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Abstract
The results of a systematic experimental campaign to verify the impact of real operating conditions on
the performance of a complete Molten Carbonate Fuel Cell (MCFC) are presented.
In particular, the effects of ageing and of different contents composition of water, oxygen and carbon
dioxide in the cathodic feeding stream are studied through the analysis of current-voltage curves and
Electrochemical Impedance Spectroscopy (EIS).
Based on a proposed equivalent electrical circuit model and a fitting procedure, a correlation is found
among specific operating parameters and single EIS coefficients. The obtained results suggest a new
performance monitoring approach to be applied to MCFC for diagnostic purpose.
Particular attention is devoted to operating conditions characteristic of MCFC application as CO2
concentrators, which, by feeding the cathode with exhaust gases, is a promising route for efficient and
cheap carbon capture.
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Nomenclature
ASR

Area Specific Resistance

CCS

Carbon Capture and Storage

CCU

Carbon Capture and Utilisation

CPE

Constant Phase Element

D

Diffusion coefficient

DRT

Distributed Relaxation Times

EIS

Electrochemical Impedance Spectroscopy

IV

Current Density-Voltage curve

L

Effective diffusion thickness

MCFC

Molten Carbonate Fuel Cell

OCV

Open Circuit Voltage

p

Pressure

Pk

Partial pressure of the species κ

Pi

i= 1, …, 8; empirical coefficients for the kinetic model

Ri

I= 1, 2, 3; empirical coefficients for resistances of the equivalent circuit

𝑹𝑻𝑶𝑻

Overall cell resistance, Ω∙cm2

𝑅𝑊

Resistive component of the Warburg impedance

T

Temperature, K

W

Warburg Element

WGS

Water Gas Shift reaction

𝒚𝒌

Molar fraction of species κ

ZIm

Imaginary part of impedance

ZRe

Real part of impedance

ZW

Generalized finite-length Warburg impedance

ΔPmax

Variation of the maximum power produced

𝝑

Fraction of the water vapour fed at the cathode side in the bulk that reacts
with CO2

𝛹

Diffusion Thickness

𝛷

Free coefficient for the generalized finite-length Warburg impedance
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1. Introduction
In the last few years, the growing concerns about global warming have strongly encouraged innovative
carbon capture solutions to decrease CO2 emissions. Several studies have shown how critical topics, such
as the increasing energy demand and the related issues concerning environmental sustainability and
energy efficiency, could find an answer with promising solutions. The application of Molten Carbonate
Fuel Cell (MCFC) technology [1]–[4] to Carbon Capture and Storage (CCS) or Carbon Capture and
Utilisation (CCU) represents one of these.
MCFCs are one of the most efficient power generators for direct energy conversion, characterized by
wide operating flexibility. In addition, this technology can be exploited as CO2 concentrator thanks to its
intrinsic operating mechanism. In fact, the electrochemical reactions that take place within the MCFC
involve the migration of the CO2 from the cathode inlet to the anode outlet. During this process, the
MCFC can work as power generator and, simultaneously, as CO2 separator from an exhaust gaseous
stream which can be fed to the cathode.
See Barelli et al. [5] for a detailed description of a simplified scheme of the MCFC operation as CO 2
concentrators, when installed downstream a thermoelectric plant or a combustion device included in a
different industrial process. Further descriptions of similar system are described, for example, in
Campanari et al. [6] or Caprile et al. [7].
This MCFC configuration was investigated in several previous works, involving both experimental [8]–
[11] and modelling [6], [12]–[21] activities as well as correlated topics as the fuel/oxidant pollution
problems [19], [22]–[24] and the material performance optimization [25], [26].
MCFCs are flexible from the point of view of the fuel which can be used [27], but also allows the use of
a wide range of mixture compositions as oxidant.
The basic conditions required for the cathodic feeding are a CO2 concentration above 5% and a partial
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pressure ratio

𝑃𝑂2
⁄𝑃 higher than 0.5 for low O2 content (< 4-5%) [10].
𝐶𝑂2

Usually these constraints can be respected in CCS or CCU applications and MCFC can be used to
concentrate CO2 from various sources: from power production (e.g. based on reciprocating internal
combustion engines, combined cycles or coal plants [28]) to industrial processes (21% of 2013
greenhouse gas emissions associated with human activities in U.S. can be ascribed mainly to cement,
iron and steel production [29]).
Nevertheless, similar applications can involve operating conditions near to critical working points, for
example due to a low CO2 content, so that the monitoring of performance and degradation results
particularly important. Nevertheless, similar applications can involve MCFC working close to the bounds
of its operating domain, for example when the treated exhaust gas has a low CO2 content. In these cases,
it is fundamental to monitor the MCFC performance and degradation. In addition, the effect of the
presence of water at the cathode side, expected in CCS, CCU and in general other industrial applications,
is another topic to be deeply investigated.
In this scenario, Electrochemical Impedance Spectroscopy (EIS) is proposed as a powerful tool to assess
the MCFC performance. EIS analysis allows the isolation effects of the electrochemical reactions
occurring in the cell and allows the identification of the corresponding basic operating parameters,
following the pioneering works of Selman et al. [30] or Nishina et al. [31]. This technique is under
continuous development and improvement, for example the novel approach to the EIS interpretation
through the distributed relaxation times (DRT) method is very promising [32], [33].
In literature, many works exploit EIS interpretation for in-depth electrochemical analysis. These works
are usually limited to materials characterization [34], [35] by operating on simplified fuel cell systems
(i.e. button cell or half-cell), in safe or particular (to point out specific aspects) conditions [36], far from
the realistic operative ones.
Rough assessments of MCFC performances, operated specifically in CCS or CCU configuration and in
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real working conditions, were performed by several authors [11], [37]–[39]. Nevertheless, a systematic
discussion is not conducted and the experimental results are not analytically correlated to the imposed
operating conditions.
The main aim of the present study is to analyse the correlation between the EIS data and the variation of
relevant operating parameters on a complete MCFC tested in real working conditions characteristic of a
CCS or CCU configuration. In addition, particular attention is devoted to the effect of the water presence
at the cathode side.
Each investigated operating point, defined by a specific cathodic mixture and ageing, is characterized
through current density-voltage (IV) curve and EIS analysis.
To provide a systematic mapping of the MCFC performance, the cathodic mixture is varied by modifying
the relative content (in terms of molar fraction) of the O2, CO2, and H2O species, keeping constant the
overall flow by balancing with nitrogen, as inert inside the cell. As a result, the IV and the EIS parameters
inferred from the experimental campaign are fully characterized enabling their proper correlation to the
variation of a specific operating parameter. The obtained IV curves and EIS spectra are presented and
discussed in the present paper.
These results, based on the experimental evidence of a complete cell, have an impact opening routes to
monitor the MCFCs performances for diagnostic purpose. Indeed, EIS is a well attested method as
diagnostic tool in the fuel cells dedicated literature [40], [41], mainly for solid oxide fuel cells (e.g. [42]–
[44]), but also in the and MCFC field [36], [45], [46]. The present work adopts this philosophy, usually
applied to fuel cell degradation monitoring, and extends it to the monitoring of the fuel cell performance
due to the change of working points (i.e. the particular cathodic mixture), distinguishing the impedance
spectrum variations due to degradation and operating conditions.
In particular, an equivalent electrical circuit is proposed and the dependence of its main components on
the operating conditions is highlighted, suggesting an empirical correlation from these results and the
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main phenomena affecting MCFC performance.
The work, related to a reference behaviour and its deviation, constitutes a basis for future investigations
for developing a dedicated diagnostic tool.
2. Experimental
2.1. MCFC operating principle
Conventional MCFCs exploit Ni-based catalyst (electrodes) to support the following electrochemical
reactions (1-(3) and produce current:
1
𝑂 + 𝐶𝑂2 + 2𝑒 − → 𝐶𝑂3=
2 2
𝐻2 + 𝐶𝑂3= → 𝐻2 𝑂 + 𝐶𝑂2 + 2𝑒 −
1
𝐻2 + 𝑂2 + 𝐶𝑂2𝑐𝑎𝑡ℎ𝑜𝑑𝑒 → 𝐻2 𝑂 + 𝐶𝑂2𝑎𝑛𝑜𝑑𝑒
2

(cathode)

(1)

(anode)

(2)

(total)

(3)

Together with the previous ones, also the Along with the above reaction, Water Gas Shift reaction (WGS)
is to be taken into account because it highly affects the anodic exhaust composition since it quickly
reaches the equilibrium in the analysed condition [47]:
𝐶𝑂 + 𝐻2 𝑂 ↔ 𝐶𝑂2 + 𝐻2

(water gas shift)

(4)

The cathodic reaction (1) produces the ion 𝐶𝑂3= that, moving throughout the molten carbonate electrolyte,
closes the electrical balance at the anode side, via reaction (2) [48], given eq. (3) as the global reaction.
This implies that the MCFC needs a source of CO2 to work efficiently. At first glance, it seems it is
observed as a limiting condition. Actually, it represents the key feature that allows the carbon separation
from a general mixture (e.g. an exhaust off-gas) containing CO2. It is driven from the cathode to the
anode, where it is concentrated in a mixture composed by CO2, water and unreacted fuels, mainly
hydrogen. Thereafter, the CO2 contained in the anodic off-gases can be separated through further
oxidation of the unreacted fuel and subsequent water condensation. It should be remarked that in MCFCs
the CO2 is not produced, but is just a vector to carry the electric charge on the oxide ion via a carbonate
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ion throughout the electrolyte, from cathode to anode.
In addition, it is worth to be noted that the presence of water at the cathode side, typical of CCS, CCU as
well as other industrial applications, promotes the following chemical reaction:
𝑂= + 𝐻2 𝑂 ↔ 2𝑂𝐻 −

(5)

This reaction, involving the oxygen ions which can be present as intermediate reactants of (1), provides
an alternative reaction path to the conventional reaction (1) for the 𝐶𝑂3= formation:
2𝑂𝐻 − + 𝐶𝑂2 ↔ 𝐶𝑂3= + 𝐻2 𝑂

(6)

This aspect has been deeply discussed by the authors in the parallel modelling work [49] and is object of
experimental validation in the following sections of the present paper.
2.2. Set-up and methodology
The performance of a single MCFC fed with a gas mixture simulating the exhaust gas composition of a
combined cycle power plant characterized by a 6% of CO2 is evaluated.
The tested MCFC, supplied by FCES (FuelCell Energie Solutions GmbH), has a planar square area of
79.21 cm2 (8.9x8.9 cm). The anode consists of a Ni structure, the cathode is constituted by a NiO-based
material and the electrolyte is composed by a mixture of lithium and potassium carbonate (details are not
available because of confidentiality). The fuel cell is a sort of sandwich composed by, starting from the
inside, an electrolyte (included in an alumina based inert matrix), two electrodes, two current collectors
and stainless steel frames which supply the gas, expel the exhaust gases and drain the collected electric
current. The MCFC is tightened by a mechanic load of 2.2 bar produced by a hydraulic piston to avoid
gas leakage across the cell boundary. The test facility layout is already described in details detail in [48].
The main used instruments are Brooks 5850E Digital Mass Flow Controllers (±0.7% of rate and ±0.2%
F.S.), Agilent Technologies DC Electronic Loads N3304A (current resolution: 0.1 mA; current accuracy:
±0.05% + 5 mA; voltage resolution: 0.1 mV; voltage accuracy: ±0.05%+ 3 mV) and 33220A
Function/Arbitrary Waveform Generator (frequency range: 1 μHz – 20 MHz).
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A homemade software installed in a remote computer manages all the equipment. The test bench operates
in current mode. Each point of the IV curve is measured by measuring the voltage at 1 Hz of frequency
for at least 10 minutes after the fuel cell is stabilized. The final value for each parameter is obtained by
averaging all the collected data during this stable phase.
Each operating condition is characterized by a standard IV polarization curve and by EIS analysis.
It is remarked that the EIS curves are collected under current density load in the range 25 - 40 mA∙cm-2,
to better characterize the MCFC under real operating conditions. It is well known, indeed, that the fuel
cell impedance spectrum significantly changes with the electric load [37], [41], [50]–[52]. Consequently,
measurements are carried out under load by applying different current values, avoiding operation at OCV.
The corresponding fuel utilization factor range is within the range 12-18%, while at the cathode the O2
and CO2 utilization factor ranges are, respectively, 3-13% and 14-23%, due to the applied current and
cathodic feeding variations (see section 2.3). Nevertheless, this choice implies a slight loss in the
measurement precision at low frequencies. Below 1 Hz, in fact, the increase in noise related to higher
values of current can be critical.
2.3. Test campaign
The test campaign is organized to characterize the impact of ageing and cathodic mixture on the MCFC
impedance elements. The cathodic reference composition (shown in Table 1) is chosen to reproduce a
realistic generic exhaust off-gas of interest for carbon capture purposes, while the anodic one is a standard
laboratory composition [20], [23] (80% H2 20% CO2, on dry basis). The latter is kept constant for the
whole test campaign to obtain a low and constant anodic polarization, avoiding severe anodic operating
conditions (i.e. high fuel utilization factor) and isolating only the cathode effects on the fuel cell
behaviour.
The total flow rates, kept constant to avoid fluid-dynamic effects on the mass transport and consequently
on the polarisation contribution, are 11.5 Nl∙h-1 at the anode and 110.3 Nl∙h-1 at the cathode. A working
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temperature of 650°C completes the operative framework definition.
Table 1. Reference feeding compositions expressed on a volumetric basis.

Gas type

Reference Anode

Reference Cathode

Composition

Composition

CO2

16%

6%

H2

64%

-

H2O

20%

9%

N2

-

73%

O2

-

12%

Starting from this reference operating condition, each single parameter is varied by keeping all the others
constant. Specifically, the cathodic species contents are varied according to the values summarized in
Table 2. Each tested condition is characterized through IV curve acquisition and EIS analysis.
The CO2 fraction range of 4%-17.5% is chosen to match important case studies when the MCFC operates
as CO2 concentrators, installed downstream a thermoelectric plant or a combustion device included in a
different industrial process. Just as example, a natural gas combined cycle power plant produces an
exhaust stream with about 4% of CO2 [53] , while a natural gas reciprocating engine produces an exhaust
gas with about 8% of CO2 [10] and a coal fired power plant produces an exhaust stream with above 12%
of CO2 [28]. A cement plant has also higher concentrated CO2 emission, depending from the sampling
point on the production process [16], [54].
At the cathode, in particular, the mutual dependence between carbon dioxide and water contents is
investigated by testing, for each H2O content value, all the chosen CO2 compositions, maintaining the
reference O2 content and temperature. For the O2 content variation, instead, the values indicated in Table
2 are tested, with all the other parameters fixed at their reference values. As mentioned above, the overall
cathodic flow rate is maintained constant, by balancing with N2, to isolate the effects of the composition,
avoiding the influence of fluid dynamics on diffusion transport phenomena.
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Table 2. Parameters variation considered for the definition of the test campaign (composition expressed on a volumetric basis).

Cathode gas type

Tested Compositions

CO2

4%

6%

17.5%

H2O

0%

9%

20%

O2

5%

8%

12%

Finally, performance characterization (acquisition of IV curves and EIS spectra) under the reference
condition is repeated three times during the overall test campaign and, more specifically, at the tests
beginning (0 h), after 327 hours and at the end (after 629 hours) of the campaign to characterize ageing
effects on MCFC performance.
2.4. Results
The IV curves and EIS spectra dependence on the single gas content at the cathode are firstly discussed.
IV polarization curves, and the relative power curves, are visible shown in Figure 1. As expected, all the
IV recorded curves improve (in particular at high current densities) by increasing the fraction of CO2 and
O2 in the cathodic mixture. These experimental results are in good agreement with [8], [10], [55], [56].
Nevertheless, it is interesting to note how the increase of the H2O content at the cathode side also
improves the performance and how this voltage gain becomes higher when the CO2 or H2O content is
lower (Figure 1, A). Similarly, the impedance spectra present general benefit when CO2, H2O and O2
contents increase, as visible in Figure 2, with particular attention to graphs A and B. Moreover, coherently
with the progress of degradation phenomena, ageing negatively affects MCFC impedance (Figure 2, C).
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Figure 1. IV polarization curves (solid symbols) for different values of carbon dioxide and water contents (A), oxygen content (B) and
ageing measurement (C). The corresponding open symbols represent the relative power curves.
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Figure 2. EIS curves for different values of carbon dioxide and water contents (A), oxygen content (B) and ageing measurement (C).

2.4.1.

Effects of CO2 variation

Figure 1, A and Figure 2, A show all the IV curves and EIS spectra recorded for different CO2 and H2O
values at the cathode inlet, respectively. As expected, the increment of the CO2 concentration induces an
increment in the measured voltage. This effect leads to large changes in both OCV and the slope of the
IV curves. The global trend of the maximum power produced by MCFC, for different levels of CO2,
reflects a similar behaviour for the different H2O contents (see section 2.4.2). Specifically, regarding the
carbon dioxide, for example under dry cathode feeding conditions, the gain in the produced maximum
power with 17.5% of CO2 is almost 150% higher with respect to the case with 4% of CO2 (Figure 1, A).
The EIS behaviour (Figure 2, A) reflects the IV trend. The curves, in fact, are gathered together according
to the CO2 content (higher impedance for lower CO2 content). Moreover, each bundle characterized by
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the same CO2 content shows the impedance trend as a function of the H2O percentage, putting in evidence
that lower water content results in higher impedance.
2.4.2.

Effects of H2O variation

Despite cathodic water is not directly involved in the main MCFC reactions, the voltage is clearly
function of it (as evident in Figure 1, A), in agreement with Sugiura et al. [8]. In particular, voltage
improves for higher H2O contents, according to the mechanism described by eqs. (5) and (6) (see section
1) as discussed e.g. by Nishina et al. [57] and Hemmes et al. [58], as well as deeply investigated by the
authors in [49] referring to these same experimental results. It is clearly visible in Figure 1, A that H2O
strongly affects the IV curves slope and plays a major role for low CO2 contents.
The maximum power produced exhibits a similar trend. For example, if 20% of H2O is added, a
maximum power gain is always obtained respect to the reference case. Anyway, such a gain varies from
60% down to few percentage values if the CO2 content is increased from 4% up to the highest content of
17.5%.
Finally, impedance spectra exhibit a trend analogous to the one observed for the voltage, showing that
the overall impedance decreases while the H2O content increases. The in-depth EIS analysis is discussed
in section 3.
2.4.3.

The effects of O2 variation

The O2 enrichment enhances the performance (Figure 1, B) just slightly, if compared to the effects due
to H2O and CO2: the maximum power production increases by 6% with the oxygen fraction increment
from 5% to 12% (for comparison see the power curves for different H2O and CO2 concentrations).
The respective EIS curves show small size reductions in the overall impedances in the Nyquist plot
(Figure 2, B).
Moreover, in the range of 1 – 1.5 Ohm∙cm2 of the real impedance ZRe, the EIS spectra shows changes as
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function of the oxygen content. They can be ascribed, as discussed in the following Section 3, to a
stronger impact of the Warburg coefficient at low O2 contents.
2.4.4.

Effects of ageing

During more than 650 hours of test, the MCFC showed a performance decrease of about 15% of the
maximum power produced (Figure 1, C - top box) followed by a general lowering of the output voltage
as evident from the IV curves. The EIS (Figure 2, C) measurements show an increase in the internal
resistance, corresponding to a global shift of the whole all curves towards higher values of the real
impedance (ZRe).
3. Theoretical equivalent circuit
The EIS experimentally obtained are fitted according to the method of Lee and Selman [45], for the
equivalent circuit selection.
It consists of a standard double Randles–Ershler circuits (as in Ref. [59]), where the capacities are
replaced with CPEs. The CPE elements, requested by the strongly depressed semicircles (in Figure 2 the
relative centre is on the lower quarter of the Nyquist plot), correspond to the distortion of the capacitance
due to finite thickness and surface roughness of the electrode [60]. Recent studies set a limit on the
dependence on roughness at medium and high frequencies of the CPE behaviour where the deviation
from the ideal response can be explained by the non-uniform current and potential distribution along the
electrode surface [61].
Regarding the three identified resistances, 𝑅1 is usually assessed in the Nyquist plot as the intercept of
the impedance curve with the x-axis and is related to the internal resistance. 𝑅2 belongs to the first mesh
which describes the first impedance arc, for frequencies in the range 1 kHz - 0.01 kHz, and 𝑅3
belongs to the second mesh, relative to the low frequencies impedance arc (below 0.010 kHz).
Furthermore, a Warburg element [62], which takes into account all the spectra features according to the
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acquired data, is necessarily added to obtain a satisfying fit. In fact, some series – tests at different water
and oxygen contents – show a third little circle between the two main semicircles in the Nyquist plot.
This is an evidence of a hidden impedance component which contributes (together with 𝑅2) to the growth
of the saddle point and depends on H2O (Figure 2, A) and O2 contents (Figure 2, B).
In Figure 3, A and Figure 3, B the results of the fits with and without the Warburg coefficient are
compared.

Figure 3. Fit (red) of the experimental data (black) without (A) and with (B) the Warburg element in the equivalent circuit, showed on the
top of the figure. Between the two main impedance semicircles, the black arrow highlights a third small one describable through the
Warburg element.

This modified Randles-Ershler circuit mesh is already used, for example, in [63]. It was validated,
through suitable fitting procedures, that this model better addresses the experimental impedance
behaviour, with respect to the case of simple addition of an extra circuit mesh containing another R-CPE
parallel.
In general, the form of the Warburg impedance 𝑍𝑊 is described by equation (7).
𝑍𝑊 = 𝑅𝑊 ∙

tanh(𝑖𝛹𝜔)𝛷
(𝑖𝛹𝜔)𝛷

(7)

Where:
-

𝑅𝑊 is the resistive component of the Warburg impedance

-

𝛹 is defined as 𝐿 ⁄𝐷 (𝐿 is the effective diffusion thickness while 𝐷 is the diffusion coefficient)

2
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-

𝛷 is a free coefficient that generalizes the finite-length Warburg impedance [64], obtained for

𝛷 = 0.5.
An interpretation of the physical meaning of all the circuit components is proposed in the following
sections.
4. Discussion
To study how the impedance spectra vary according to the main working conditions and operating
parameters we focus attention on the resistances 𝑅1, 𝑅2, 𝑅3 and 𝑅𝑊 .
More specifically, our goal is to determine which parameters of the equivalent circuit are more
representative of the MCFC performance variation.
The CPE parameters are not taken into account because: i) as general behaviour, they do not add more
information if referred to the resistances and ii) the second loop CPE parameters are ambiguous since
they are strongly affected by the Warburg impedance, when it is relevant, as discussed in Section 4.4.
The analysis is carried out considering impedance spectra characterized by the middle frequencies
affected only by cathodic kinetics [65], while the anodic contribution is assumed negligible. This
contribution can be assumed negligible not only because generally the anodic polarisation is lower than
the cathodic one, but also because the very favoured favourable anodic operating conditions results in a
further lower anodic polarisation. In addition, these anodic conditions are kept constant throughout all
the experimentation, so that they do not affect the impedance variations coming from the different tested
cathodic compositions. From Figure 4 to Figure 7 the trends of the investigated parameters are shown.
4.1. Resistance parameter 𝑹𝟏
𝑅1 trend was determined as function of the changes in the working conditions at the cathode. The results
are summarized in Figure 4.
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Figure 4. R1 dependence on the cathodic species content: water (A), carbon dioxide (B) and oxygen (C). R1 dependence on time (D) for
the reference conditions (solid diamond) the whole test series (open diamonds).

𝑅1 does not exhibit a clear and monotonic dependence on the cathodic feeding composition (Figure 4,
A, B and C), while it depends on ageing as evident from the monotonic trends shown in Figure 4 (graphs
D).
The performance degradation, previously observed in the IV curves (Figure 1, C), can be correlated with
the increase in the internal resistance, mainly due to contact resistance, even though a minor contribution
of an electrolyte loss is also possible. In particular from graph D of Figure 4 it is evident the strong
correlation between 𝑅1 and the degradation phenomena, highlighting the relevance of 𝑅1 from a
diagnostic point of view. Moreover, this correlation, valued on the whole test campaign, is linear (Figure
4, D); after 600 hours, 𝑅1 increases of about 70%, representing the predominant part of the entire
variation of the EIS curve.
Such a result proposes 𝑅1 is a suitable parameter to be monitored for the analysis of the ageing effects.
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4.2. Resistance parameter 𝑹𝟐
Similarly to the 𝑅1 case, the main operating parameters were varied to investigate their effect on 𝑅2. The
results are shown in Figure 5.

Figure 5. R2 dependence on the cathodic species content: water (A), carbon dioxide (B) and oxygen (C). R2 dependence on time (D) for
the reference conditions (solid diamond) the whole test series (open diamonds).

The general trend of 𝑅2 can be highlighted as:
▪

it slightly decreases while the H2O concentration increases (Figure 5, A), more markedly
remarkably at high CO2 contents;

▪

it decreases while O2 concentration increases (Figure 5, C);

▪

it increases proportionally to the CO2 concentration (Figure 5, B).

Such behaviour suggests that 𝑅2 may be correlated to the O2 reaction mechanism. In fact, in literature,
two main possible paths for the O2 evolution are described [30], [35]: peroxide and superoxide paths.
Both of them are limited by the diffusion of the oxygen ions and involve a resistance that increases when
the CO2 concentration grows or the O2 concentration decreases [37].
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The water effect is not very significant. However, the presence of water can be seen as a factor that
facilitates the diffusion of reactants thanks to the discussed additional reaction path offered to superoxide
ions according to reaction the presence of water can facilitate the diffusion of reactants. This is due to
the additional reaction path for the superoxide ions according to reactions (5) and (6). Consequently, the
presence of water produces a resistance reduction particularly visible in more critical conditions (in this
context when CO2 concentration is higher).
The effect of ageing on 𝑅2 is significantly lower with respect to effect on 𝑅1. In fact, during the overall
test (Figure 4, D), 𝑅2 increases by 33%.
In conclusion, the obtained results suggest that 𝑅2 is the most suitable parameter to be monitored for the
analysis of the effects of O2 on the MCFC performances, while ageing effects are well described by the
trend of parameter 𝑅1, as already discussed above.
4.3. Resistance parameter 𝑹𝟑
In the following Figure 6, the results for 𝑅3 are reported.
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Figure 6. R3 dependence on the cathodic species content: water (A), carbon dioxide (B) and oxygen (C). R3 dependence on time (D) for
the reference conditions (solid diamond) the whole test series (open diamonds).

Based on the presented data, it can be observed that:
▪

𝑅3 strongly depends on the CO2 fraction content; specifically, the lower the amount of CO2 is
and the higher is 𝑅3 (Figure 6, B1 and B2). This shows an expected resistance increase with the
reduction of one of the main reagents in the cathodic reaction (1). The absence of H2O blocks the
access to the additional path of reactions (5) and (6), amplifying the mechanism.

▪

The dependence of 𝑅3 on water is not clear, but taking into account the values at very low CO2
concentration, it is evident that the presence of H2O allows a strong resistance reduction under
this limiting operating condition (Figure 6, A1 and A2).
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▪

𝑅3 seems to slightly increase with the O2 concentration (Figure 6, C), but, when compared with
the biggest variations due the CO2 and H2O, this behaviour results negligible this results
negligible when compared with the biggest variations due the CO2 and H2O. On the other hand,
this light trend could be also due to a numerical balancing in the fitting procedure related to the
strong decrease of in the Warburg impedance with the O2 content increase (see Section 4.4), as
evident in Figure 2, B.

▪

The experimental data collected in the studied range do not show a clear monotonic dependence
of 𝑅3 on ageing (Figure 6, D).

The obtained results suggest that R3 is a suitable parameter to be monitored for the analysis of the effects
of CO2 composition on the MCFC performances, while ageing and O2 effects are well described by the
trend of parameter R1 and R2 respectively, as already discussed above.
4.4. Warburg 𝑹𝑾
In the range 1-1.5 Ohm∙cm2 the diffusion Warburg impedance prevails and arises as a third arc between
the two main arcs when the H2O concentration decreases (Figure 2, A). The water effect is negligible for
high CO2 concentration. O2 has a similar behaviour (Figure 2, B). On the contrary, the Warburg
impedance seems to be independent from the carbon dioxide fraction (Figure 2, D).
This feature confirms the mechanism already discussed which required the introduction of the Warburg
impedance element in the equivalent circuit: the water effect appears as an additional oxide ion acceptor
and, therefore, the increment of the water vapour partial pressure decreases the Warburg impedance
coefficient, mainly at low CO2 concentration.
As previously mentioned, 𝑍𝑊 is characterized by the coefficients 𝑅𝑊 , Ψ and 𝛷, according to eq. (4).
Taking into account the obtained results, it can be observed that 𝑅𝑊 , in good agreement with the previous
considerations, varies with the H2O content (Figure 7, A), decreasing for high amount of H2O. A similar
but significantly more marked remarkable trend is evident by increasing the O2 content (Figure 7, C).
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This large change dramatically affects the fitting procedure for high oxygen level and could compromise
the correct determination of 𝑅3, coherently with the IV curves, so as mentioned in Section 4.3. In fact,
𝑅𝑊 doubles its value when the O2 fraction decreases from 12% to 5%. In this occurrence, the majority
of the measured points, in the middle range of the frequency spectrum, belongs to the Warburg
impedance. Specifically, the higher 𝑅𝑊 is, the greater the influence of the Warburg impedance affecting
the lower frequencies is. Consequently, few points are available to determine 𝑅3, giving rise to relevant
effects on the fitting procedure. In addition, data available for 𝑅3 determination, in case of high 𝑅𝑊 ,
belong to the lowest frequencies of the spectrum, with a wider distribution. This affects 𝑅3 accuracy,
because low frequencies need long time of measurement during which the system exhibits fluctuations.
Finally, as expected, 𝑅𝑊 does not show any degrees of dependency on the CO2 content in the mixture
(Figure 7, B) nor on time/ageing (Figure 7, D). Therefore, it cannot be taken in to into account to measure
the degradation of the cell performances.
Ψ and 𝛷 depend on both physical parameters (L, the diffusion layer thickness, and D, the diffusivity
coefficient) and adopted model (finite length of the diffusion layer). The experimental data show Ψ and
𝛷 almost constant values and attest a negligible variation of D due to the cathodic composition (Figure
8, A, B and C). Moreover, this result confirms that the choice to operate at constant flow rate, involving
constant fluid dynamics conditions, guarantees constant L in order to isolate the effect on the performance
of only feeding composition. Regarding their dependence on cell degradation over ageing (Figure 8, D),
Ψ and Φ vary in according to experimental fluctuation, without any dependence on H2O, O2 or CO2
content.
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Figure 7. Warburg coefficient RW dependence on the cathodic species content: water (A), carbon dioxide (B) and oxygen (C). RW
dependence on time (D) for the reference conditions (solid diamond) the whole test series (open diamonds).

Figure 8. Warburg coefficient  and  dependence on the cathodic species content: water (A), carbon dioxide (B) and oxygen (C).  and

 dependence on time (D) for the whole test series.
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4.5. Comparison with kinetics model equation
The highlighted dependence of the equivalent circuit elements on the tested operating conditions
suggests a comparison between these resistance elements and the contributions constituting the
kinetics model presented by the authors in [49]:
𝑅𝑇𝑂𝑇 = 𝑅𝑂ℎ𝑚 + 𝑅𝐶𝐴𝑇,𝑂2(𝐶𝑂2) + 𝑅𝐶𝐴𝑇,𝑐𝑂2(𝐻2𝑂) + 𝑅𝐴𝑁,𝐻2
P
P
P3 𝑇exp( 4 )
P7 𝑇exp( 8 )
P2
P6 −0.25 −0.75 0.5
𝑇
𝑇
= P1 exp( ) +
+ P5 𝑇exp ( ) 𝑝
𝑦𝑂2 𝑦𝐶𝑂2 +
1.5
𝑇
𝑇
𝑝
ln
(1
+
𝑦
−1
𝐻2 )
𝑝 ln [1 −
(𝑦
+ 𝜗𝑦𝐻2 𝑂 )]
1 + 𝜗 𝐶𝑂2

(8)

The model is a kinetic equation, expressed by eq. (8), deduced through kinetic and thermodynamic
theoretical considerations and with nine parameters (8 Pi and 𝜗) experimentally identified.
Thanks to its implementation Computationally implemented in the SIMF code [66] for the simulation
of laboratory as well as industrial MCFCs, the model was validated by comparison with I-V curves
showing a good fitting in a wide range of feeding compositions with an average error of 1% [20],
[49].
The formulation proposes the total MCFC resistance written as a series of resistances:
1. Rohm: a simplified expression of the internal resistance;
2. 𝑅𝐶𝐴𝑇,𝑂2(𝐶𝑂2) : a cathode polarization resistance depending on the oxygen ions concentration
expressed as a function of O2 and CO2 partial pressure according to the selected O2 evolution path
(in the above eq. (8) the superoxide one);
3. 𝑅𝐶𝐴𝑇,𝑐𝑂2(𝐻2𝑂) : a cathode polarization resistance depending on the CO2 partial pressure, where also
the water contribution and the induced fluxes effects have been taken into account;
4. 𝑅𝐴𝑁,𝐻2 : an anode polarization resistance depending on the H2 partial pressure, where also the
induced fluxes effects have been considered.
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It is evident a correspondence between these terms and the resistances previously discussed, so that
Rohm is equivalent to 𝑅1, 𝑅𝐶𝐴𝑇,𝑂2(𝐶𝑂2) has the same trend of 𝑅2 and 𝑅𝐶𝐴𝑇,𝑐𝑂2(𝐻2𝑂) corresponds to
𝑅3. 𝑅𝐴𝑁,𝐻2 in the tested cases is assumed constant and negligible.
This agreement results a mutual validation of the theoretical approach and of the empirical one
proposed in this paper.
5. Conclusions
A systematic experimental campaign has led to verify the impact of variable cathodic conditions on
the IV curve and impedance spectrum of an MCFC operating in typical CCS or CCU applications
conditions. In particular, different contents in the cathodic feeding are considered not only of reactants
(O2 and CO2), but also of water steam.
The monitoring of the degradation of the fuel cell is taken into account during the whole test
campaign, to isolate the impact of the conditions that characterize the cathode, since time effects on
MCFC performance are not negligible.
The MCFC behaviour is described through a parametric system by using the equivalent circuit
method. A series of a resistance, a standard Randles-Ershler mesh and a modified Randles-Ersher
mesh, with an extra Warburg impedance, compose the best equivalent circuit. The resistances
(internal 𝑅1, polarization 𝑅2 and 𝑅3, and the Warburg 𝑅𝑊 ) are elicited by measurements/fitting.
The internal resistance 𝑅1 is mainly function of the ageing, therefore it is the natural candidate to
monitor the MCFC degradation progress. The resistance 𝑅2 shows a clear dependency on O2 reaction,
while the resistance 𝑅3 should be considered as a promising parameter to monitor the MCFC
behaviour as function of the cathodic feeding in terms of CO2 and H2O fractions.
A correspondence is put in evidence between these resistances and the ones constituting the kinetics
model deduced by the authors on the basis of theoretical considerations and discussed in [49].
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Consequently, a monitoring approach can be proposed where, according to the current specific
operating conditions, performances of a complete cell can be evaluated through the analysis of the
single parameter elicited by the EIS spectra. For example, the analysis of the 𝑅1 behaviour can be
recommended to highlight possible ageing degradation at fixed cathodic mixture, while the analysis
of 𝑅2 and 𝑅3 trend is of interest in case of working under variable cathodic mixture.
The present paper constitutes a basis for next works applications aimed to the development of a
dedicated diagnostic tool in order to assess methodologies of real-time performance monitoring
during the useful life of MCFCs in CCS, CCU as well as other industrial applications.
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