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Abstract - A high-temperature molten carbonate fuel cell stack was studied experimentally and 
computationally. Experimental data for fuel cell temperature was obtained when the stack was running under 
given operational conditions. A 3-D CFD numerical model was set up and used to simulate the central fuel 
cell in the stack. It includes the mass, momentum and energy conservation equations, the ideal gas law and an 
empirical equation for cell voltage. The model was used to simulate the transient behavior of the fuel cell 
under the same operational conditions as those of the experiment. Simulation results show that the transient 
temperature and current and power densities reach their maximal values at the channel outlet. A comparison 
of the modeling results and the experimental data shows the good agreement. 
Keywords: Molten carbonate fuel cell; Computational fluid dynamics; Numerical simulation; Three-dimension; 
Transient model. 

 
 
 

INTRODUCTION 
 
Today fuel cells are considered environmentally 

friendly and high efficiency systems for the 
production of electricity, and worldwide research 
efforts have focused on improving this technology. 
Many projects, such as small-scale fuel cells for 
residential applications (Sammes and Boersma, 
2000), the U.S. distributed generation fuel cell 
program (Williams et al., 2004), the MW-scale 
MCFC power plant (Ishikawa and Yasue, 2000) and 
fuel cell vehicles (Cacciola et al., 2001), have shown 
the prospects and great commercial value of fuel 
cells in the application fields of independent power 
sources and traffic. MCFCs have several advantages, 
e.g. high efficiency and cogeneration capability, over 

low-temperature fuel cells because of their high 
operating temperature (650oC) (Kang et al., 2001). 
Sugiura et al. (2005) developed a performance 
diagnosis which enabled the simple and 
instantaneous determination of MCFC degradation 
factors. The performance diagnosis is helpful in 
developing MCFCs as a valuable technology. The 
commercial prospects of MCFCs were assessed by 
Dicks and Siddle (2000). It was anticipated that 
MCFC could have significant penetration into 
markets where its attributes, such as quality of power, 
low emissions and availability, give it a leading 
position in comparison with, for example, engine- 
and turbine-based power generation systems.  

Some parameters, such as temperature and 
current density, affect the security and efficiency of 
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the MCFC stack greatly. The conductivity of the 
electrolyte in MCFCs increases with increasing 
temperature (Mangold, et al., 2004). There is about a 
one hundred degree temperature difference in 
MCFCs at maximum load. Big temperature gradient 
or high local temperature will lead to the corrosion 
of MCFC components and the evaporation of 
electrolyte. At the same time, the current density 
distribution is closely related to the temperature 
distribution (He and Chen, 1998; Koh et al., 2000). 
But experimental studies are expensive and the 
measurement of different variables is difficult, 
especially under transient conditions. Therefore, it is 
necessary to predict the temperature distribution and 
simulate MCFC stack performance numerically. 

A lot of models for the MCFC can be found in 
literature, and most of them consider the steady state 
of the system under various parameters such as 
temperature distribution or pressure profile, electric 
efficiency or fuel usage (Yoshiba et al., 1998; Bosio 
et al., 1999; Koh et al., 2000). A good overview of 
some steady-state models can be found in Koh et al. 
(2001).  

There are far fewer transient models. He and 
Chen (1998) developed a transient stack model using 
CFD in order to simulate the temperature profile, 
current density distribution and output of a MCFC 
stack. Lukas et al. (2002) developed a model for a 
single cell with indirect and direct internal reforming 
based on the assumption of concentrated parameters. 
However, the two above-mentioned models did not 
consider the effect of anode and cathode flow of gas 
mixture while analyzing the output of the MCFC. 

Thus it is necessary to develop another transient 

model based on physical phenomena. The 
three-dimensional, variational parameter, transient 
model presented takes into account the effect of 
anode and cathode flow of gas mixture to the output 
of a MCFC stack, which is necessary because of the 
variational gas mixture composition in the anode and 
cathode caused by mass transfer between them.  

 
 

EXPERIMENT 
 
Fig. 1 schematically shows a kilowatt-scale 

MCFC stack testing station. Anode gas is composed 
of hydrogen (H2) and carbon dioxide (CO2). Anode 
gas humidified by saturated water is preheated to  
600 oC by a foreheater before it is fed into the MCFC 
stack. Cathode gas is composed of oxygen (O2), 
carbon dioxide (CO2) and nitrogen (N2). The 
electrolyte is a mixture of lithium carbonate (Li2CO3) 
and potassium carbonate (K2CO3). Fig. 2 shows the 
MCFC stack in the testing station. The stack has 
side-by-side coflow channels. Fig. 3 schematically 
shows a fuel cell in the stack and its components: 
bipolar plates which are composed of upper and 
bottom clapboards, a fuel cell unit which is 
composed of anode, cathode and electrolyte layer, 
and flow channels. Fuel and oxidant gas are fed into 
anode and cathode channels, respectively. Fuel gas 
oxidation and oxidant gas reduction are considered 
to occur only within the active catalyst layer. The test 
conditions and the geometric parameters of the fuel 
cells in the stack are listed in Table 1. The 
characteristics of the materials of the MCFC stack 
are listed in Table 2.
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Figure 1: Schematic diagram of a kilowatt-scale MCFC stack test station 
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Figure 2: Kilowatt-scale MCFC stack 
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Figure 3: Schematic diagram of a MCFC fuel cell 

 
 

Table 1: Test conditions and geometric parameters of the experimental fuel cells 
 

Gas-flow rate in the anode (l/min) 40 
H2 and CO2 volume ratio in the anode 1:1 
Humidifying temperature (oC) 60 
H2, CO2 and water vapor volume ratio after humidification in the anode 2:2:1 
Gas-flow rate in the cathode (l/min) 112.7 
O2, CO2 and N2 volume ratio in the cathode 1:2:3.75 
Percent of air utilized (%) 60 
Li2CO3/K2CO3 mass ratio in the electrolyte 63:37 
Number of fuel cells in the MCFC stack 30 
Fuel cell area (m2) 0.24×0.14 
Fuel cell height (m) 0.0042 
Number of anode channels 34 
Number of cathode channels 34 
Channel length (m) 0.14 
Channel width (m) 0.0037 
Channel depth (m) 0.0016 
Operating pressure (atm) 1 
Inlet temperature of the anode and cathode gases (oC) 600 
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Table 2: MCFC stack materials and their characteristics 
 

Part Material Thickness (mm) Porosity Pore diameter (µm) Preparation method
Anodes Porous nickel 0.8 50 8 Squeezing 
Cathodes Porous nickel 0.8 55 12 Squeezing 
Electrolyte plates γ-LiAlO2 0.8 50 0.1 ∼ 0.8 Squeezing 
Encloser and gas 
channels 

316L oxidation 
resistant steel    Machining 

 
 

NUMERICAL MODEL 
 
The units for all variables of the model equations 

are listed in the Nomenclature section, which is 
convenient for stating the model. 
 
Model Assumptions  

 
The present model assumes 

(1) Newtonian fluid and laminar flow; 
(2) ideal gas mixtures in the flow channels;  
(3) he effect of the diffusion of carbonate ion 
( 2

3CO − ) on the performance of the stack is neglected; 
(4) stable three-phase boundaries and water vapor in 
electrode capillaries; 
(5) fluxes of hydrogen and oxygen along the 
diffusional direction equal to the consumption of 
hydrogen and oxygen in the electrochemical 
reaction in anode and cathode catalyst layers, 
respectively. 

Assumption (3) is reasonable for the following 
two reasons: (a) the thickness of the electrolyte 
layer in the MCFC is 0.8 millimeter, which means 
the diffusional distance of carbonate the ions is 
very short; (b) the operating temperature of the 
MCFC is 650 oC and the electrolyte is in molten 
state, which makes the diffusional resistance of the 
carbonate ions in the electrolyte very small. 
Accordingly, assumption (3) won’t make 
simulations of the performance of the MCFC with 
a big error. 
 
Electrochemical Reaction Process 

 
Fig. 3 shows the physical model of a fuel cell in 

the stack. The fuel cell is a device that can convert 
chemical energy into electrical energy directly. 
Electricity and heat are generated during the 
electrochemical reaction of hydrogen and oxygen. 
The reaction can be expressed as 
 

2 2 2
1H O H O electricity heat
2

+ → + +          (1) 

The rate of the reaction and the heat source of 
reaction, based on work in the literature (Koh et al., 
2000), are 
 

ir
2F

=                                   (2) 

 

( ) 1Q H r iU=  −∆ −   δ
                      (3) 

 
where 
 

( )H 240506 7.3835T∆ = +                   (4) 
 

The electric characteristics of the fuel cell can be 
obtained with a thermodynamical equation and 
experimental data. The thermodynamical equation 
(Koh et al., 2000) may be expressed as 
 

2 2 2

2 2

H ,a O ,c CO ,c0
eq

H O,a CO ,a

P P PRTE E ln
2F P P

 
 = +
 
 

       (5) 

 
where 
 

0 4E 1.2723 2.7645 10 T−= − ×                 (6) 
 
The fuel cell voltage, as represented by Koh et al. 

(2000) may be written as 
 

cell eq ohm a cU E i(R )= − + η + η               (7) 
 
where Rohm is the ohmic resistance of the fuel cell 
and related to the temperature of the fuel cell, η is 
the impedance of electrode overpotential. The 
numerical results of polarization losses can be 
obtained from the work published by Koh et al. 
(2000). 
 

4
ohm

1 1R 0.5 10 exp[3016( )]
T 923

−= × −         (8) 
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2 2 2
9 0.42 0.17 1.0

a H CO H O
64352.27 10 exp( )P P P

T
− − − −η = ×     (9) 

 

2 2
10 0.43 0.09

c O CO
92987.505 10 exp( )P P

T
− − −η = ×      (10) 

 
Governing Equations 
 
a) Continuity Equation 

 
Gases from anode and cathode in the stack do not 

mix during operation. The mass gain in anode 
channel flow is equal to the mass loss in cathode 
channel flow. The reason for equality is simply that 
for each mol of CO2 produced in the fuel flow, a mol 
of CO2 is consumed in the oxidant flow due to 
conservation of electric charge (Eqs.11, 12). 
 

2
2 3 2 2H CO CO H O 2e− −+ → + +             (11) 

 
2

2 2 3
1CO O 2e CO
2

− −+ + →                 (12) 

 
The mass conservation equation for a control 

volume microunit whose location is fixed in the 
computational domain is 
 

2
3CO

div( V) m
t −

∂ρ
+ ρ = ±

∂
                   (13) 

 
where t is time, V is the velocity vector and 2

3CO
m −±  

is related to the local current density and the total 
area of electrochemical interface in the control 
volume. 
 
b) Momentum Conservation Equation 

 
The momentum conservation equation can be 

written, using Newton’s second law (F=ma) along 
the three directions of the coordinate axes for the 
control volume microunit, as 
 

( V) div( VV V) P
t

∂ ρ
+ ρ − µ∇ = −∇

∂
           (14) 

 
where µ  is the viscosity of the gas mixture.  
 

c) Energy Equations 
 
The energy equation for the control volume 

microunit can be written, using gas mixture specific 
enthalpy (h) and temperature (T), based on the law of 
conservation of energy and Fourier’s law of heat 
conduction, as 
 

h
p

( h) hdiv Vh S
t c

 ∂ ρ λ∇
+ ρ − =  ∂  

             (15) 

 
where Sh is the heat source. In fuel gas flow, the heat 
source is the heat generated in the water-gas shift 
reaction (Kim et al., 2002); in oxidant gas flow, it is 
zero. 

The energy equation of the electrolyte layer can 
be written as 
 

2
p h

( T)c T S
t

∂ ρ
− λ∇ =

∂
                   (16) 

 
where Sh is the heat source in the electrolyte layer 
and can be calculated using Eq. 3. 
 
d) General Equation 
 

A general equation can be abstracted from Eqs. 
13-16 due to their comparability.  
 

( ) div( V )) S
t φ φ

∂ ρφ
+ ρ φ − Γ ∇ φ =

∂
        (17) 

 
where φ  is 1, h, and u, v, w in the continuity, 
energy, and momentum equations, respectively, 
φΓ is the generalized diffusion coefficient, Sφ is 

the source or sink. 
There are seven unknown variables, i, u, v, w, P, 

T and ρ, in six equations, Eqs. 7, 13, 14 which is 
made of three equations and 15. Therefore, it is 
necessary to add an equation including P and ρ in 
order to make the model solvable. 
 

f (P, c)ρ =                               (18) 
 
where P, for an ideal gas, is 
 
P cRT=                                 (19) 
 



 
 
 
 
 

528           L. J. Yu, G. P. Ren X. M. Jiang, J. Q. Yuan, and G. Y. Cao 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 

   

where R is the molar gas constant. 
 
As one of the physical characteristic parameters 

of the gas mixture in the stack, the generalized 
diffusion coefficient in Eq. (17) changes with the 
coordinates in the stack. And the reason is that the 
gas mixture components are different in different 
coordinates in the stack caused by electrochemical 
reaction. The variational generalized diffusion 
coefficient turns Eq. 17 into a group of variational 
coefficient equations. 

 
Boundary Conditions 

 
Boundary conditions at channel entries, such as 

gas mixture velocities, component concentrations 
and temperature and pressure at the channel outlet 
are specified and listed in Table 1. The two outer 
surfaces of the fuel cell are adiabatic because the 
computational domain of the fuel cell is located in 
the middle of the MCFC stack. 

 
Numerical Procedures 

 
The simulations in the study were carried out 

using computational fluid dynamics (Noriler, et al., 
2004; Modenesi, et al., 2004). The coupled model 
equations, Eqs. 7 and 13-16, were solved 
numerically using the SIMPLEC algorithm for u, v, 
w, p, T, i and ρ. This approach was suggested by 
Van Doormaal and Raithby (1984), who modified 
the SIMPLE algorithm initiated by Patankar and 
Spalding (1972) and Patankar (1980). The 
block-correction technique (Prakash and Patankar, 
1981; Patankar, 1981; Settari and Aziz, 1973) was 
used to accelerate the rate of convergence of the 
iterative solution. It was assumed that the reacting 
gases mixed well and the physical characteristics of 
the mixed gases changed with temperature. The 
coupled set of equations was solved simultaneously. 
The solution was considered to be convergent when 
the relative error of each physical variable between 
two consecutive iterations was less than 2×10-3. The 
SIMPLEC algorithm is as follows (Van Doormaal 
and Raithby, 1984):  
(1) Assume an initial velocity distribution u0, v0, w0, 
based on which coefficient and constant term of the 

momentum conservation equation, Eq. 14, are 
calculated; 
(2) assume a pressure field P*; 
(3) solve the momentum conservation equation, Eq. 
14, getting u*, v*, w*; 
(4) correct the pressure and velocity distributions 
using the continuity equation, Eq. 13, based on the 
requirement that the corrected velocity 
distributions, (u*+ u’), (v*+ v’) and (w*+ w’), which 
correspond to the corrected pressure, (P*+ P’), can 
satisfy Eq. (13); 
(5) solve the energy equations, Eqs. 15 and 16, using 
the corrected velocity distributions, (u*+ u’), (v*+ v’) 
and (w*+ w’), getting temperature distribution, T; 
solve Eqs. 18, 19 and 5-10 using temperature 
distribution, T, and the corrected pressure, (P*+ P’), 
getting density and current distributions, ρ and i; 
(6) calculate the coefficient and constant term of Eq. 
14 again, and use the corrected pressure distribution, 
(P*+ P’), as the initial value of the next iterative 
computation. The above steps continue iteratively till 
the convergent solution is obtained; 
(7) steps (1-6) are concerning one time step, repeat 
the upper iterative computation in every time step, 
obtain the transient solution.  

 
Computational Grids 

 
The middle part of the fuel cell that was in the 

middle of the MCFC stack was taken as 
computational domain. Fig. 4 shows the 
140×3.7×4.2 mm3 grids of the computational 
domain. The x-, y- and z-axes are the directions of 
gas flow, width and height of the fuel cell, 
respectively. The computational domain was divided 
into three regions in the direction of the z-axis: fuel 
region, fuel cell unit region and oxidant region. 
Based on the minimum quantity grids theory, which 
means that if the number of grids were much less, 
the simulation results would be grid dependent, the 
computational grids were defined. There were 6, 5 
and 5 grids in the fuel cell unit region, fuel region 
and oxidant region, respectively. There were 11 grids 
in the width direction. The convergence analysis of 
grids shown in Fig. 4 was performed, finding that the 
convergent results will not change with more grids in 
the computational domain.  
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Figure 4: Three-dimensional computational grids 

 
 

RESULTS AND DISCUSSION 
 
Based on the above model, the startup of the fuel cell 

is predicted and analyzed. It is assumed that the 
temperature of the fuel cell is preheated to 600 oC before 
startup. The testing conditions are listed in Table 1. 
 
Comparison of the Calculated and Experimental 
Results  

 
Fig. 5 compares the calculated temperature field 

and experimental data on the kilowatt-scale MCFC 
stack at the Institute of Fuel Cell, Shanghai Jiao 
Tong University, Shanghai, when the fuel cell was at 
steady state. The testing condition is the same as that 
for the simulations and is listed in Table 1. The 
temperature data were obtained using three 
thermoelectric couples that stuck to the current 
collector of the MCFC stack in the x direction. The 
calculated temperature field is at the cathode/current 
collector interface. Temperature in the former part 
increases sharply because of the heat generated in the 

electrochemical reaction, while temperature in the 
back part is constant because of the increase in 
radiation loss. It can be observed in Fig. 5 that the 
modeling results compare well with experimental 
data, which means that the MCFC model can be used 
for more extensive simulations. 
 
Calculated Results 

 
Fig. 6 shows the startup temperature distributions 

at the cathode/current collector interface at times of 
30, 60, 120, 360, 900, 1800, 3600 and 7200 s and 
steady state. The temperature of the stack increases 
sharply before 1800 s and appears to reach steady 
state after 7200 s. 

Figs. 7 and 8 show the distributions of current and 
power densities in the MCFC stack, respectively. They 
are similar in shape to the steady-state distribution of 
temperature in Fig. 6. The increasing temperature in the 
direction of the x-axis makes local polarization loss 
decrease, which makes the current density and power 
density increase along the flow channel. 
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Figure 5: Comparison of axial temperature distributions 
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Figure 6: The start-up temperature distributions at the cathode/current collector interface 
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Figure 7: Current density distribution 
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Figure 8: Power density distribution 
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Figs. 9, 10 and 11 show the hydrogen, carbon dioxide 
and water vapor concentration distributions in the fuel 
cell, respectively. In the anode channel, the concentration 
of hydrogen decreases and the concentrations of carbon 
dioxide and water vapor increase during the reaction in 
Eq. 11; in the cathode channel, the concentration of 

carbon dioxide decreases with the reaction in Eq. 12 and 
there are no hydrogen and water vapor. 

Fig. 12 shows the velocity distribution in the 
MCFC stack. The flow rate of the anode gas 
increases along the channel because of the mass 
transfer from cathode to anode. 
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Figure 9: Hydrogen concentration distribution 
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Figure 10: Carbon dioxide concentration distribution 
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Figure 11: Water vapor concentration distribution 
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Figure 12: Velocity distribution 

 
 

CONCLUSIONS 
 
A three-dimensional, variational parameter, 

transient model for a high-temperature MCFC stack 
was developed. The validity of the model was proved 
by comparison with measured temperature data 
obtained during the operation of the kW-Scale MCFC 
stack. The distributions of transient temperature on the 
cathode/current collector interface, current density, 
power density, hydrogen concentration, carbon dioxide 
concentration, water vapor concentration and velocity 
of the MCFC were obtained by solving the numerical 
model using the CFD method. The transient 
temperature and current and power densities reach their 
maximal values at the channel outlet. 

The simulation results of the MCFC based on the 
model are consistent with the experimental data. 
Associated with a small-scale experimental study, 
the model can predict the performance of a 
large-scale MCFC numerically. This numerical 
model and the numerical method in the study will be 
helpful in designing large-scale MCFCs. 
 
 

NOMENCLATURE 
 
Latin Letters 
 
c   molar concentration,   mol/m3

cp    constant pressure specific 
heat capacity, 

J/kgK

Eeq   reversible potential,   V
E0  standard reversible potential, V
F Faraday constant, 96500C/mol
 

h  specific enthalpy,   J/kg
H   molar enthalpy,   J/mol
i  current density, A/m2

m  gas transportation flow rate, kg/m3s
P pressure,   Pa
Q  heat source, J/m3s
r  reaction rate, mol/m2s
R molar gas constant, 8.314J/molK
Rohm  ohmic resistance,   Ωm2

Sh  heat productivity, J/m3s
Sφ  general heat source or sink 

term 
t  time,   s
T  temperature, K
u, v, w
   

velocity components in x, y 
and z directions, 
respectively, 

 m/s

V   gas velocity vector, m/s
U   electric voltage, V
x, y, z  cell length, width and 

height, respectively,   
m

 
Greek Letters 
 
δ thickness, m
η impedance of electrode 

overpotential,  
Ω m2

λ thermal conductivity,  W/mK
µ kinematic viscosity,  Pas
ρ density,  kg/m3

φ  general variable (-)
φΓ  general effective transfer 

coefficient 
(-)
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Subscripts 
 
a  anode (-)
c  cathode (-)
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