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ABSTRACT

Solid oxide fuel cell (SOFC) has excellent fuel flexibility for various fuels. Despite some drawbacks like storage
and transportation, hydrogen stands up as the best fuel for SOFC. Hydrogen fuel is diluted non-reactive gas species before
it is supplied to the SOFC. In this study, a quasi-three-dimensional SOFC model with real microstructure is used to analyse
the effect of the diluted fuel mixture. The hydrogen fuel is diluted with nitrogen and a small amount of steam. The mole
amount of hydrogen within fuel mixtures is kept constant. On the other hand, the air that is supplied to the air channel of
the SOFC remains unchanged. It is found that the cell that is supplied with the highest concentration of hydrogen has the
highest performance due to its high partial pressure of hydrogen within the fuel mixture. Such a high partial pressure
promotes a low anode concentration loss. Also, the cell that is supplied with a low hydrogen concentration is unable to
benefit from its high average cell temperature as its performance is drained by the low partial pressure of hydrogen within

the fuel mixture.
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1. INTRODUCTION

Hydrogen and oxygen are supplied to a solid
oxide fuel cell (SOFC) to convert chemical energy to
electrical energy through electrochemical processes. The
oxidation reaction of hydrogen and the reduction reaction
of oxygen which are half-reactions of the electrochemical
reaction need to be separated to allow the transportation of
electrons through an external circuit as electrical work.
Therefore, hydrogen is supplied through the fuel channel,
whereas oxygen is supplied in the air channel. Instead of
pure oxygen, the air channel mostly is supplied with
ambient air. The additional component of nitrogen within
the ambient air helps to reduce the heat within SOFC. On
the other hand, the hydrogen is humidified at a minimum
level for safety reasons. The humidified hydrogen fuel can
be further diluted by adding non-reactive gas species such
as nitrogen.

Yahya et al. [1] conducted an electrochemical
analysis of the performance of an SOFC. In their analysis,
the effects of hydrogen molar fraction and the volume
flow rate of the supplied fuel of hydrogen-steam,
hydrogen-nitrogen and hydrogen-nitrogen-steam mixtures
towards the performance of the SOFC were investigated.
Both steam and nitrogen are acted as an agent to dilute the
supplied hydrogen fuel. Wu er al. [2] experimentally
spatially resolved the electrochemical performance and
temperature distribution within an SOFC under the
influence of hydrogen dilution ratios and electrical
loadings. The hydrogen fuel was also diluted with the
concentration of 97%, 48.5% and 19.4% with nitrogen and
steam. Komatsu et al. [3]experimental investigated fuel

provision control and the transient capability of cell
performance on the 300W stack with 50% - 70% diluted
hydrogen fuel under a fixed volume flow rate. Brus et al.
[4] numerically investigate the effect of tortuosity of an
anode in comparison between the value obtained from
saturation currents as well as the mass transport model and
real microstructure. The current-voltage characteristics of
an SOFC are analysed with the supplied hydrogen-
nitrogen-steam ternary system with 2.5% - 90% hydrogen
at the operating temperature of 923 K and 1023 K. All the
above studies show that the performance of the cell is
degraded when the supplied hydrogen is diluted. Also, the
supplied mole amount of hydrogen within various supplied
fuel mixtures is found to vary with each other under the
constant volume flow rate. It is expected that a cell with a
low molar fraction of hydrogen has a low amount of
hydrogen. In this case, the heat generated is limited by the
electrochemical reaction and results in a low cell
temperature which degrades the performance of the cell.
The numerical analysis allows researchers to
understand the complex phenomena of heat, mass and
charge transport in SOFCs. A quasi-3D SOFC model was
previously developed and used for the analysis of
intermediate-temperature direct-internal-reforming SOFC
[5]. This quasi-3D SOFC model with real microstructure
information was developed in the authors’ group to study
the effect of cell aspect ratio on cell performance [6] and
the effects of the air-flow configuration in a short stack
[7]. In this work, the ternary fuel mixture of hydrogen,
nitrogen and steam with various molar fractions is
supplied to a SOFC to study the influence of the fuel
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mixture under a constant mole amount of hydrogen within
the supplied fuel.

2. NUMERICAL MODELLING

A cell unit as shown in Figure-1(a) consists of top
and bottom separators, fuel and air channels, and a
positive-electrolyte-negative ~ assembly  (PEN) s
considered in this study. Each component has only one
mesh on the y-axis. Note that both fuel and air channels
consist of solid- and fluid-phase meshes as shown in
Figure-1(b). The cell has an effective area of 80.0x60.0
mm’. Details of the quasi-3D SOFC model have already
been described in our previous reports [6][7][8], therefore
only essential equations are summarized below.
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=) —— Top separator mesh layer
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—— PEN & electric insulator mesh layer

Figure-1. Schematic view of (a) cell unit and (b) mesh
layers for quasi-3D SOFC model. Governing equations.

The numerical analysis was based on
conservation equations of mass, momentum, species, and
energy.
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The validation of the developed quasi-3D SOFC
model with the updated DGM within electrodes was
conducted in our previous works [8]. An in-house Fortran
code is developed and run with a laptop that is equipped
with an Intel i5 processor 1.7 GHz and 12 GB RAM.

2.1 Dusty Gas Model

Dusty-gas model (DGM) is implemented for the
transport of reactants and product in the porous anode.
DGM can be expressed as follows [9]:

xjNi—xiNj _ _ P
Dﬁff + Z#] Diejff = TR Vxl R <1 + uDeff) VP, 9)
N
“ogl
VP = ———— (10)
i LXK
Deff (BRTS) Va2 _ (11
™

where,x;,N;and M;are the molar fraction, the molar flux
and the molecular mass of gas species, respectively.u, R,
Tsand P are the viscosity, gas constant, temperature and
total pressure of the gas mixture.VPis the pressure
gradient.7 is the average radius of the pore in an electrode.
The permeability constant in the porous medium K and the
effective binary gas diffusion Deffare described in [10].

2.2 Microstructure Information

The validation of the developed numerical model
is conducted with the real microstructure which is
manufactured by SOLID power S.p.A. with nickel - yttria-
stabilized zirconia (Ni-YSZ) anode, YSZ electrolyte,
gadolinium-doped ceria (GDC) barrier layer, lanthanum
strontium cobalt ferrite (LSCF) - GDC function layer of
cathode and LSCF current collector layer of LSCF. The
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cell has an effective area of 80 mm x 60 mm with a
thickness of 240, 8, 4, and 50 pm for the anode,
electrolyte, GDC barrier layer, and cathode layer,
respectively. The details of the microstructure are given in

[6].

2.3 Calculation Conditions

The fuel channel is supplied with a constant mass
flow rate of fuel mixture with a molar fraction ratio as
shown in Table-1. The supplied fuel mixture is ensured
with the same amount of 0.2064 mol s™ for the supplied
hydrogen within the fuel mixture. On the other hand, the
same constant mass flow rate of 6.09 x 107 kg s'and
molar fraction ratios of 0.210:0.790 for oxygen (O,):
nitrogen (N,) is supplied for all numerical analyses. The
outlet pressure of both the fuel and air mixture is
maintained at the atmospheric pressure.

Table-1. Fuel mixture.

M(;_llf 121'2 acgf(r)l of Mass flow rate [kg s'l]
0.10: 0.88: 0.02 520x 107
0.20: 0.78: 0.02 233 x 107
0.30: 0.68: 0.02 1.38 x 107
0.40: 0.58: 0.02 8.99 x 10°
0.50: 0.48: 0.02 6.12 x 10
0.60: 0.38: 0.02 420x%10°
0.70: 0.28: 0.02 2.83x10°
0.80: 0.18: 0.02 1.81 x 10°
0.90: 0.08: 0.02 1.01 x 10°

The boundary conditions for the validation with
the experimental [6] are given in Table-2. Note that the
electric potential difference between the top and bottom
separators is the terminal voltage of the cell unit and is
iteratively tuned to achieve a pre-determined average
current density. The pressure fields in the fuel and air
channels are solved by the semi-implicit method for the
pressure-linked equations (SIMPLE) algorithm.

4. RESULTS AND DISCUSSIONS

The numerical results in this work are conducted
at temperatures of 973 K. Figure-3 shows the performance
of the cell under various supplied fuel mixtures as given in
Table-2. The solid lines show the current-voltage
characteristics of the cell under the effect of the fuel
mixture. In contrast, the dash lines show the power-current
density characteristics. Although all fuel mixtures are
supplied with the same amount of hydrogen for the
electrochemical reaction within SOFC, the fuel mixture
with a rich H, ratio (0.90 H,: 0.08 N,: 0.02 H,0) shows
excellent performance among all fuel mixtures. Such
observation in Figure-3 is found similar with the
experimental study on the hydrogen concentration
between 50% to 70% under constant volume flow rate
with a 300W class planar type SOFC stack by Komatsu e?
al. [3], where a cell that is supplied with a high hydrogen
concentration leads to a high cell performance.

Table-2. Boundary conditions.

u w T; T Y; ¢
Inlet U= Uiy w=0 Ti =Ty %=0 Yi=Yiin @:0
a d d gx d gx
dx dx dx dx dx dx
Wall MZO W:0 %: %: %: a—(l)
dz dz dz dz
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Figure-2. Comparison of current-voltage characteristics.

Area-specific resistance (ASR) analysis is
conducted at the fuel utilization of 75% where the average
current density is 6222.83 A/m’. Note that a cell with a
low hydrogen molar fraction (below 0.40) is unable to
perform at this high average current density as shown in
the current-voltage characteristics in Figure-2. The ASR
analysis is shown in Figure-3. From the lowest of the
stacked bar chart is the ASR value for anode activation,
followed by anode ohmic loss, anode concentration,
electrolyte ohmic loss, cathode activation, cathode ohmic
loss and cathode concentration. It is found that the cell
with the highest hydrogen molar fraction has the lowest
total ASR value. When the hydrogen molar fraction is
decreased in the fuel mixture, it leads to a decrease in the
partial pressure of the hydrogen. This leads to an
increment of the concentration loss in the anode. Although
a cell with a low hydrogen molar fraction has a high ASR
value for the anode concentration, this voltage loss is not
converted to heat as waste. This is due to this voltage loss
being related to the energy loss that is converted to
additional work by the system to transport reactants and
the product of the electrochemical reaction between the
fuel channel and the reaction sites within the anode.
Therefore, both anode and cathode concentrations do not
contribute to the heat generated as shown in Figure-4. In
Figure-4, the heat generated from the electrochemical
reaction contributes the most heat generated as compared
to the heat generated due to voltage losses (except
concentration losses) during operation of the cell.
Nevertheless, no significant difference in terms of the heat
generated from the electrochemical reaction is found as
the total amount of mole of supplied hydrogen within all
fuel mixtures is the same. On the other side, it is found
that the cell with a low hydrogen molar fraction generates
more heat from voltage losses (except concentration loss).
Among the waste heat that is generated due to voltage
losses, ohmic loss contributes the most heat.

The high heat generated within a cell with an
adiabatic thermal boundary generally leads to high average
cell temperature as shown in Figure-3. High average cell
temperature for the cell with a low hydrogen molar
fraction within the supplied fuel mixture as discussed
previous is found to contradict its low performance as
shown in Figure-2. High temperature leads to low
activation and ohmic losses as discussed by Yahya et al.
[1] and Tan et al [6]. Nonetheless, such an advantage is
overridden by the high anode concentration loss as shown
in Figure-3. Figure-6 shows the distribution of pressure

within the fuel channel at the fuel utilization of 75%. It is
found that the strategy to maintain the same amount of
mole for the supplied hydrogen within the fuel mixture
leads to high total pressure at the inlet of the fuel channel.
A high mass flow rate of the fuel mixture for the low
molar fraction of hydrogen requires high flow energy that
is reflected in high supplied pressure as shown in Figure-
6(a). The partial pressure of gas species i p; is related to its
molar fraction x; and total pressure P under the
relationship of p; = x;P. As a result of the low molar
fraction of hydrogen within the fuel mixture, it leads to the
low partial pressure of hydrogen for the low molar fraction
of the hydrogen fuel mixture in Figure-6(b). Such low
partial pressure of hydrogen within the fuel channel leads
to a high concentration loss in the anode and suppresses
the positive effect of high average cell temperature within
the cell.
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Figure-3. ASR analysis on the fuel mixture at 75 % fuel
utilization.
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Figure-4. The heat generated at 75 % fuel utilization.
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Figure-5. Average cell temperature at 75 % fuel

utilization.
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Figure-6. Pressure distribution in fuel channel at 75 %
fuel utilization. (a) Total pressure, (b) Partial pressure
of hydrogen and steam.

4. CONCLUSIONS

A quasi-3D SOFC model with real microstructure
information is used to analyse the hydrogen-nitrogen-
steam ternary fuel that is supplied to an SOFC under a
fixed amount of hydrogen. The fuel mixture with a rich H,
ratio (0.90 H,: 0.08 N,: 0.02 H,O) shows an excellent
performance among all fuel mixtures as the cell has the
lowest total ASR value. Low heat generated from a low
ASR SOFC unsuccessfully suppresses the cell
performance as the high concentration of hydrogen within
the supplied fuel greatly reduces the anode concentration
over potential. Although this concentration over potential
does not contribute towards the heat generated within a
cell.
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