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An Explicit Dynamic Model for Direct Reforming
Carbonate Fuel Cell Stack
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Abstract—A nonlinear, lumped-parameter mathematical model
of direct reforming carbonate fuel cell stack is extended by deriving
an explicit set of differential equations for computer simulation.
The equilibrium assumption used for the water–gas shift reaction
results in an implicit equation set, previously solved using numer-
ical techniques. An explicit equation set is derived by eliminating a
key variable associated with the water–gas shift reaction. In ad-
dition, results are improved by incorporating a fuel cell perfor-
mance model to account for reversible cell potential and polariza-
tion losses. This requires determination of intermediate gas compo-
sition at the cell anode inlet, resulting in additional computations.
All results and physical data used are specific to a lumped 16-stack
2-MW system design, a precursor to a demonstration plant that
had been operated at the City of Santa Clara, CA. Steady state re-
sults are validated for several load points over the upper region
of operation and transient results are provided for sudden load
change.

Index Terms—Dynamics, fuel cells, power generation,
simulation.

I. INTRODUCTION

T HE DIRECT Carbonate Fuel Cell (DFC) is a variant of
molten carbonate fuel cells in that it internally reforms

methane-containing fuels within the anode compartment of
the fuel cell. DFC power plant is emerging as a viable highly
efficient technology with net fuel-to-electricity efficiency of
55–60%. By utilizing waste heat in the higher temperature car-
bonate fuel cell, total thermal efficiencies can approach 85%.
Emissions of CO per pound of fuel are reduced due to the
higher efficiencies while emissions of CO, NOx, and SOx are
in the order of parts-per-million (PPM). Other benefits of fuel
cell systems in general are the increased flexibility of sizing,
fuel, and siting. Thus, with deregulation in electricity supply,
new and existing energy suppliers have been attracted by the
potential of fuel cell systems as distributed on-site generators.

The largest demonstration of molten carbonate fuel cell
(MCFC) technology has been California’s 2-MW Santa Clara
Demonstration Project (SCDP) [1], [2]. The fuel cell stacks
used in the SCDP were rated at 125-kW and based on “direct
fuel-cell technology” developed by FuelCell Energy (FCE).
Natural gas is internally reformed, partially in an internal
reforming unit and partially at the cells, eliminating the need
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Fig. 1. IIR/DIR structure of MCFC stack.

for a large external reforming unit to produce hydrogen fuel.
The approach, Fig. 1, is a combination of indirect internal
reforming (IIR) and direct internal reforming (DIR) which
provides for better thermal management [3]. In FCEs design the
internal reforming is achieved in two distinct steps. In the IIR
step, a reforming unit (RU) containing nickel based catalyst is
placed between every 10 fuel cells in the stack. The reforming
units convert approximately 50–60 percent of the natural gas
fuel to hydrogen prior to entry into the fuel cell anode. The
partially reformed natural gas undergoes further reforming
in the fuel cell anodes which are also loaded with reforming
catalysts. This design approach ensures the benefits from the
internal reforming concept are realized, including complete
conversion of the natural gas to hydrogen, reduced fuel cell
heat dissipation, and simplicity in design.

A dynamic model for direct reforming carbonate fuel cell
stack was derived in [4] to describe both short-term and
long-term transient effects. Continuous stirred tank reactors
(CSTRs) were used to describe both anode and cathode with
the former lumping the combined effects of RU and cell anode.
Fuel cell polarization losses were lumped into a single ohmic
cell resistance. In this paper, the model is extended to include
electrode polarization losses described by experimentally
derived correlations dependent on gas composition at the
cell anode inlet. This requires calculation of intermediate gas
composition out of the RU, leaving the basic model unaffected.
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In the description of the model, anode inlet is used to denote
the state of fuel at the RU inlet except when considering
intermediate composition.

II. MCFC STACK DYNAMIC MODEL

Assuming a fuel cell stack temperature common to anode
and cathode, ideal gases and mixtures, and energy storage only
within the stack hardware, a single energy balance is written [4]:

(1)

where
stack solid mass-specific heat product [J/K];
stack solid average temperature [K];
anode (cathode) total inlet molar flow [mol/s];
anode (cathode) inlet mole fractions;
anode (cathode) inlet partial molar enthalpies
[J/mol];
partial molar enthalpies at stack temperature
[J/mol];
total gas components in anode or cathode;
stack dc power [W];
anode (cathode) total rate of production of species

[mol/s].
Under the ideal gas assumption the partial molar enthalpies are
computed using

where coefficients of the specific heats [J/(kg K)],

are found in standard reference tables. The reference enthalpy
represents energy at standard reference temperature and in-
cludes the heat of formation for each gas species to account for
energy change on chemical reaction. Total rates of production

can be written as

(2)

where
total number of chemical reactions;
rate of reaction ;
stoichiometric coefficient of gas speciesin reaction
.

Gas component balances are:

Anode

(3a)

Cathode

(3b)

where
anode (cathode) outlet mole fractions;
anode (cathode) outlet pressures [kg/(ms )];
anode (cathode) compartment volumes [m];
universal gas constant[J/(molK)].

Equations (1)–(3) are subject to the following reactions on
the anode side:

H CO H O CO
(4)

CO H O CO H – (5)
CH H O CO H (6)

and on the cathode side:

O CO CO (7)

The rates of electrochemical reactions (4) and (7) are equal and
proportional to load current through Faraday’s Law while the
reforming reaction rate is dependent on temperature, pressure,
and gas composition at the anode compartment [4]. However,
the water–gas shift (WGS) reaction is assumed at equilibrium
and therefore a reaction rate is undefined. Instead, the equi-
librium assumption imposes a constraint on gas species at the
anode compartment:

(8)

where is the WGS equilibrium constant and and
are related to Gibb’s free energy change on the WGS reaction.
With an undefined reaction rate, (2) and subsequently, (1) and
(3) cannot be evaluated. In the following, this reaction rate is
removed from the equation set.

III. EXPLICIT MODEL DERIVATION

At the anode side there are three simultaneous reactions
(4)–(6). In the following, these will be denoted as reactions 1,
2, and 3, respectively. The term corresponding to the total rate
of production at the anode is rewritten:

(9)

This considers as a legitimate variable and separates it
for eventual elimination. The set of all gas species (anode or
cathode) is first identified:

H CH CO CO H O N O (10)

where the ordering is used to refer to individual gas species (e.g.,
is the mole fraction of CO). To simplify the development,

the following definitions are made:

Anode Side Quantities

...
...
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...
...

Cathode Side Quantities

...
... ...

(11)

Additional Quantities

...

On the anode side, the component balance (3a) for CO is ar-
bitrarily chosen to express by substituting (9) into (3a) and
rewriting. The mole fraction for CO is explicitly denoted and
the a subscript is dropped:

N

(12)

In (12) the following definition has been used:

(13)

Equation (12) is then re-substituted into (3a), eliminating,
where all remaining component balances ( ) on the anode
side are in terms of and :

(14)

From the definition in (11) and inspection of the WGS reaction,

where positive and negative coefficients represent products and
reactants, respectively. From (13), then . This implies
that the bracketed term in (14) is multiplied by zero when ,
6, or 7. In other words, the mole balance equations for CH, N ,
and O do not involve or . Thus, a coupled set of dif-
ferential equations exists among , , , , and

. To see the coupling with stack temperature, (12) is substi-
tuted into the energy balance (1) where the relationships in (11)
have been used:

(15)

Equations (14) and (15) form an implicit equation set. To trans-
form these into an explicit set, the WGS equilibrium constraint
(8) is first differentiated with respect to time. Since all quanti-
ties are still on the anode side, the subscriptis again dropped:

(16)

Finally, substituting , , and from (14), and
from (15), each into (16), an equation involving only one deriva-
tive ( ) can be isolated and written explicitly. This can then
be back-substituted into (14) and (15) to complete an explicit
set. A similar derivation is not necessary for cathode side quan-
tities since there is only the electrochemical reaction (7). Before
presenting the final results, some terms are evaluated by inspec-
tion of (4)–(7):

and

A number of additional quantities are defined:



292 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 16, NO. 3, SEPTEMBER 2001

Using the above definitions an explicit set of equations de-
scribing fuel cell dynamics follows:

Anode Composition

Stack Temperature

Cathode Composition

Included in these equations are the facts that mole fractions sum
to unity and that certain gas species are not present. Expressions
for the reaction rates and are given in [4]. To complete the

model, two additional state equations are used to describe anode
and cathode pressures. These are derived by differentiating the
ideal gas law with respect to time, where is
total concentration [mol/m], and using a total mole balance [4]
to eliminate for both anode and cathode. This results in:

where and are the anode and cathode exhaust total
molar flows, respectively.

IV. CELL VOLTAGE REPRESENTATION

Cell voltage under load current[A/cm ] is expressed as [5]:

(17)

where
equilibrium potential [V];
activation polarization [V];
concentration polarization [V];
cell ohmic impedance cm

Activation polarization is caused by electrode kinetics while
concentration polarization is caused by concentration gradients
in the electrode. Equilibrium potential is described by the Nernst
equation [5]:

(18)

where
standard potential [V];
Faraday’s constant [J/(molV)];
partial pressure

.
Partial pressures (normalized to atmospheric pressure)

depend on anode/cathode gas pressure and composition while
standard potential and ohmic impedance are both temperature
dependent. Fuel cell polarization losses are generally dependent
on partial pressures, temperature, and current density, and are
spatially distributed in an actual cell. In this study the dynamic
model is lumped parameter, CSTR-type where outlet properties
are equal to average properties. A fuel cell performance model,
correlated with experimental data [6], is incorporated in the dy-
namic model in order to predict the DC voltage as a function of
state variables.

Standard Potential

Activation Polarization
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Concentration Polarization

Cell Ohmic Impedance

In the equation above, is the arithmetic average of cathode
inlet and exit temperature [K] andis current [A/cm]. Anode
and cathode partial pressures are arithmetic averages of inlet and
exit gas partial pressures, where anode inlet gas is assumed to be
pre-equilibratedto account for gas composition change within
the reforming unit. With these considerations in mind, a number
of assumptions are made linking the performance model to the
lumped-parameter model:

(A1)

(A2)

(A3)

where denotes anode inlet (RU exit) mole fraction. This
is calculated by assuming the WGS and reforming reactions
at equilibrium corresponding to the following pre-equilibrium
temperature and pre-equilibrium pressure:

(A4)

(A5)

In (A2), (A3), and (A5), cell inlet pressure is not used in the
averaging, thus avoiding complicated hydrodynamic pres-
sure/flow models. Calculation of then becomes a standard
equilibrium problem [7], solved at each integration time step by
a Newton–Raphson iteration. Assumptions (A1)–(A5) are also
used to calculate the second term in the Nernst equation (18).

V. SIMULATION RESULTS

Parameters used in the dynamic model were obtained from
FCEs 2-MW conceptual system design leading to the Santa
Clara Demonstration Project (SCDP) and include: anode and
cathode volumes, stack solid mass and specific heat, cell active
area, and reforming catalyst surface area. All parameters cor-
respond to a 16-stack equivalent. Standard constants were used
corresponding to WGS and reforming reactions. System voltage
in the SCDP is taken across a series connection of four stacks,
each stack consisting of 258 cells .
Table I shows a steady state comparison of model and plant data
[8]. Here, the model voltage was computed open-loop (no in-
verter) subject to the actual plant load current.

To investigate transient behavior, the plant is assumed to be at
steady state corresponding to rated power (1964 kW gross dc)
and subjected to a sudden increase in power demand. The setup
in Fig. 2 is assumed, where the balance-of-plant, power con-
ditioning system (PCS), and plant control system are included
in the simulation [9]. The inverter is assumed to regulate bus
voltage perfectly (with unity power factor) and simply draws

TABLE I
STEADY STATE SIMULATION RESULTS

Fig. 2. SCDP plant simulation.

Fig. 3. Anode gas composition.

stack current proportional to bus current and inversely propor-
tional to stack voltage using a power demand setpoint. Stack
current is measured and used in calculation of fuel flow setpoint
to maintain 75% fuel utilization (fraction of total fuel that reacts
electrochemically). All controls loops are operational and in-
clude: stack differential pressure, stack temperature, steam-to-
carbon ratio, etc. [9]. Figs. 3–8 show the responses to a 10%
step-up in power demand.

Anode gas composition, Fig. 3, changes quickly (fast con-
trol of fuel flow) in response to the disturbance and returns to
its original value corresponding to 75% fuel utilization, Fig. 4.
Anode and cathode pressures in Fig. 5 both increase as a result
of the increased load. Differential pressure between anode and
cathode is controlled by the booster blower [9] with a setpoint of
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Fig. 4. Fuel utilization.

Fig. 5. Anode and cathode pressures.

Fig. 6. Cathode gas composition.

0.012 psia. Unlike the anode, cathode gas composition, Fig. 6, is
not nearly invariant under load changes. This is due to the stack
temperature control system which increases the air flow rate to
the cathode, consequently increasing oxygen and nitrogen mole
fractions. The large response time in Figs. 5–8, is a result of

Fig. 7. Stack temperature.

Fig. 8. System voltage.

the 16-stack mass-specific heat product in (1), the thermal time
constant of stack temperature, Fig. 7. System voltage in Fig. 8
starts at its initial value of 797 V, corresponding to regulated
power (inverter control), and drops quickly to a sudden increase
in stack current, in turn, controlled by the inverter to maintain
the new power setpoint. System (stack) voltage varies according
to the temperature dependence in (18) while stack current is con-
tinuously adjusted by the inverter control to maintain power.

VI. CONCLUSION

A 10-state, explicit dynamic model for direct reforming DFC
stack was derived for computer simulation. The reaction rate
corresponding to the WGS reaction at equilibrium was unde-
fined and eliminated from the equation set. The results were then
manipulated to obtain an explicit set of differential equations.
The dynamic model results were improved by including corre-
lations from a validated three-dimensional performance model.
Several load points were used for comparison between plant and
model. A balance-of-plant/control system model was included
in the simulation and transient results were analyzed for a step
change in power demand. Design data and physical parameters
have been based on a 2-MW demonstration power plant.
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