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Molten Carbonate Fuel Cells (MCFCs) are used today commercially for power production.
More recently they have also been considered for carbon capture from industrial and
power generation CO2 sources. In this newer application context, our recent studies have
shown that at low CO2/H2O cathode gas ratios, water supplements CO2 in the
electrochemical process to generate power but not capture CO2. We now report the
direct Raman observation of the underlying carbonate-hydroxide equilibrium in an alkali
carbonate eutectic near MCFC operating conditions. Our improved electrochemical model
built on the experimental equilibrium data adjusts the internal resistance terms and has
improved the representation of the MCFC performance. This fundamentally improved
model now also includes the temperature dependence of cell performance. It has been
validated on experimental data collected in single cell tests. The average error in the
simulated voltage is less than 4% even when extreme operating conditions of low CO2

concentration and high current density data are included. With the improvements, this
electrochemical model is suitable for simulating industrial cells and stacks employed in a
wide variety of carbon capture applications.

Keywords: molten carbonate fuel cells, carbon capture, kinetic model, dual anion mechanism, carbonate/hydroxide
equilibrium, Raman spectroscopy, temperature effects

INTRODUCTION

Molten Carbonate Fuel Cells (MCFCs) are electrochemical devices developed for electricity generation.
For this reason, much of the past MCFC research was focused on new materials for increased cell
performance (Accardo et al., 2017; Frattini et al., 2017; Accardo et al., 2017; Frattini et al., 2017; Baizeng
et al., 1998; Kim et al., 2006; Özkan et al., 2015), resistance to pollutants and corrosion (Hernandez
et al., 2014; Nguyen et al., 2013; Kim et al., 2018), the effects of operating conditions (Di Giulio et al.,
2013; Rexed et al., 2014; Devianto et al., 2016), and the development of electrochemical models to aid
theoretical studies and the design of cells, stacks and plants (Audasso et al., 2016; Liu andWeng, 2010;
Ma et al., 2009; Meléndez-Ceballos et al., 2015; Szczęśniak et al., 2020; Lee et al., 2010). More recently, a
new application of MCFCs for the conversion of industrial waste to produce electricity as thermo-
electrochemical has also been developed (Kandhasamy et al., 2020; Kandhasamy et al., 2017).
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However, in the last decades the use of MCFCs in CO2

recovery for sequestration has gained more and more
academic and commercial interest (Duan et al., 2015;
Carapellucci et al., 2019; Mahmoudi et al., 2019; Audasso
et al., 2018; Campanari et al., 2014; Wee, 2014; Barelli et al.,
2016; Rexed et al., 2015; Duan et al., 2015). Compared to
conventional amine-based technologies, in addition to the
capture of CO2 from flue gases, MCFCs also allow the
simultaneous production of additional electricity, H2 (if cells
are fed with CH4) and heat (Rosen et al., 2020). This provides
a substantial efficiency advantage, as has been well documented
by many simulations (Consonni et al., 2021; Campanari, 2002).
MCFC operations depend on two parallel reactions: (1) carbonate
ion formation from CO2 and O2 at the cathode and (2) the
reduction of the resulting carbonate ion by H2 at the anode that
releases water and CO2. This reaction chain (Eq. 1 - 3) transfers
CO2 from the cathode to the anode side, enabling the capture of
CO2 from power generation and industrial flue gases. Driven by
the strong thermodynamic driving force of the net reaction, this
process can readily capture up to 90% of CO2 from power
generation emissions by enriching the 4-10 vol. % CO2 in the
cathode feed to around 70 vol. % CO2 (on dry basis) in the anode
gas (Rosen et al., 2020). Simultaneously, MCFCs also allow the
production of electricity and H2 by exploiting possible internal
reforming reactions. For these reasons, MCFCs are promising for
CO2 Capture and Storage (CCS) (Rosen et al., 2020).

1
2
O2 + CO2 + 2e− →CO2−

3 (cathode reaction) (1)

CO2−
3 +H2 →CO2 +H2O + 2e− (anode reaction) (2)

1
2
O2 + H2 + CO2,cat →CO2,an +H2O (overall reaction) (3)

The deployment of MCFCs for CCS requires the assessment of
their performance with dilute CO2 cathode feeds that are rather
different from the ones usually encountered when MCFCs are
used for electricity generation. In this line of inquiry, an
experimental campaign (Rosen et al., 2020) was conducted
with low CO2/H2O ratios feed ratios (≤ 1) to simulate natural
gas combined cycle plant flue gas exhaust and high CO2

utilization factors (up to 95%). The results suggested that at
these demanding conditions an analogous secondary anion
reaction path (Eq. 4 - 6) involving hydroxide ions can
meaningfully contribute to the electrochemical process due to
the depletion of CO2 in the cathode, making MCFCs working as
hydroxide molten carbonate fuel cells (Han et al., 2021; Han et al.,
2021). Experimental data also showed that the branching ratio
between the two anion paths is determined by the reacting
cathode gas composition (Rosen et al., 2020) and that, to favor
the carbonate path, it is necessary to enhance CO2 diffusion
(Rosen et al., 2020; Audasso et al., 2020b). We have defined this
simultaneous migration of carbonate and hydroxide ions as a
“dual-anion” mechanism (Audasso et al., 2020a).

1
2
O2 +H2O + 2e− → 2OH− (cathode reaction) (4)

2OH− +H2 → 2H2O + 2e− (anode reaction) (5)
1
2
O2 +H2 +H2Ocat → 2H2Oan (overall reaction) (6)

This newly observed phenomenon has two different effects on
cell operations: (i) it improves cell electrochemical performance
because of the resulting higher concentration of activated oxidant
species, but (ii) it decreases CO2 capture efficiency because part of
the current, and with it part of the fuel, will be used to drive water
across the cell instead of CO2. To first order, this will increase the
amount of fuel and potentially the number of fuel cells required
for the capture of a given amount of CO2.

Considering these new findings and based on previous studies
(Audasso et al., 2016; Arato et al., 2016), we developed the first
semi-empirical dual-anionmodel to evaluateMCFC performance
under these working conditions (Audasso et al., 2020a; Audasso
et al., 2020b) using the circuit represented in Figure 1.

The above circuit can be divided into three parts: a common
branch and two parallel branches. The two parallel branches have
different driving forces for each ionic path (ECO2−

3
and EOH− [V])

with corresponding independent current densities generated by
the migration of the two anions (JCO2−

3
and JOH− [A cm-2]) and

cathodic resistances of the reactant gases forming the related
anions (RCO2 and RH2O [Ω cm2]). The common branch has the
total current density (JTOT [A cm-2]) flowing through the cell, and
the anodic H2 and cathodic O2 resistances (RH2 and RO2 [Ω cm2]),
and the overall cell ohmic resistance (RΩ [Ω cm2]). Our previous
analysis of experimental data showed negligible effects of having
common anodic and ohmic resistances for the paths in the dual-
anion mechanism. Finally, in the circuit of Figure 1, V [V] is the
measured cell potential. This circuit represents the traditional
parallel circuit and follows Kirchoff’s Laws for current flow and
common voltage at nodes.

To characterize the branching ratio between the two paths, we
defined the transference number of the m-th anion (tm) as the
ratio between the current due to the m-th ion migration (Jm) over

FIGURE 1 | Schematic representation of the MCFC working with the
dual-anion mechanism (carbonate-hydroxide).
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the total current density flowing through the cell (JTOT) as in
Eq. 7:

tm � Jm
JTOT

(7)

In the present work, on the basis of our Raman evidence, we
developed an improved model that is able to accurately model the
transference number over a wider range of conditions than our
previous models. The starting point of the new model is the
carbonate / hydroxide equilibrium determined by Raman
spectroscopy. We will show that while the previous model was
effective at simulating the then-available experimental data, it
performed poorly at the extremes of carbon capture conditions.
Furthermore, the previous model did not account for the effect of
temperature. These issues will be addressed here with the addition
of the equilibrium reaction, improving the agreement between
experimental and calculated cell performance data, especially at
the extreme operating conditions.

EXPERIMENTAL EVIDENCE OF
CARBONATE / HYDROXIDE EQUILIBRIUM

Melt composition
In previous studies (Audasso et al., 2020a; Audasso et al., 2020b;
Rosen et al., 2020) we had not directly observed the presence of

OH− ions in the electrolyte melt. We developed the dual-anion
model construct based on global mass balances that indicated the
cathode-anode migration of not only CO2, but also that of H2O.
The data strongly implied that at low cathode CO2/H2O ratios
OH- anions must be present in the molten salt electrolyte phase.
To obtain direct evidence, we now used Raman spectroscopy to
probe the CO3

2-/OH- equilibrium in the molten salt phase as a
function of the CO2 / H2O ratio in the gas phase. In our
experiments, we exposed a molten carbonate eutectic mixture
to water vapor (10 mol %) and different concentrations of CO2,
ranging from 0 to 15 mol % with N2 as the balance in the gas
phase keeping a total flow rate of 24 sccm. Each condition was
maintained for several hours to reach equilibrium as indicated by
the spectral evolution of the molten phase.

The spectra were collected using a Horiba Jobin-Yvon
LabRAM Aramis confocal micro-Raman spectrometer with a
532 nm diode pumped solid state laser and an 1800 grooves mm-1

grating. The confocal microscope was coupled to a 460-mm focal
length spectrograph configured in a 180° backscattered
arrangement. We used a free-space Olympus BXFM
microscope, a Peltier-cooled 1024 × 256, back-illuminated
deep-depletion CCD, with a Mitutoyo M Plan APO, SL20x
(NA 0.42) objective having a working distance of 20 mm. A
15-second integration time with 3 scans was averaged per
spectrum in a collection range of 100-4000 cm-1. The data
were analyzed using the Grams AI software package. Band
fitting was performed using the Gaussian-Lorentz function on
the carbonate and hydroxyl peaks in the 900-1200 and 3400-
3800 cm-1 region, respectively.

We used a Linkam CCR1000 high temperature catalyst cell
reactor (see schematization in Figure 2). The eutectic was loaded
into a sapphire crucible and was placed on a ceramic cloth inside
of the sample holder. The sample holder was then loaded into the
cell. The cell lid was fitted with a quartz window. The composition
of the eutectic electrolyte was 52/48 mol % of Li2CO3/Na2CO3.

FIGURE 2 | Schematic of the in-situ Raman experimentation setup using
the Linkam cell.

FIGURE 3 | Raman spectra of lithium/sodium carbonate eutectic under
10% v/v water vapor, balanced with N2 at 923 K.
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All spectra were taken at 923 K, and to reach this temperature the
cell was heated with a heating rate of 10 K min-1. We used the
ratio of peak areas to compensate for changes in absolute signal
intensities that could occur due to changes in focusing distance
over the course of an experiment.

In Figure 3 a representative Raman spectrum obtained in our
experiments is presented. The major peak at 1064 cm-1

corresponds to the symmetric stretching vibration of the CO2−
3

ion. It is typically the more intense of the other carbonate peaks at
1409 and 698 cm-1 (Mizuhata et al., 2009; Zakir’yanova et al.,
2018). Additionally, a hydroxide related peak at about 3600 cm-1

was observed at all the studied conditions (Zakiriyanova et al.,
1999). This suggests that even under normal molten carbonate
fuel cell operations hydroxide must be present at a very small
amount in the molten electrolyte due to the water content of
either the anode or cathode.

The analysis of the peak areas is the first step to generating
experimental estimates of the hydroxide/carbonate equilibrium
constant:

2OH−
(melt) + CO2(gas)$H2O(gas) + CO2−

3 (melt) (8)

The equilibrium constant, Keq, for the reversible reaction (8)
can be expressed as:

Keq � [H2O][CO2−
3 ]

[CO2][OH− ]2 (9)

Since the water concentration was kept constant in our
experiments, the slope of a plot of [CO2−

3 ]/[OH− ]2 vs. [CO2]
would be also constant and equal to Keq/[H2O]. Determining the
Raman response factors for the carbonate and hydroxide ions at
these elevated temperatures proved difficult and have not yet been
accomplished. Consequently, we could not convert the carbonate
and hydroxide Raman peak intensities into concentrations.

Nonetheless, the spectral analysis affords the demonstration of
the expected equilibrium correlation. This is demonstrated below
in Figure 4 showing the expected linear correlation of
[CO2−

3 ]/[OH− ]2 and [CO2]. This equilibrium conversion
between hydroxide and carbonate is also evident in
experimental observations on molten hydroxide fuel cells in
which CO2 is poisonous to the cell because it converts
hydroxide into carbonate (Hemmes and Cassir, 2011; Frangini
and Masi, 2016; Xing et al., 2017). Furthermore, a recent
molecular dynamics study (Young et al., 2020) reported that at
a gas phase H2O/CO2 molar ratio of 10, a 40/60 Li/K molten
carbonate eutectic comprises ∼5/95 OH−/CO2−

3 at 923 K.
This experimental observation directly proves that the MCFC

electrolyte composition is not 100% carbonate under carbon
capture conditions. Instead, the electrolyte melt also contains
hydroxide ions in accordance with the carbonate/hydroxide
equilibrium. To satisfy this equilibrium, hydroxide forms in
MCFCs by reducing water introduced in the cathode feed.
That hydroxide in turn participates in carrying current in the
MCFC and oxidizing H2 to two H2O molecules at the anode
resulting in a net water transport across the cell. All else being
equal, the split between the competing carbonate and hydroxide
electrochemical paths is governed by the [CO2−

3 ]/[OH−] ratio and
thus ultimately by the equilibrium expressed in Eq. 9.

Internal resistance alteration
The presence of OH− should influence the ohmic resistance (RΩ)
of the cell as it alters the electrolyte composition and thus its
conductivity. Since the melt equilibrium is determined by the gas
phase as shown by the Raman results presented above, this means
that the inlet gas composition should have an effect on the ohmic
resistances, RΩ. This dependence has not been adequately studied
in the literature and usually the MCFC ohmic resistance is
considered as a function solely of the operating temperature
(Yoshiba et al., 2000; Morita et al., 2002). It is important to
emphasize that the ohmic resistance is usually considered as the
sum of the different contributions due to all of the components
that constitute the cell (electrodes, electrolyte, current collectors,
etc). In our analysis the focus was on the electrolyte contribution
as it is the only one that was assumed influenced by the gas phase.
Thus, at constant operating temperature the ohmic resistance can
be considered as a constant value due to the overall cell
components and a varying contribution due to the electrolyte.

For the development of the dual-anion model, different
experimental campaigns were conducted to gain a proper
understanding of the mechanisms and dependences involved
in the dual-anion mechanism (Rosen et al., 2020). In these
campaigns, data were collected in different operating
conditions of anode and cathode total flow rates and
compositions, operating temperature, fuel (H2) and oxidant
(CO2 and H2O) utilization factors. Our data analysis indicates
that the measured RΩ values vary not only with the operating
temperature, but also with changes in the gas flow and
composition, as expected by changes in electrolyte
composition observed by Raman spectroscopy.

As hydroxides have a higher conductivity compared to the
corresponding carbonate (Janz and Tomkins, 1983; Mondal et al.,

FIGURE 4 | Raman [CO2−
3 ]/[OH−]2 peak area ratios vs. CO2 % v/v at

constant 10 mol % steam concentration in the gas phase.
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2020) (e.g., Li2CO3 vs. LiOH), the ohmic resistance is expected to
decrease with increasing hydroxide concentration in the
electrolyte melt. Thus, as the carbonate/hydroxide equilibrium
shifts, RΩ should decrease with decreasing CO2/H2O ratios in the
cathode gas. This dependence of RΩ on the melt composition may
result in measurable effects particularly in the area of the cell
where CO2 in the gas is depleted.

In Figure 5 the various RΩ values from the wide variety of
experiments are plotted against the two main variables related to
the hydroxide content in the melt: (A) the cathode CO2 average
concentration between the inlet and the outlet of the cell, and (B)
the utilization factor of CO2. In the experiments in which the RΩ
values were measured the average H2O concentration was not
changed significantly (<±4%), and thus it induced no noticeable
changes. Figure 5A shows the resistance dependence on the
average cell concentration of CO2. As expected, the data show
that with increasing CO2 in the cathode gas in a given series, the
ohmic resistance increases. The increasing ohmic resistance is in
accordance with the above-discussed conductivity change at
reduced OH- concentrations as the OH- formation is
disfavored at higher gas phase CO2/H2O ratios. Figure 5B
depicts the dependence on the CO2 utilization factor (UCO2).
In all sequences of Figure 5B, ohmic resistance decreases with
increasing CO2 utilization as CO2 concentration goes down at
constant H2O concentration resulting in increasing H2O/CO2

ratios and thus increasing OH- concentrations.
Although changing cathode CO2/H2O ratios can cause

detectable changes in ohmic resistance, the variation in our
tests was less than 10%. Hence, our earlier sensitivity analysis
(Bove et al., 2020) concluded that it has a negligible impact on the
measured voltage (∼1 mV) at typical current densities of 100 mA
cm-2. For this reason, although detectable and interesting from a
theoretical point of view, we decided to neglect this aspect in our
model. It is possible, though, that at more extreme operating
conditions this approach may need to be revised.

Apparent CO2 utilization
One of the most effective ways we found to understand the
extent of the dual-anion mechanism is to analyze the CO2

utilization factor (UCO2). Three different utilization factors
can be distinguished: measured, apparent, and simulated. The
measured utilization factor, UCO2, measured, is the CO2

utilization experimentally obtained from material balances
and is the ratio between the CO2 consumed in the cathodic
reactions and the CO2 in the cathode feed (Eq. 10).
The UCO2 , measured, should be properly predicted by the
simulated utilization factor, UCO2 , simulated, which is
computed by solving the circuit of Figure 1 using
Kirchoff’s Law (Eq. 11). The apparent utilization factor,
UCO2 , apparent (Eq. 12), on the other hand, is the CO2

utilization that would be obtained if all the current was due
to the migration only of carbonate ions. If the MCFC does not
contain water at the cathode inlet or is operated at very low,
but not zero, current density, the MCFC will have only
carbonate ion migration, and all three utilizations are
equal. On the contrary, if some of the current is carried by
hydroxide ions, the apparent utilization will be always higher
than the measured as the hydroxide ion is now carrying some
of the current. Indeed, the apparent utilization can be higher
than 100%, which is a clear demonstration of the dual-anion
nature of the fuel cell operation. An exception to these
comments is operation near an open circuit, where the
current due to hydroxide anions can be negative (Rosen
et al., 2020).

UCO2 ,measured � FCO2 ,cat−in − FCO2 ,cat−out
FCO2 ,cat−in

· 100 (10)

UCO2 ,simulated �
JCO2−

3
·Acell

2F

FCO2 ,cat−in
· 100 (11)

FIGURE 5 | RΩ dependence on the inlet-outlet average xCO2 molar fraction (A) and the utilization factor of CO2 (B). Each series in the graphs represents a set of
experimental data with a single variable changed at a time.
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UCO2 ,apparent � ⎛⎝(JTOT ·Acell
2F )

FCO2 ,cat−in
⎞⎠ · 100 (12)

During the analysis of the experimental data (Rosen et al.,
2020), we observed that, at otherwise similar conditions, the
discrepancy between the apparent and measured CO2 utilizations
increases as the CO2/H2O ratio decreases. This is summarized in
graphs A and B of Figure 6. This observation suggested, and the
above-presented Raman spectroscopy confirmed, that this
increasing gap is indeed due to the formation and migration
of OH− ions across the cell resulting in a net transport of H2O
from the cathode to the anode side.

The data shown in graphs A and B of Figure 6 were collected
at a constant operating temperature of 923 K. To improve the
understanding of the phenomenon and thus properly expand the
model range of operability, we repeated similar analyses at
different operating temperatures. The graph in Figure 7
presents the results for five temperature sets of four
experimental conditions. The conditions for those four data
sets are presented in Table 1, while information on the single
cell apparatus used in the experiments can be found in (Rosen
et al., 2020).

The graph shows that at different operating temperatures the
measured utilization factors nearly overlap indicating that
temperature has a negligible effect on the ratio of ionic
conduction between the carbonate and the hydroxide paths.
This is consistent with our previous results (Audasso et al.,
2020b) showing that the contribution of one path over the
other is mainly dependent on the cathode-side diffusion
process and only slightly affected by the temperature in the
studied range. Because of the dominance of transport effects,
the operating temperature does not have significant influence on
the carbonate/hydroxide equilibrium constant in the temperature
operability range of MCFCs. These results also justify the
simplification of the activation resistance in our earlier-
published model because it is either constant (fitting its value
with the diffusion polarization) or negligible (assuming a small
value due to the high operating temperatures) (Audasso et al.,
2020a).

PERFORMANCE MODELING

Temperature dependent dual-anion model
For the first-presented MCFC dual-anion model (Audasso et al.,
2020a; Audasso et al., 2020b), we did not include the effects of
the operating temperature on the polarization resistances
because we initially focused on identifying the

FIGURE 6 | Apparent versus measured utilization factor of CO2 as a function of different inlet concentrations of CO2 (A) and H2O (B).

FIGURE 7 | Apparent versus measured utilization factor of CO2 as a
function of different operating temperatures. Test conditions for the individual
data points are listed in Table 1.
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electrochemical phenomena involved and their controlling
factors. Consequently, the initial experimental data were
primarily collected at a constant operating temperature of
923 K and thus the temperature effect on the relative
contributions of the competing reaction paths could not be
addressed. This limited the model to a single temperature. We
now extended the model applicability by allowing for the
variation of the operating temperature. This is essential if the
model is to be applied in industrial applications that could run at
different temperatures at which the contribution of the
competing reaction channels may vary. Also, these
applications use larger cells (area of about 1 m2 (Hishinuma
& Kunikata, 1997)) with significant temperature gradients.

Following a previously presented derivation from the Butler-
Volmer’s equation (Audasso et al., 2020a), the polarization
resistances of the reactants can be rewritten to address the
temperature dependence as follows:

RCO2 � − PCO2 ,1 T
JCO2−

3

ln⎛⎜⎜⎝1 − JCO2−
3

PCO2 ,2 e
PCO2 ,3

T p yCO2 ,average

⎞⎟⎟⎠ (13)

RH2O � − PH2O,1 T
JOH−

ln⎛⎜⎜⎝1 − JOH−

PH2O,2 e
PH2O,3

T p yH2O,average

⎞⎟⎟⎠ (14)

RH2 � − PH2 ,1T
JTOT

ln⎛⎜⎜⎝1 − JTOT

PH2 ,2 e
PH2 ,3
T p ln(1 + yH2)

⎞⎟⎟⎠ (15)

RO2 � PO2 ,1T e
PO2 ,2
T p0.5

yCO2 ,average

y0.5O2 ,average

(16)

Note that unlike in our previous work (Audasso et al., 2020a;
Audasso et al., 2020b), here we have assumed a non-linear
dependence for the H2. This was done to better handle higher
fuel utilizations where a significant portion of the H2 may be
consumed inducing increased diffusion resistance on the
anode side.

The ohmic resistance is usually described in the literature with
an exponential function of the operating temperature such as the
one expressed in Eq. 17 (Bosio et al., 2014; Morita et al., 1998):

RΩ � PΩ,1 e
PΩ,2
T (17)

To fit the parameters of the ohmic resistance, experimental
data were collected using two different cells at different operating
temperatures. The results are shown in Figure 8.

The effect of temperature on ohmic resistance is considerably
higher than what is caused by electrolyte composition changes
induced by changes in gas compositions. Between the highest and
lowest analyzed temperatures, the value of resistance spans from
0.23 to 0.34 Ω cm2 which corresponds to a ∼11 mV difference at
typical current densities of 100 mA cm-2. This is ten times higher
than the effect of gas composition, and we deem it non-negligible.

TABLE 1 | Data used in the analysis of the temperature effects on the dual-anion mechanism.

Operating condition

Cathode flow rate Nm3 h-1 0.448 0.349 0.285 0.241
Cathode inlet concentration (v/v%) CO2:H2O:O2:N2 4:10:10:76
Anode flow rate Nm3 h-1 0.055
Anode inlet concentration (v/v%) CO2:H2:H2O 18:72:10
J mA cm-2 120
Apparent Uco2 % 70 90 110 130

FIGURE 8 | Experimental RΩ as function of the operating temperature.
The curve represents fitting to Eq. 17.

TABLE 2 | Kinetic parameters used for the non-isothermal dual-anion model
without the equilibrium correction. These parameters are to be used with the
resistance formulas of Equations 13 through 17.

Value Units

PCO2 ,1 1.5 V K-1

PCO2 ,2 1.82 E8 A cm-2 atm-1

PCO2 ,3 -7000 K
PH2O,1 5.2 V K-1

PH2O,2 6.58 E6 A cm-2 atm-1

PH2O,3 -6000 K
PH2 ,1 0.00816 V K-1

PH2 ,2 8715.5 A cm-2 atm-1

PH2 ,3 -4000 K
PO2 ,1 8.53E-10 V atm-0.5

PO2 ,2 10036 K
PΩ,1 0.033 Ω cm2
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The final set of kinetic parameters used in the model is
presented in Table 2.

Using this temperature-dependent model, the experimental
data at different operating temperatures were simulated. In
Table 3, some of the main results of the simulations are
presented and can be compared to the data in Figure 7. In
the first three columns, the measured voltage, the simulated
voltage, and the % error (in absolute value) are presented. For
most entries the model replicates the experimental results with
less than 2% error. Only a few data points collected with
apparent CO2 utilizations higher than 110% have significant
errors with a maximum of 13% at 848 K. This outcome agrees
with the simulation results presented in the our previous works
(Audasso et al., 2020a; Audasso et al., 2020b) that also had the
highest errors in correspondence with the data collected with
high utilization factors. We attributed this to the lower
experimental accuracy and reproducibility of these points.
Since these data were acquired at CO2-starved conditions,
they are characterized by having a pronounced influence of
the hydroxide path. In the last three columns, the
experimentally measured and the simulated utilization factors
are presented with the corresponding percentage errors. As
shown in Table 3, the simulated utilization factors agree with
the measured data both in terms of values and trend. Again, the
worst results are the ones for high (>100%) CO2 apparent
utilization in combination with a low temperature (848 K);
however, MCFCs are typically not used at these low
temperatures.

Using this newly developed temperature-dependent model
with the parameters presented in Table 2, all experimental
conditions (including the isothermal runs presented in (Rosen
et al., 2020; Audasso et al., 2020b)) were simulated. This
formulation was also implemented in the SIMFC code, an in-
house 2D model based on local mass, energy, and momentum

balances. The two graphs of Figure 9 show the results of the
simulated vs. measured voltages for the complete experimental
data set using the new, temperature-dependent model. In the
graph on the top, the different colors represent different
UCO2, measured values and the same applies to the experimentally
measured tCO2−

3
results on the bottom. While now allowing for

operation temperature changes, the average error for all the data
is low, ∼7.3%, similar to the error found with the earlier-
published single-temperature model (Audasso et al., 2020b).

As observed with our previous model (Audasso et al., 2020b),
the simulation results significantly deviate from the experimental
values at very high CO2 utilizations associated with low
transference numbers. Model predictions thus worsen when
the contribution of the hydroxide path becomes high. We
performed additional refinements to mitigate this deviation
(see below).

Dual-anion model further corrected by
carbonate / hydroxide equilibrium
As discussed above and shown in Figure 9, model accuracy
worsens when simulating cell potentials at high (>90%) CO2

utilizations that correlate with low (<0.7) carbonate transference
values. We postulate that this may be because the cathode gas
concentrations we use in the resistance equations do not properly
represent the local gas composition that determines the
carbonate-hydroxide equilibrium (Eq. 8).

To account for the differences between the bulk and local gas
concentrations, the polarization resistance equations for CO2 and
H2O can be expressed in the following form:

Ri � − Pi,1 T
Jm

ln⎛⎝1 − Jm

Pi,2 e
Pi,3
T pi

⎞⎠ (18)

TABLE 3 | Results of the temperature dependent model fitting for the data at different operating temperatures and apparent CO2 utilization.

Temperature
[K]

Uco2 , Apparent
[%]

Measured V
[V]

Simulated V
[V]

% error
on V

Uco2 , measured
[%]

Uco2 , simulated
[%]

% error
on Uco2

923 70% 0.774 0.766 1.0 58.3 55.7 4.5
923 90% 0.733 0.741 1.1 69.3 68.2 1.6
923 110% 0.711 0.709 0.3 78.3 78.6 0.4
923 130% 0.697 0.672 3.6 84.3 86.1 2.2
848 70% 0.705 0.713 1.2 57.0 56.0 1.8
848 90% 0.684 0.676 1.2 68.6 68.7 0.1
848 110% 0.667 0.624 6.4 75.1 79.3 5.6
848 130% 0.650 0.565 13.0 81.0 87.0 7.4
873 70% 0.727 0.737 1.4 58.4 55.9 4.4
873 90% 0.707 0.705 0.3 69.6 68.5 1.5
873 110% 0.687 0.661 3.7 77.9 79.1 1.5
873 130% 0.669 0.611 8.6 83.2 86.7 4.3
898 70% 0.744 0.754 1.4 57.9 55.8 3.6
898 90% 0.720 0.726 0.9 69.1 68.3 1.1
898 110% 0.699 0.688 1.5 77.7 78.9 1.5
898 130% 0.684 0.646 5.6 84.4 86.5 2.5
948 70% 0.762 0.773 1.5 56.9 55.5 2.3
948 90% 0.740 0.752 1.6 68.8 67.9 1.2
948 110% 0.723 0.723 0.0 77.5 78.3 1.1
948 130% 0.708 0.691 2.4 84.4 85.8 1.7
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where “i” indicates the i-th component and “m” the followed
anionic path.

In this form, the ratio in the logarithmic part is an expression
of the ratio between the bulk and the local gas concentrations,
the latter corresponding to the gas composition in the cathode
pores at the gas-liquid interphase. Thus, as explained in
(Audasso et al., 2020a), Pi,2 e

Pi,3
T groups the mass transfer

resistance through the cell that involves transport of the gas
from the bulk cathode stream to the gas-liquid interphase in the
cathode pores, dissolution of the reactants into the melt,
diffusion of reactant in the melt, etc. The pre-logarithmic
Pi,1 T/Jm is actually α’iRT/α’enFJm, where Pi,1 groups the
following expression of constant: α’iR/α’ezeF. This should have
a value of about 4.3x10−5 J K−1 s−1 A−1 without taking into
account the correction for the ratio between α’i and α’e that
should be around unity (Bosio et al., 2003). However, the final
value of Pi,1 is usually chosen higher than the calculated one

(Beale, 2004). This is the same in our model for the Pi,1 of CO2,
H2O, and also H2. Although PH2

,1 is still close to the expected
value, it greatly differs for both CO2 and H2O. In the
development of the earlier models (Audasso et al., 2020a;
Audasso et al., 2020b), we implicitly included a correction
for the equilibrium, consequently altering the resistance
values. However, since it is not properly specified and not
necessarily constant over the entire cell plane, it may have
resulted in overestimating some resistances, particularly in
the sections of the cell where the contribution of the
hydroxide path reaches its extremes. Therefore, to properly
express the polarization resistances of CO2 and H2O, we
must consider a more rigorous way to treat the carbonate/
hydroxide equilibrium effects.

We begin by assuming that the polarization resistances of both
CO2 and H2O can be modeled as the product between the pure
electrochemical resistance and a function of the concentration of

FIGURE 9 | Parity plots showing the comparison between experimental and simulated data for all data sets in terms of voltage evaluated using the temperature
dependent dual-anion model with H2 resistance non-linear form. Graph A shows the voltage result colored in function of the UCO2 ,measured, Graph B of the experimentally
measured tCO2−

3
.
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the related anion in the melt that increases or decreases the
apparent resistance value according to the melt composition. We
assume this function as the one presented in Eq. 19.

Ri � f (Cm) × Ri, electrochemical (19)

As a first attempt, we propose to express these modifying
functions as linear functions of the ratio between the two anion
concentrations, taking into account of their stoichiometry in the
equilibrium reaction. These ratios can be then correlated to the
bulk cathode gas concentration as follows:

f (CO2−
3 ) � ACO2−

3
(CCO2−

3

C2
OH−

) � ACO2−
3
(CH2O

CCO2

) 1
Keq

(20)

f (OH−) � AOH−⎛⎝C2
OH−

CCO2−
3

⎞⎠ � AOH−(CCO2

CH2O
)Keq (21)

TABLE 4 | Kinetic parameters used for the dual-anion model corrected by
carbonate / hydroxide equilibrium. These parameters are to be used with the
resistance formulas of Equations 15, 16, 17, 24, and 25.

Values Units

PCO2 ,1 0.333 V K-1

PCO2 ,2 5.33 E8 A cm-2 atm-1

PCO2 ,3 -7000 K
PH2O,1 8.5 V K-1

PH2O,2 2.36 E6 A cm-2 atm-1

PH2O,3 -6000 K
PH2 ,1 0.00816 V K-1

PH2 ,2 8715.5 A cm-2 atm-1

PH2 ,3 -4000 K
PO2 ,1 8.53E-10 V atm-0.5

PO2 ,2 10036 K
PΩ,1 0.0097 Ω cm2

PΩ,2 3003 K

FIGURE 10 | Parity plots showing the comparison between experimental and simulated data for all data sets in terms of voltage evaluated using the dual-anion
model corrected by carbonate / hydroxide equilibrium. Graph A shows the voltage result colored in function of theUCO2 ,measured, graph B of the experimentally measured
tCO2−

3
.
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where Cm represents the concentration of the m-th reactant
species, Keq is the carbonate-hydroxide equilibrium constant,
and Am represents a constant that can be used to relate the
expression to the polarization resistances. To simplify these
functions and make them more manageable, we made several
additional simplifying assumptions. For example, since the
MCFC operating temperature range is limited, Keq, can be
assumed to be a constant value at all applied temperatures.
Therefore, we can group it together with ACO2−

3
and AOH−

reducing the number of model parameters. As in our previous
models (Audasso et al., 2016; Audasso et al., 2017), the dissolved
gas concentrations are expressed as their molar fraction in the
melt that can be correlated with their concentration in the gas
phase using the Henry’s constants. As the values of the Henry’s
constants for the reactants are unknown and not easily
determined, and since their value can be assumed constant in

the studied temperature range, they were lumped together with
other constants in the parameter Pi,2 in the resistance equation. In
a similar way, here we can group them with ACO2−

3
and AOH− .

With these additional assumptions we obtain the two formulas
(Eqs. 22 and 23) that require the fitting to experimental data of
only one parameter each.

f (CO2−
3 ) � A′

CO2−
3
(yH2O

yCO2

) (22)

f (OH−) � A′
OH−(yCO2

yH2O
) (23)

Where A′m is a modified Am that takes into account the
substitution from the use of concentration to molar fractions.
Substituting Eqs. 22 and 23 in Eq. 19, we can obtain the
polarization resistances of CO2 and H2O. Since both A′m and
Pm,1 are constants we condensed them into the single
parameter Pm,1 � Pm,1A′m.

Rconc,CO2 � −⎛⎝yH2O,average

yCO2 ,average

⎞⎠ PCO2 ,1 T
JCO2−

3

ln⎛⎜⎜⎝1 − JCO2−
3

PCO2 ,2 e
PCO2 ,3

T p yCO2 ,average

⎞⎟⎟⎠ (24)

Rconc,H2O � −⎛⎝yCO2 ,average

yH2O,average

⎞⎠ PH2O,1 T
JOH−

ln⎛⎜⎜⎝1 − JOH−

PH2O,2 e
PH2O,3

T p yH2O,average

⎞⎟⎟⎠ (25)

For the above-described model equations the fitted kinetic
parameters are presented in Table 4. Using these new
parameters, the experimental data were refitted to test if an
improvement could be achieved after its implementation in the
SIMFC code. The comparisons of the measured and simulated
voltages are presented in Figure 10. Clearly, the new model
improved model predictions, particularly at high CO2

utilizations, and the average voltage error is now reduced to
∼4% as compared to the ∼7% with the model without the
equilibrium correction.

Finally, in Figure 11, the simulation of the utilization factor of
CO2 (A) and the carbonate ions transference number (B) are
presented for all the experimental data. For these simulations, the
average percentage errors were respectively of about 4.5% for the
utilization factor and of about 4.6% for the transference number. Both
values were comparable to the one obtained in our previous works.

CONCLUSIONS

In a series of previous papers (Audasso et al., 2020a; Audasso
et al., 2020b; Rosen et al., 2020), we described a newly discovered
dual-anion mechanism that better fits the physical processes
observed in MCFC operations, particularly in carbon capture
applications where the cathode CO2/H2O ratios are low. This

FIGURE 11 | Parity plots showing the comparison between
experimental and simulated data for all data sets in terms of utilization of CO2

(A) and carbonate ions transference number (B) evaluated using the dual-
anion model corrected by carbonate / hydroxide equilibrium.
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extended the model applicability into this low CO2/H2O cathode
gas ratio. This newmechanism postulated the significant presence
of water-derived hydroxide ions in the electrolyte and their
participation in carrying charges across the fuel cell.

In the present contribution, through Raman spectroscopy, we
were able to directly observe the presence of OH− in the melt even
at high (>10% v/v) concentrations of CO2.We found that the ratio
of carbonate/(hydroxide)2 peak areas linearly correlate with the
gas phase CO2 concentration at constant steam partial pressure, as
can be expected from the corresponding equilibrium expression.
The shifting carbonate/hydroxide ratio in the electrolyte as a
function of cathode gas composition confirms that the cell
ohmic resistance could vary as the conductivity of the
electrolyte changes with its anion composition. This effect is
particularly noticeable in carbon capture operations
characterized by extremely low outlet CO2/H2O ratios and has
been demonstrated experimentally (Rosen et al., 2020).

The temperature dependence of the polarization resistance
was also rendered explicit in the current model and its
applicability demonstrated with positive results. Analysis of
the data showed that temperature does not have significant
effect on the split between the two competing ionic pathways.
As with the previous formulation, it showed to have an issue in
dealing with conditions at which the hydroxide path becomes
high. This model deficiency was hypothesized to derive from
an implicit dependence of the polarization resistance on the

carbonate/hydroxide equilibrium that could have led to
overestimating the hydroxide path resistance. Thus, to
improve predictions, the model was reformulated to include
an explicit dependence of CO2 and H2O resistances on the
carbonate-hydroxide equilibrium.

The final temperature-dependent, dual-anion model, and
including the carbonate/hydroxide equilibrium was tested on
the combined set of our experimental data. It showed
satisfactory results with a reduction of the average voltage
simulation error from 7.3% with the previous formulation to
4% with the current model, including the high CO2 utilization
conditions. In our experience this new model can be applied to
satisfactorily simulate MCFCs integrated in complex systems for
energy production and carbon capture applications.

As a final conclusion to the series of papers on the dual-
anion model (Audasso et al., 2020a; Audasso et al., 2020b), we
show in Table 5 the progression of our model development
and the impact each modification had on fitting the
experimental data. In the table, the progress through the
five modeling stages is presented. The table includes
the number of experimental data used for fitting the
parameters for each model, the average simulation error for
voltage and carbonate ion transference number, the percentage
of outliers (data with a simulated error of >10% from
experiment), the strengths and limits of each model, and
the publication references.

TABLE 5 | The progression of our dual-anion MCFC models.

Model Number
of

data
used

Average
% error

% of
Outliers

Strengths & limits Reference

V tCO2 −
3

V tCO2−
3

Base dual-anion model <200 3% 5% 4% 10% • 1st model that captures the dual-anion mechanism Audasso et al. (2020a)
• Kinetic parameters must be re-evaluated for (1)

different cell geometry, (2) different inlet gas
mixtures, and (3) different operating temperatures
(the reference value is 923 K)

• The model applies to isothermal operation only
Dual-anion model with z-axis diffusion ∼300 6% 5% 4% 6% • Cathode current collector configurations are

modeled using geometric factors
Audasso (2020b);
Bove (2020)

• The model is applicable to different inlet gas
mixtures

• Kinetic parameters must be re-evaluated for
different operating temperatures.

• The model applies to isothermal operation only
Dual-anion model with dependence of the
ohmic resistance on the gas phase

400 6% 4% 23% 3% • The model incorporates the dependence of ohmic
resistance on the electrolyte composition that is
influenced by the cathode gas concentrations

This work

• Anode H2 resistance is extended to full non-linear
equation, covering operation at low fuel utilization

• Kinetic parameters must be re-evaluated for
different operating temperatures

• The model applies to isothermal operation only
Dual-anion model with explicit temperature
dependence

450 7% 4% 23% 3% • Describes both isothermal and non-isothermal
operations, using a single set of kinetic parameters
for a range of operating temperatures (tested range
848-948 K)

This work

Final dual-anion model with temperature
dependence and hydroxide-carbonate
equilibrium

450 4% 5% 8% 10% • The model includes an explicit dependence of the
cathode polarization resistance on the carbonate-
hydroxide equilibrium

This work
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It should be noted that as the complexity of the model
increased, it did so because the range of conditions being
covered by the model increased. The final model satisfactorily
represents the cell operation over a very wide range of conditions,
covering high and low fuel utilizations, high and low inlet CO2

concentrations, high and low CO2 apparent utilization, and
current densities up to at least 150 mA cm-2. Less obviously
apparent in the data set coverage is that the model also includes
terms to account for changes in the cell geometry, so that the
electrochemical terms do not need to be refitted when the gas
diffusion is changed in the cathode.
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GLOSSARY

Latin
A constant in the ohmic resistance equations [Ω cm2]

ACell cell area [m2]

Am constant in the equilibrium function to improve the model [-]

B constant in the ohmic resistance equations [K]

C constant in the ohmic resistance equations [Ω cm2]

Cm concentration of the m-th reactant in the carbonate-hydroxide
equilibrium in the melt [mol m-3]

D constant in the ohmic resistance equations [-]

E constant in the ohmic resistance equations [-]

Em equilibrium potential of the path driven by the m-th ion [V]

F Faraday’s constant [96485 s A mol-1]

FCO2 CO2 molar flow [mol s-1]

Im current of the path driven by the m-th ion [A]

ITOT total cell current [A]

Jm current density of the path driven by the m-th ion [A cm-2]

JTOT total cell current density [A cm-2]

Keq carbonate-hydroxide equilibrium constant [mol m-3]

n number of electrons involved in the electrochemical reactions [-]

p pressure [atm]

Pi kinetic parameters [variable]

R gas constant [8.314 J mol-1 K-1]

Ri specific area concentration resistance of the i-th reactant [Ω cm2]

RΩ cell ohmic specific area resistance [Ω cm2]

R0
Ω cell ohmic specific area resistance if only carbonate anions were present in

the melt [Ω cm2]

ri generation of the i-th component [mol m-3 s-1]

T operating temperature [K]

tm transference number of the m-th anion [-]

Uco2 utilization factor of CO2 [-]

V cell measurable voltage [V]

yi molar fraction of the i-th reactant [-]

yi,average Averagemolar fraction of the i-th reactant between the bulk and the
reaction sites. [-]

Greeks
α’e reaction rate orders related to the electron in the direct reaction [-]

α’j reaction rate orders related to the i-th reactant in the direct reaction [-]
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