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A mathematical model is an important tool for analysis and design of fuel cell stacks and
systems. In general, the complete description of fuel cells requires an electrochemical
model to predict their electrical characteristics, i.e., cell voltage and current density.
However, obtaining the electrochemical model is quite a difficult and complicated task as it
involves various operational, structural and electrochemical reaction parameters. In this
study, a neural network model was first proposed to predict the electrochemical charac-
teristics of solid oxide fuel cell (SOFC). Various NN structures were trained based on the
back-propagation feed-forward approach. The results showed that the NN with optimal
structure reliably provides a good estimation of fuel cell electrical characteristics. Then,
a neural network hybrid model of a direct internal reforming SOFC, combining mass
conservation equations with the NN model, was developed to determine the distributions
of gaseous components in fuel and air channels of SOFC as well as the performance of the
SOFC in terms of power density and fuel cell efficiency. The effects of various key
parameters, e.g., temperature, pressure, steam to carbon ratio, degree of pre-reforming,
and inlet fuel flow rate on the SOFC performance under steady-state and isothermal
conditions were also investigated. A combination of the first principle model and NN
presents a significant advantage of predicting the SOFC performance with accuracy and
less computational time.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

temperature operation of SOFC allows the endothermic steam
reforming of fuel for hydrogen production to be carried out

A solid oxide fuel cell (SOFC) is considered a promising energy-
conversion device for power generation. The flexibility to use
various choices of fuel types (e.g., methane, methanol,
ethanol, etc.) and the prospect for heat and power combined
system are the main benefits of SOFC [1,2]. Moreover, a high

within the SOFC stack, which is referred to as an internal
reforming SOFC (IR-SOFC). In IR-SOFC operation, the heat
generated from an electrochemical reaction can internally
supply to the endothermic steam reforming reaction, result-
ing in a higher energy efficiency of the SOFC system [3,4].
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However, it is known that the operation of SOFC at high
temperatures requires durable materials for cell components
and thus, the high-cost SOFC fabrication is inevitable.
Recently, a number of studies have been focused on
intermediate-temperature SOFCs (IT-SOFCs) operating
between 823 and 1073 K, which allows for a wider range of
materials, more cost-effective fabrication, longer cell life, and
shorter start-up period [4—8].

During the last several decades, many researchers have
developed mathematical models of SOFCs in order to examine
mass, heat and electrochemical processes occurred within the
fuel cell stack, leading to a further improvement of fuel cell
performance [4,8—12]. In general, SOFC models are governed
by conservation equations and electrochemical model. The
electrochemical model describing the mechanism of fuel
conversion to electrical power plays an important role in
analyzing the performance of SOFC by correlating current
density with cell voltage and voltage losses found in fuel cells
[13—16]. However, acquiring such a model is not an easy task
as it involves complicated reaction and mass transport
processes coupled with electrical characteristics of fuel cells.
Furthermore, the electrochemical relation are dependent of
the operation conditions, e.g., temperature, pressure, and fuel

and air compositions, and fuel cell physical properties, e.g.,
macro/micro-structures of electrodes and electrolyte, which
include porosity, tortuosity, thickness of cell components and
ionic and electronic conductivities. These parameters require
specific knowledge and are difficult to be determined or can be
even estimated but with less accuracy [16,17]. Due to the
complexity of the electrochemical models of fuel cells, many
previous studies have attempted to establish attractive alter-
native fuel cell models based on input—output relations to
analyze fuel cell performance [18—25].

Neural network (NN) is regarded as one of the most effec-
tive techniques to be used for modeling complex processes. It
can approximate a nonlinear relationship between input and
output variables without the requirement of explicit mathe-
matical representations. By using NN, it is unnecessary to
have any prior knowledge about the relationships that exist
among the states of the process [26]. Although a NN approach
can be applied to explain the SOFC stack or the whole process
of SOFCs [23—25], a hybrid model constructed from a basic first
principle model coupled with a NN model should be consid-
ered since it can be used to describe some physical and
chemical processes within the SOFC. It was reported that the
combination of the first principle model with NN can provide
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Fig. 1 — Computational algorithm for simulation of SOFC.
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a good accuracy of process modeling with less computational
time [27-30].

In this work, a NN hybrid model is developed to analyze
a steady-state behavior of the SOFC operated under direct
internal reforming. In such a modeling approach, NN is
applied to learn the electrical characteristics of the SOFC. Due
to the limited availability of experimental data over a wide
range of operating conditions, the simulated data obtained
from simulations of an electrochemical model are used for
training the NN in this study. The training data has the
following input parameters: operating temperature, mole
fractions of H, and H,0, and cell voltage, whereas the current
density is considered as an output parameter. The reliability
of the NN model is examined by comparing its prediction with
the data obtained from the detailed electrochemical model.
The developed NN model is incorporated with mass conser-
vation models to describe the distribution of gaseous
components in fuel and air channels of SOFC. The NN hybrid
model is then employed to analysis the performance of SOFC
with respect to various key operating parameters.

2. Neural network hybrid model of internal
reforming SOFC

In general, the SOFC model at isothermal condition consists
of mass conservation equations that describe changes in
gaseous compositions along the fuel cell channels and an
electrochemical model that relates the fuel and air compo-
sitions to fuel cell voltage, current density, and all
electrochemical-related variables. Fig. 1 presents a flow
diagram of numerical algorithm for steady-state simulation
of SOFC. The model input parameters are cell geometries,
operating conditions, and inlet fuel and air compositions,
whereas the material property data are further required for
the electrochemical model. The mass balance equations are
used to determine the axial distribution of gas compositions
along the fuel and air channels. Due to the variation in gas
compositions, the current density generated inside the SOFC,
which is computed from the electrochemical model, is also
varied with the flow direction. When the distribution of
current density is known, the average current density
generated can be computed and therefore, the performance
of SOFC in terms of power density, fuel cell efficiency, and
fuel utilization, can be determined as the cell voltage is
given. As seen in Fig. 1, there are large numbers of important
parameters for solving the current density. These include cell
component thickness and material properties (i.e., electrode/
electrolyte  conductivities, electrode exchange-current
densities) which are difficult to be accurately determined.

In this work, the NN hybrid model of SOFC is proposed
and its structure is shown in Fig. 2. The NN hybrid model of
SOFC combines the first principle model with the NN. The
SOFC system model is described by a set of mass balance
equations and the electrochemical model is represented by
the NN. The NN model is used to learn the relationship
between certain input and output data. The input data are
operating temperature (T ), mole fractions of H, and H,O
( YH2, YH20), and cell voltage (V), whereas the current density
(i) is the output data. When the NN is implemented via
a hybrid modeling approach, it can estimate the current
density that is employed to compute the variation of gas
composition along the cell length of SOFC through solving
mass balance equations. As seen in Fig. 2, the input model
parameters used in this work are cell dimension and oper-
ating conditions.

2.1. Mass balance equations of SOFC
Considering the SOFC operated with direct internal reforming
of methane, there are five chemical reactions taking place
within an SOFC stack:

Fuel channel:

CO + Hzo « H2 + C02 (2)
H, 4+ 0%~ — Hy,0 +2e~ 3)

Air channel:

1/20, +2e~ — 0>~ 4)
Overall electrochemical reaction:

H, + 1/20, — H,0 )

A mathematical model of an anode-supported planar SOFC
with direct internal reforming operation (DIR) presented in
this study was developed based on the following assumptions:
(1) steady-state operation, (2) one-dimensional variation of
parameters in x-direction, (3) uniform temperature and total
pressure over the model geometry, and (4) constant cell
voltage along the cell coordinate. By performing mass
balances, the differential equations describing the change of
component concentrations in fuel and air channels along the
axial direction can be written as follows:
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Fig. 2 — Structure of a neural network hybrid model.
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Fuel channel (i = CHg, H,0, CO, H,, and CO,):

dci; 1 1
d—xf:— > niRy ©6)

U je ()50 f

Air channel (i = O,, and N):

dC, 1 1
ax :Iyi’<5)R<5)E ?)

where C; is the molar concentration of component i (molm3),
vi;is the stoichiometric coefficient of component i in reaction j
and R; is the rate of reaction j (molm™ s™%). u¢ and u, are the
fuel and air velocities (ms™%), respectively. h; and h, are the
height of fuel and air channels (m), respectively.

The rate expressions for the methane steam reforming,
water gas shift and the electrochemical reactions are shown

as follows [31,32]:

Ry = kopcn, exp <—£—;~> (@)
R(z) = kwasr (pcopl-[zo - %) (9)
eq
i
Rs =Rw =R =57 (10)
where ko is the pre-exponential constant

(=4274mol s™* m™2 bar ™! and E, is the activation energy
(=82 kJ mol ™) for steam reforming reaction, respectively [31],
kwasr is the pre-exponential factor (molm™>Pa~?s™") and Keq
is the equilibrium constant for water gas shift reaction as
follows:

103,191
\ , 1000
Keq= exp( —0.2935Z°+0.6351Z +4.1788Z+0.3169) ,Z :m—
(12)

2.2. Electrochemical model

An electrochemical model is used to predict the local cell
voltage, current density, and fuel cell performance-related
variables, i.e., power density, fuel and air utilizations, and
fuel cell efficiency. The theoretical voltage, referred to the
open-circuit voltage (E°<Y), is the maximum voltage that
can be achieved from the SOFC under constant operating
conditions. It can be determined by the Nernst equation.
However, in real operation, the operating cell voltage at
a closed-circuit condition is always lower than E°“V due to
the occurrence of various voltage losses. There are three
main voltage losses taking place in the fuel cell: (1) acti-
vation loss (nact) Which is a voltage loss associated with the
electrochemical reactions at the electrode surfaces, (2)
ohmic loss (nonm) Which is a voltage loss caused by the
resistance to the flow of ions in electrolyte and to the flow
of electrons through electrically conductive fuel cell
components, and (3) concentration loss which is voltage
losses due to the transport of gaseous through the porous
electrodes.

Considering the detailed electrochemical model, theses
various voltage losses are strongly influenced by different
parameters which include the operating conditions (i.e.,
temperature, pressure and fuel and air composition) and the
physical properties of the fuel cell (i.e., porosity, tortuosity,
electronic conductivity and thickness of the electrodes, ionic
conductivity and thickness of the electrolyte). Accordingly,
the equations for describing activation, ohmic and concen-
tration losses have been differently proposed [13—17]. The
electrochemical model of SOFC used in this study is summa-
rized in Table 1.

2.3. Neural network for prediction of electrochemical
characteristics

In this work, a multilayer feed-forward NN which represents
a special form of a connectionist model that performs
mapping from an input space to an output space is applied to
predict the current density generated by an SOFC. For optimal
design of the NN, the data for training the NN are divided into
three different sets: training, validation and testing data sets.
Itis emphasized here that in general, the experimental data of
SOFC are used for NN training; however, with their limited
availability for various operating conditions, the simulated
data obtained from numerical simulations using a detailed
electrochemical model as mentioned in Section 2.2 (Egs.
(13)—(21)) are assumed to be used instead. Although various

Table 1 — Electrochemical model of SOFC.

Open-circuit voltage (E°Y):
poov _ o 4 KTy (PcP; (13)
2F szO

Operating voltage (V):
V=E"— (Mohm + Mact + Meonc) (14)

Activation overpotential (nact):

.. anF
1 =lg electrode | €XP RT NAct electrode

15
(1 - a)nF (15)
—exp| — T"Act,electmde
. RT. E
1o electrode = Ekelectrodeexp< - %) (16)
Ohmic 10ss (7ohm):
. Ti . [ Tanode , Telectrolyte , Tcathode
=1 — ) =1 aF aF 17
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Table 2 — Parameters used in the electrochemical model
of SOFC [10].

Tanode 500 pm kanode 6.54 x 1011 Q’l 1'n’2
Tcathode 50 pm Reathode 235 x 10 Q1 m2
Telectrolyte 20 pm Eanode 140 kJ mol 1

Tanode 80 x 103 Q'm™ Ecathode 137 kJ 1'1'10171
Ocathode 8.4 x 103 971 m71 Deff.anode 3.66 x 1075 m2 571
Telectrolyte 33.4 x 10° €xp Deff cathode ~ 1.37 X 10°m? st

(~10300/T) @ *m™*

SOFC models have been proposed to predict the electrical
characteristics of SOFC, they require many kinetic parame-
ters. Even these parameters can be determined or estimated
from experimental data, they are likely to have substantial
errors. In the future, the experimental SOFC data covered
a wide range of operating conditions are expected to be used
for NN training.

Table 2 shows the values of parameters used in the SOFC
electrochemical model. To generate the data sets, the main
operational variables of a fuel cell, i.e., operating tempera-
tures, mole fractions of H, and H,0, and operating cell voltage
are varied in the range of 873—-1273K, 0.1-0.9, and 0-1.1V,
respectively, and the values of the corresponding current
density are recorded as the output. Itis assumed that the mole
fraction of O, at the air channel is kept constant as a high air-
to-fuel ratio is employed under the nominal operation of fuel
cells. All the data obtained are then normalized by Z-score
standardization for achieving a good performance of the NN
model. Levenberg—Marquardt back-propagation algorithm
with the early stopping mechanism is used to train the
multilayer feed-forward NN [33,34]. To optimize the network
structure, the number of hidden layers and neurons are
altered during the training process. A mean square error (MSE)
is used as a criterion for the NN selection and also for the
stopping of weights and biases adjustment. The training
process is finished when the network provided a satisfied
error (MSE<1 x 107%).

Temperature (7) =

Mole fraction of Hy =

Mole fraction of HyO ==

Cell voltage (V) ——»

Input 1* Hidden

Layer Layer

2™ Hidden

3. Results and discussions

This section is divided in two subsections: Section 3.1 pres-
ents the optimal structure of the NN model obtained from
methodology proposed in Section 2.3. The performance
analysis of an anode-supported planar SOFC-DIR is per-
formed by using the NN hybrid model of SOFC and explained
in Section 3.2.

3.1. Neural network structure

An optimal structure of NN model that gives the minimum
value of the MSE is considered to be an appropriate NN model.
From simulation results, it is found that the optimum archi-
tecture of the NN model for prediction of the fuel cell current
density consists of four layers; one input, two hidden and one
output layers, as shown in Fig. 3. As seen in Fig. 3, the input
layer consists of four nodes which are the operating temper-
ature, the mole fractions of H, and H,O, and cell voltage,
respectively. The two hidden layers are composed of seven
and four nodes with the log-sigmoid transfer function,
whereas the output layer consists of one output node with
a linear transfer function to predict the current density
produced by SOFC.

To evaluate the performance characteristics of SOFC ob-
tained from NN model, the predictions of current density
based on the use of the NN model at different cell voltages and
temperatures are compared with the actual values obtained
from the detailed electrochemical model of SOFC. It can be
seen from Fig. 4 that the NN model provides an accurate
prediction of the current density (R? 99.985%). It is noted that
the cell performance decreases drastically with decreasing the
operating temperature. This is mainly caused by an increase
in both the ohmic and the activation losses. The effect of the
concentration loss is highly pronounced at a high operating
temperature. Moreover, this simulation results are consistent
with other literatures [14,15,35].

== Current density (/)

Output

Layer Layer

Fig. 3 — Optimal structure of a neural network model.
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Fig. 4 — Comparison of SOFC electrical characteristics obtained from NN model and electrochemical model.

3.2 Steady-state SOFC performance

In this section, the performance of an anode-supported SOFC
fed by methane under direct internal reforming and
isothermal conditions is investigated based on the developed
NN hybrid model. Table 3 summarizes the values of model
input: cell dimensions and operating conditions used in this
work. The inlet fuel composition given in Table 3 is based on
the synthesis gas derived from a gas mixture of steam and
methane at a ratio of 2 after 10% pre-reforming whereas air
consisting of 21% O,, 79% N, is used as an oxidant. When the
NN model is applied to replace the electrochemical model and
integrated with mass balance equations, the model equations
of SOFC consist of a set of ordinary differential (Egs. (6) and (7))
and algebraic equations (Egs. (8)—(12)). The mass balances can
determine the gas composition distribution of each compo-
nent in the gas channels. Due to the variation in gas compo-
sitions along the fuel and air channels, the local current
density changes with the distance and can be estimated by

Table 3 — Model parameters used in the performance
analysis of an anode-supported SOFC-DIR.

Parameters Value

Operating conditions

Operating temperature, T 750°C
Operating pressure, P 1.0 atm
Inlet molar flow rate of fuel, F¢ 0.0015s~*
Inlet molar flow rate of air, F, 0.015s7*

21% O,, 79% N,
28.1% CHy, 56.7% H,0,
0.5% CO, 12% H,, and 2.7% CO,

Air composition

Fuel composition
(steam/carbon 2, 10%
pre-reforming)

Dimensions of cell element

Cell length, L 04m
Cell width, W 0.1m
Fuel channel height, h¢ 1mm
Air channel height, h, 1mm

the NN model. The average current density (i.ve) Obtained is
calculated by integration of the current density distribution
along the whole length of the cell channel. The steady-state
performance in terms of power density (Psorc), fuel cell effi-
ciency (esorc) and fuel utilization (Ug,e1) can be determined as
follows:

Psorc = laveV (22)
£50FC = — lave VLW % 100%  (23)
(v, LH Ve, + yif, LV, + i3, LHVco ) Fy
iaveLW
Utuel = (24)

2F (488, + Y, +Yi% )Fa

where L and W are the length and width of cell, y&, , yi and
y&oare the mole fractions of methane, hydrogen and carbon
monoxide at the inlet of fuel cell, LHV¢y,, LHVy,and LHV¢o
are the lower heating values of methane, hydrogen and
carbon monoxide, respectively.
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[
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Cell voltage (V)

Fig. 5 — Performance characteristics of an anode-supported
SOFC at different cell voltages.
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Table 4 — Electrical characteristics of SOFC under the standard condition.

Cell voltage (V) Average current Power density Fuel cell Fuel
density (A cm?) (Wem2) efficiency (%) utilization (%)
0.54 0.8793 0.4748 49.52 97.23
0.56 0.8569 0.4799 50.04 94.75
0.58 0.8296 0.4811 50.17 91.72
0.60 0.7982 0.4789 49.94 88.25
0.62 0.7641 0.4738 49.40 84.49
0.64 0.7284 0.4662 48.61 80.54
0.66 0.6919 0.4566 47.62 76.50
0.68 0.6551 0.4454 46.45 72.43
0.70 0.6184 0.4329 45.14 68.37
0.72 0.5821 0.4191 43.70 64.36
0.74 0.5462 0.4042 42.15 60.40

Before simulations of an anode-supported planar SOFC-
DIR are performed, its current-voltage characteristics are
investigated to find a suitable operation condition. The
current density and power density as a function of cell voltage
in range of 0.54—0.74 V is presented in Fig. 5. Table 4 shows the
values of average current density, power density, fuel cell

+CH4 —— HEO ————CQ e H2 . CO2 -t O2 S N2
aio

o
%

o
=

%

o
~

. |
= e g g -
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Fig. 6 — Distributions of mole fraction of gaseous
components in fuel cell channels (a) and current density (b)
along the fuel cell length.

efficiency and fuel utilization. From the simulation results, it
is found that an anode-supported SOFC can produce the
maximum power density of 0.48 W cm 2 when the operating
cell voltage is 0.58 V. However, at this condition, the fuel
utilization is quite high (90%). In this study, the fuel cell
operated at the cell voltage of 0.64 V is considered a suitable
value as it shows a good compromise on power density and
fuel utilization.

Under a standard condition, when the cell voltage of 0.64 V
is specified, the distributions of gas composition in the fuel
and air channels and the current density can be determined as
presented in Fig. 6. Since high inlet CH, content and fast
reaction rate of steam reforming result in the consumption of
CH, and H,0 and the production of H, and CO at the entrance
of the SOFC, as shown in Fig. 6a. When CH, is completely
consumed, the electrochemical reactions become important
and thus, H, and O, are more consumed while H,0O is more
produced. At the exit of the fuel cell channel, the fuel stream
consists of 0.10%CH,, 68.9%H,0, 3.9%CO, 11.1%H, and 16.0%
CO,, whereas the oxidant stream consists of 16.8%0, and
83.2%N,. Fig. 6b demonstrates the current density distribution
along the fuel cell length. It can be seen that the current
density sharply increases at the inlet and continuously

>,

e
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Fig. 7 — Effect of operating temperature on power density
and fuel cell efficiency.
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decreases toward the fuel cell outlet. The average current
density is 0.728 A cm 2. As a result, a power density of
0.466 W cm 2, fuel cell efficiency of 58.61% and fuel utilization
of 80.54% are achieved.

Furthermore, the effects of operating conditions such as
temperature, pressure, steam to carbon molar ratio, degree of
pre-reforming and inlet fuel molar flow rate, on SOFC
performance are analysed under steady-state and isothermal
operations. Fig. 7 presents the power density and fuel cell
efficiency of the anode-supported SOFC as a function of
operating temperatures varied from 923 to 1023K. As ex-
pected, the SOFC performance can be improved when the
operating temperature increases. An increase in the fuel cell
temperatures causes high electrochemical reaction and the
consumption of fuel. Since current density is more generated,
the power density and fuel cell efficiency are enhanced. In
addition, the operating temperature has strongly impact on
the individual voltage losses as reported in the literatures
[14,15]. It was also found that increasing the operating
temperature causes a decrease in voltage losses, particularly
the ohmic and activation losses.

Fig. 8 shows the power density and fuel cell efficiency as
a function of operating pressures. The simulation results ob-
tained from the NN hybrid model demonstrate that an
increase in pressure from 0.5 to 3 atm can improve both the
power density and fuel cell efficiency. At higher operating
pressure, the partial pressure of H, in the fuel channel and O,
in the air channel increases and therefore higher current
density can be achieved. Besides the influence of partial
pressure of reactant, the SOFC performance generally
increases due to the fact that H, and O, can easily diffuse into
the reaction site at the electrode—electrolyte interface under
high pressure operation, which in turn decreases the
concentration loss [15].

Fuel composition is one of the key parameters that has
influence on the SOFC performance and needs to be consid-
ered. The effect of the steam/carbon molar ratio on the power
density and fuel cell efficiency of the anode-supported SOFC is
shown in Fig. 9. The steam/carbon ratio of feed stream to

0.50
0.48
B <
0.46 5
g 5
z k2
g
= =
5 044 8
z 3
o =
~ =
0.42 v 146
/ Cell voltage = 0.64 V, Temperature = 750 C,
/ Steam/Carbon = 2, 10% pre-reforming
¢ Inlet fuel molar flow rate = 0.0015 mol/s
0.40 - - - - 44
0.5 1.0 1.5 2.0 2.5 3.0

Pressure (atm)

Fig. 8 — Effect of operating pressure on power density and
fuel cell efficiency.
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Fig. 9 — Effect of steam/carbon ratio on power density and
fuel cell efficiency.

a pre-reformer is varied from 2 to 3. It means that the fuel
stream to the SOFC has less fraction of H, but higher fraction
of H,0. This leads to the decreased rate of the electrochemical
reaction, resulting in the reduction of current density and
thus, the power density is also reduced. However, the fuel cell
efficiency shows an opposite trend. This is because the
increased steam/carbon ratio decreases the total fuel molar
flow rate at the SOFC inlet used to produce current. Never-
theless, the reduction of the inlet fuel flow rate is lower,
compared with the generation of current density and thus, the
fuel cell efficiency is enhanced.

The effect of the degree of pre-reforming of CH, on power
density and fuel cell efficiency is investigated, as demon-
strated in Fig. 10. The degree of pre-reforming of methane at
10, 20, 30, 40 and 50% is studied. It should be noted that
a higher degree of pre-reforming results in an increase in the
H, composition in the fuel stream. In general, higher content
of hydrogen in the SOFC fuel increases the open-circuit
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Fig. 10 — Effect of degree of pre-reforming on power density
and fuel cell efficiency.
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voltage and current density and thus, higher power density is
expected. However, the simulation results, as shown in Fig. 10,
present an opposite trend. This can be explained that as H, is
more consumed, the concentration loss becomes a dominant
loss and the current density that can be locally drawn drops
considerably to maintain a constant voltage. As a conse-
quence, the power density decreases with increasing the
methane pre-reforming level. However, the fuel cell efficiency
is enhanced because of a decrease in inlet fuel molar flow rate
according to more fuel utilization.

The effect of inlet molar flow rate of fuel on the power
density and the fuel cell efficiency is investigated in range of
0.0013—0.0025 mol s~* (Fig. 11). From the simulation results, it
can be seen that although higher molar flow rate of fuel leads
to an increase in current density (referred to the power
density), it has a reverse effect on fuel cell efficiency. In our
previous work [4], it was reported that the conversion of
chemical energy in fuel to electrical energy reduces when the
molar flow rate of fuel increase. This causes the fuel having
less residence time within the fuel cell for a complete elec-
trochemical reaction and thus, the fuel cell efficiency is
considerably decreased.

4, Conclusions

A neural network hybrid model of SOFC that combines a first
principle model with a NN model was proposed in this work.
The SOFC system is described by a set of mass balance
equations to determine the distribution of gas composition in
fuel cell whereas the electrochemical model is represented by
the NN to estimate a current density. The simulated data ob-
tained from simulations of the detailed electrochemical
model was employed to train the NN model based on a back-
propagation approach. It was found that the optimal structure
of the NN for predicting the current density consists of one
input layer with following four nodes: temperature, mole

fractions of H, and H,0, and cell voltage; two hidden layers
with seven and four nodes; and one output layer with one
node of current density, respectively. The optimal NN struc-
ture reliably provides a good estimation of fuel cell electrical
characteristics. Then, the developed NN hybrid model of SOFC
was employed to evaluate the steady-state performance of an
anode-supported planar SOFC. Under a standard condition, it
was found that the average current density of 0.728 Acm ™2,
power density of 0.466 W cm 2, fuel cell efficiency of 58.61%
and fuel utilization of 80.54% can be obtained at the cell
voltage of 0.64V. The performance analysis of SOFC with
respect to effects of temperature, pressure, steam/carbon
ratio, degree of pre-reforming of methane, and inlet fuel flow
rate were performed. It was found that the increases of
operating temperature, pressure, steam/carbon ratio, and
degree of pre-reforming can improve the electrical efficiency
of SOFC whereas the effect of inlet fuel molar flow rate pres-
ents an opposite trend.
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Nomenclature

Defranode Electrode effective gas diffusivity coefficient in the
anode, m?s?!

Deff,cathode Electrode effective gas diffusivity coefficient in the
cathode, m?s™!

Eelectrode Activation energy of the exchange-current density,

kJmol ™!

E°SV  Open-circuit voltage (OCV), V

ED, Open-circuit potential at the standard pressure and
temperature for the hydrogen oxidation reaction, V

F Faraday’s constant, C mol?

Fa Molar flow rate of the air, mols™?

F¢ Molar flow rate of the fuel, mols™?

ha Air channel height, m

h¢ Fuel channel height, m

fave,i Average and local current density, Am 2

ig,electrode EXchange-current density, A m~?

Keq Equilibrium constant for water gas shift reaction

ko Pre-exponential constant for reforming reaction,
mols ' m2bar?!

kwesr  Pre-exponential factor for water gas shift reaction,

mols ! m3Ppa?
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L Cell length, m

LHV Lower heating value, kJ mol !

n Number of electrons participating in the
electrochemical reaction

P Pressure, atm

pi Partial pressure of component i, atm

PiTPB Partial pressure of gas component i at the three-
phase boundaries, kPa

R Gas constant, kfmol * K !

T Temperature, K

% Operating cell voltage, V

Greek symbols

o Transfer coefficient

Nact Activation loss, V

Ncon Concentration loss, V

Nohm Ohmic loss, V

Ganode  Conductivity of anode, @~ m™*

Ocathode Conductivity of cathode, @' m™*

Feletrolyre Conductivity of electrolyte, @' m~
Anode thickness, m

Teathode Cathode thickness, m

Telectrolyte Electrolyte thickness, m

1

Tanode

Subscripts

a Air channel
act Activation
conc Concentration
f Fuel channel

i Component
ohm Ohmic
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