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Abstract—This study investigates the electrical performance of a 

planar solid oxide fuel cell unit with cross-flow configuration when 
the fuel utilization gets higher and the fuel inlet flow are non-uniform.  
A software package in this study solves two-dimensional, 
simultaneous, partial differential equations of mass, energy, and 
electro-chemistry, without considering stack direction variation.  The 
results show that the fuel utilization increases with a decrease in the 
molar flow rate, and the average current density decreases when the 
molar flow rate drops.  In addition, non-uniform Pattern A will induce 
more severe happening of non-reaction area in the corner of the fuel 
exit and the air inlet.  This non-reaction area deteriorates the average 
current density and then deteriorates the electrical performance to 
–7%. 
 

Keywords—Performance, Solid oxide fuel cell, non-uniform, fuel 
utilization.  

I. INTRODUCTION 
solid oxide fuel cell (SOFC) has been identified as a 
technology for the high-efficiency conversion of 

hydrocarbon fuels to electric energy, and environmentally 
friendly power generation.  The electrolyte of SOFC is made of 
solid materials, typically nickel/zirconia cermet, so it has higher 
reliability than other kinds of fuel cells.  Solid oxide fuel cells 
operate at high temperatures of about 600-1000°C, and use 
methane or ethanol as fuel due to internal self-reformation.  The 
high temperature exhaust heat obtained simultaneously with 
power generation is used in fuel reforming, bottoming power 
generation, and the regenerative heating of fuel and air, as a 
result of which the total power generation efficiency of the 
entire cycle is high.  Given a cell geometry, the performance of 
a SOFC strongly depends on the operating conditions and the 
fuel utilization.  The planar-type solid oxide fuel cell stacks 
easily and is desirable for many applications.  Several recent 
studies investigated performance simulation under different 
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conditions, since fuel rate, inlet temperature, operation 
pressure, cell size, etc. affect temperature and current density 
distribution. 

Achenbach [1] presented a three-dimensional simulation for 
the gas, current density, and temperature distribution of a planar 
solid oxide fuel cell, which accounts for time-dependent effect, 
flow configurations, internal methane-steam reforming, and 
recycling of the anode gas.  Recknagle et al. [2] simulated a 
three-dimensional SOFC unit with three kinds of flow patterns 
using the same commercial package for reaction area 
performance.  The authors showed temperature, current density, 
and fuel composition distribution with three flow 
configurations, i.e. co-flow, counter-flow, and cross-flow.  
Beale et al. [3] investigated three different numerical method 
approaches for solving a unit and a ten-stack SOFC with 
cross-flow.  Results indicated that the direct numerical method 
is the most accurate single cell method.  Simpler approaches 
can potentially supplant or complement the direct numerical 
method in fuel cell stack analysis.  Iwata et al. [4] established a 
numerical program to estimate temperature and current density 
profiles of a planar-type SOFC unit with co-flow, counter-flow, 
and cross-flow.  That study investigated gas re-circulation ratio, 
operating pressure, and physical property effects on current and 
temperature distributions.  The above literature used numerical 
method to solve the temperature and current density 
distribution on the reaction area, but all of them consider the 
inlet flow of the fuel and air is uniform on the frontal area.  
Recently, Yuan and Liu [5] investigated the temperature and 
current density distributions in a SOFC unit when the inlet 
flows of the anode gas and the cathode gas are mal-distributed 
in eight patterns.  The results showed that the non-uniform inlet 
flow of fuel and air affect the current density distribution and 
temperature distribution, respectively. 

Fuel utilization is a key factor, because it represents an 
economical operation of a fuel cell when the fuel utilization is 
higher.  The normal fuel utilization of a SOFC is close to 50%, 
and the fuel utilization of previous literature is between 50% 
and 70%.  Au et al [6] executed a project of operation of a 
high-temperature SOFC using mine gas, and presented results 
of the mine gas analyses and their effect on the pre-reformer 
and the fuel cell in the fuel utilization of 50% and 70%.  Based 
on the saving energy source concept, most fuel cell operates in 
high fuel utilization in order to reduce the waste of hydrogen.  
Araki et al [7] combined four stages SOFC to promote the total 
fuel utilization to be 99.98% after the fourth stage.  However, 
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all performance analysis of a SOFC unit in above literature is 
under a condition of uniform inlet flow on the frontal area, 
except the literature by us.  Because the fuel molar flow rate 
dominantly affects the current density of a fuel cell, the 
non-uniform inlet flow effect must induce an appearance of 
non-reaction on the cell plane when the fuel utilization is high.  
This non-reaction area also decreases the overall current 
density of a cell and deteriorates the electrical performance of a 
solid oxide fuel cell.  Therefore, this paper plans to extend 
previous research to the current density distribution analysis of 
a solid oxide fuel cell when the fuel inlet flow is non-uniform 
and the fuel utilization gets higher.  

II. ANALYSIS 
In order to compare the effect of non-uniform inlet fuel flow 

rate on the performance of a SOFC unit in different sizes, this 
study analyze the current density and temperature distribution 
on a reaction area of 0.2×0.2 standing for the laboratory scale.  
The fuel flows in the x direction, and the air flows in the y 
direction, as shown in Fig. 1. For simplifying analysis, this 
study combines the anode, electrolyte, and cathode to form a 
unit, which is named of the cell in this study.  In Fig. 1, the inlet 
flow distribution along the transverse direction may be a 
progressive decreasing or progressive increasing profile, but 
not a uniform profile perfectly, because of the fuel inlet duct 
position being near either the air inlet or air exit side.  
According to the results of Yuan and Liu [5], the fuel and air 
molar flow rate dominantly affects the current density and the 
cell temperature, respectively.  Therefore, this paper considers 
the air inlet is uniform and the fuel inlet has three profiles, as 
shown in Fig. 2.  Meanwhile, the character d represents 
non-uniform profile deviation, and it is below 0.5 for most 
cases in practical application.  Before formulating the 
governing equations, this study assumes: 1.) Inlet temperature 
and mole fractions of species in fuel and air are constant and 
uniform.  2.) Thermal properties of fuel, air, cell, and 
inter-connector are constant except for fuel and air specific heat 
capacities.  3.) Cell and inter-connector boundary are adiabatic.  
4.) Neglect z direction change.  5.) Cell voltage is uniform over 
the x-y plane. 6.) Neglect the water-shift reaction in the fuel. 

The chemistry reaction in both anode and cathode side are as 
follows. 

−− +→+ eCOOCO 22
2                (1) 

−− +→+ eOHOH 22
2

2
               (2) 

−− →+ 2
2 24 OeO                  (3) 

Meanwhile, Eq. (1) and (2) occurs in anode, and the 
electrochemical oxidation rate of hydrogen is about two times 
higher than that of carbon monoxide reported by Matsuzaki and 
Yasuda[8].  It means that the hydrogen consumption rate is 
double of carbon monoxide consumption rate. 

Mass balances are formulated for each species molar flow 
rate change in fuel and air with species consumption linking the 
local current density.  Due to this study considers the reformed 
methane or ethanol in the external reformer and the reforming 
gases are fed into the SOFC, the feed fuel includes hydrogen 
(H2), nitrogen (N2), carbon dioxide (CO2), carbon monoxide 
(CO), and water (H2O).  In cathode, the air is fed into the SOFC, 

so the species only includes the oxygen and nitrogen. 
( )
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Meanwhile, n is the molar flow rate, 
jX  is the mole fraction of 

j-component, and the plus/minus symbol represents molar flow 
rate increase or decrease dependent on reactant or product 
species. 

This research conserves energy for fuel, air, cell, and 
inter-connector, respectively. 
For fuel, 
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For air, 
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For inter-connector, 
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Each gas species specific heat capacities in fuel and air are a 
function of temperature, and this study selects half of oxygen 
specific heat capacity as oxygen ion specific heat capacity.  In 
Eq. (6) to (8), the term FTic

Op
4/2, −

 describes heat transfer rate 

as oxygen ion migrates from the air side to the fuel side through 
the cell.  In Eq. (8) and (9), kci is thermal conductivity due to 
contact resistance between cell and inter-connector in the z 
direction, and its value is set to 1.0 W/m K.  Additionally, 

reacq  
in Eq. (8) is heat generation occurring in the cell unit due to 
electrochemical reactions and cell internal losses, and this heat 
generation occurs over the x-y plane as follows. 

iV
F
iHqrect ⋅−×Δ−=

2
&                (10) 

cTH 3835.7240506 −−=Δ               (11) 
Based on the Nernst equation, this study calculates the 

Nernst voltage as follows. 
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cTE 4
0 107654.22723.1 −×−=              (13) 

Meanwhile, E0 is the reversible voltage under standard 
conditions.  The difference between the Nernst voltage and the 
cell voltage represents the voltage loss, which contains ohmic 
loss, electrode activation loss, and concentration loss. 

conactohm VVVVE ++=−                (14) 
Because concentration loss in the cathode is less than that in 

the anode when the SOFC cell is electrolyte-supported and 
anode-supported, this study neglects concentration loss in the 
cathode based on the results of Chan et al. [9].  Therefore, cell 
voltage is equal to the Nernst voltage by subtracting the loss of 
ohmic, activation, and concentration in anode as follows. 
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Here, r is 300× 10-7Ω/m2, 
anodei ,0

 and 
cathodei ,0

 are 1290 and 970 

A/m2, respectively, the 
anodeδ  is 0.05mm, and 

anodeD  is 2 × 10-5 
m/s. 

This study utilizes a software package, FlexPDE to solve six 
unknown variables in the governing equations when the cell 
voltage is set to be a constant.  These variables include mole 
fractions of each species in both fuel and air, the temperature of 
fuel, air, inter-connector, and cell, as well as current density.  
The validation of this software package had done in the 
literature by Yuan and Liu [5].  Because this paper considers 
the situation of a SOFC in the high fuel utilization, some 
reaction area maybe lack hydrogen due to the nonuniform fuel 
mole flow profile.  In the calculation process, the software code 
judges the pressure of hydrogen in Eq. (17) whether it is equal 
to or smaller than zero.  If the judgment is validated, the 
program code neglects the calculation of all polarizations and 
sets them to be zero in Eq. (14), which induces the zero current 
density in Eq. (15). 

III. RESULTS AND DISCUSSION 
This study considers the fuel flow rate is 0.00225-0.009 

mol/s, the air flow rate is 0.009 mol/s, the inlet temperature of 
fuel and air are both 898 K, the operation pressure is 1 atm, the 
operation voltage is 0.7 V, and the deviation of the non-uniform 
profile is 0.5.  Fig. 3 shows that the current density distribution 
in Pattern A and Pattern B when the fuel and air flow rate is 
0.0045 and 0.009 mol/s, respectively.  In this figure, the profile 
in bold line is the current density distribution in the condition of 
uniform pattern, and the profile in color represents current 
density distribution in Pattern A or Pattern B.  Examining the 
current density distribution in uniform pattern indicates that the 
current density mainly decreases along the fuel flow direction 
from 7050 to 2760 A/m2.  In the air flow direction, the current 
density slightly drops because of the decrease of oxygen 
concentration.  In Fig. 3(a), the current density of Pattern A has 
more severe reduction in the corner of the fuel exit and the air 
inlet.  In this corner, the hydrogen concentration becomes lower 
because the progressively increasing fuel profile induces less 
fuel flowing through this area.  Oppositely, the area with 
apparent current drop happens in the corner of the fuel exit and 
the air exit in Fig. 3(b), because the fuel non-uniform profile is 
progressively decreasing in Pattern B.  Comparing the Fig. 3(a) 
and 3(b) indicates that the current density drop in the corner of 
Fig. 3(a) is larger than that of Fig. 3(b), and even the current 
density drops to zero in Fig. 3(a).  In Fig. 3, the fuel utilization 
in uniform, Pattern A, and Pattern B is 74.3, 70.9, and 72.6%, 
respectively.  It is obvious that the uniform profile has the 
largest fuel utilization, and both Pattern A and B has lesser 
utilization.  Because there is a non reaction area in Pattern A, it 
has the lower fuel utilization than Pattern B.  Therefore, Pattern 
B is better than Pattern A, if the uniform profile is out of 

consideration. 
Fig. 4 shows that the current density distribution in Pattern A 

and Pattern B when the fuel and air flow rate is 0.00338 and 
0.009 mol/s, respectively.  In this figure, the profile with bold 
line is the current density distribution in uniform pattern, and 
the profile with color represents current density distribution in 
Pattern A or Pattern B.  Examining the current density 
distribution in uniform pattern indicates that the current density 
mainly decreases along the fuel flow direction from 7020 to 
920 A/m2.  This current density range is clearly lower than that 
in Fig. 3.  Because the fuel molar flow rate is smaller than that 
in Fig. 3, the current density becomes lower due to the less 
hydrogen concentration.  In Fig. 4(a), the current density has a 
dramatic reduction in the corner of the fuel exit and the air inlet.  
In this corner, the current density rapidly decreases from 3000 
A/m2 to zero.  This means the region is non-reaction area.  The 
less fuel flow rate and non-uniform inlet flow profile induces 
the fuel molar flow rate is fewer in this area, so the hydrogen is 
used out and the current density becomes zero.  In pattern B, 
although the current density severely drops in the corner of the 
fuel exit and the air exit in Fig. 4(b), the non-reaction area is 
smaller than that in Fig. 4(a).  Because the fuel consumption 
near the air exit is originally less than that near the air inlet 
when the inlet flow is uniform liking in bold line, the reduced 
inlet fuel flow due to the non-uniform profile still can supply 
the reaction till nearing its exit. 

Fig. 5 shows that the current density distribution in Pattern A 
and Pattern B when the fuel and air flow rate is 0.00225 and 
0.009 mol/s, respectively.  The non-reaction area of Fig. 5(a) is 
apparently larger than that of Fig. 4(a), because the fuel molar 
flow rate is the least in this study.  Even in uniform pattern, the 
current density distribution happen a severe drop in the corner 
of the fuel exit and the air inlet, as shown in the bold line.  This 
means the fuel is already used out in this portion when the fuel 
flows out the fuel cell reacting area when the inlet flow is 
uniform.  Examining the current density change shows that it is 
between 0 to 7000 A/m2, which is the lowest one in Figs. 3 to 5.  
In Fig. 5(b), the current density in the corner of the fuel exit and 
the air exit also drops to zero because of the decreasing overall 
fuel inlet molar flow rate. 

Promoting the fuel utilization in a fuel cell is an important 
factor based on the economical viewpoint, but the global 
current density will drop with a rapid decreasing in hydrogen 
concentration and then induces the power decrease of a fuel cell.  
Moreover, the non-reaction area will happen when the fuel inlet 
molar flow rate becomes less or the fuel inlet profile is 
non-uniform, which more deteriorates the global current 
density.  Table I lists the average current density and fuel 
utilization in all cases of this study at 0.7 voltage.  In this table, 
it is clear that the average current density and fuel utilization 
decreases and increases with a decrease in the molar flow rate, 
respectively.  Furthermore, Pattern A has the lowest average 
current density and fuel utilization comparing to the results in 
uniform and Pattern B, because Pattern A induces the severe 
happening of non-reaction area in the corner of the fuel exit and 
the air exit.   

Fig. 6 depict the histogram of relative change of average 
current density in non-uniform pattern related to that in uniform 
pattern.  In this figure, the relative change is close to –4% and 
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-2% in Pattern A and B, respectively, when the fuel molar flow 
rate is 0.0045 mol/s.  The minus represents the average current 
density becomes lower when the inlet profile is non-uniform.  
Once the fuel molar flow rate decreases, the fuel utilization will 
increase but the effect of non-uniform inlet flow on the average 
current density becomes more apparent when the fuel 
utilization gets higher.  In this figure, the relative change of 
average current density raise up to –7% in Pattern A when the 
inlet molar flow rate of the fuel is 0.00338 mol/s.  In this 
situation, the non-reaction area happens and the deterioration of 
electrical performance due to the non-uniform inlet flow cannot 
be neglected. 

IV. CONCLUSION 
This study investigates the effect of non-uniform inlet flow 

on the electrical performance of a SOFC unit.  This work 
employed a software package to solve the simultaneous mass 
equations, energy equations, and electrochemistry equations.  
With considering three flow patterns and different fuel molar 
flow rates, this research analyzed the current density 
distributions at different conditions.  The results show that the 
fuel utilization and average current density increases and 
decreases with a decrease in the fuel molar flow rate, 
respectively.  In addition, non-uniform Pattern A will induce a 
severe happening of non-reaction area in the corner of the fuel 
exit and the air inlet comparing to Pattern B did.  This 
non-reaction area deteriorates the average current density and 
deteriorates the electrical performance to –7% when the fuel 
molar flow rate is 0.00338 mol/s and fuel utilization is 83.3%.  
This study suggests that the fuel inlet manifold should be 
located far from the inlet of air, which will decrease the 
deterioration due to non-uniform profile below -3%. 
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TABLE I 
AVERAGE CURRENT DENSITY AND FUEL UTILIZATION AT DIFFERENT INLET 

MOLAR FLOW RATE AND PATTERNS 

Uniform Pattern A Pattern B Case/ 
Flow rate 
(mol/s) i  

(A/m2) 
fU  

(%) 

i  
(A/m2) 

fU  

(%) 

i  
(A/m2)

fU  

(%) 

Case 1 

fn =9E-3 5080 43.3 5027 42.8 5033 42.9 

Case 2 

fn =7.88E-3 4947 48.2 4891 47.6 4895 47.7 

Case 3 

fn =6.75E-3 4793 54.5 4727 53.7 4731 53.8 

Case 4 

fn =5.63E-3 4605 62.8 4490 61.2 4535 61.8 

Case 5 

fn =4.5E-3 4360 74.3 4161 70.9 4260 72.6 

Case 6 

fn =3.38E-3 3953 89.8 3664 83.3 3835 87.2 

 
 

 
 

Fig. 1 Schematic diagram of a unit of solid oxide fuel cell in cross-flow 
 
 

 
Fig. 2 Arrangements of non-uniform inlet flow patterns in this study 
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Fig. 3 Current density distribution when fn =0.0045 
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Fig. 4 Current density distribution when fn =0.00338 
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Fig. 5 Current density distribution when fn =0.00225 
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Fig. 6 Relative change of average current density in non-uniform 
pattern related to a uniform pattern 
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