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Abstract

A detailed dynamic model incorporating geometric resolution of a molten carbonate fuel cell (MCFC) with dynamic simulation of physical
and electrochemical processes in the stream-wise direction is presented. The model was developed using mass and momentum conservation,
electrochemical and chemical reaction mechanisms, and heat-transfer. Results from the model are compared with data from an experimental
MCFC unit. Furthermore, the model was applied to predict dynamic variations of voltage, current and temperature in an MCFC as it responds to
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arying load demands. The voltage was evaluated using two different approaches: one applying a model developed by Yuh and Selman [C.Y. Yuh,
.R. Selman, The polarization of molten carbonate fuel cell electrodes: I. Analysis of steady-state polarization data, J. Electrochem. Soc. 138 (1991)
642–3648; C.Y. Yuh, J.R. Selman, The polarization of molten carbonate fuel cell electrodes: II. Characterization by AC impedance and response
o current interruption, J. Electrochem. Soc. 138 (1991) 3649–3655] and another applying simplified equations using average local temperatures
nd pressures. The results show that both models can be used to predict voltage and dynamic response characteristics of an MCFC and the model
hat uses the more detailed Yuh and Selman approach can predict those accurately and consistently for a variety of operating conditions.

2005 Elsevier B.V. All rights reserved.

eywords: Molten carbonate fuel cell; Agglomerate model; Generalized model; Heat transfer; Experimental analysis

. Introduction and background

The development of energy systems with readily available
uels, high efficiency and minimal environmental impact are
equired in order to meet increasing energy demands and to
espond to environmental concerns. Increasingly, fuel cell
ystems are being considered as promising solutions. Fuel
ell-based power plants convert the chemical energy in a
uel directly to electricity without the need to first convert
hemical energy into heat. This results in high efficiency and
ow pollutant emissions in comparison to traditional fossil
uel-based energy conversion devices.

Among the various fuel cell types, the molten carbonate
uel cell (MCFC) is a very promising technology, which is
ow commercially available. It has been mainly applied for

∗ Corresponding author. Tel.: +1 949 824 1999x221.
E-mail addresses: jb@nfcrc.uci.edu (J. Brouwer), fjabbari@eng.uci.edu

F. Jabbari), eleal@uci.edu (E.M. Leal).

stationary generation of electrical energy together with the pro-
duction of highly valuable heat and is thus suitable for many
industrial applications as well as for distributed power supply.
Molten carbonate fuel cells normally operate at approximately
650 ◦C. This operating temperature is needed to achieve suf-
ficient ionic conductivity in its electrolyte. High temperature
operation is also advantageous for the system in terms of the
production of high quality waste heat and fuel flexibility (i.e.,
ability to electrochemically oxidize carbon monoxide and hydro-
carbon fuels and to reform hydrocarbon fuels within the fuel cell
stack). In addition, typical MCFC operating temperatures pro-
duce sufficiently fast electrochemical kinetics that noble metal
catalysts are not required for the cell electrochemical oxidation
and reduction processes. On the other hand, degradation of cell
materials and other system components is negatively impacted
by the higher operating temperatures and especially by thermal
cycling.

The molten carbonate fuel cell uses a carbonate electrolyte,
which is generally a mixture of lithium and potassium carbon-
ates (salts). The electrolyte materials, which become molten
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.07.093



214 J. Brouwer et al. / Journal of Power Sources 158 (2006) 213–224

Nomenclature

A Area of the cell (m2)
Acond Flux area of the solid (m2)
Aconv Exposed surface area of the solid (m2)
Ck Individual concentration of specie k (mol m−3)
E Energy (J)
E1 Net rate of flow energy added at control vol-

ume inlet and outlet. Zero for exit control volume
where enthalpy is directly used in the conserva-
tion equation (W)

E0 Ideal standard potential (V)
Eact Activation energy (J mol−1)
Eeq Nernst potential (V)
Ein Energy into control volume (J g−1)
Eout Energy out of control volume (J g−1)
F Faraday’s constant (96,487 C mol−1)
h Convective heat transfer coefficient
�H f

H2O Heat of formation of water (W m−2 K−1)
j Current generated (A)
j0 Exchange current density (A m−2)
jL Limiting current density (A m−2)
k Thermal conductivity (W m−1 K−1)
L Distance between the bulk temperature (m)
min Mass flux into control volume (g s−1)
mout Mass flux out of control volume (g s−1)
n Number of participating electrons in the reaction

(–)
Nk Molar flow of specie k (mol s−1)
pk Partial pressure of specie k (Pa)
P Pressure (Pa)
Qref Reformer heat exchange losses (W)
Qconv Convective heat transfer (W)
Qcond Conductive heat transfer (W)
Rint Internal resistance of the fuel cell (� m2)
Rload Total load resistance (�)
Rohm Ohmic resistance (�)
Rp Total production rate of species k (mol s−1)
Ru Universal gas constant (8.3145 J mol−1 K−1)
t Time (s)
T Temperature (K)

Finite control volume (m3)
Vcell Cell voltage (V)

Greek letters
α Transfer coefficient (–)
ηact Activation polarization (V)
ηan Impedance for anode overpotential (�)
ηcat Impedance for cathode overpotential (�)
ηconc Concentration polarization (V)
ηohm Ohmic polarization (V)
ρ Density (g m−3)

Superscripts
an anode
cat cathode

cs cathode side
ele electrolyte
s separator plate

at typical operating temperatures, are usually supported and
wicked to cover electrode surfaces through use of a ceramic
electrolyte support mesh (often LiAlO2). Anode materials are
typically Ni–Cr/Ni–Al alloys and cathode materials are com-
prised of lithiated NiO. The fuel cell operation is the result of
a complex conjunction of physical, chemical and electrochemi-
cal processes. The anode and cathode half reactions and overall
electrochemical reaction are [3]:

Cathode : 0.5O2 + CO2 + 2e− → CO3
2− (1)

Anode : H2 + CO2−
3 → H2O + CO2 + 2e− (2)

Overall : H2 + 0.5O2 + CO2,cat → H2O + CO2,an

+ electricity + heatstack (3)

Several groups have investigated and advanced MCFC tech-
nology over the years. These groups include the Illinois Institute
of Technology, Delft University, the Gas Technology Institute
(formerly GRI), Ansaldo Ricerche, CRIEPI, and others [4]. The
most significant advancements and recent investments in MCFC
technology have been from the governments of the United States
and Japan and from FuelCell Energy Corporation (formerly
Energy Research Corporation) of the U.S., Mitsubishi Heavy
Industries (MHI) of Japan, and MTU of Germany. Molten car-
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onate fuel cell power plants of 250 kW, 1.5 MW, and 3.0 MW
re currently commercially available [5].

. Model formulation

The molten carbonate fuel cell (MCFC) studied here is pre-
ented schematically in Fig. 1. The cell has a planar configu-
ation with co-flow channel flows. It can be physically broken
own into 5 distinct components: anode and cathode separator
lates, electrode–electrolyte assembly, and anode and cathode
as channels. The separator plates are used to provide struc-
ural support to the electrolyte mesh as well as to separate the
node and cathode channels. The electrode–electrolyte assem-
ly is where chemical reactions occur and current and heat
re generated. Although this assembly is a complicated molten
tructure with certain concentration of carbonate ions traveling
hrough and chemical reactions at interfaces on both sides, it
as modeled as a solid structure with electrochemistry and ion

ransport sufficiently fast to allow the assumption of no mass
torage. The mass of the electrolyte accounts for the presence
f ions and the reduction and oxidation reactions are assumed
o happen at the surface of this solid assembly. The gas chan-
el flows are where the products and reactants are brought to
nd from the electrode–electrolyte surface. In the gas channels
f the model, all of the dynamic conservation equations (mass,
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Fig. 1. Schematic showing the geometry of the molten carbonate fuel cell dynamic model [13].

species, momentum, and energy) are solved simultaneously. The
simplified geometry that is included in the model breaks the cell
into 10 equidistant nodes along the length of the cell as shown
in Fig. 1. Each node includes resolution of the 5 cell compo-
nents described above. Previous nodal sensitivity studies [6]
have shown that 10 nodes are sufficient to capture the perfor-
mance of an MCFC cell of the current size and shape.

The electrochemistry in the cell is modeled as a quasi-steady
process in which the electrochemical-kinetics is assumed to hap-
pen at a rate much faster than the transport and heat transfer
model dynamics. So, the reactions are assumed to happen instan-
taneously at the electrolyte surface and to be complete. Diffusion
times to the active sites in the electrolyte matrix are also assumed
to be the same order as the chemical kinetics and are neglected.
With these assumptions, the species consumption and produc-
tion rates become wholly dependant on the current produced
from the cell. At any point in time then, the local current produc-
tion depends upon local bulk species concentrations in the anode
and cathode compartments, an iteratively determined cell volt-
age (using an electrode equipotential assumption), and the local
polarizations. A relatively simple mass/species balance equation
for species conservation is thereby obtained [7]:

(4)
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given by the Nernst equation [4]:

Eeq = E0 + RuT

2F
ln

[
pH2,an p0.5

O2,cat

pH2O,an

pCO2,cat

pCO2,an

]
(5)

The Nernst equation provides a relationship between the ideal
standard potential (E0) for the cell reaction and the ideal equi-
librium potential for given local temperatures and partial pres-
sures (pk) of reactants and products. Fuel cell irreversible losses
(caused by electrochemical dynamic limitations, as in activation
polarization, or by mass transport limitations, or resistive heat-
ing) are estimated through local calculation of the three primary
bulk losses of activation, concentration, and Ohmic polarizations
[4]:

Vcell = Eeq − ηact − ηconc − ηohm (6)

where Vcell is the cell voltage under load; ηact, the activation
polarization; ηconc, the concentration polarization; and ηohm,
the Ohmic polarization. Polarization losses are generally depen-
dent on gas partial pressures, temperature, and current density,
all of which are spatially distributed in an actual cell. Several
approaches for calculating these polarization losses have been
presented in the literature. One approach is to derive the acti-
vation polarization and the concentration polarization from the
Butler-Volmer equation. Using this approach the activation, con-
centration and Ohmic polarization equations are, respectively
[

η

η

η

w
d

here is the finite control volume; Ck, the individual concen-
ration of species k; Nk, the molar flow of species k; Rp, the total
roduction rate of species k; and j, the current.

.1. Cell voltage and loss mechanism

Although the dynamics of the fuel cell in the current model
re not impacted by electrochemical dynamics, the impacts of
lectrochemical dynamics on the realized voltage are well con-
idered and accounted for. The equilibrium cell potential (Eeq)
f a fuel cell in terms of temperature and gas compositions is
4]:

act = RuT

αnF
ln

[
j

Aj0

]
(7)

conc = RuT

nF
ln

[
1 − j

AjL

]
(8)

ohm = jRint (9)

here jL is the limiting current density; j0, the exchange current
ensity; A, the area of the cell; and Rint, the internal resistance
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of the fuel cell. The limiting current density is influenced by
the transport phenomena that occur in the fuel cell electrodes.
The exchange current density is a function of the fuel cell oper-
ating pressure and temperature. The work done by Bessette
[8], suggests a potential model for j0 written as (j0 = a + bT),
however experimental data indicates that the dependence of
j0 solely on the operating temperature of the cell is insuffi-
cient. Previous work done by Rivera [9] shows that the equa-
tion (j0 = a + bT + cP + dPT) can be used to predict the value of
exchange current density. Values of j0 across a temperature and
pressure range from 590 to 650 ◦C, 1–3 atm., respectively, vary
from 10 to approximately 2500 A m−2. This is within an accept-
able range, according to Larminie and Dicks [10]. These values
were found by using a value of 0.5 for the transfer coefficient (α).

Another approach is given by Yuh and Selman [1,2], which
has received a somewhat general acceptance because it combines
a general, macro-homogeneous concept of the active reaction
sites (agglomerates) with a specific micro-geometric representa-
tion of the gas transport and current conduction in the electrode.
In this so-called agglomerate model, the porous electrode is
divided spatially into two regions, one consisting of agglom-
erates of solid particles having liquid-filled micro-pores, and
the other consisting of macro-pores. In this approach, the cell
potential is calculated by [1,2]:

Vcell = Eeq − j(ηan − ηcat − Rohm) (10)

w
t
a

η

η

w
a
f
w
a
A

R

T
0
a

2

t
t
c
d
n
o

sources/sinks and interactions between and amongst the compo-
nents as well as those in adjacent nodes. Within the components,
an energy equation was formulated by applying the First Law
of Thermodynamics with heat transfer modeled by finite differ-
ence methods. To reduce simulation time, the fluid channels were
modeled as control volumes with constant properties and a single
unique temperature and set of species concentrations. Similarly,
the electrolyte was also assumed to have constant properties and
was modeled as one bulk component even though it consists of
a molten carbonate salt mixture (sodium, potassium, or lithium
salts) that is retained in a ceramic matrix of lithium aluminum
oxide with electrodes on both sides. For all the solid components,
a lumped capacitance condition is assumed.

Due to the cell’s planar configuration and operating condi-
tions, the stream-wise and normal to the top of the cell directions
were assumed to be the primary directions of heat flux. This
is because the largest exposed area is on the upper and lower
surfaces of the cell and the thermal profile (due primarily to
non-uniform heat generation) and convective fluxes are impor-
tant in the stream-wise direction.

For the fluid channel, the energy equation is simultaneously
solved with the momentum and species conservation equations,
which were discussed earlier. For the fluid within the channel
flow between the nodes, it was assumed that the mass that leaves
or enters the control volume has a specific energy. Thus, an
energy balance can determine the bulk fluid temperature within
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here Eeq is given by Eq. (5). The impedance for anode overpo-
ential (ηan) and cathode overpotential (ηcat) can then be written
s, respectively [1,2]:

an = 2.27 × 10−9 exp

(
Eact,an

RuT

)
p−0.42

H2
p−0.17

CO2
p−1.0

H2O (11)

cat = 7.505 × 10−10 exp

(
Eact,cat

RuT

)
p−0.43

O2
p−0.09

CO2
(12)

here pk denotes partial pressure of species k in units of atm.;
nd Eact denotes activation energy. The activation energies used
or 650 ◦C were taken from the work of Yuh and Selman [1,2],
hile those for other temperatures were extrapolated. The over-

ll cell resistance (electronic and ionic) was expressed with the
rrhenius equation to calculate Ohmic polarization by [11]:

ohm = 0.45 × 10−5 exp

[
8600

(
1

T
− 1

923

)]
(13)

he pre-exponential factor in Eq. (13) was determined to be
.45 × 10−5 � from measured experimental cell resistance data
t 650 ◦C.

.2. Energy balance and thermal properties

As mentioned earlier, to perform the energy balance across
he cell, each nodal volume was separated into five distinct con-
rol volumes: anode and cathode separator plates, anode and
athode channels, and the electrode–electrolyte matrix. These
istinct components can be considered individual thermody-
amic control volumes, each of which is simulated using a set
f dynamic energy and heat transfer equations that account for
ach channel for every node. So, the energy equation can be
ritten as [12]:

(14)

here E denotes energy; m is mass flux; Qconv, convective heat
ransfer in the electrolyte (subscript e) and at the separator plate
subscript s); E1, the net rate of flow energy added at the control
olume inlet and outlet, and the subscripts in and out denote into
nd out of control volume, respectively.

The separator plates are modeled as uniform-solid com-
onents with heat transfer to and from their boundaries. The
eparator plates have no thermal generation because there is no
eaction within the separator plates; but since they are at the edge
f the cell, energy can be extracted (lost to the environment from
he fuel cell perspective). For the boundary conditions, the sep-
rator plates interact with ambient conditions (or neighboring
ells if in a stack), with the adjacent fluid channel, and within
eighboring separator plate nodes. Applying an energy balance
o the separator plates yields the following differential equation
12]:

dQ

dt
= −Qcondcs,s − Qconvf − Qconv∞ − Qcondcs,s-ele − Qref

(15)

here Qcond denotes conductive heat transfer in the separator
late (subscript s); Qconv is the convective heat transfer in the
uid (subscript f) and to the environment (subscript ∞); and
ref, the reformer heat exchange losses.
The electrolyte energy equation is similar, however, heat

eneration terms appear to take into account the formation
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of water from the electrochemical conversion of the oxygen
and hydrogen gases (Eq. (3)). Heat generation is assumed to
occur within the electrode–electrolyte volume. In addition, the
boundary conditions differ from the separator plates in that
the electrode–electrolyte matrix is surrounded on both top and
bottom channels so that only the immediate sides of the cell
electrode–electrolyte assembly are able to interact directly with
the ambient conditions. The energy equation for the local bulk
temperature in the electrode–electrolyte matrix that results is
[12]:

dQ

dt
= −Qconde − Qconvf,an − Qconvf,cat + Qconds + Qgen (16)

Qgen = j

(
�H f

H2O

nF
− Vcell

)
(17)

The equations used for the conductive and convective heat
transfer are of the form, respectively [9]:

Qcond = kAcond

L
�T (18)

Qconv = hAconv�T (19)

where Aconv is the flux area; k, the thermal conductance of the
material the heat flux is going through; L, the distance between
the bulk temperature difference; h, the convective heat transfer
c
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volumes) with the exception that the boundary conditions are
provided by either adjacent nodes or inlet/exit conditions. The
stream-wise discretization allows the model to capture variations
along the length of the cell as well as the potential for mass
storage during dynamic operation.

The cathode and anode channels are modeled by applying
the conservation equations to the nodal control volumes. This
allows for the solution of the state variables within the channels.
Pressure is obtained by solving the momentum equation, which
is an unsteady Bernoulli equation that assumes there is a time-
varying, uniform bulk flow. In a separate sensitivity analysis, this
Bernoulli equation (which demands a lot of computational time)
was solved and solutions compared to the simple assumption of
a constant pressure drop (from 1 to 10%). In this analysis, no
significant difference in voltage and current was found between
the computationally intensive solution of the Bernoulli equation
and the assumed pressure drop. As a result, a constant pressure
drop (about 0.1% in each node) across the cell was used since
the exit pressure is known.

In both channels, mass and species balances are used. Flows
are assumed to be ideal gases allowing the inlet concentration
to be easily obtained from local pressure and temperature. From
inlet flow and molar fractions, the species inlet concentrations
can be determined for each node and each control volume. The
inlet species concentrations are then used in a mass/species bal-
ance with reaction rates to form the relation dictating the exit
m
v
c

i
o
T
e
c
i

V

a
s
t
r
h
p
f

w
o
i
s
c
r
e
d

oefficient; and Aconv, the surface area.

. Discretization

When simulating a fuel cell, it is important to capture some
f the geometrical features so that the dynamic performance of
ell can be accurately predicted. Even the overall cell perfor-
ance depends upon local conditions and properties (tempera-

ure, pressure, species concentrations) that cannot be accurately
aptured without some spatial resolution of the mass and heat
ransfer, chemical and electrochemical reactions as they vary
idely throughout the cell or stack volume. In addition, some
nderstanding and insight into local conditions can be valuable
or determining whether the fuel cell is subjected to harmful
r stressful conditions. However, full three-dimensional and
ynamic resolution of the concurrent processes (e.g., chemistry
nd electrochemistry, heat transfer, mass transfer, momentum)
s often computationally intensive. Thus, we have selected an
pproach that can capture essential spatial features in a relatively
implified manner allowing solution of the dynamic equations
hat govern heat and mass transfer, momentum and energy con-
ervation, and electrochemistry in the fuel cell.

For simulation, the cell is discretized along the stream-wise
irection into 101 distinct control volumes in order to capture
ariations along the length of the cell. Each node is comprised of
n identical representation of the five cell components (control

1 As stated before, a node sensitivity analysis showed that, in this case, the fuel
ell model needed to be divided into 10 nodes in order to achieve high accuracy.
sing more than 10 nodes only provides small gains in accuracy with a large

ncrease in computation time [7,9].
olar fractions. Due to the Nernst term, there will be a spatial
ariation in the current generation since the fuel and oxidizer
oncentrations will decrease along the path of the flow.

Along the length of the cell, a global equal-potential condition
s enforced [13]; that is the voltage across the cell through-
ut all nodes is constant and is also the overall cell voltage.
his assumption is reasonable since the current collectors and
lectrodes in a carbonate fuel cell are relatively good electronic
onductors. As a result, at each node the following electrochem-
cal relation applies:

cell =
∑
nodes

jnodeRload (20)

Also note that the fuel cell is comprised of a one-dimensional
rray of nodes and each node is comprised of two-dimensional
ets of components (control volumes). This yields an overall
wo-dimensional cell temperature distribution, which is rep-
esented in Fig. 2. Fig. 2 also presents the equivalent circuit
eat transfer network of two adjacent nodes showing that the
resent model accounts for convective and conductive heat trans-
er between and amongst components as appropriate.

The two models (agglomerate model and simplified model)
ere developed in MATLAB Simulink® [14], selected because
f dynamic solution capabilities, a flexible and versatile user
nterface, and especially, compatibility with dynamic control
ystem development. The models are constructed in a physi-
ally representative manner, i.e., separate graphical components
epresenting the anode, cathode, electrode–electrolyte assembly,
tc., for each of the model nodes, allowing easy visualization and
ebugging. The two models are constructed similarly using the
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Fig. 2. Schematic representation of heat transfer at the nodal level [13].

same energy conservation equations; they differ only in the man-
ner in which electrochemical and transport losses are calculated
in each node.

4. Experimental investigation

An experimental investigation was conducted to measure the
performance of a single MCFC cell. The experiments were
designed to acquire data that could be useful for model vali-
dation. The MCFC tested has a planar area of 100 cm2. The test
stand used sandwiched the actual cell between separator plates
that were machined with 21 channels mat are 3 mm in width and
height for the cathode and 3 mm in width and 1.5 mm in height
for the anode. This contributes to a relatively simple and yet
still complex geometry for the solution of mass and heat trans-
fer equations. The electrode–electrolyte matrix is sandwiched
between the two opposing separator plates and the fuel and oxi-
dant flow concurrently in opposing channels.

A total cross-sectional area is calculated using actual cell
geometry but features such as defects in the structural intercon-
nections within the electrode–electrolyte structure itself and to
the separator plates are ignored. The separator plates are mod-
eled in a similar fashion as the electrolyte; as constant property
flat plates that have no complex features with a cross-sectional
area that is the same as the actual cell. For model validation,
only 5 species are simulated in the anode and cathode channels:
C
a
h
f
n

t
a
a
d
t

nal resistance. These measured internal resistance values were
directly used to calculate Ohmic polarization in the model
[9].

5. Results and discussion

The fuel cell parameters and operating conditions employed
for the simulation are shown in Table 1. Table 2 presents the heat

Table 1
Unit cell data and operating conditions for the MCFC dynamic model

Parameter Value

Load resistance (�) 0.0692
Number of channels 21

Operating pressure (Pa) 101,325–303,975
Operating temperature (K) 860–923

Limiting current density (A m−2) 4000
Transfer coefficient 0.5
Cell thickness (m) 0.01

Separator plate thickness (m) 0.0017
Separator plate density (kg m−3) 7900
Separator plate heat capacity (J kg−1 K−1) 611

Electrolyte thickness (m) 0.001

Activation energy in the anode (kJ kmol−1) 53,500
A

A

A

I
I
I
I
Inlet molar fraction of N2 in the cathode 0.59
Inlet molar fraction of CO2 in the cathode 0.08
Inlet molar fraction of H2O in the cathode 0.25
O2, H2, H2O, N2, and O2 since these were the only gases used
nd measured in the experiments. Electric heaters were used to
eat the fuel cell to a specified temperature because, unlike a
uel cell stack, a single cell is not capable of producing the heat
ecessary for self-sustained operation.

The internal resistance of the cell was measured at different
emperatures and pressures. The procedure consists of gener-
ting an almost instantaneous change of the cell load current
nd observing the voltage response. Using an oscilloscope the
ifference in cell voltage was measured. This difference was
hen divided by the difference in current to give the inter-
ctivation energy in the cathode (P = 101,325 Pa)
(kJ kmol−1)

102,800

ctivation energy in the cathode (P = 202,650 Pa)
(kJ kmol−1)

99,000

ctivation energy in the cathode (P = 303,975 Pa)
(kJ kmol−1)

93,000

nlet molar fraction of H2 in the anode 0.60
nlet molar fraction of CO2 in the anode 0.15
nlet molar fraction of H2O in the anode 0.25
nlet molar fraction of O2 in the cathode 0.08
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Table 2
Parameters for the heat transfer equations in the model

Conduction h (Wm−2 K−1) A (m2) L (m)

Separator plate to separator plate (cathode) 25.4 0.000214 0.01
Separator plate to separator plate (anode) 25.4 0.000147 0.01
Separator plate to electrolyte (cathode) 25.4 0.000357 0.0031
Separator plate to electrolyte (anode) 25.4 0.000357 0.0013
Electrolyte to electrolyte 218 0.0001 0.01

Convection h (Wm−2 K−1) A (m2)

Separator plate to anode gas 83.86 0.0012
Separator plate to cathode gas 92.96 0.0020

Separator plate to ambient air
Top and bottom 10.00 0.0010
Sides 10.00 0.0005

Electrolyte to ambient air 21.00 0.0001

transfer coefficients and areas used in the model for the energy
equations.

The results are showed for the agglomerate model and sim-
plified model. The agglomerate model uses Eqs. (4), (5) and
(9)–(13), while the simplified model uses Eqs. (4)–(9). All other
equations are identical in both models.

Both the experiments and the simulations were carried out
for a set of overall pressure and temperature conditions, with
pressure ranging from 1 to 3 atm., and with overall temperatures
of 590, 620, and 650 ◦C. The results showed are only for the
worst case (590 ◦C) and the best case (650 ◦C) cell performance
conditions.

5.1. Steady-state performance comparison

The polarization curves represent the voltage-current char-
acteristics of the electrochemical reaction that occurs inside the
fuel cell. The measured and predicted current-voltage curves are
shown in Figs. 3 and 4 for the temperatures of 590 and 650 ◦C,
respectively. These figures show results from the models as well
as those obtained experimentally for three overall operating pres-
sure conditions (1, 2, and 3 atm.). These plots show primarily
the kinetically dominated region for the MCFC (low current
density).

The results exhibited in Fig. 3 (590 ◦C cases) show a max-
imum deviation in voltage between experiment and model of
a
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This comparison of cell current-voltage performance is very
good and well verifies the steady-state model convergence to a
reasonable solution. The comparisons shown in Fig. 4 for both
the agglomerate and simplified models are in especially good
agreement with experimental data. In all cases, the agglomerate
model can be used to obtain more accurate results. The sim-
plified model can predict the steady-state performance of the
fuel cell with larger error, yet it uses only overall pressure and
temperature to determine the electrochemical losses. If the rel-
atively larger error of the simplified model is acceptable, then

Fig. 3. Voltage vs. current for the experimental, agglomerate model (a); and
simplified model (b) results for 590 ◦C.
bout 3% for the agglomerate model and of about 9% for the
implified model. The maximum covariance2 for the agglomer-
te model is about 3%, and for the simplified model about 22%
elative to the experimental results.

The results displayed in Fig. 4 (650 ◦C cases) show a maxi-
um deviation of only about 1.5% for the agglomerate model
hile the simplified model shows a maximum deviation in volt-

ge of 3%. In this set of values, the maximum covariance for
he agglomerate model is about 0.4%, and that of the simplified

odel is about 1.8% related to the experimental results.

2 The maximum statistical measure of correlation of the fluctuations of two
ata sets (experimental versus model).



220 J. Brouwer et al. / Journal of Power Sources 158 (2006) 213–224

Fig. 4. Voltage vs. current for the experimental, agglomerate model (a); and
simplified model (b) results for 650 ◦C.

one can use this simplified model with parameter requirements
(e.g., overall temperature and pressure) that can be much more
easily obtained and measured for verification and calibration.

5.2. Dynamic performance comparison

Generally, when a fuel cell experiences a load change it
responds with a quick electrochemical and transport transient
and a slower thermal response. Since most of the physical and
chemical processes that govern fuel cell operation are strongly
temperature dependent, the thermal transient affects cell voltage
and current as well. In a typical system, these thermal transients
can have long time constants (e.g., 100’s to 1000’s of seconds)
due to the relatively large thermal mass of a fuel cell. In the
current experiment, however, care was taken to control (and
monitor) temperature within a narrow window of operation for
all the results presented herein. This was accomplished with
controllable heaters, thermocouples, and insulating materials
that surrounded the fuel cell during the tests. Thus, the dynamic
response of interest in the current study is one that accounts pri-
marily for the electrochemical and transport controlled dynamics
together with the small amount of more immediate temperature
variations that occur along the length of the cell and for the cell
overall.

The dynamic response of the MCFC cell was measured in the
e
s
I

Fig. 5. Results of dynamic response of cell current density during load resistance
decrease (650 ◦C and 2 atm.): (a) agglomerate model; and (b) simplified model.

to 0.0692 �, representing a decrease of about 55%, in order to
determine the dynamic response of fuel cell voltage and current.

The behaviour of current density along the length of the cell
was investigated leading to similar current density profiles for
operating temperature conditions of 590 and 650 ◦C. Fig. 5 dis-
plays the distribution in current density of both models for the
case when the overall cell temperature was 650 ◦C. In this fig-
ure, for time <2000 s, the cell current density corresponds to the
steady-state value for the initial load resistance. The asymptotic
value for time >2010 s corresponds to the new steady-state cur-
rent density distribution. The intermediate period shows a fast
initial increase in all nodal current levels (minimum of about
85% for the agglomerate model and about 110% for the simpli-
fied model), a subsequent smaller increase for upstream nodes
over time, and a subsequent decrease for the downstream nodes
over time. In the agglomerate model (Fig. 5a), the increase was
of about 11% for the first node and the decrease of about 17%
for the tenth node in this intermediate time frame. For the sim-
plified model (Fig. 5b) the increase was of about 16% for the
first node and the decrease of about 20% for the tenth node in
this intermediate timeframe. The transient behaviour is due to
xperiments for step changes in applied load resistance. Identical
tep changes in load resistance were applied in the simulations.
n the simulations, the load of the cell was decreased from 0.1533
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Fig. 6. Effect of load change on a cell power (650 ◦C and 2 atm.) using: (a)
agglomerate model; and (b) simplified model.

the readjustment of the electrochemistry, and material residence
response times. If one assumed a uniform current density unre-
alistic higher voltages would result upstream due to the gradient
in hydrogen concentration in the stream-wise direction. How-
ever, the current collectors (electrodes) more realistically are at
the same voltage (as indicated by Eq. (20)), which results in a
higher current density upstream (creating higher local losses)
that must settle to achieve a uniform voltage to satisfy Eq. (20).
In this case, the Nernst potential has to be iteratively readjusted
inside each node of the model for each time-step. This spa-
tially uniform voltage and spatially varying current behavior is
qualitatively similar to that observed in experiments reported by
Mench et al. [15] and Mench and Wang [16].

Fig. 6 presents the transient response of fuel cell power,
which is voltage times current, to the decreased load resistance
perturbation under 650 ◦C operating conditions. For the agglom-
erate model (Fig. 6a), the initial power increases from 5.027 to
9.367 W, representing an increase of about 86%. This is followed
by a gradual decrease in power to approximately 9.267 W over
a time period of about 50 s (only the first 4 s of the transient
are shown). This new steady-state condition corresponds to an

Fig. 7. Transient hydrogen mole fraction during 55% load resistance: (a)
agglomerate model; and (b) simplified model.

overall power increase of about 84%. When using the simpli-
fied model (Fig. 6b), the initial power increases from 4.860 to
9.454 W, representing a slightly larger initial increase than that
observed with the agglomerate model, i.e., of about 95%. This
is followed by a gradual decrease in power to approximately
9.280 W (overall increase of about 91%) over a time period of
about 30 s (only the first 4 s of the transient are shown). Com-
paring the two models, the simplified model provided an initial
lower steady-state voltage, but higher percentage difference in
the initial transient. Given the available reactant concentration
in cell, when the load resistance decreases the cell readjusts to
get more current at the same voltage. Thus, the curves resulting
from both of the models present a peak in power in the instant
just after the change in load. As the reactants are consumed,
the Nernst term reduces voltage and forces the readjustment of
overall current distribution to a higher current and lower voltage.
Note that the overall resulting increase in power is similar for
both models.

Fig. 7 shows the results for the hydrogen mole fraction in the
anode gas stream versus time for several of the individual model
nodes for the 650 ◦C case using both models. As is seen in Fig. 7,
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Fig. 8. Experimental, agglomerate model and simplified model results of
dynamic voltage response for: (a) 650 ◦C, 1 atm. and 55% load decrease; and
(b) 590 ◦C, 3 atm. and 52% of load increase.

the upstream nodes have a relatively small H2 concentration tran-
sient response. Downstream nodes, however, exhibit a change
in H2 concentration that results from the cumulative response of
all upstream nodal H2 consumption increases as indicated by the
differences from node 1 to node 10. The two models are similar
in their predicted transient response of hydrogen concentration
to the load perturbation in both space and time.

Fig. 8a shows a comparison of the fuel cell voltage dynamic
response to a perturbation in the applied load resistance. The
perturbation applied in both the experiment and in the models
corresponds to a 55% load resistance decrease, i.e., from 0.1533
to 0.0692 �, an overall temperature condition of 650 ◦C and a
pressure of 1 atm. The results show that both of the models can
well predict the dynamic response of the fuel cell. The com-
parison proves that predictions are within an expectable level
of accuracy for a significant load decrease. Both the transient
response time (about 5 s) and initial and final voltages are well
predicted by the models. The second curve (Fig. 8b) shows

Fig. 9. Experimental, agglomerate model and simplified model results of
dynamic power response for: (a) 650 ◦C, 1 atm. and 55% load decrease; and
(b) 590 ◦C, 3 atm. and 52% of load increase.

the results for a 52% load resistance increase (from 0.2375 to
0.4900 �), with an overall temperature condition of 590 ◦C and
a pressure of 3 atm. These results also show that predictions are
within an expectable level of accuracy.

Fig. 9 displays the results of dynamic power response for the
same perturbation and operating conditions as those presented
in Fig. 8. The results show that the agglomerate model provides
better correspondence to measurements for both temperatures.
These results are in accordance with those presented in Fig. 6. In
the experimental set-up only voltage and current were measured.
Thus, the discrepancies between model and experiment may be
partially attributable to the measurement strategy. The results in
power, especially the ones showed in Fig. 9a, display an exag-
gerated peak in power that is a result of multiplying two noisy
data streams (voltage and current). Except for this discrepancy,
the transient response of the data is fairly well predicted by both
models, which predict a peak in power as expected since the
load resistance was decreased (power demand was increased).
For the case when the perturbation was a decrease in power
demand at overall 590 ◦C and 3 atm. conditions Fig. 9b demon-
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strates a predicted slight undershoot when the load is increased,
which is also exhibited in the models.

6. Summary and conclusions

Understanding of fuel cell performance can be obtained
by experimental measurements and/or theoretical modeling.
Experimental investigation is a time-consuming and expensive
process, while theoretical modeling is relatively fast and
inexpensive. However, theoretical modeling usually requires
experimental validation in order to be considered a viable
alternative to measurements. The dynamic operation of systems
based on fuel cell technology are complex and include, for exam-
ple, the interaction between electrochemical, physical, chemical,
and thermal (heat transfer) processes. As a result, accurate and
high fidelity models that can capture the dynamic behavior of
the fuel cell and identify the thermal gradients within the cell are
desired.

In this work, a detailed model was developed in the MAT-
LAB Simulink® environment using the principles of fluid
dynamics, electrochemical and chemical reaction mechanisms,
and heat-transfer that govern a MCFC. A two-dimensional
geometric representation of the cell is included. The model
was applied to predict dynamic variations of voltage, cur-
rent and power in an MCFC as it responds to varying load
demands.
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load perturbations provide valuable insight into the operating
characteristics of an MCFC for various overall temperature and
pressure conditions. Also, the power dynamic responses for a
load decrease and load increase were observed with both mod-
els predicting the dynamic power response behavior of the fuel
cell within an expectable level of accuracy.

These analyses demonstrate that first principles simulation
using simplified cell geometry can be useful for garnering insight
into the dynamic response characteristics and behavior of fuel
cells. Future use of such verified simple models may be espe-
cially valuable in detailed system simulations.
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