about 3 ◦C), the SOFC stack discharge current and the system efficiency only
slightly increase after the air flow rate increases, and the system efficiency increases from
48% to about 48.35%, which can be ignored. In transition mode, the SOFC stack discharge
current is about 60.4 A, which is only 0.3 A higher than the normal mode. However, the
system efficiency quickly rises to a new steady state, and the system efficiency is stable at
48.35% in the transition mode.

When the system runs to 100,000 s, the gas flow imbalance fault mode of the after-
burner is introduced into the system. Both the system efficiency and the stack discharge
current are consistent with the transition mode. After a small increase, the system remains
stable. The current is stable at about 62 A, and the system efficiency is about 49.6%. There
is almost no change in the stack and afterburner temperature. In the two modes, the SOFC
stack node temperature distribution is shown in Table 9. The imbalance of afterburner air
flow does not lead to a significant increase in the stack node temperature. Therefore, the
stack temperature gradient is in a safe range.

Table 9. Temperature distribution of SOFC stack nodes caused by the afterburner gas imbalance.

Temperature
Transition Mode of Afterburner Gas Flow Imbalance Fault Mode of Afterburner Gas Flow Imbalance

Node 1 Node 2 Node 3 Node 4 Node 5 Node 1 Node 2 Node 3 Node 4 Node 5

Anode 891 896 899 894 899 900 899 899 895 899
PEN 891 896 899 894 900 900 900 900 895 900

Cathode 883 894 898 895 899 892 899 900 896 899
Interconnect 890 896 898 894 899 899 899 899 896 899

The system mode caused by the afterburner imbalance fault has no significant effect
during the transition and fault modes, but only has a small increase in system efficiency
and stack discharge current. For the temperature of stack and afterburner, the influence is
very small and can be disregarded. The main reason is that the afterburner has enough high
temperature resistance, which is not enough to make the system component temperature
change significantly.

4.5. Performance Degradation of SOFC Stack

In order to obtain the key parameter curve of SOFC system performance change
under the SOFC stack performance degradation fault, Equation (18) is substituted into
the system model, and the degradation coefficient shown in Table 2 is substituted into the
system model. The transition and fault mode response curves of SOFC stack performance
degradation are shown in Figure 12.

In Figure 12, when the system enters the steady-state operation in about 10,000 s,
the key performance parameters are consistent with the normal mode before entering the
transition mode. After a period of time, when the system runs to 50,000 s, the temperature
of afterburner and SOFC stack does not change significantly (the temperature change is
less than 0.1 ◦C) after introducing the transition mode of stack electrical characteristics
degradation. While the SOFC stack discharge current and the system efficiency have a
large degree of sudden drop, and the SOFC stack operates with a new steady state after
the sudden drop. In the transition mode, the SOFC stack discharge current is about 57 A,
which is only 3 A lower than the normal state. In addition, the system efficiency reaches a
new steady state rapidly, and the system efficiency is stabled at 46% in transition mode.

When the system runs to 100,000 s, the stack fault mode is introduced into the system.
Both the system efficiency and the stack discharge current decrease significantly, the system
efficiency quickly stabilizes to 30%, and the discharge current decreases to 37.6 A and
remains stable. In the two modes, the SOFC stack node temperature distribution is shown
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in Table 10. The stack performance degradation leads to the large fluctuation of stack node
temperature, which is dangerous for the SOFC stack temperature safety. Therefore, the
stack temperature gradient has a significant potential safety hazard.

Figure 12. The performance parameter curve of system mode change caused by SOFC stack fault.

Table 10. Temperature distribution of stack nodes due to SOFC stack performance degradation.

Temperature
Transition Mode of Stack Performance Degradation Fault Mode of Stack Performance Degradation

Node 1 Node 2 Node 3 Node 4 Node 5 Node 1 Node 2 Node 3 Node 4 Node 5

Anode 903 899 899 895 899 923 893 899 896 899
PEN 900 900 900 895 900 900 893 900 896 900

Cathode 886 898 899 896 899 847 887 898 896 899
Interconnect 900 899 899 895 899 900 892 899 896 899

The mode change of SOFC system caused by the stack fault has a significant impact
on the stack temperature distribution, discharge current, and system efficiency. For the
temperature of stack and afterburner, the stack electrical characteristics decrease the electro-
chemical reaction ability and stack temperature (the decrease is negligible since the decrease
is less than 0.1 ◦C). Under constant fuel supply, there will only be more combustible materi-
als flowing out of the stack. After these combustible materials flow into the afterburner,
since the combustible materials are not large enough, the afterburner temperature cannot
be effectively improved after full combustion. This causes the combustible materials in the
afterburner to increase, but the afterburner temperature does not increase.

In addition, although there is an exothermic reaction inside the stack, the stack internal
loss leads to the decrease of the electrochemical reaction degree, and the decrease of the
heat released inside the stack, which is one of the reasons for the stack temperature to
drop slightly. According to Table 10, the temperature of some stack nodes has increased,
which is due to the stack internal structure changes. In Figure 12, the sudden drop of stack
discharge current indicates that the SOFC stack fault cannot meet the discharge demand,
which indirectly indicates the rationality of stack temperature drop.

5. Conclusions

The multimode model of SOFC system built in this paper qualitatively analyzes the
thermoelectric characteristics of four typical fault working conditions. Based on the as-
sumption of different typical fault modes, the fault modes of stack electrical characteristic
degradation, reformer carbon deposition, afterburner gas flow imbalance, and heat ex-
changer rupture are defined and modeled. After the experimentally verified model runs
for 50,000 s, the transition mode of system fault is introduced, and the fault mode is in-
troduced after 100,000 s. The results show that the temperature characteristics of the four
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faults do not change very significantly from normal mode to fault mode, but the electrical
characteristics (stack current and system efficiency) change most significantly. In particular,
the system performance degrades evidently after the performance degradation of the stack.
The impact of reformer and heat exchanger fault is relatively weak.

Although this paper uses the mechanistic model to study the multimode switching
of SOFC system from a qualitative point of view, in order to more accurately reflect the
relationship between the fault and input/output signals, the next step is to study the
quantitative relationship of system multimode by combining data-driven experiments.
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