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ABSTRACT
The aim of this doctoral thesis is to develop and apply a kinetic model for the simulation of High Temper-
ature Fuel Cells for energy conversion and Carbon Capture applications. In particular, the work will focus
on the analysis and the modeling of a newly discovered mechanism in Molten Carbonate Fuel Cells that
sees the net migration of H2O from the cathode to the anode side in competition with the usually encoun-
tered migration of CO2. This mechanism was never reported in the literature and was named "dual-anion
mechanism" to underline the parallel migration of carbonate and hydroxide ions. It is important because
it can greatly affect the cell’s performance in terms of both energy conversion and CO2 sequestration.

The work was performed in collaboration with ExxonMobil that first observed this phenomenon dur-
ing a campaign to test the use of molten carbonate fuel cells as Carbon Capture devices. The work was
also done in partnership with FuelCell Energy, who through an agreement with ExxonMobil obtained all
of the experimental data of this phenomenon.

The analysis of the mechanism and the development of a model to simulate cells working at such con-
ditions were conducted in a series of different steps. To start, based on experimental data, the mechanism
was studied as a function of the reactant gases to understand the main dependences of the occurring phe-
nomena. Consequently, as more data became available, additional dependences to improve the knowledge
of the mechanism and the modeling were studied. In particular, the work was focused on the analysis of
the effects that the diffusion resistance has on the extent on which one anionic path evolves over the other.
Successively, the operating temperature and the carbonate/hydroxide equilibrium were studied and in-
cluded in the model. The analysis of the experimental data also allowed to observe the effects that the gas
atmosphere can have on the cell ohmic resistance as it was determined that the electrolyte melt can change
based on equilibria betweenmelt and gas phase. The developed kinetic formulation was implemented into
the SIMFC code, a home-made Fortran program realized by the group PERT of the University of Genoa
for the simulation of High Temperature Fuel Cells (Molten Carbonate and Solid Oxide). In this way, the
model was successfully tested by simulating the experimental data.

Additionally, a formulation to consider the direct internal steam reforming of CH4 on the perfor-
mance of cells was also included into the SIMFC code. The formulation considers the reaction locally
with dependence on catalyst loading. As such, it allows the study of the effect of catalyst distribution
and degradation. This part of the thesis was developed on Solid Oxide Fuel Cells instead of Molten Car-
bonate. This choice was dictated by the fact that I spent a period of 8 months during the first year of the
Ph.D. program at the Korea Institute of Science and Technology studying solid oxide fuel cells materials,
specifically focused on the use of perovskite (a possible solid oxide fuel cells anode material) as catalysts
for the CH4 reforming reaction which will be presented.

The overall model developed and implemented into the SIMFC code was demonstrated to be very
promising in simulating High Temperature Fuel Cells performance under a great range of operating con-
ditions.
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Introduction

In the last decades, the concentration of carbon dioxide (CO2) in the atmosphere has drastically in-
creased due to the emissions derived from stationary electricity and heat production and distributed trans-
portation systems utilizing fossil fuel combustion as well as industrial plants. The scientific community
agrees that the increase in atmospheric CO2 stemming from these inputs is one of the main causes of
climate changes.

To reduce the CO2 emissions in the atmosphere the best solutions would be to increase the energy
production efficiency, the usage of renewable sources, and the identification of different reactions that
do not involve or reduce the formation of by-product CO2. However, this implies a drastic change to
the actual way of energy production and manufacturing that would require a huge amount of investment.
A different solution that can be more easily applied is to rely on Carbon Capture and Storage (CCS).
CCS is a broad term that includes a number of different technologies that can be used to capture CO2
from point sources. One example is using High Temperature Fuel Cells and more specifically Molten
Carbonate Fuel Cells. This kind of high temperature cell can concentrate a CO2 poor stream using it as
the oxidant (cathode inlet) to a more concentrated stream (anode outlet), thus making further separation
process easier and less expensive.

Recently, the American based company ExxonMobil has started investigating the use of Molten Car-
bonate Fuel Cells as CCS devices to achieve CO2 capture rates higher than 90%. Through an experi-
mental campaign to test the cells capability, they observed the net migration of water from the cathode
to the anode side in competition with the transfer of CO2 that is normally observed. This newly discov-
ered mechanism, once understood, can greatly affect the uses and the spread of this technology as it can
influence cell performance in both their energy production and CO2 capture capability.

Based on experimental observation provided by ExxonMobil and FuelCell Energy, in this thesis I
will present a study of this newly observed phenomena together with the development of the first kinetic
model to simulate Molten Carbonate Fuel Cells working at these conditions. The model equations will be
integrated into the SIMFC code a homemade program developed by my research group at the University
of Genoa for the simulation of high temperature fuel cells performance. Using SIMFC, I will test the
quality of the model on the experimental data.

The work will be divided into nine chapters. The part of work that will be presented in the chapters
from three to seven was funded by ExxonMobil and produced using experimental data provided by Fuel-
Cell Energy. The part of work that will be presented in chapters one, two, eight and nine was performed
independently from ExxonMobil. In the first chapter a brief introduction on the Molten Carbonate Fuel
Cells technology will be presented with particular focus on the modeling works realized until now. The
basic equations used in the SIMFC code will also be introduced here. In the second chapter, I will present
the simulation of two study cases that involve the use of Molten Carbonate Fuel Cells in integrated sys-
tems for Carbon Capture. For the simulation of these two cases I will use the SIMFC code integrated into
Aspen plus, and a simplified SIMFC code rewritten in Aspen Modeler and integrated again into Aspen
plus. In the third chapter, based on the experimental campaign conducted by ExxonMobil, I will present
a basic formulation to model Molten Carbonate Fuel Cells with parallel migration of CO2 and H2O from
cathode to anode. In the following fourth chapter, the model will be improved with the introduction of
a diffusion term as it will be demonstrated that diffusion resistance is extremely relevant in favoring or
hindering H2O migration. In the fifth chapter, through sensitivity analysis on the parameters of the mod-
els, I will show how to simplify the model if needed and how such studies can be used to improve the
cell performance. In the sixth chapter, the model will be redefined by rendering explicit the tempera-
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ture dependence in the polarization resistance. This dependence was initially neglected to focus on the
causes of the newly discovered mechanism. In the seventh chapter I will present additional experimental
evidence on the carbonate/hydroxide equilibrium that control the newly observed mechanism to improve
the polarization resistance expressions. High temperature fuel cells can work using CH4 and light hy-
drocarbon as fuels exploiting reforming reactions. These reactions can occur either before or inside the
fuel cell. In the eighth chapter I will integrate to the SIMFC code the formulation necessary to consider
a cell working with direct internal steam reforming of CH4. This work will be presented on Solid Oxide
Fuel Cells since it was done in collaboration with a colleague focused on this typology of cell and since
during the my Ph.D. experience I worked on Solid Oxide Fuel Cell materials in collaboration with the
Korean Institute of Science and Technology. The model, using simple corrections to consider different
materials, can be easily applied also to Molten Carbonate Fuel Cells. In the final chapter, I will present
a study on a Rh-doped SYT catalyst for CH4 reforming for application as SOFC anode. This final work
was conducted at the Center for Hydrogen and Fuel Cell Research of the Korea Institute of Science and
Technology.

Finally, I will present the conclusion of this work and present future steps that can be followed to
improve the knowledge on high temperature fuel cells and further widen their use.

In the Appendixes at the end of the thesis, readers can find additional information on different aspect
of the modeling and the collection of the experimental data used to study the phenomena and develop the
model.
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Molten Carbonate Fuel Cells

A fuel cell is an electrochemical device that directly converts the chemical energy of a fuel into
electrical energy exploiting reduction and oxidation reactions in a manner that is similar to batteries
[6, 7]. However, unlike batteries, fuel cells are open systems where the reactants are constantly fed to the
cell and the products removed, and unable to store energy.

There is a large variety of fuel cells that differ by components and catalyst materials used, charge
carriers, operating temperatures and range of applications [6]. Among these, Molten Carbonate Fuel
Cells (MCFCs) are high-temperature, stationary operating systems characterized by the use of a liquid
eutectic mixture of alkali metal carbonate as electrolyte. For this reason, MCFCs operate in a limited
temperature range (853K ∼ 973K) to ensure that the electrolyte is in its liquid state and to limit its
losses due to high electrolyte volatility induced by high temperatures.

As with any other kind of fuel cell, the main structure of an MCFC is constituted of an electrolyte
sandwiched between two electrodes: an anode for the oxidation and a cathode for the reduction. It is
important to underline that, in contrast to battery nomenclature, in the field of fuel cells, the term "elec-
trode" does not indicate the reactants that reduce (O2) or oxidize (H2), but instead refers to solid supports
for the electrochemical reactions to occur. In the specific case of MCFCs, the anode material is a porous
Ni-based alloy (typically with Al or Cr), the cathode material is a porous lithiated NiO, and the elec-
trolyte consists of an eutectic mixture of alkali carbonates of which Li2/K2CO3 and Li2/Na2CO3 are the
most common. Moreover, MCFCs need a ceramic matrix usually made of LiAlO2 to support and keep
the electrodes and electrolytes (using capillary forces) in place.

1.1. MCFC working principle

As in any other kind of fuel cell, in MCFCs the main reaction that provides energy is the formation
of H2O from reduction of O2 and oxidation of H2. However, in the specific case of MCFCs, CO2 serves
as an additional reactant with O2 to form, at the cathode, the carbonate ion (CO 2–3 ) that function as the
anion carrier through the electrolyte and matrix. It is this very fact that makes MCFCs suitable for carbon
capture whereas other fuel cells are not viable. The total MCFC reaction is the following1

H2 + 1
2 O2 + CO2,cathode H2O + CO2,anode (R. 1.1)

This is not a single step, but is composed of two main half-reactions that occur at the cathode and anode
side respectively. The working principle is schematized in Figure 1.1.

1Unless differently specified, in the reactions all the reactants are in the gas phase, but the ions are dissolved in the liquid
phase.
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H2 + CO2−
3 → H2O + CO2 + 2e−

Electrolyte

Anode
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CO2 +

1
2
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3

CO2−3
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CO2−3

CO2−3
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CO2 H2O

Figure 1.1: Schematization of the MCFC working principle.

1.1.1. Anode reactions

At the anode side, H2 reacts with CO 2–3 from the electrolyte to formCO2 andH2Oand release electrons
(e−) according to the following oxidation reaction:

H2 + CO 2–3 H2O + CO2 + 2 e– (R. 1.2)
A secondary fuel that can oxidize is carbon monoxide (CO) as shown in Rxn. 1.3.

CO + CO 2–3 2CO2 + 2 e– (R. 1.3)
Although experiments were conducted to show the possibility of using CO as direct fuel in MCFCs [8],
this does not usually happen. The reason can be found in the difference between the exchange current
density at 923K for the oxidation of CO (about 0.04mAcm−2) and H2 (100mAcm−2) [8]. This substan-
tial difference means that the oxidation rate of CO is three order of magnitude slower to that of H2, thus
resulting in CO-fed MCFCs having much lower performance than H2-fed ones.

Nevertheless, CO is usually encountered in MCFCs anode feeds since it can be obtained as byproduct
of the production of H2 from reforming of hydrocarbons. Its consumption is mainly ascribed to the water-
gas-shift (WGS, Rxn. 1.4) to replace the H2 consumed in the electrochemical reaction.

H2 + CO2 H2O + CO (R. 1.4)
Thanks to the high temperatures, if specific catalysts are used, MCFCs can also operate directly using

methane (CH4) or other light hydrocarbons, exploiting reforming reactions for the internal production of
H2. An example of commonly exploited reforming reactions is the steam reforming of CH4 (Rxn. 1.5).

CH4 + H2O 3H2 + CO (R. 1.5)
In addition to these reactions that are necessary for the correct cell operations, there could be other

parasitic reactions that can reduce the performance and harm the cell. A major example is the carbon
deposition in the form of the Boudouard reaction (Rxn. 1.6). This reaction is inhibited by CO2 formation
at the anode and it is usually limited by water vapor addition to the anode inlet.

2 CO CO2 + C(s) (R. 1.6)
Other reactions that greatly affect MCFC performance are the ones that depend on the presence of

pollutant compounds that can be usually traced to the fuel sources. Among these, sulfur is one of the
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most commonly found and can be harmful for the cell even in low concentrations (e.g.: single digit parts
per million) [6]. At the anode side, sulfur affects the cell in three main ways: (i) blocking the active
electrochemical sites as it reacts with Ni, (ii) poisoning the catalysts site for the WGS reaction and the
reforming catalyst, if present, and (iii) oxidization of SO2 that can reacts with the electrolyte altering its
composition and forming H2S on the anode [9, 10].

1.1.2. Cathode reactions

At the cathode side, O2 reduces thanks to the electrons coming from the anode and, by reaction with
CO2, forms CO 2–3 closing the circuit (Rxn. 1.7).

CO2 + 1
2 O2 + 2 e– CO 2–3 (R. 1.7)

In reality this is not a single reaction but amulti-step process that occurs through formation of intermediate
activated species. In the literature, different mechanisms have been proposed, but the actual one has not
been conclusively identified yet. The most widely accepted paths presented in the literature to describe
the evolution of O2 involve the intermediate formation of peroxide (O 2–2 ) or superoxide (O –2 ).

Peroxide path (POP):
1
2 O2 + CO 2–3 CO2 + O 2–2 (R. 1.8)

O 2–2 + 2 e– + 2CO2 2CO 2–3 (R. 1.9)
Superoxide path (SOP):

3
4 O2 + 1

2 CO 2–3
1
2 CO2 + O –2 (R. 1.10)

O –2 + 3 e– + 2CO2 2CO 2–3 (R. 1.11)
Different authors [11, 12] also suggested a path that involves the formation of the peroxycarbonate

ions (CO 2–4 ). The CO 2–4 driven reaction chain is the following:

CO 2–3 + 1
2 O2 CO 2–4 (R. 1.12)

CO 2–4 + 2 e– CO 2–3 + O2– (R. 1.13)

O2– + CO2 CO 2–3 (R. 1.14)
Even though, the presence of peroxycarbonate ions in the melt has been verified through Raman spec-
troscopy [13] together with other species such as pyrocarbonate (C2O 2–5 ) [14] and peroxidicarbonate
(C2O 2–6 ) [15], many authors disregard this path as the one followed by O2. Nevertheless, it is quite diffi-
cult to determine a specific path for the O2 reduction and it is possible that a combination of all the paths
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is followed, with different priority as a function of the operating conditions, also in terms of electrolyte
composition [16]. This is evident if we consider the equilibria between ionic oxygen species [16, 17]:

2O2– + O2 2O 2–2 (R. 1.15)

3O 2–2 2O2– + 2O –2 (R. 1.16)
As discussed for the anode side, also at the cathode side several parasitic reactions can occur affecting

the cell behavior. The NiO cathode material can dissolve in the carbonate according to the following
reaction [6]:

NiO(s)+CO2 Ni2+CO 2–3 (R. 1.17)
The Ni ions can diffuse in the electrolyte and precipitate at the anode side after reduction by H2. To
reduce this issue the cathode is usually lithiated (mostly in situ) as a form of protection. The lithiation
also serves to make NiO, an insulator, into a good electrical conductor which is required for the cathode
reaction Rxn. 1.17 to occur.

Reactions due to pollutants are ascribable to the presence of SOX and NOX. SOX reacts to form sul-
phate or sulphide that migrates to the anode side releasing H2S that cause the anode poisoning previously
discussed [18, 19]. NOX in part reacts to form nitrate or nitrite and migrate to the anode side releasing
N2 or NH3 which are not particularly harmful to the cell, in part react with the cathode current collector
and manifold manifold corroding them and thus increasing the ohmic resistance [20].

1.2. MCFC current status

Until the last decades, the main industrial developers of MCFC technology were found in Europe
(Italy: Ansaldo Fuel Cell, Germany: CFC Solutions, France: Franco Cell), America (US: FuelCell En-
ergy (FCE) and GenCell Corporation), and Asia (Japan: Ishikawajima-Harima Heavy Industries, South
Korea POSCO/KEPCO consortium and Doosan Heavy Industries) [21, 22]. In parallel, several universi-
ties and research facilities conducted different levels of studies [21]. Although this academic effort is still
ongoing in the aforementioned and in other countries, the main industrial developers are now limited to
FCE in the US and POSCO Energy in South Korea, with the latter using the former’s technology [23].

Historically MCFCs have been mainly studied and developed for stationary energy production. Apart
from the option to directly feed electricity to the grid, due to their dimension, operating temperature and
manufacturing costs, MCFCs are suitable to function as direct or back-up power for big facilities such as
hospitals, prisons, hotel and universities, but less indicated for small ones [21]. As of 2020, South Korea
hosts the largest fuel cell park operated by Gyeonggi Green Energy. It consists of 59 MW of MCFCs
and was develop by a joint agreement between FCE and POSCO [24, 23]. Others smaller installations
developed by FCE can be found in the areas of California and New England in the US.

Naval applications have also been investigated, in particular the combination ofMCFCs with batteries
[25]. Although, currently there are no ongoing projects or studies for naval use, MCFCs can be suitable
since their size and slow start-up time are not a real issue in marine applications [26] compared to other
locomotion systems.

As discussed in the previous section, thanks to their particular modus operandi, MCFCs enable the
transfer of CO2 from a CO2-poor (cathode feed) to a CO2-rich stream (anode exhaust). This CO2 transport
and enrichment enables the recovery of pure CO2 that then can be further utilized or sequestered. This
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property allows MCFCs to be considered as a technology for Carbon Capture. For this reason, due to the
continuous demand to reduce CO2 emissions, MCFC related research has flourished with studies to apply
this technology to capture CO2 especially after combustion plants. In fact, compared to more traditional
sorption-based carbon capture technologies, MCFCs not only allow CO2 capture from flue gases, but also
simultaneously production of electricity, surplus hydrogen, and heat (while consuming additional fuel).

In light of this application, the American based company ExxonMobil established in 2016 a joint
development agreement with FCE [27]. The aim of this collaboration is to develop the use of MCFCs for
large scale capture and concentration of CO2 from industrial facilities. The MCFC modelling work that
will be presented in this thesis is developed in this time frame.

Finally, MCFCs can be also applied for H2 production if used in reverse way as electrolytic cell. This
last application has currently gained interest from different research groups [28, 29, 30, 31] as an energy
storage media.

1.3. Modeling of MCFC

The modeling of physical and chemical phenomena is of extreme importance to understand and visu-
alize the mechanisms that are involved in manufacturing, energy production or any other kind of industrial
processes. The use of modeling is not limited to the mere simulation of processes to gain information
of the mass and energy balances, as it also allows for the improvement of process or plant design and
control.

A substantial literature exists on the subject of the numerical simulation of MCFCs. In these works,
the modeling effort spans from the study of electrochemical and mass transport processes of a single
electrode to the simulation of stacks of MCFCs integrated in complex systems in what can be interpreted
as an overall multi-scale approach. However, it is difficult to encounter a single research group that
integrated multiple length scale in a unique model as most groups focus only on a single level of scale.

The lowest level usually encountered in MCFC modeling is at the electrode scale. As in similar
systems that involves the diffusion of gas in porous media, one of the main issues is the lack of accurate
information and thus understanding of how the gas diffuses and how the electrolyte is distributed in porous
structure [32].

Wilemski [33] developed one of the first electrode scale models specifically for MCFCs. He based
his work on the assumption of a thin film cylindrical pore model previously introduced by Srinivasan
and Hurwitz [34] for gas diffusion in porous electrodes. In this type of approach, the electrolyte fills
the micropores of the electrode porous structure making them electrochemically inert. However, it only
covers the walls of the gas-filled macropores with a thin film as shown in Figure 1.2. The electrochemical
reactions occur on the walls of the pores covered with the thin electrolyte film. As explained byWilemski,
this approach was chosen since it is easy to manage, despite the overly simplified porous structure and
the lack of values for the film thickness and coverage. Nonetheless, the model was able to successfully
evaluate the current density of both the cathode and anode over a wide range of operating conditions.
Based on this electrode model, Wolf and Wilemski [35] developed a 2D cell model that was successfully
tested on a small cell.

Due to the oversimplification of the thin film model, a different approach was developed for the de-
scription of porous electrodes: the agglomerate model. In this approach the electrode structure is assumed
as an agglomerate of catalyst particles that under working conditions are flooded with the electrolyte. Gas
diffuses through the macropores to dissolve in the electrolyte. After a certain distance from the surface of
the aggregate, the reactants react on the catalyst particle active sites. The agglomerate is usually assumed
to be cylindrical in shape, and may be coated with a thin electrolyte film that if present is assumed to have

13



CHAPTER 1. MOLTEN CARBONATE FUEL CELLS

Figure 1.2: Schematic representation of a pore covered with an electrolyte thin film [1].

a constant thickness. Figure 1.3 shows a schematic representation of an agglomerate model to describe
an electrode, with the left agglomerate being dry, i.e. no electrolyte thin film coverage, and the right one
being wet.

Figure 1.3: Schematic representation of a porous structured as agglomerate [1]. The right agglomerate is wetted
with an electrolye film, while the left one is dry.

Yuh and Selman [36, 1] chose this approach to develop a model for the MCFC anode and cathode.
Due to their different wetting characteristic, they considered a dry agglomerate for the anode and a wet
agglomerate for the cathode. Coupling this structure with mass transport and electrode kinetics in the
form of Butler-Volmer, they developed a cell model that showed good agreement with experimental data.

Based on the agglomerate approach, Kunz et al. [37] developed an electrode model for the cathode.
They calculated the agglomerate diameter, porosity and tortuosity from a knowledge of the pore size
distribution and electrolyte content. Following this initial work, they also developed a model to determine
the cell overpotential as function of the electrolyte filling level of the cathode [38].

The main difference between the work of Yu and Selman and the work of Kunz et al. is that Yu
and Selman [36] assumed the external agglomerate surface wetted with a thin electrolyte film and conse-
quently with reactions happening both on the surface and inside the agglomerate, while Kunz et al. [37]
assumed cathodic reactions only occurring inside the agglomerate with no film on the external surface.

Fontes et al. [39] argued with the validity of both models. Specifically, they demonstrate the impor-
tance of the film covering the agglomerate and criticized the assumption of a homogeneous agglomerate.
In parallel Fontes et al. developed a spherical agglomerate model that appears physically more realis-
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tic than the homogeneous one for the prediction of the effects of the electrolyte fill of the electrode on
the electrochemical performance. A different three-phase homogeneous model of the MCFC cathode
was developed by Subramanian et al. [40]. Using this model, they studied the contributions of different
processes to the cell performance.

These last discussed electrode models have emphasized the importance of the electrolyte fill level
on the cathode and have concluded that the electrolyte distribution plays an important role in the perfor-
mance of the MCFCs. The electrolyte fill level is the percentage of the electrode pores occupied by the
electrolyte. Further studies showed that the electrolyte may also redistribute due to the current flow and
as a function of time. Hong and Selman [2] developed a stochastic model to describe the structure of the
MCFC electrodes obtaining a representation closer to the reality than the ones assumed in the previous
models. The schematic representation of the cross-section of a wet electrode is shown in Figure 1.4. Us-
ing this model, they studied the effects of the electrode filling and its distribution and concluded that the
electrochemical reaction occurs close to the agglomerate surface.

Figure 1.4: Two-dimensional wet cathode structure obtained via stochastic approach. ( ) electrocatalyst particle,
( ) electrolyte, ( ) pore [2].

Models at the electrode level are fundamental to support the understanding of the physico-chemical
processes and basic electrode mechanisms. Researchers relied on these models for the study of electrode
materials, structure and physical characteristic. However, they are not usually applied for the description
of the cell mechanisms for higher simulation scale level.

The aim of cell levelmodeling is to provide the relationship betweenmeasured cell voltage and applied
current density in small cells by considering all of the losses involved in the electrochemical processes that
cause deviations from the Nernstian voltage. At this level ionic resistance, concentration polarization and
gas mass transport are introduced, while the electrode related phenomena are usually simplified to reduce
the model complexity. In addition, temperature acquires a fundamental role, and both temperature and
current density profile along the cell plane are investigated. As such, cell level scale modeling functions
as bridge between electrode processes and stack design.

Sampath et al. [41] developed one of the first 2D models for MCFC single cell working in cross-
flow configuration and having an active surface area of 100 cm2. The model was constructed based on
the polarization resistances obtained with experiments on a button cell having an active surface area of
3 cm2. They also demonstrated the importance of considering the effects of the WGS reaction, that, if
neglected, greatly affects the results of the model.

A large contribution to cell level modelingwasmade by the work of different Japanese research groups
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between 1990 and 2010, when Japan was one of the leading countries in MCFC development. Mugikura
et al. [42] developed a 2D model that used semi-empirical correlations to express the polarization resis-
tances of the cell. They defined the total cell polarization resistance (RTOT ) as sum of three contributions
(internal RΩ, anode RAn, and cathode RCat):

RTOT = RΩ + RAn + RCat (Eq. 1.1)
The internal resistance, RΩ was defined with an Arrenhius temperature dependence with Arr and ΔEΩ
being empirical parameters:

RΩ = Arr e
−ΔEΩ

RT (Eq. 1.2)
For the electrode resistance, they distinguished between a first term dependent on the temperature that
includes the activation energy required for the reactions to occur, and a second term that shows the con-
centration dependence (as local reactant partial pressure, pi) of the reacts. ΔEAn, ΔECat, R0An, R0Cat, A,
B, C , D and E are empirical parameters.

RAn = e
−ΔEAn

RT ln
(

R0An p
A
H2,An

pCCO2,An p
C
H2O,An

)

(Eq. 1.3)

RCat = e
−ΔECat

RT ln
(

R0Cat p
D
O2,Cat

pECO2,Cat
)

(Eq. 1.4)
The parameter values were fitted using data from an experimental campaign [43] opportunely designed to
studyMCFC behavior and the model was positively tested. In subsequent works, the model was improved
with studies focus on both cathode [44] and anode [45], and then also for the use of a different electrolyte
melt [46]. In this period, the work of Nishina et al. [47] was one of the few in which water effects at the
cathode side were considered and a model to take these into account was introduced.

Other authors developed polarization resistances with similar structure based on either empirical ob-
servation or deriving them from more general electrochemical equations such as the Butler-Volmer equa-
tion. This group of equations represents the core of the kinetics modeling at the cell level.

In parallel with the construction of more complete 2D model, cell scale modeling saw also the de-
velopment of 0D models. These models are usually simpler in structure, because they require the intro-
duction of far less parameters, but yet useful for performance prediction of specific cells. An example
is a model recently developed by Milewski et al. [48]. It is based on only three parameters: internal re-
sistance, pre-exponential factor and activation energy for ionic conductivity expressed with an Arrhenius
type function. Another example is a model developed by Au et al. [49] that requires the evaluation of
only two parameters to identify the cell total polarization resistance.

Moreover, cell level modeling allows the study and description of dynamic modeling, of which the
work of Brouwer et al. [50] is an example. Also, Heidebrecht et al. [51] realized a dynamic model to
include the simulation of internal reforming of CH4.

With the increasing length scale, stack level models are encountered. Their main objective is to offer
a clear description of the fluid dynamics in the cell in order to simulate different flow configurations
and study the distribution alongside the cell stack of the profiles of temperature, current and reactant
composition. Consequently, stack models mainly focus on momentum, mass and energy balances, while
simplifying the analysis of the electrochemical performances. Due to the large amount of equations
involved, these models usually require the use of dedicated CFD software.

He and Chen [52] developed a stack model to study the 3-dimensional distribution of temperature,
pressure, gas concentration and current across the stack in different flow configurations using the software
package PHOENICS. Subsequently, they updated it to consider also transient operations [53]. Yoshiba
et al. [54] developed a model to diagnose the internal conditions of a co-flow MCFC stack. In the work,
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they focused on the voltage profile along the stack and its effects on the energy balances. In particular,
the different values of internal resistance along the stack and the unequal gas supply were analyzed to
understand the effects on the voltage. Lee et al. [55] developed a 3D MCFC stack model composed of
150 cells to study temperature, current and gas concentration distribution both on each cell surface and
along the z-direction perpendicular to each cell. Recently, a dynamic model for a 1 kW MCFC stack was
developed by Szczęśniak et al. [56].

In parallel to models exclusively based on physical laws, stochastic models can also be found. The
electrolyte fill level is the percentage of the electrode pores occupied by the electrolyte. For example, Yang
et al. [57] and Shen et al. [58] developed two different fuzzy models to facilitate valid control strategy
design and analysis of system stability, and Shen et al. [59] also developed a Radial Basis Function neural
network model to describe a stack operations.

Compared to the previous modeling scales, at plant level the object of interest is not the fuel cell itself,
but the results of its interactions with all the other elements that compose the system under study. Plant
models are based on global energy and mass balances whose aim is to provide information on the total
energy produced and required by the system, and the amount products generated. In the case of MCFCs
used as carbon capture devices, the focus will be specifically on the CO2 capture rates achieved. For this
reason, if the scope of the model is to provide only information on the overall system, local information
is not important to the users. Consequently, to model the MCFC usually simple lumped 0D model are
used. This simplification is not only for MCFCs but for all the unit operations included.

Most of these models are usually realized using the commercial software to describe the whole plant.
The most commonly used in the Chemical Engineering sector is Aspen Plus.

Example of computational works at plant level include MCFCs implementation in natural gas com-
bined cycles [60, 61, 62], cogeneration plants [63, 64], coal-fired plants [65, 66, 67], integrated gasi-
fication combined cycles [68, 69, 70], thermal in-situ oil sand facilities [71], cement production [72],
steel production [73], wastewater biogas process [74], in novel pressurized MCFC hybrid systems [75],
in combination with gas separation membranes [76], and in hybrid MCFC-SOFC systems [77].

1.3.1. UNIGE’s modeling effort

The Process Engineering Research Team (PERT) of the Department of Civil, Chemical and Envi-
ronmental Engineering of the University of Genoa to which I am affiliated has been developing MCFCs
models for the past two decades. The result of PERT’s studies is the development of a program for the
simulation of the performance of fuel cells named SIMFC (SIMulation of Fuel Cells). Initially developed
solely for MCFCs, recently it has been improved to offer the possibility to simulate also Solid Oxide Fuel
Cells (SOFCs) [78, 5, 79].

SIMFC is a Fortran written code based on local mass, energy and momentum balances. However,
the momentum balance included is simplified with the use of parameters to describe the fluid dynamics
characteristics that have been previously determined using CFD software. The basic structure is of a
cell-scale level modeling. However, it can also be applied for stack-level simulations also offering the
possibility to adjust different parameters and other variables for each cell of the simulated stack. As such
it can be considered either a 2D or a pseudo 3D deterministic model. The basic 2D structure can be
used to gain not only overall cell information such as the cell voltage or the total current density, but also
to evaluate local variables on the cell plane such as current density, gas concentrations or polarization
resistances.

It also allows the simulation of cells working with different gas flow configurations, namely, cross-
flow (the base case), co-flow and counter-flow. Moreover, SIMFC can be easily implemented in complex
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system simulators such as Aspen Plus or other commercial process modeling software.
The balance equations used for the model are presented in Table 1.1 for a cross-flow configuration.
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Table 1.1: Mass, energy and momentum balance equations used in the SIMFC code for a cross-flow configuration.

The cell performance is expressed as:
V = E − RTOT J (Eq. 1.5)

where V is the cell measured voltage [V ], E is the equilibrium potential given by the Nernst equation
(Eq. 1.6) [V ],RTOT is the cell total area specific polarization resistance [Ω cm2], and J is the cell current
density [Acm−2].
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∏

|red|�redi

)

(Eq. 1.6)

The core of SIMFC is the kinetic equation of the total polarization resistances used to express the
electrochemical performance of the simulated cell. Over the years, thanks to collaborations with other
entities (both with a private company, Ansaldo Fuel Cell, and public institutions such as the University
of Perugia, Enea, and the Korean Institute of Science and Technology) the PERT group obtained a large
volume of experimental data. This allowed improving the equations for these resistances and expanded
the model applicability range.
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Prior to this Ph.D. work, the most updated kinetic core equations taking into account the effects of
H2O, as presented in [3], were the following:

RTOT = RΩ + RCat,CO2 + RCat,O2 + RAn,H2
(Eq. 1.7)

with:
RΩ = P1e

P2
T (Eq. 1.8)

RCat,CO2 =
P3T e

P4
T

p ln
[

1 − 1.5
1+#

(

xCO2 + #xH2O
)

]−1
(Eq. 1.9)

RCat,O2 = P5T e
P6
T p0−.25x0.5CO2x

0.75
O2

(Eq. 1.10)

RAn,H2
=

P7T e
P8
T

p ln
(

1 + xH2

) (Eq. 1.11)

where Pis are empirical parameters whose values are reported in table 1.2.
Pi Value Unit
P1 0.016461 Ω cm2
P2 3054 K
P3 3.2 10−6 Ω cm2K−1∗ atm
P4 2743 K
P5 4.5 10−9 Ω cm2K−1∗ atm0.5
P6 10036 K
P7 3.4 10−9 Ω cm2K−1∗

P8 9362 K
# 0.16 −

Table 1.2: Last set before this Ph.D. work of kinetic parameters to simulate the performance of MCFCs as reported
in [3].
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2
Modeling ofMCFC systems forCarbonCap-
ture applications

As mentioned in Chapter 1, in most of the models of MCFCs at plant scale level the local effects of
variables such as temperature, current density and reactant concentrations are usually neglected to focus
on plant global balances, energy efficiency, and carbon capture rate. Indeed, users of such models are
generally more interested in a global vision rather than in the behavior of each single element composing
the plant. Consequently, many of such models have been developed using a 0D approach to simulate
the behavior of MCFC. This simplification is also justified by the need to have a satisfactory calculation
speed that can be penalized by extremely detailed local models. In fact, speed requirements are crucial
when modeling is used for control purposes and not just for the studies of the outputs.

Although this approach is usually satisfactory to determine and study the global values the users need
to know, it hinders the possibility to identify working conditions that can cause harm to the MCFC stacks.
For example, by neglecting local analysis, users are not able to identify local values of temperature that
may be too high or too low for proper operations. If these values are not properly controlled, they might
induce premature cell failure. As such, local analysis is needed not only to simulate working conditions
more accurately, but also for control as several local variables cannot be easily measured.

Generally, models at the plant level are not coded from scratch but are constructed using already ex-
isting plant simulation programs of which Aspen Plus is the leading one for Chemical Engineering. These
programs allow the combination of different unit operations to construct the desired plant design. Each
unit operation has been extensively coded and tested and can be characterized in terms of either operat-
ing conditions or desired output to reach the required solution. These programs also include extensive
libraries about compounds properties, physical law and model, etc.

However, due to their complexity, non-trivial scale up, and mostly a small market, fuel cell units are
not present as already built elements in such programs. If the model is developed using Aspen Plus, there
are three possible solutions:

1. use of simple blocks such as separators and mixers to deal with the mass balances. Thermal bal-
ances are usually neglected or are particularly simplified to determine the heat required or in excess
by considering the enthalpy difference between inlets and outlets. The electrochemical performance
is evaluated as external parameters and the model does not allow local studies as the structure is
overly simplified.

2. integration of an external Fortran written subroutine. This solution may cause issues, in particular
for the thermal balances, if physical parameters used for calculation in the code do not match the
one of the Aspen properties (e.g., the specific heats, etc.). It lacks the possibility to deal with
non-stationary simulation.

3. integration of an external user made programwritten using Aspen CustomModeler. Aspen Custom
Modeler is an Aspen Plus package that allows to share the components data directly with Aspen
Plus libraries and contains already pre-programmed numerical resolution methods [80]. It also
permits non-stationary simulations.



CHAPTER 2. MODELING OF MCFC SYSTEMS FOR CARBON CAPTURE APPLICATIONS

In this chapter, I will present the integration of a 2D MCFC model into a plant simulation designed
using the software Aspen Plus specifically for CO2 capture.

In the first part, I will present the integration in Aspen Plus of the SIMFC code following the second
of the solutions introduced above. This solution is extremely interesting because it allows the use of
an already meticulously developed and tested code. The results of this part have been published with
the title "Molten Carbonate Fuel Cells in Integrated Systems for the Exploitation of Poor Fuels and the
Segregation of CO2" in the Bulgarian Chemical Communications [81]. The work has been performed in
collaboration with the University of Edinburgh and ENEA from which I received the information for the
calcium looping process.

In the second part, I will present the integration in Aspen Plus of a newly developed code in Aspen
Custom Modeler. The results of this part have been published with the title "A feasibility assessment of
a retrofit Molten Carbonate Fuel Cell coal-fired plant for flue gas CO2 segregation " in the International
Journal of Hydrogen Energy [82]. The work has been performed in collaboration with the University of
Edinburgh.

2.1. Integration of the SIMFC code in Aspen Plus

The first analyzed system consists in the integration of an MCFC with calcium looping process for
the segregation of CO2 and the exploitation of poor fuels. This integration was done using the software
Aspen Plus integrated with the SIMFC code to simulate the MCFC stack.

Calcium looping is a technology for carbon capture that is based on the reversibility of lime car-
bonation. The process, schematized in Figure 2.1, can be divided into two main steps: carbonation and
calcination. The carbonation consists in an exothermic step where a CO2-containing flue gas enters a
carbonator reactor where the CO2 reacts with CaO to form CaCO3 (usually at an operating temperature
between 870 and 970 K), following reaction [83].

CO2 + CaO(s) CaCO3 (s) (R. 2.1)
The CO2-depleted flue gas (“Rich fuel” in Fig. 2.1) has acquired a higher heating value than the initial
flue gas (“Poor fuel” in Fig. 2.1) due to lower dilution in CO2 and can be more proficiently used for
combustion scopes. The formed carbonates are sent to a calciner where, at temperatures higher than
1170 K, they dissociate to CO2 and CaO. The CO2 can be captured, while the solid can be recycled to the
carbonator reactor. This step is endothermic and the required heat is usually provided with combustion
of fuel with pure O2 to obtain a highly concentrated stream of CO2 [83]. This represents one of the main
disadvantages of this process due to the high cost of pure O2 [84]. A possible solution foresees the use of
air, but a subsequent separation of N2 and CO2would be required for an effective for carbon sequestration.
This separation can be performed exploiting MCFCs.

2.1.1. Case study

The studied system was based on the ZECOMIX high efficiency hydrogen power plant currently
operating at the ENEA research center Cassaccia (Italy) [85], where the carbon looping is integrated
downstream of a gasifier for the decarbonization of raw syngas.

After sulfur removal1, a CO2 rich fuel gas that cannot be directly used in MCFC due to low H2
1This aspect has been neglected in this analysis.
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Carbonator Calciner

CaCO3

CaO

CO2 rich

CH4 + Air

Rich fuel

Poor fuel

Figure 2.1: Calcium looping process scheme.

concentration is sent to the calcium looping system. In the carbonator reactor the fuel is depleted of CO2
according to Rxn. 2.1 increasing its H2 concentration and thus acquiring the possibility to be used as
MCFC anode inlet. The obtained CaCO3 is moved to the calciner where the thermal regeneration of the
solid sorbent (CaO) occurs. Combustion of CH4 in air is used to provide the adequate heat to sustain the
regeneration process.

The integration of the MCFC downstream allows for CH4 combustion in the presence of air instead of
pure O2, reducing the energy and cost penalty associated with producing pure O2 in an air separation unit.
The regenerated CaO is recycled back to the carbonator while the CO2 rich gas is used as the cathode
inlet to an MCFC stack, allowing for further CO2 concentration and the generation of additional electrical
power. The utilization of the decarbonized syngas for electricity generation in an MCFC is preferable due
to the higher electrical efficiencies observed in MCFCs compared to commonly utilized gas turbines. At
the end of the process the enriched CO2 should undergo a further separation to remove steam or other
impurities. Three different possibilities have been investigated: simple condensation, combustion and
condensation to remove possible unreacted O2, and membranes [86, 87]. A scheme of the proposed
solution with the integration of the burner and condensation separation process as used in the simulation
in Aspen Plus is presented in Figure 2.2.

2.1.2. System modeling

To simulate the process, the following assumptions have been made:
1. The carbonator operates at 973 K. The carbonation reaction is at the thermodynamic equilibrium,

while the conversion of CH4 is fixed at 80%. CH4 and CaO feed flow rates are optimized as a
function of the operating conditions.

2. In the calciner the regeneration occurs at 1173K. The reaction is at the thermodynamic equilibrium,
while the conversion of CH4 is total. The amount of the “CH4+O2” stream has been calculated in
order to ensure an adiabatic reaction.

3. The solid phases after the carbonator and the regenerator are completely separated from the gas
phases in downstream cyclones.

4. A reformer is placed before the cell to convert all the CH4 to H2 for the anode inlet. Prior to this
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Figure 2.2: Aspen plus schematic representation of the calcium looping and MCFC integration.
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reaction the stream is preheated up to 1123 K. Also, steam is added to increase the content up to
10 mol% since it is necessary to avoid carbon deposition.

5. The cathode inlet stream is mixed with air to ensure an amount of O2 equal to 20% in v/v% and the
thermal management of the cell

6. To simulate the cell performance the kinetic core described by equations 1.7-2.5 and the kinetic
parameters reported in table 1.2 were used.

7. In the cell the fuel utilization factor (at the anode) is assumed to be 70%, while the CO2 utilization
factor (at the cathode) is assumed to be 90%.

8. The cells of the stack are considered to have an area of 1m2 each working with a current density
of 1000Am−2.

9. The performance of the cell is calculated on the basis of the local SIMFC model described in the
previous chapter.

10. To guarantee the presence of only CO2 and H2O in the gas outlet, at the anode outlet excess H2
undergoes total combustion in a burner. H2O is subsequently removed by condensation. The O2
flow rate is optimized as a function of the operating conditions.

11. For the case with a membrane separation, it is assumed that the CO2 removal efficiency is of 90%
and that it produces a 95% pure CO2 stream [88].

For this analysis, three different feeds have been studied to consider three different possible applications:
blast furnace exhaust, gasified waste and syngas. Each composition is presented in Table 2.1.

Type of Fuel H2 CO CO2 H2O N2 H2S HCN NH3
Blast furnace exhaust 0.048 0.228 0.190 0.062 0.472 1.97 10−5 1.66 10−4 1.32 10−5

Gasified waste 0.292 0.425 0.161 0.068 0.054 3.6 10−3 9.95 10−5 2.5 10−3
Syngas 0.282 0.350 0.139 0.198 0.031 6.8 10−3 − 1.5 10−3

Table 2.1: Molar fractions of the three kinds of fuel gas used for the simulation.

2.1.3. Simulation results

Since the interests of this study are the capture of CO2 and the simultaneous exploitation of poor
fuels, the main results presented will focus on the flow rate and the molar fraction of CO2 released and
captured during the process as well as the energy efficiency.

In Table 2.2, 2.3 and 2.4 the results of different simulations are presented. Table 2.2 shows the
results of the calcium looping process without MCFCs to allow the comparison with the integration of
the MCFC. Although this system ideally allows achieving a pure stream of captured CO2, the emissions
to the atmosphere still contain about 5% v/v of CO2.

Table 2.3 shows the results considering the final enriched CO2 stream after the calcium looping pro-
cess, the fuel cell operation (anode outlet) and one of the further separation processes considered. In all
the analyzed cases, the use of the condensation only is not sufficient to obtain a stream of CO2 suitable
for sequestration or other possible uses since it is still rich in other compounds (mainly N2 and unreacted
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CO2 Flowrate Flowrate
MCFC Power OutputType of Fuel Downstream Separation Molar Fraction CO2 Flowrate in fuel [kmolMW ℎ−1]

CO2 released 0.060 0.288 6.635Blast furnace CO2 captured 1.000 1.208 27.830
CO2 released 0.034 0.183 1.680Gasified waste CO2 captured 1.000 0.979 8.980
CO2 released 0.050 0.344 2.628Syngas CO2 captured 1.000 1.785 13.618

Table 2.2: Main results concerning the CO2 captured and released in atmosphere for the simulation of the calcium
looping process only.

H2). The addition of a burner will favor the process, but the best solution is to add a further separation
step that uses membranes. This not only produces a stream extremely rich in CO2 (more than 90% v/v),
but also reduces the final flow rate.

CO2 Flowrate Flowrate
MCFC Power OutputType of Fuel Downstream Separation Molar Fraction CO2 Flowrate in fuel [kmolMW ℎ−1]

With Condensation Only 0.351 1.767 24.421
Burner + Condensation 0.444 1.985 27.446Blast furnace exhaust
CO2 Selective Membrane 0.950 1.590 21.979
With Condensation Only 0.647 3.166 24.872
Burner + Condensation 0.909 3.554 27.916Gasified waste
CO2 Selective Membrane 0.950 2.850 22.385
With Condensation Only 0.687 3.510 28.048
Burner + Condensation 0.941 3.886 31.052Syngas
CO2 Selective Membrane 0.950 3.159 25.243

Table 2.3: Simulation results for the three studied types of fuel gas.

Table 2.4 refers to the sum of all CO2 present in all the streams that are released into the atmosphere
for the overall process. In this case, the column "CO2 Molar Fraction” indicates the molar fraction of
CO2 if all the emissions were grouped in one stream. As expected, for all three fuel gas cases, the lowest
value of CO2 emission is obtained when a membrane separation is used. It appears that there is no actual
difference between the use of only condensation and burner coupled with condensation.

Finally Table 2.5 presents the global efficiency of the integrated solutions in terms of electrical energy
and CO2 capture for the three type of analyzed fuels. For all the gases, the efficiencies are similar and the
segregation values reached are significantly high. The electrycal efficiency was calculated as in eq. 2.1,
with LHVfuel being the low heating value of the fuel [W ] and Pcell being the cell power [W ].

� =
Pcell

LHVFuel
⋅ 100 (Eq. 2.1)

These results show that, compared to the calcium looping only solution, theMCFC integrated solution
allows for a greener solution with a much lower molar fraction of CO2 emitted into the atmosphere (10−2
for calcium looping only and 10−3 for integrated system). In turn this can allow for larger savings on CO2
emissions tax. On the basis of this analysis it is possible to say that the burner coupled with a condensation
step and the membrane separation are the best scenario; the difference between the two would require a
further economic analysis which is beyond the scope of this work.
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CO2 Flowrate Flowrate
MCFC Power OutputType of Fuel Downstream Separation Molar Fraction CO2 Flowrate in fuel [kmolMW ℎ−1]

With Condensation Only 0.005 0.202 2.791
Burner + Condensation 0.005 0.202 2.791Blast furnace exhaust
CO2 Selective Membrane 0.0009 0.379 5.233
With Condensation Only 0.005 0.36 2.826
Burner + Condensation 0.005 0.36 2.826Gasified waste
CO2 Selective Membrane 0.0011 0.676 5.313
With Condensation Only 0.005 0.355 2.834
Burner + Condensation 0.005 0.355 2.834Syngas
CO2 Selective Membrane 0.001 0.706 5.639

Table 2.4: Simulation results for the three studied types of gas concerning the captured CO2.

Electrical energy CO2 segregationType of Fuel efficiency efficiency
Blast furnace exhaust 0.287 0.933

Gasified waste 0.286 0.922
Syngas 0.285 0.922

Table 2.5: Electrical energy and CO2 segregation global efficiency of the integrated solution.

2.2. Integration of an Aspen Custom Modeler code in Aspen Plus

The second analyzed system consists in the retrofitting of MCFCs to a mid-size textile plant for the
capture of the produced CO2. The study was done using the software Aspen Plus with the code describing
MCFC behavior developed in Aspen Custom Modeler.

The model within this study employs a 2D solver to simulate the MCFC performance. The cell was
considered having a cross-flow configuration with anode and cathode coordinates discretized to allow
simulation of local cell performance. Each unit was treated as an individual sub-unit with no diffusional
mass transfer between sub-units. The development of the mass and energy balances was based on the
following general assumptions: (i) adiabatic operation, (ii) feed temperature and velocity profiles fully
developed, (iii) cell working in stationary state, (iv) pressure drop and gas cross-over neglected, (v) no
reforming or parasitic reactions within the cell, (vi) WGS at equilibrium. Compared to the previous case,
this study was conducted after the discovery of a mechanism that characterizes MCFCs working with
wet cathode feeding that will be presented in the following chapters. The discovery of this mechanism
proved that the kinetic core that considers water fed at the cathode side introduce in the previous chapter
is not correct. As such, to avoid using an incorrect model, in this study case a previous model that does
not consider the effect of water at the cathode side [4] was used. The polarization resistances are the
following, with the kinetic parameters presented in table 2.6

RΩ = P1e
P2
T (Eq. 2.2)

RCat,CO2 =
P3 T e

P4
T

p ln
(

1 − 1.5yCO2
)− 1

(Eq. 2.3)
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RCat,O2 =
P5 T e

P6
T p0.5 yCO2 y

−0.5
O2

p ln
(

1 − 3yO2
)− 1

(Eq. 2.4)

RAn,H2
=

P7T e
P8
T

p ln
(

1 + xH2

) (Eq. 2.5)

Pi Value Unit
P1 0.01382 Ω cm2
P2 3054 K
P3 2.25 10−6 Ω cm2K−1∗ atm
P4 2743 K
P5 5.4 10−8 Ω cm2K−1∗ atm0.5
P6 10036 K
P7 3.4 10−9 Ω cm2K−1∗

P8 9362 K

Table 2.6: Kinetic parameters to simulate the performance of MCFCs as reported in [4].

2.2.1. Case study

A simplified schematic of the plant layout is illustrated in Figure 2.3. Within the schematic, the section
below the dotted line details the original plant layout with the units above being the required retrofitted
units for CO2 capture. In the process scheme the bold lines signify the streams containing the main CO2
flow.

At the bottom left of the scheme the coal enters the coal burner unit simulated in accordance with
Aspen specification [89]. Then, the flue gas produced is utilized to preheat the burner air stream and to
generate steam for use in the steam turbine energy generation unit producing 6.8MW of electrical power.
Once the required heat transfer is achieved in the vapor generator black box, the flue gas stream is ready
for the CO2 capture section.

Prior to entry to the MCFC stack, the flue gas stream must undergo a pre-treatment process. Different
works have shown that many pollutants, especially sulfur compounds, can greatly harm MCFCs [90,
91]. The units implemented within this design were assumed being selective catalytic reduction and wet
limestone scrubbing for flue gas pre-treatment for Nitrogen Oxides (NOX) [92] and Sulfur Dioxide (SO2)
respectively [93, 94]. A detailed assessment of differing removal methods was not considered within
this project scope and so the selection of these unit methods was a result of industrial prevalence and
applicability to the process system. To provide a simplified simulation of MCFC feasibility it has been
assumed that both the NOX and SO2 removal systems are 100% efficient, with scope for future works to
deal with the effects of these contaminants on cell performance.

The flue gas stream is then sent as the cathode inlet stream (Catin) of the MCFC stack. The fuel
cell anode inlet stream (Anin) was provided by a steam methane reformer (SMR) unit operating at a
steam:CH4 ratio of 3.28 ∶ 1. The reformer unit was designed based on a fuel cell 75% H2 utilization
factor, with the reformer inlet flow rates iterated to provide the required H2 flow rate in the Anin stream.
The final separation of the concentrated CO2 stream in the anode outlet (Anout) is performed by a dual
stage condenser and cryogenic separation process. This unit selection was again based on industrial
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Figure 2.3: Schematic of the plant layout.

Anode Cathode
Flowrate [kmol ℎ−1] 469.7 2318.2
CH4 [% mol/mol] 0.03 0
CO [% mol/mol] 9.88 0
CO2 [% mol/mol] 6.06 9.1
H2 [% mol/mol] 53.87 0
H2O [% mol/mol] 30.16 4.44
N2 [% mol/mol] 0 78.77
O2 [% mol/mol] 0 7.69
Temperature [K] 923 923

Table 2.7: Cell inlet conditions.

prevalence and suitability for the design conditions with the potential for study using other operations in
the future [95]. The cryogenic sizing and energy requirement were developed considering literature data
to allow a 90% CO2 capture capability [96, 97].

From plant process data the MCFC operating conditions examined within this feasibility study are
depicted in Table 2.7.

The operating pressure was set at one atmosphere for all simulation tests as is often implemented
in practice [64]. Although yield improvements can be observed at higher pressure this low operating
pressure reduces the influence of unwanted side reactions such as the Boudouard reaction, allowing im-
provement of cell lifetime [98].
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2.2.2. System modeling

Figure 2.4: Aspen plus schematic representation of the retrofitting of MCFCs to a mid-size textile plant for the
capture of the produced CO2.
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The system was simulated in Aspen plus using the scheme reported in Figure 2.4. The modeling
process to simulate the existing plant environment employed data from a reference textile production
plant as a basis. The data on the coal composition (Table 2.8) allowed simulation of the coal burner unit
and necessary balance of plant in Aspen Plus. The coal was modeled as a non-conventional solid within
the burner unit which was simulated as a two stage drying and decomposition process as suggested by
the Aspen Plus guide. After treatment of impurities, the flue gas stream was preheated to the MCFC
operating temperature of 923K before entering the cathode inlet. The anode inlet stream was fed by
a steam methane reformer with feed flow rates to the reformer unit iterated to provide a 75% hydrogen
utilization factor within the MCFC. On user model integration, the effect of the MCFC unit could be
directly assessed within the plant environment.

Coal Flow
Flowrate [kg ℎ−1] 3591

C [% kg/kg] 70.6
Cl [% kg/kg] 0.02
H2 [% kg/kg] 4.85
H2O [% kg/kg] 8.29
N2 [% kg/kg] 1.6
O2 [% kg/kg] 8.5
S [% kg/kg] 0.58

Table 2.8: Coal flow and composition data.

There have been several literature studies of MCFC combined cycles considering integration as a
topping cycle of a pre-existing steam turbine unit [99]. However, for this study one imposed constraint
was the requirement for the MCFC unit and necessary balance of plant to be a stand-alone retrofit design
with no direct integration of thermal or process streams. This requirement was specified to minimize the
impact on the previously existing process streams. As a result, only heat integration within retrofit units
is considered in this assessment.

2.2.3. Simulation results

The main global results of the simulation are presented in Table 2.9. The dual ability of MCFCs to
generate power and simultaneously concentrate CO2 concentration is clear. The MCFC combined with a
simple condenser unit acts to concentrate the CO2 concentration from the 9%mol/mol of the cathode inlet
to 67%mol/mol of the anode outlet. This significant concentration increase simplifies the final separation
process while at the same time the electrochemical cell generates 7.0MW of electrical energy, a value
comparable to that produced by plant steam turbine unit (6.8MW ). The simplified capture process and
additional power generation capacity allows reduction in specific energy requirement for carbon capture.
An estimation of this specific energy requirement considering heat integration within the retrofitted unit
will be performed.

To provide with a quantitative estimate of the CO2 capture specific energy requirement for the pro-
posed system, a preliminary heat exchange network was designed to maximize efficiency while adhering
to the constraint of no heat integration between existing and retrofitted sections. This energy recovery
network is illustrated in Figure 2.5. The process streams are matched based on their temperature and heat
capacity rates to provide a network that requires minimal heating and cooling utilities. The energy re-
covery network was designed based on a pinch temperature of 1073K , with a requirement for no heating
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Parameter Unit Value
SMR outlet T K 1073

Steam turbine power MW 6.8
Number of cells - 10188

Cell area m2 1
Average J Am−2 1000

Cell potential V 0.69
Total stack power MW 7.0

Flue gas CO2 segregated % 90
Total flowrate CO2 segregated [kmol ℎ−1] 190

Anode outlet T K 965
Cathode outlet T K 952

MCFC outlet CO2 concentration % mol∕mol 34
Condenser Outlet CO2 concentration % mol∕mol 67

Table 2.9: Simulation results.

utility used below the pinch and no cooling utility used above the pinch temperature. A 10% energy loss
during heat transfer between streams was assumed as a basis for the feasibility assessment.

Figure 2.5: Heat exchange network.

Considering the implementation of the heat exchange network this equates to an approximated spe-
cific energy requirement prior to final CO2 separation of −0.39MJ kg−1CO2 . Assuming a literature value
for cryogenic CO2 specific energy requirement of 1.80MJ kg−1CO2 [97], a calculated specific energy re-
quirement of1.41MJ kg−1CO2 can be obtained. Comparing this value to conventional Monoethanolamine
(MEA) CO2 capture technology having a requirement of 2.5 − 4.2MJ kg−1CO2 [100] significant improve-
ments can be observed. This provides a positive viewpoint of the potential for MCFC carbon capture
looking to the future with even isolated retrofit units showing high energy efficiency compared to con-
ventional technology. In the event heat integration of the whole plant was considered the existing heating
and cooling utility could allow further energy efficiency improvements for this capture method.
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2.3. General considerations

In both cases the MCFC was simulated using a 2D model. This allowed the user to gain information
on the local distribution of variables such as reactant concentration on the cell plane and current density
as presented in Figure 2.6. The figure shows the distribution on the surface of a cell of the MCFC stack
of the local bulk concentration of CO2 and applied current density for one of the cell of the stack in case
1 using as initial gas the blast furnace exhaust. Information on the inlet is presented in Table 2.10.

Anode inlet Cathode inlet
Temperature [K] 923 923

xCO 0.170 0
xCO2 0.084 0.069
xH2

0.192 0
xH2O 0.102 0.041
xN2

0.452 0.735
xO2 0 0.155

Mole flow [kmol ℎ−1] 307 1182
Table 2.10: MCFC stack inlet concentration for the case 1 using the blast furnace gas as initial fuel.

The two case studies show that the integration of MCFC for the capture of CO2 can be fruitful to
decrease emissions and increase the energy output. The use of a 2D model to simulate the MCFC stack
allows to gain more information on the local variable behavior on the cell. This knowledge is fundamental
as such information is not easy to obtain experimentally and since fuel cells simulation is not as developed
as other unit operation thus it cannot be easily simplified.

However, the process here presented lack a specific dependence on the cell performance on a sec-
ondary possible reactant that has been almost not considered in literature and for which a model is absent:
water. The next five chapters will consider this reaction in great detail, especially at low CO2 concentra-
tions.
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(A) Local CO2 bulk concentration map.

(B) Local J map.
Figure 2.6: Local map of CO2 bulk concentration and J for a cell of the stack of case 1 fed using as initial gas the
blast furnace gas.
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3
The MCFC dual-anion model

New experimental evidence has shown that at particular working conditions of low CO2 concentration
and presence of H2O in the cathode feed, MCFCs can operate exploiting a secondary path supported by
hydroxide ions that sees the net cathode to anode migration of H2O in addition to CO2.

The understanding of the phenomena involved in this process is of particular importance: this sec-
ondary path affects MCFCs both in regard to their electrochemical performance and their carbon capture
capability.

In this chapter, I will present an analysis of the available experimental data of cells working at these
operating conditions to understand the process and establish a kinetic model that appropriately considers
these new findings. The chapter will be structured as follow:

1. brief introduction of the issue of the presence of H2O at the cathode inlet of anMCFC in correlation
with experimental data;

2. introduction of the mechanisms considered to model MCFC performance at such working condi-
tions;

3. development of the kinetic core of the model;
4. introduction of the base model form and presentation of the results of the simulation performed

using it.
The results that will be presented have been published with the title "New, Dual-Anion Mechanism

for Molten Carbonate Fuel Cells Working as Carbon Capture Devices" in the Journal of Electrochemical
Society [101].

The experimental data presented in this chapter have been provided by EMRE and are presented in
Appendix D in Table D.1.

3.1. The issue of wet cathode feed

The majority of literature studies on MCFC behavior considers cells working with dry cathode feeds.
Only a few authors have analyzed the possible effects that H2O addition at the cathode inlet may induce.
They observed that the performance was higher with wet cathode feeds, compared to otherwise similar
dry conditions [102, 47]. Like CO2, H2O can also act as an oxide ion acceptor [103, 104]. According
to Nishina et al. [47], when the reaction between H2O with O2– is faster than the corresponding one
involving CO2 (a sub-step of theMCFC cathode reaction, Rxn. 1.7), OH– ions can form in a layer adjacent
the electrolyte surface. Successively, the equilibrium between species can enable the recovery of H2O
and formation of carbonate ions:

CO2 + 2OH– CO 2–3 + H2O (R. 3.1)
Following this argument, Nishina et al. [47] hypothesized that through these reactions (H2O oxidation

and recovery), the presence of H2O can reduce the CO2-induced polarization by decreasing its apparent
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diffusion and enlarging the volumewhere the reactions can occur. However, according toNishina’smodel,
there was no net transfer of H2O from the cathode to the anode.

Based on Nishina’s work, in collaboration with the UNIPG, I took part in the development of a kinetic
model to simulate MCFCs performance with water addition at the cathode side [3]. The experimental
campaign for the model was conducted collecting data with low utilization of CO2 (average 60%). Ex-
cept for the higher voltage expected, no anomalies were observed for the experimental results, and con-
sequently no particular attention was paid to the cathode and anode outlet compositions and flow rates.
This work was completed prior to the engagement with ExxonMobil.

As mentioned in Chapter 1, recently EMRE has started studying the application of MCFCs as carbon
capture devices. In this line of inquiry, EMRE tested the performance of MCFCs operating with cathode
feeds at low CO2 concentrations (2-6 % v/v), H2O addition (roughly 10% v/v), high CO2 utilization factors
(>60%) and high current densities to simulate the desired capture conditions from gas-fired power plant
flue gases.

For the experimental campaign [105], planar square single cells with active area of 250 cm2 were
used. Each cell had a NiO porous cathode lithiated in situ, a porous Ni-based anode, a porous LiAlO2
matrix, and used an electrolyte mixture of Li2CO3 and Na2CO3. Both at the anode and at the cathode
side, stainless steel structures doubled as flow fields and current collectors. The cells were compressed
to 2.4 bar via pneumatic actuator in a stainless steel frame, providing active temperature control and gas
connections. The cells were set up to work with a cross, co and counter-flow configurations. Unless
specified, all the data and simulations presented hereon will refer to cross-flow configuration.

The main results of the campaign are presented in the graphs of Figure 3.1. The data presented in
the graphs have been collected either at constant H2O concentration (10% v/v) and varying CO2 or at
constant CO2 (4% v/v) and varying H2O. The cathode concentration of O2 was kept fixed at 10% v/v, the
one of N2 was used to balance at 100%. The total cathode flow rate was adjusted to obtain the desired
UCO2 (utilization factor of CO2) while keeping a current density of 90mAcm−2. The anode consisted of
a H2:CO2:H2O 72:18:10 mixture whose total flow rate was adjusted to keep the fuel utilization at 30% to
limit the anode effects on the performance.

In accordance with the previous literature, EMRE observed that not only with increasing content of
CO2 (3.1A) but also with increasing concentration of H2O (3.1B), the performance in terms of measured
voltage and consequently output power increased. Moreover, they observed that it was possible for the
cell to generate an electrical current that following Faraday’s law of electrolysis (Eq. 3.1) would result in
consumption of CO2 higher than 100%, assuming that CO 2–3 is the only ion that can transfer ionic current
through the electrolyte.

nel =
I t
F ze

(Eq. 3.1)
When the carbon capture efficiency was verified with detailed mass balances it was observed that the
target value of carbon capture was underachieved (3.1C and 3.1D). For example, as shown in Figure
3.1C, when 90% was the target with an inlet CO2 concentration of 4% only 70% capture was achieved.
This result was confirmed through multiple tests. Also, it was observed that the inlet molar fractions of
both CO2 and H2O have rather important influence on this variance: the higher the CO2 the closer the
resulting capture is similar to the target one (3.1C), while the higher the H2O the further is the resulting
capture (3.1D) from the target one.

Back diffusion of CO2 from anode to cathode might explain this result since anode concentration
is far larger than the cathode one. This could be accentuated by the presence of physical cracks in the
matrix or poor sealing. However, tests on gas crossover ruled out this explanation. The absence of a
physical leak was supported also by the coherent utilization of O2 and H2. Since Nishina suggested the
presence of OH– ions in the melt in the tested operating conditions, EMRE tested the possibility of having
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(A) Cell V as function of the targetUCO2 for different inletCO2 concentration.
(B) Cell V as function of the targetUCO2 for different inletH2O concentration.

(C) Target vs. MeasuredUCO2 for different inlet CO2 con-
centration.

(D) Target vs. MeasuredUCO2 for different inlet H2O con-
centration.

Figure 3.1: Experimental results of the campaign to study the effects of H2O addition at the cathode inlet.

OH– as alternative ions for the additional current density. To verify this possibility mass transfer related
experiment were performed. They showed that the anode outlet amount of H2O was higher and CO2
lower than the one expected. Moreover, considering the experimental error, the surplus of H2O coincides
with the quantity expected from its migration instead of the one of CO2.

These findings demonstrated that the earlier model developed by my research group in collaboration
with UNIPG cannot accurately simulate MCFCs working with reduced CO2/H2O cathode feed ratios
since it does not account for the migration of H2O. To construct a better model, it is necessary to identify
the causes of these results and the mechanisms involved.
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3.1.1. The possible mechanisms

The presence of both CO2 and H2O in the gas phase can alter the electrolyte composition, initially a
carbonate melt, due to the carbonate-hydroxide equilibrium already observed by Nishina (Rxn. 3.1).

Generally, even in presence of very low CO2 concentrations [106], this equilibrium favors the forma-
tion of carbonate ions over hydroxide. However, as CO2 is depleted in the cathode gas, hydroxide ions
can build up in the melt, particularly towards the cathode outlet.

It can be hypothesized that when the concentration ratio between CO2 and H2O reaches a certain
value, the equilibrium would allow a non-negligible level of hydroxide ions to stabilize in the melt. This
can establish a series of chained phenomena that can allow the net migration of H2O to the anode side
during energy production.

Twomain possible reaction paths can be proposed and classified according to the nature of the cathode
reaction of H2O. They are presented schematically in Figure 3.2 and will be described in the following
subsections.

(A) Equilibrium driven H2O reaction.

(B) Electrochemically driven H2O reaction.
Figure 3.2: Possible reaction paths that describe MCFCs working with wet cathode feeds.
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Cathodic chemical reaction of H2O (A)
Close to the cathode outlet, OH– ion concentration can become significant in the melt due to the depletion
of CO2 from the gas phase. These OH– ions can migrate to the anode side carrying O2 and electrons.

The anodic concentration of CO2 is much higher than the cathodic one because the anode feed al-
ready has high CO2 concentration (about 18% v/v), and anodic CO2 is not depleted but enriched by the
electrochemical reactions. This hinders the presence of stable OH– in high concentration in the melt: the
equilibrium will favor the formation of CO 2–3 to which corresponds the release of H2O and the consump-
tion of CO2 and OH–. Then, the newly formed CO 2–3 can electrochemically react with H2 to reform CO2
and release H2O and two electrons completing the electrochemical carbonate reactions chain.

The overall mechanism is represented by the scheme of Figure 3.2A. The reaction chain that describes
this path is the following:

• Cathode reactions:
H2O + CO 2–3 CO2 + 2OH– (R. 3.2)

CO2 + 1
2 O2 + 2 e– CO 2–3 (R. 3.3)

• Overall cathode reaction:
H2O + 1

2 O2 + 2 e– 2OH– (R. 3.4)

• Anode reactions:
CO2 + 2OH– H2O + CO 2–3 (R. 3.5)

CO 2–3 + H2 CO2 + H2O + 2 e– (R. 3.6)

• Overall anode reactions:
2OH– + H2 2H2O + 2 e– (R. 3.7)

• Overall Cell reactions:
H2Ocathode + 1

2 O2 + H2 2H2Oanode (R. 3.8)

Cathodic electrochemical reaction of H2O (B)
There is also the possibility that the H2O reactions are completely electrochemically driven similar to
those of CO2. This mechanism is described in Figure 3.2B. The H2O/OH– electrochemical reaction chain
is the following:

Cathode reaction:
H2O + 1

2 O2 + 2 e– 2OH– (R. 3.9)
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Anode reaction:
2OH– + H2 2H2O + 2 e– (R. 3.10)

Overall reaction:
H2Ocathode + 1

2 O2 + H2 2H2Oanode (R. 3.11)

As in several other phenomena with competing reactions, in both cases the migration of CO2 and H2O
from cathode to anode at the local level can take place both in series or in parallel. If the reactions happen
in series, due to the working conditions, CO2 will first react until, due to mass transport limitations, it can
be considered completely depleted. Then H2O will start migrating instead. In this case it will be possible
to determine two defined consecutive areas where CO2 reacts in the first one and H2O reacts in the second
one. If the reactions happen in parallel, it will not be possible to determine clear zones of CO2 only or
H2O only reaction, but the migration of both anions will take place simultaneously over the cell entire
surface. In this case the extent of the migration of one anion over the other will be determined by the
local gas concentration that is related to both the equilibrium reaction and/or the polarization resistances.

However, the experimental data gave clear evidence that the carbonate and hydroxide paths operate si-
multaneously in parallel, but with a strong bias toward the carbonate path. Carbonate is strongly favored
by thermodynamics without a potentially strong compensating effect from ionic conductivity. Conse-
quently, the hydroxide path has not been observed in the past since it only manifests itself at measurable
levels when the CO2/H2O ratio becomes low and at high current density, as in the case for high levels of
CO2 capture.

Either one or the other presented mechanism (equilibrium or electrochemically driven) might dom-
inate or, most likely, the two take place simultaneously. Nevertheless, all possible scenarios yield the
following overall reaction, with a and b being the extent of CO2 and H2O migration respectively:
aCO2,cathode + bH2Ocathode + a + b

2
O2 + a + bH2 aCO2,anode + a + bH2Oanode (R. 3.12)

With the current knowledge and the analysis of the experimental results, it is not possible to discrim-
inate between the mechanisms to determine which one dominates. However, with appropriate fitting of
the model parameters, I expect that all models would return similar results. Since, from a mathematical
point of view it is easier to derive, I decided to build the model based on the electrochemical path with
CO2 and H2O reacting in parallel.

3.2. The development of the Electrochemical Model

An MCFC operating at high CO2 cathode feed conditions and moderate CO2 utilization, typical in
power generation mode, can be represented by the circuit in Figure 3.3. In the circuit, E [V ] stands for
the cell equilibrium potential given by the Nernst equation (Eq. 1.6) and is the driving force of the elec-
trochemical process. RΩ [Ω cm2] is the area-specific ohmic resistance of the cell, RAn and RCat [Ω cm2]
are the area-specific polarization resistances attributable to the anodic and cathodic electrochemical re-
actions respectively, J [Acm−2] is the current density, and V [V ] is the measured voltage of the closed
circuit cell. This circuit represents a cell working with a single-anion mechanism, which means that only
one anion, the carbonate, migrates from cathode to anode.

To simplify, from now on I will refer to the "area specific polarization resistances" just as "polarization
resistances" or "resistances".
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E RAn

RΩ

RCat
J

V

Figure 3.3: Circuit representing an MCFC working with single-anion mechanism.

However, this circuit cannot be applied in the case under study. As discussed above, this is due to a
secondary path that involves the hydroxide ions in competition with carbonate ions. Therefore, a more
appropriate circuit is needed to consider the driving forces and resistances of each path. I propose the
one shown in Figure 3.4.

JTOT RExternal

ROH−
EOH−

JOH−

RCO2−3ECO2−3

JCO2−3

V

Figure 3.4: Circuit representing an MCFC working with dual-anion mechanism.

In the circuit Em represents the equilibrium potential of the m-th path [V ], JTOT the total current
density that flows through the cell [Acm−2], Jm the current density flowing through the m-th anion path
[Acm−2], RExternal is the sum of all the polarization resistances [Ω cm2] that do not depend on the anion
paths, and Rm is the sum of all the polarization resistances [Ω cm2] characteristic of each m-th path.

From the Kirchhoff’s law, the total cell current density and the current densities of the two anion paths
are related as:

JTOT = JCO2−3 + JOH− (Eq. 3.2)
If both members are divided by the total current density, the following equation is obtained:

1 =
JCO2−3
JTOT

+
JOH−

JTOT
= tCO2−3 + tOH− (Eq. 3.3)

where tm, defined as the ratio between the current density of the m-th path and the total current density,
represents the transference number of the m-th anion [−]. Its value indicates the fraction of the total
current density that is due to the considered m-th anion. I will use the carbonate transference number
(tCO2−3 ) as a principal parameter to evaluate cell performance and validate simulation results.
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To describe the performance of a fuel cell, the following equation is usually considered:
V = E − JRTOT (Eq. 3.4)

This equation indicates that the measured voltage is obtained as the difference between the equilibrium
potential given by the Nernst equation and the cell polarization that is the product of applied current and
total resistance (RTOT = RCat + RΩ + RAn).

However, in the case under study, Eq. 3.4 is not adequate to fully describe the system because at least
the equilibrium potential, i.e. the driving force, of the two reactions should be considered. Thus, it is
necessary to construct a system of equations where the voltage is a function of both the carbonate and
hydroxide terms. In addition, Kirchhoff’s law must be satisfied to guarantee that the sum of the currents
of the two anion paths is equal to the cell total current. These conditions can be met by the following
equation system:

⎧

⎪

⎨

⎪

⎩

V = ECO2−3 − JCO2−3 RCO2−3 − JTOT RExternal
V = EOH− − JOH−ROH− − JTOT RExternal

JTOT = JCO2−3 + JOH−

(Eq. 3.5)
(Eq. 3.6)
(Eq. 3.7)

It is important to note that Eqs. 3.4-3.6 should be expressed in polarization terms (�) rather than
the corresponding resistances. However, resistance and polarization can be connected with the following
relation:

R =
d�
dJ

(Eq. 3.8)
If the cell is at steady state conditions, Eq. 3.8 can simplify to:

R =
�
J

(Eq. 3.9)

Thus, if applied to steady state conditions only, as it is in this case, the use of said equations is correct.
The system described by Eqs. 3.5-3.7 has three equations with four unknown variables: V , JTOT ,

JCO2−3 and JOH− . Since the performance of a fuel cell is usually evaluated imposing the value ofV or JTOT
(potentiostatic or galvanostatic mode), the number of unknown variables is reduced to three allowing to
find unique solutions for both these operation modes. The solution for the potentiostatic mode can be
found by solving the following system of equations:

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

JTOT = −

(

RCO2−3 + ROH−

)

V − ECO2−3 ROH− − EOH−RCO2−3

RExternal
(

RCO2−3 + ROH−

)

+ RCO2−3 ROH−

JCO2−3 = −
ROH−V +

(

EOH− − ECO2−3

)

RExternal − ECO2−3 ROH−

RExternal
(

RCO2−3 + ROH−

)

+ RCO2−3 ROH−

JOH− = −
RCO2−3 V +

(

ECO2−3 −EOH−
)

RExternal − EOH−RCO2−3

RExternal
(

RCO2−3 + ROH−

)

+ RCO2−3 ROH−

(Eq. 3.10)

(Eq. 3.11)

(Eq. 3.12)
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while the system below can be used for the galvanostatic mode:
⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

V = −
RExternal

(

JTOTROH−+JTOTRCO2−3

)

+RCO2−3
(JTOTROH−−EOH−)−ECO2−3 ROH−

ROH−+RCO2−3

JCO2−3 =
JTOTROH− − EOH− + ECO2−3

ROH− + RCO2−3

JOH− =
JTOTRCO2−3 + EOH− − ECO2−3

ROH− + RCO2−3

(Eq. 3.13)

(Eq. 3.14)

(Eq. 3.15)

Nonetheless, the calculation is not straightforward: as I will show in the following sections, some of the
resistances are a function of the current density. This requires an iterative solution.

3.3. Evaluation of the Resistances

To solve the system of Eqs. 3.5-3.7, it is necessary to find the proper way to express the resistances.
The resistances, or more specifically the polarizations, are usually considered to comprise three main
components: ohmic, activation, and concentration.

The ohmic resistance (RΩ , or polarization �Ω) is the sum of the electrical resistances attributable to
the cell materials, the circuit external to the cell, the various interconnections, and the ionic resistance
of the electrolyte. In literature [107] it is usually expressed as function of the sole operating temperature
with expressions such as:

RΩ = PΩ,1 e
PΩ,2
T + PΩ,3 (Eq. 3.16)

where PΩ,3 represents the resistance due to the external contacts and PΩ,1 e
PΩ,2
T represents the internal cell

resistance. Since external contacts are usually negligible [108], I will neglect them in this analysis. Thus,
the ohmic resistance will be considered as:

RΩ = PΩ,1 e
PΩ,2
T (Eq. 3.17)

The activation resistance (Ract, or polarization �act) represents the potential needed by the cell for the
electrochemical reactions to take place.

The concentration resistance (Rconc , or polarization �conc) represents the resistance offered by the
mass transport.

To obtain a formulation for the activation and the concentration resistances, I started from the Butler-
Volmer equation:

J = J0
⎡

⎢

⎢

⎣

e(�
′
eze�F∕RT)

∏

i

C�
′
i
i,sur

C�
′
i
i

− e(�
′′
e ze�F∕RT)

∏

i

C�
′′
i
i,sur

C�
′′
i
i

⎤

⎥

⎥

⎦

(Eq. 3.18)

where J0 is the exchange current density [Acm−2]; �′e, �′′e , �′i and �′′i are the reaction rate orders of the
direct (′) and reverse (′′) reactions related to the electrons or the i-th reactant [−], � is the polarization
[V ]; and Ci and Ci,sur are, respectively, the concentration in the bulk and on the electrode surface of the
i-th reactant [mol m−3]. The focus of this investigation is the operation regime for carbon capture with
high current density. At high current densities the forward reaction strongly dominates, thus the reverse
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reaction can be neglected to simplify the model. This will have to be revised if someone would want to
apply the model to include electrolysis or very low current densities (close to the OCV).

J = J0
⎛

⎜

⎜

⎝

e(�
′
eze�F∕RT)

∏

i

C�
′
i
i,sur

C�
′
i
i

⎞

⎟

⎟

⎠

(Eq. 3.19)

From the above equation, the polarization can be rendered explicit as:

� = RT
�′ezeF

ln

[

∻ J
J0

∏

i

(Ci,sur
Ci

)−�′i
]

(Eq. 3.20)

According to the properties of the logarithms, the logarithm of a product is equal to the sum of the numbers
being multiplied as shown in Eq. 3.21.

ln (A ⋅ B) = lnA + lnB (Eq. 3.21)
In Eq. 3.20 it is possible to see the argument of the logarithm as products of two numbers as highlighted
by the colors:

� = RT
�′ezeF

ln

[

J
J0

∏

i

(Ci,sur
Ci

)−�′i
]

(Eq. 3.22)

Thus, Eq. 3.22 can be separate in the sum of two contributions: activation (red in Eq. 3.22) and concen-
tration (green in Eq. 3.22). The activation term can be expressed as:

�act =
RT
�′ezeF

ln J
J0

(Eq. 3.23)

The concentration term can be expressed as:

�conc =
RT
�′ezeF

ln
∏

i

(Ci,sur
Ci

)−�′i
= −

∑

i

�′iRT
�′ezeF

ln
(Ci,sur

Ci

)

(Eq. 3.24)

Because of the high operating temperatures of MCFCs (around 900 K), the activation term is often ne-
glected [46, 109]. Following this approach, I reduced the analysis to the study of the concentration term
only (Eq. 3.24).

In MCFCs the actual point where the reactions take place and species involved are not yet completely
understood. Also, the relevant reactant concentrations cannot be readily determined due to the experi-
mentally inaccessible diffusion resistances in the gas phase and in the electrolyte melt. Consequently,
the ratio between the bulk and reacting surface concentration of the i-th reactant (Ci,sur

Ci
) in Eq. 3.24 is

not known. It is thus usually rewritten in terms of the ratio between the applied current density (J ) and
the limiting current density of the i-th reactant (JL,i). The limiting current density of a reactant i is the
maximum current density that can be obtained by its maximum attainable consumption rate controlled
by the mass transport limitation. Applying a mass balance over the electrode surface, the current density
and the limiting current density of the i-th reactant can be expressed as:

J = zeFKC
�e
�i

(

Ci − Ci,sur
) (Eq. 3.25)

JL,i = zeFKC
�e
�i
Ci (Eq. 3.26)
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where KC is a mass transfer coefficient that considers the i-th reactant diffusion to the electrode surface
[ms−1], and �e and �i are the stoichiometric coefficients of the electrons involved in the reaction and the
i-th chemical component respectively [−]. Considering both equations, the concentration ratio can be
expressed as:

Ci,sur
Ci

= 1 − J
JL,i

(Eq. 3.27)
If the ratio is substituted in Eq. 3.24, the following expression for the concentration polarization is ob-
tained:

�conc = −
∑

i

�′iRT
�′ezeF

ln
(

1 − J
JL,i

)

(Eq. 3.28)

Dividing now by the cell current density, the concentration resistance can be expressed as:

Rconc = −
1
J
∑

i

�′iRT
�′ezeF

ln
(

1 − J
JL,i

)

(Eq. 3.29)

In both Eq. 3.28 and 3.29 the values of the reaction rate orders and the mass transfer coefficients
are not available to determine JL,i. To overcome this problem, I introduced fitting parameters (Pis) that
can be evaluated from experiments collected at variable gas concentrations, flow rates, and temperatures.
Grouping all the unknown variables into fitted parameters, the concentration polarization of a reacting
gas can be expressed as:

�conc,i = −Pi,1 T ln
⎛

⎜

⎜

⎝

1 − J

Pi,2e
Pi,3
T pi

⎞

⎟

⎟

⎠

(Eq. 3.30)

and the corresponding resistance as:

Rconc,i = −
Pi,1 T
J

ln
⎛

⎜

⎜

⎝

1 − J

Pi,2e
Pi,3
T pi

⎞

⎟

⎟

⎠

(Eq. 3.31)

In this study, the resistances may depend on three different currents (JTOT , JCO2−3 and JOH−) based on
the path where the reaction is involved. Thus, it is better to express Eq. 3.31 as:

Rconc,i,m = −
Pi,1 T
Jm

ln
⎛

⎜

⎜

⎝

1 −
Jm

Pi,2e
Pi,3
T pi

⎞

⎟

⎟

⎠

(Eq. 3.32)

where Jm represents the current density of the m-th path that affects the reactant. The non-linearity of
Eq. 3.32 can complicate the calculations performed in the code to find a solution due to the difficulty in
dealing with logarithms. Thus, if the consumption rate of the i-th reactant at the applied current Jm is not
close to its limiting current (JL,i), it is usually linearized using a Taylor expansion and keeping only the
term with exponent equal to 1, as:

Rconc,i =
Pi,1
Pi,2

T e−
Pi,3
T p−1i = P ∗i,1 T e

P∗i,2
T p−1i (Eq. 3.33)

For the sake of simplicity, when Eq. 3.33 is used instead of 3.32, the parameters P ∗i,1 and P ∗i,2 will bereferred as Pi,1 and Pi,2.

44



CHAPTER 3. THE MCFC DUAL-ANION MODEL

3.4. Identification of the best circuit simplification

As introduced when presenting the circuit in Figure 3.4, RExternal, RCO2−3 and ROH− are the sums of
the polarization resistances of the main branch and branches of the two parallel ionic paths. Consequently,
they can be written as1:

RExternal = RΩ,External +
∑

i
Ri,External (Eq. 3.34)

RCO2−3 = RΩ,CO2−3 +
∑

i
Ri,CO2−3 (Eq. 3.35)

ROH− = RΩ,OH− +
∑

i
Ri,OH− (Eq. 3.36)

These equations require a large number of kinetic parameters. Determining them would not be
straightforward because it is challenging to isolate each effect. This may lead to an inability to perform
meaningful parameter fitting. Also, it is possible that the main branch and the two anion paths do not
account for all resistances.

Thus, it is necessary to identify which resistance is part of which path and, in case the system still
maintain a high level of complexity, further simplify the circuit if possible.

First, the reactions that define the two anion paths have to be considered. The carbonate path (Rxns.
1.1, 1.2, and 1.7) has as main reactants CO2 andO2 at the cathode, andH2 at the anode side. The hydroxide
path (Rxns. 3.9, 3.10, and 3.11) has as main reactants H2O, O2 at the cathode, and H2 at the anode side.
Although there is interaction between CO2 and H2O through the carbonate/hydroxide equilibrium, they
appear to have independent electrochemical paths. Consequently, I can assume that CO2 and H2O figure
only in the carbonate and hydroxide path respectively. On the contrary, since both O2 and H2 are involved
in both reactions, I can assume that each reactant resistance is present in each path. I can also assume
that the reactant polarization resistances are only part of the branch of the respective anion paths and
do not figure in the main branch. For the ohmic component I will have a resistance in the main branch
representing the resistances of the anode, cathode, external circuits and different contacts, but each path
will also see a specific ohmic resistance due to the different ionic conductivity of the two anions. On the
base of what discussed above, I can rewrite the resistance equations as:

RExternal = RΩ,External (Eq. 3.37)
RCO2−3 = RΩ,CO2−3 + RCO2,CO2−3 + RO2,CO2−3 + RH2,CO2−3

(Eq. 3.38)
ROH− = RΩ,OH− + RH2O,OH− + RO2,OH− + RH2,OH− (Eq. 3.39)

This solution still presents with a large number of variables to fit. In an attempt of further simplifi-
cation, I assessed the effects of each reactant gas on the carbonate transference numbers (tCO2−3 ), and the
cross-correlation effects that the transference number has on the internal resistance.

Before analyzing the experimental data, it is important to define three different CO2 utilization factors
that can be distinguished in an MCFC working with dual-anion mechanism: measured, apparent and
simulated. The measuredUCO2 is the one experimentally measured as ratio between the CO2 consumed in
the cathodic reactions and the inlet CO2 (Eq. 3.40). The apparent CO2 utilization,UCO2,apparent , is calculatedusing Faraday’s law (refer to Eq. 3.1) by assuming that all current is attributable to the carbonate path

1The reactant related resistances (Ri,m) should be expressed as sum between activation (Ri,act,m) and concentration (Ri,conc,m)contribution. However, since we decide to neglect the activation contribution, the reactant related resistance coincide with the
concentration resistance only (Ri,m = Ri,conc,m).
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(Eq. 3.41). Finally, there is simulated utilization factor (Eq. 3.42) that is equivalent to carbonate path
current computed by the model. If the cathode feed does not contain water, thus the MCFC works only
with carbonate ions, all three utilizations are equal. However, if the MCFC is fed with water-containing
cathode gas, the apparent utilization will be always higher than the measured and the simulated one. The
differences will depend on the CO2/H2O ratio. The lower it is the larger is the difference. In the equations
FCO2 represents the cathodic inlet or outlet molar flux of CO2 [mol s−1].

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

FCO2,cat−in
(Eq. 3.40)

UCO2, apparent =
FCO2,cat−in −

(

FCO2,cat−in −
JTOT A
2F

)

FCO2,cat−in
(Eq. 3.41)

UCO2, simulated =
FCO2,cat−in −

(

FCO2,cat−in −
JCO2−3

A

2F

)

FCO2,cat−in
(Eq. 3.42)

Figure 3.5 shows the tCO32− plotted against the cathode inlet concentrations of CO2 (3.5A), H2O (3.5B)
and O2 (3.5C), and the anode inlet concentration of H2 (3.5D).

For each reactant, different data series were plotted to verify possible inconsistencies. In the figure,
these data series are presented in the different colors and symbols.

Specifically, to reproduce the series of data at different H2O and O2 concentrations, the anode inlet
flow rate, anode feed composition, cathode inlet flow rate, total applied current density, and H2 and CO2
theoretical utilizations (calculated using the Faraday’s law for the current density applied to the cell) were
kept constant. Different concentrations were obtained by balancing the necessary H2O or O2 changes with
N2, an inert gas in the electrochemical reactions.

To reproduce the series of data at different CO2 and H2 concentrations, the total generated current
density, H2 and CO2 theoretical utilizations, anode (for H2) and cathode (for CO2) concentrations, and
total anode inlet flow rates were kept the same. In this case, the concentrations of CO2 and H2were varied
by decreasing the total flow rate. To maintain a constant theoretical utilization of H2 or CO2, N2was used
as balancing gas.

In both Figure 3.5A and Figure 3.5B, the transference numbers show an evident dependence on the
concentrations of CO2 and H2O, shifting the current density contributions of the two paths. On the con-
trary, neither O2 nor H2 appears to influence the transference numbers, at least in the studied concentra-
tion ranges, as evidenced by Figure 3.5C and Figure 3.5D. It is possible O2 and H2 at a fundamental level
change the current density distributions and therefore have a minor effect on transference number. For
this reason, I could simplify the circuit without affecting model outputs by removing both the O2 and H2
resistances from the parallel paths and lumping them together in the main branch.

Similarly, the ohmic resistances can be plotted versus the carbonate transference numbers (see Figure
3.6) to verify whether the resistance can be affected by possible changes in the electrolyte composi-
tion. The experimental data were collected using different single cells to guarantee that possible time-
dependent degradation would not affect the analysis. As a consequence, I obtained two series of ohmic
resistance data that slightly differ for their values. In Figure 3.6 the black squares belong to a cell with
ohmic resistance of about 0.3Ω cm2 (1.2Ω), while the red circles belong to a cell characterized by an
ohmic resistance of about 0.25Ωcm2 (1.0Ω). The differences in ohmic resistances are due to the details
of cell construction and this variation from cell to cell is well within the normal experimental uncertainty.
At the maximum studied current density of 150mAcm−2 the polarization difference due to the different
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(A) tCO2−3 = f
(

xCO2
) (B) tCO2−3 = f

(

xH2O
)

(C) tCO2−3 = f
(

xO2
) (D) tCO2−3 = f

(

xH2
)

Figure 3.5: Carbonate ion transference number plotted as a function of inlet gas molar concentration as % v/v
(cathode CO2 (A), H2O (B) and O2 (C) and anode H2 (D)). In the graphs different colors and symbols represent
different inlet conditions in terms of total anode and cathode flow rates.

ohmic resistance of these two cell series is of less than 8mV . This allows the results comparison of both
series to be used without further considerations.

The trends of both series suggest that the ohmic resistance is not significantly influenced by changes
in the transference number, with a difference between the lowest and highest values of resistance of about
only 0.025Ω cm2 (0.1Ω). Therefore, to further simplify the model, the ohmic area specific resistances
of the two paths (RΩ,CO2−3 and RΩ,OH−) were also lumped together in the ohmic area specific resistance
already considered in the main branch (RΩ). On the basis of this analysis, I simplified the equations for
the resistances to:

RExternal = RΩ + RO2 + RH2
(Eq. 3.43)

RCO2−3 = RCO2,CO2−3 = RCO2 (Eq. 3.44)
ROH− = RH2O,OH− = RH2O (Eq. 3.45)
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Figure 3.6: RΩ as a function of carbonate transference number; the different colors represent results obtained with
two different cells.

3.5. The base model

On the basis of the presented investigations, I established a base model for the simulation of MCFCs
with a dual-anion path mechanism. The final circuit is presented in Figure 3.7.

JTOT

JCO2−3
ECO2−3 RCO2

J−OH

RH2O
EOH−

RO2

RΩ

RH2

V

Figure 3.7: Circuit representing an MCFC working with dual-anion mechanism for the base model.

Following the development presented in the previous sections, I introduced the following expressions
for the polarization resistances:

- RΩ: Eq. 3.17 was used.
RΩ = PΩ,1e

PΩ,1
T (Eq. 3.46)

- RCO2 : To describe the polarization resistance due to CO2 I chose to use the non-linear formulation
(Eq. 3.32). This choice depends on the fact that:
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1. The utilization factors of CO2 reach high values. This implies that using a linear form will
underestimate the resistance value.

2. The most precise value possible is required to correctly evaluate the ratio between carbonate
and hydroxide path.

Applied to this case Eq. 3.32 becomes:

RCO2 = −
PCO2,1T
JCO2−3

ln

⎛

⎜

⎜

⎜

⎝

1 −
JCO2−3

PCO2,2e
PCO2 ,3

T pCO2

⎞

⎟

⎟

⎟

⎠

(Eq. 3.47)

- RH2O: As done for the CO2, I decided to use the non-linear formulation also to express the po-
larization resistance of H2O. Since the water never reaches high consumption rate, this is done
to estimate the more correct value to improve the evaluation of the carbonate/hydroxide migration
ratio.

RH2O = −
PH2O,1T
JOH−

ln

⎛

⎜

⎜

⎜

⎝

1 −
JOH−

PH2O,2e
PH2O,3

T pH2O

⎞

⎟

⎟

⎟

⎠

(Eq. 3.48)

- RH2
: Since almost all the experimental data were collected at lowH2 utilization (about 30%), and

since H2 was excluded to determine the reacting path, I decided to describe its resistance using the
linear formulation (Eq. 3.33).
However, in previous works my research group has demonstrated that this formulation can be im-
proved for H2 [108]. At the anode side, the products (CO2 andH2O) diffuse from the electrode to
the bulk. This products counter-diffusion penalizes the diffusion of H2 from the bulk to the elec-
trode. To consider this aspect, a correction factor � (expressed as in Eq. 3.49, where i indicates the
component) was introduced in the expression of the limit current density.2

�H2
=
(

ln
(

1 + xH2

))−1 (Eq. 3.49)
Consequently, the equation of theH2 polarization resistance results:

RH2
=

PH2,1T e
PH2 ,2
T

p ln
(

1 + xH2

) (Eq. 3.50)

- RO2 : As for the H2, since the consumption of O2 considered is very low, I decided to use the
linear formulation. However, in the case of O2, literature showed that the limiting step in the O2
reduction is not the diffusion of O2 itself but the one of the intermediate ions that form in the melt.
As discussed in Chapter 1, the actual steps of the O2 reduction is not yet confirmed, and different
authors suggest different paths. Experimental analysis are complicated by the fact that the ions
are related by equilibria and many species are usually detected. Analysis at cell level considering
the effects of O2 or CO2 are also not conclusive due to the different scale. In previous work, I
assumed peroxide path (O 2–2 ) and consequently I decided to apply it here too. If the concentration

2In Appendix B.1. "Induced fluxes" the reader can find a more detailed explanation on this correction factor.
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of carbonate in the melt is assumed constant, the concentration of peroxide can be expressed as
C−0.5O2

CCO2 . The resulting equation for the O2 resistance becomes:

RO2 = PO2,1 T e
PO2 ,2
T p0.5

xCO2
x0.5O2

(Eq. 3.51)

However, the first group of collected experimental data did not have enough analysis of the cells at
different operating temperatures. Moreover, the dimension of the cell studied (250 cm2), coupled with
a good thermal control, allows for the assumption that the cell was working isothermally. For this rea-
son, I initially decided to simplify the formulation removing the explicit dependence on the operating
temperature by lumping it in the parameters.

The resistance equations describing the base model becomes:

RΩ = PΩ (Eq. 3.52)

RCO2 = −
PCO2,1
JCO2−3

ln

(

1 −
JCO2−3

PCO2,2 pCO2

)

(Eq. 3.53)

RH2O = −
PH2O,1

JOH−
ln

(

1 −
JOH−

PH2O,2 pH2O

)

(Eq. 3.54)

RH2
=

PH2

p ln
(

1 + xH2

) (Eq. 3.55)

RO2 = PO2 p
0.5
xCO2
x0.5O2

(Eq. 3.56)

Completed the development of the base model, I used part of the experimental data to fit the kinetic
parameters. Table 3.1 groups the results of the fitting.

Pi Value Unit
PΩ variable Ω cm2

PCO2,1 1569.1 V
PCO2,2 69000 Acm−2 atm−1

PH2O,1 5168.8 V
PH2O,2 8800 Acm−2 atm−1

PH2
0.118 Ω cm2 atm

PO2 0.046 Ω cm2 atm−0.5

Table 3.1: Kinetic parameters fitted for the base model.

The quality of model predictions for voltage (3.8A), CO2 utilization factor (3.8B) and carbonate trans-
ference number (3.8C) are shown in the Figure 3.8 simulated vs. experimental parity plots. The average
errors for the simulated data are: 2.9% for the voltage, 5.4% for the utilization factor of CO2 and 5.1% for
the carbonate ion transference number.

As shown in the left corner of the voltage graph (3.8A), most of the error emanates from the low
experimental voltage data points. To understand why the error is higher for these runs, the operating
conditions of these points must be considered. For example, the data with the highest errors were at
high current density (120mAcm−2) and high fuel utilization factors (85%) with low cathodic CO2 inlet
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(A) Voltage. (B) CO2 utilization

(C) Transference number
Figure 3.8: Parity plots of experimental and simulated data for measured voltage (A), CO2 utilization factor (B)
and carbonate ion transference number (C).

concentration (4% v/v). This led to 86% and 90% CO2 utilization and carbonate ion transference numbers
of about 0.66 at the higher and 0.60 at lower cathode flow rate. The CO2 was highly depleted (in both
cases less < 1% v/v at the outlet) and there was a high concentration of water making the model more
sensitive to the accuracy of the hydroxide parameters. Other elevated model error points were at similar,
although somewhat less water rich and hydroxide ion mechanism favoring, operating conditions. Thus,
I suspect that these points are inherently harder to model due to the small changes in CO2, and H2O,
yielding significant relative outlet concentration and voltage changes.

For the CO2 utilization factor and the carbonate ion transference number, the simulation may appear
less satisfactory: not only the error is higher compared to voltage, but also the parity plots show a more
scattered distribution. However, it should be considered that the relative analysis errors for the inlet and
outlet gas compositions, fromwhich the two values are determined, are higher at these low concentrations,
thus the compounded experimental error could be high. Nonetheless, although more scattered, the results
follow a clear trend. In addition, this 2D model simulations guarantee a far better simulation compared to
previous attempts performed using a simpler 0D model that could not properly evaluate the polarization
resistances and the parallel path split. For these reasons, I submit that the results of this first modeling
are satisfactory.
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However, in this form the model is capable to deal opportunely only for the simulation of data under
load and not for Open Circuit Voltage (OCV) conditions.

First it is necessary to understand what happens at OCV conditions. The equilibrium voltage ECO2−3and EOH− can be expressed through the Nernst equation as:

ECO2−3 = E0
CO2−3

+ RT
zeF

ln

(

pH2
pCO2,Catp

0.5
O2

pCO2,AnpH2OAn

)

= (Eq. 3.57)

EOH− = E0OH− + RT
zeF

ln

(

pH2
pH2OCatp

0.5
O2

p2H2OAn

)

(Eq. 3.58)

At the OCV the total cell current must be zero (JTOT = 0). Therefore, the current densities of the two
paths must be either both zero or equal in absolute value but opposite in sign. If both branch currents
were zero, the equilibrium potentials for the two paths should be equal, thus:

E0
CO2−3

+ RT
zeF

ln

(

pH2
pCO2,Catp

0.5
O2

pCO2,AnpH2OAn

)

=E0OH− + RT
zeF

ln

(

pH2
pH2OCatp

0.5
O2

p2H2OAn

)

(Eq. 3.59)

Since in both paths the overall reaction ends in water evolution, the two standard potentials (E0m) must
also be equal. This would imply that at the OCV the following condition must be met:

pCO2,Cat
pCO2,An

=
pH2OCat

pH2OAn
(Eq. 3.60)

It is evident that this equivalence is too conservative since it can only be met in a small number of cases
and cannot be applied as OCV condition. Moreover, a variation of CO2 content at the cathode exit has
been experimentally observed even at OCV conditions. The behavior is shown in the graph of Figure 3.9,
where the utilization of CO2 is plotted versus its inlet molar fraction at the cathode side. It is interesting to
notice that when the cathode concentration is particularly low (< 0.05) the CO2 appears to migrate from
the anode to the cathode side. This behavior is similar to the one observed in dual-phase membranes
and in ceramic-carbonate nanocomposites as electrolyte for solid oxide fuel cells [110, 111, 112]. This
is captured in the model that allows for negative current density. Together with the experimental data,
Figure 3.9 also reports the simulated results. It can be observed that the model correctly predicts the
experimentally observed trend. Nevertheless, the measured CO2 utilization values are quite different from
the calculated ones. This can be ascribed to the fact that, as presented in the development of the kinetic
equations, I simplified the Butler–Volmer equation by considering only the direct reactions. However,
since I have established the possibilities of negative current densities, which means reverse reactions, this
simplification may prevent a precise evaluation of OCV conditions. In order to overcome this, the model
should consider the reverse reactions also. Therefore, to expand the applicable condition range of the
model, new data focusing on the OCV conditions should be collected. However, it is not in the scope of
this work and has been neglected for the moment.
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Figure 3.9: Cathode CO2 mass balances under OCV conditions at different CO2 inlet concentrations.
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4
The effect of gas diffusion on the dual-anion
model

The analysis of the experimental data has shown that the diffusion of the reactant gases not only
affects the cell in terms of voltage/power performance, but also the split between the two competing
anion fluxes. Specifically, the lower the concentration of CO2 compared to H2O, the more the hydroxide
path will contribute to the overall anion flux through the cell penalizing carbon capture efficiency.

The model developed in the previous Chapter 3 is specific for cells that have the same structure (in
terms of materials and geometrical features) and use the same gases as they highly affect the gas diffusion
resistance. To model cells that are different, the empirical parameters must be re-tuned. However, this
significantly limits the application window of the model. Clearly, there is a need for a term that accounts
for the diffusion along the z-axis perpendicular to the cell plane. This should allow users to work with a
fixed set of kinetic parameters, while adjusting only a diffusion parameter to describe different cell design,
gas mixtures, etc. Also, with a better description of the reacting concentration of CO2 and H2O, I expect
to reduce simulation errors.

This chapter will be organized as follow:
1. brief introduction of the diffusion issue in correlation with experimental data;
2. validation of the base model with new sets of parameters to fit experimental data collected with

cell having different gas diffusion resistances;
3. development of a diffusion model;
4. additional analysis of experimental data collected with current collectors having different features.
The results of this chapter have been published with the title "The Effects of Gas Diffusion in Molten

Carbonate Fuel Cells Working as Carbon Capture Devices" on the Journal of Electrochemical Society
[113]. However, this article does not include the final discussion regarding current collectors with differ-
ent features.

The experimental data presented in this chapter have been provided by EMRE and are presented in
Appendix D in Tables D.1, D.3 and D.5.

4.1. The gas diffusion issue

As previously mentioned, one of the contributors to the loss in performance ofMCFC is the resistance
related to the mass transport of the reactants from the bulk to the reaction sites. To explore options for
improved diffusion and to analyze the effects of diffusion on cell performance mainly in terms of CO2
capture, a new experimental campaign was designed by EMRE [105]. In this new campaign, the cathode
current collector (CC) was substituted by one with larger open area (from 35% to 90%), and in some runs
N2 was substituted with He as inert gas. The anode CC was not substituted since it was observed that
the anode polarization resistances do not affect the anion transport split in the dual-anion mechanism and
thus the CO2 capture rate.
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Measured cell voltages were higher with the CC having higher open area and with He in the cath-
ode feed at otherwise similar conditions. This expected improvement can be attributed to improved gas
transport afforded by the higher cathode open area and an increase of gas diffusion coefficient with the
He-containing cathode gas mixture. Higher open cathode surface area and He also increased CO2 uti-
lization at a given current density indicating an increased contribution of the carbonate ion path. This is
demonstrated in Fig. 4.1 by the higher measured CO2 utilization factors with (i) He (blue dotted line) as
compared to N2 data (red line), and (ii) 90% (green dotted line) vs. the 35% (yellow line) open area CC
. These results suggest that the contribution of one transference path over the other is greatly dependent
on the local reactant concentrations at the gas-electrolyte interface within the cathode, which in turn is
affected by diffusion. Since H2O molecules are smaller than CO2, their diffusion is less penalized in the
more transport hindered conditions (N2 and 35% open area CC) causing an increased H2O utilization.

Figure 4.1: Comparison between apparent and measured CO2 utilization factor of experimental data at same con-
ditions but using different inert gas or CC open area.

In a graph like the one presented in Fig. 4.1, the further are the points below the parity line, the greater
is the contribution of the hydroxide path. In the base model, this can only be addressed by refitting the
kinetic parameters for different inert gases and CC open areas to properly fit the experimental data. This
is exemplified in Table 4.1 that lists the kinetic parameters fitted for the original (as of Chapter 3, first
column) and the new experimental data, the latter obtained with He instead of N2 (second column) and
with a current collector open area of 90% instead of 35% (third column).

Pi N2 and 35% open area He and 35% open area N2 and 90% open area Units
PCO2,1 1569.1 830.7 738.4 V
PCO2,2 69000 85000 200000 Acm−2 atm−1

PH2O,1 5168.8 4707.3 3968.9 V
PH2O,2 8800 8000 8000 Acm−2 atm−1

PH2
0.118 0.118 0.083 Ω cm2 atm

PO2 0.046 0.042 0.042 Ω cm2 atm−0.5

Table 4.1: Base model kinetic parameters for different operating conditions.

Using the base model (Eqs. 3.52-3.56) and the new parameters, the experimental data were simulated.
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The results are presented in the parity plots of Fig. 4.2.

(A) Voltage (B) Voltage

(C) CO2 utilization (D) CO2 utilization

(E) Transference number (F) Transference number
Figure 4.2: Simulated vs. experimental data of the He (4.2A, 4.2C and 4.2E) and CC with 90% open area (4.2B,
4.2D and 4.2F) data using the base model presented in Chapter 2. The kinetic parameters used for the simulation
are presented in Table 4.1.

56



CHAPTER 4. THE EFFECT OF GAS DIFFUSION ON THE DUAL-ANION MODEL

TheHe data (4.2A, 4.2C and 4.2E) show a good fit except for one data point collectedwith low cathode
feed concentration of both CO2 (2 vol %) and H2O (3 vol %). At this operating condition the fitting for
cell voltage is rather poor (the relative error is about 50%). This, however, might be due to increased
experimental error at these low feed concentrations. The average errors for the He data are: 3.5% for the
voltage (after excluding the aforementioned low concentration data point), 5.9% for the CO2 utilization
factor, and 5.3% for the carbonate ion transference. The data obtained using the cathode CC with 90%
open area (4.2B, 4.2D and 4.2F) show a good fit with average errors of 3.9% for the voltages, 5.0% for
the CO2 utilization factors, and 4.4% for the carbonate ion transference numbers. In this case, the low
voltage data points have worse fits compared to the high voltage data points; however, these data refer to
more critical operating conditions (high utilization factors). These results confirm the applicability of the
base model. However, having to generate a new set of kinetic parameters every time a variable affecting
diffusion changes is rather inefficient. Clearly, it is desirable to include an explicit diffusion dependence
of polarization resistances. To this end, I introduced a term addressing gas diffusion along the z-axis,
perpendicular to the cell surface.

For this upgraded model, the following assumptions were made:
• steady state condition ( d

dt
= 0);

• mono-dimensional diffusion along the z coordinate, perpendicular to the cell plane ( d
dx
= 0 and

d
dy
= 0)

• convective fluxes negligible in the cathode pores (v⃗ = 0);
• the cathode as homogeneous structure of pores and solid;
• current density constant alongside the z axis (dJ

dz
= 0);

• temperature and pressure constant alongside the z axis (dT
dz
= 0 and dp

dz
= 0).

In Fig. 4.3, a schematic representation of the cathode side and the electrolyte+matrix of an MCFC is
presented. From the gas diffusion perspective, three regions can be identified: (i) the top one represents
the bulk gas phase flowing through the current collector, (ii) the middle one represents the porous cathode
and (iii) the bottom one represents the electrolyte-filled cathode and matrix. The current collector is
depicted as a black wavy line representing its transversal section. The cathode structure is represented by
the green blocks where the open spaces between the blocks are the macropores. As it appears, some of the
pores are filled or wetted with electrolyte (blue color). Asmentioned above, the scope of this analysis does
not include modeling of the micropores, that have not been represented, and the liquid diffusion in the
electrolyte. The blue area below the dotted line signifies the electrolyte-filled matrix. The control volume
assumed for the diffusion module is enclosed by the two dashed lines. Specifically, the area between the
red dashed line and the cathode surface is the thin stagnant gas film where the bulk gas velocity can be
assumed zero. The z axis is drawn on the right side of the picture. It shows that the axis is oriented from
the bulk of the cathode gas towards the matrix; the origin (z = 0) is located at the interphase between
the bulk flowing cathode gas and the stagnant gas film, which has a thickness of �. The porous cathode
thickness is l.
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Figure 4.3: Comparison between apparent and measured CO2 utilization factor of experimental data at same con-
ditions but using different inert gas or CC open area.

As depicted in Fig. 4.3, the macropores are randomly oriented within the electrode. They form an
interconnected 3D pattern along all spatial coordinates (x, y, and z). It is important to note that the
cathode surface under the contacts with the current collector is blocked for direct gas transport from
the bulk cathode gas phase. Hence, to transport gas under the current collector - cathode contacts, the
gas must travel a longer distance in the porous cathode than in the cross section straight under the open
cathode surface. This phenomenon has been called “shadow-effect”. To consider all these issues whilst
keeping only a simple one-dimensional diffusion model, an effective diffusion length leff > l along the
z axis will be used. It should be noted that it is dependent not only on electrode porosity and tortuosity,
but also on the current collector design.

I specifically decided to not use the electrode models presented in Chapter 1 because they are far too
detailed for the scope of this analysis.

4.2. Development of the gas diffusion model

4.2.1. Diffusion in the gaseous stagnant thin film

As mentioned above, to reach the bulk-cathode interface, the gases have to diffuse through a gaseous
thin film of thickness � where the cathode flow linear velocity can be assumed to be zero. The material
balance that describes this section is:

dCi
dt

= −divN⃗i (Eq. 4.1)
Where t is the time [s], Ci is the concentration of the i-th gaseous component [mol m−3], N⃗i is the gas
molar flux [mol m−2 s−1] and can be expressed as:

N⃗i = Civ⃗ + j⃗i (Eq. 4.2)
Where v⃗ is the gas velocity in the bulk [ms−1] and j⃗i is the molar flux due to the sole diffusion of the
i-th component [mol m−2 s−1]. Note that in this section, due to the absence of reactions, the formation or
consumption of components is zero. Assuming steady state (i.e.: d

dt
= 0) one-dimensional diffusion, and

the absence of convective fluxes, the material balance can be simplified to:
j⃗i = −Di,mix

dCi
dz

(Eq. 4.3)
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Considering the diffusion along the z-axis, j⃗i can be expressed as:

j⃗i = −Di,mix
dCi
dz

(Eq. 4.4)
whereDi,mix is the diffusion coefficient of the i-th species in the cathode gas mixture [m2 s−1] and z is the
vertical axis coordinate [m]. Since I am considering gas diffusion at high temperature and low pressure,
the concentration of the i-th component can be expressed by the ideal gas law, and the balance becomes:

d
dz

(

Di,mix

d p xi
RT
dz

)

= 0 (Eq. 4.5)

where T and p are the operating temperature [K] and pressure [atm],R is the gas constant [8.314 J mol−1K−1],
and yi is the molar fraction of the i-th component. Assuming a constant temperature on the z-axis, and
neglecting the pressure variations, the expression can be rewritten as:

p
RT

d
dz

(

Di,mix
dxi
dz

)

= 0 (Eq. 4.6)

The diffusion coefficientsDi,mix are a function of the local composition of the gas mixture1. Thus, to solve
the equation, their variations along the z-axis should be considered. However, due to the excessive number
of calculations and iterations this procedure would require, I assumed a constant diffusion coefficient
(Di,mix,av) along the z-axis, locally evaluated on the 2D cell plane as the average between the diffusion
coefficient at the bulk composition and at the composition after the diffusion. Consequently, Eq. 4.6
simplifies to:

pDi,mix,av

RT
d2xi
dz2

= 0 (Eq. 4.7)
And then ultimately, to the form:

d2xi
dz2

= 0 (Eq. 4.8)
To solve equation 4.8, two boundary conditions must be considered:

1. at the interface between the bulk and the thin gas film (z = 0) the gas composition equals to that of
the bulk gas phase:

xi = xi,bulk (Eq. 4.9)
2. at the interface between the thin gas film and the cathode surface (z = �) the flux of the i-th reactant

is equal to the consumption in the cathode volume:

Di,mix,av
p
RT

dxi
dz

= rileff (Eq. 4.10)
ri is the generation of the i-th component, expressed as:

ri = −
JA

zeFVCat,eff
(Eq. 4.11)

where J is the current density [Am−2], A is the cathode surface area [m2], ze is the number of
electrons involved in the reaction [−], F is the Faraday’s constant [96485Asmol−1], VCat,eff =
Aleff is the cathode volume [m3] related to the effective thickness leff [m].

1The reader can find information on how I evaluated the diffusion coefficients in the Appendix B.2.: "Diffusion coefficients
in the gas phase"
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After solving the equation, the molar fraction profile of each reactant along the z-axis in the thin gas film
over the cathode can be expressed by the following equation:

xi = xi,bulk −
JART

zeFVCat,effpDi,mix,av
leffz (Eq. 4.12)

The value of the molar fraction of each reactant at the interface between bulk and cathode (xi,interface)
can be derived from Eq. 4.12 by substituting z with �:

xi,inteface = xi,bulk −
JART

zeFVCat,effpDi,mix,av
leff� (Eq. 4.13)

4.2.2. Diffusion in the cathode pores

After reaching the bulk-cathode interface, the gas can diffuse into the pores of the electrode and reach
the point where it reacts. In the cathode macropores the material balance can be expressed as:

dCi
dt

= −divN⃗i + ri = −div
(

Civ⃗ + j⃗i
)

+ ri (Eq. 4.14)
As done previously, I can assume steady state, one-dimensional diffusion, and an absence of convective
fluxes, thus simplifying the balance expression to:

dj⃗i
dz

= ri (Eq. 4.15)

The molar flux j⃗idue to the sole diffusion of the i-th component is now expressed as:

j⃗i = −Di,mix,eff
dCi
dz

= −Di,mix
"
�
dCi
dz

(Eq. 4.16)
whereDi,mix,eff represents the average effective diffusion coefficient of the i-th species in the gas mixture
[m2 s−1] that takes into account the porosity (") and the tortuosity (�) of the cathode.

Then, using the ideal gas law and substituting Eq. 4.16 in Eq. 4.15, the following expression is
obtained:

d
dz

(

−Di,mix
"
�

d pxi
RT
dz

)

= − JA
zeFVCat,eff

(Eq. 4.17)

Finally, assuming constant T, p and the averageDi,mix,av alongside the z-axis, Eq. 4.17 can be rearranged
as:

d2xi
dz2

= JART
zeFVCat,effpDi,mix,av

�
"

(Eq. 4.18)
To solve Eq. 4.18, the following boundary conditions should be considered:

1. at the interface between the cathode surface and the thin film (z = �) the composition is the interface
composition:

xi = xi,interface (Eq. 4.19)
2. at the end of the diffusion (z = � + leff , considering the effective diffusion length previously

mentioned) the flux of the i-th reactant is equal to zero:
dxi
dz

= 0 (Eq. 4.20)
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Thus, solving Eq. 4.18, the molar fraction profile of each reactant alongside the z-axis in the cathode
macropores can be expressed with the following equation:

xi = xi,bulk −
JART

zeFVCat,effpDi,mix,av

[

�
"

(

z2

2
− zleff − z� + �leff + �2

2

)

− �leff

]

(Eq. 4.21)

Since the electrolyte can fill the pores randomly thus affecting where the reactions happen, for electro-
chemical model verification, we evaluated an average molar fraction between the beginning (z = �) and
the maximum diffusion length (z = � + leff ). Thus:

xi,average = ∫

z=�+leff

z=�

{

xi,bulk −
JART

zeFVCat,eff pDi,mix,av

[

�
"

(

z2

2 − zleff − z� + �leff +
�2

2

)

− �leff
]}

l
dz

(Eq. 4.22)
Solving Eq. 4.22, the following expression for xi,average is obtained:

xi,average = xi,bulk −
JART

zeFVCat,effpDi,mix,av

(

l2eff
3

�
"
− �leff

)

(Eq. 4.23)

4.3. Integration of the reactants z-axis diffusion in the model

The equations for the polarization resistances already presented in the base model of Chapter 3 were
rewritten in terms of average reacting molar fraction (xi,average) to obtain the kinetic core of the z-axis
diffusion model. However, only the cathode gas molar fractions were changed (CO2, H2O and O2), while
the H2 molar fraction on the anode side was kept equal to the bulk.

As mentioned, this was done because the current collector and feed component changes were applied
only at the cathode side, assuming the anode having no influence on the transference number.

Rconc,CO2 = −
PCO2,1
JCO2−3

ln

(

1 −
JCO2−3

PCO2,2 p xCO2,average

)

(Eq. 4.24)

Rconc,H2O = −
PH2O,1

JOH−
ln

(

1 −
JOH−

PH2O,2 p xH2O,average

)

(Eq. 4.25)

Rconc,H2
=

PH2

p ln
(

1 + xH2

) (Eq. 4.26)

Rconc,O2 = PO2p
0.5
xCO2,average
x0.5O2,average

(Eq. 4.27)

RΩ = PΩ (Eq. 4.28)
To simulate the data a unique set of kinetic parameters was refitted. The final values are presented in

Table 4.2.
To validate the newmodel, all data (the original data set as well as the new results obtained with He or

with the higher open area cathode current collector) were simulated. The results for voltages (4.4A), CO2
utilization factors (4.4B), and carbonate ion transference numbers (4.4C) are shown in Figure 4.4. The
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Parameters Value Units
l35% open area 4.2 mm
l90% open area 0.9 mm

� 20 �m
PCO2,1 2953.6 V
PCO2,2 350000 Acm−2 atm−1

PH2O,1 8307 V
PH2O,2 16000 Acm−2 atm−1
PH2

0.111 Ω cm2 atm
PO2 0.0415 Ω cm2 atm−0.5
"
�

0.3 -
Table 4.2: Kinetic parameters fitted for the z-axis diffusion model. PΩ depends on the cell used.

average errors are: 3.9% for the voltages, 3.5% for the CO2 utilization factors, and 3.5% for the carbonate
ion transference numbers.

(A) Voltage (B) CO2 utilization

(C) Transference number
Figure 4.4: Parity plots comparing the experimental and simulated data in terms of voltage (A), utilization factor
of CO2 (B) and carbonate ions transference number (C) evaluated using the model with detailed diffusion analysis.
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The model shows satisfactory results for all studied parameters. However, a “tail” can be identified in
the voltage results at low voltage values. These data points correspond to experimental conditions of high
CO2 utilization and low transference number. A possible way to cope with this issue will be presented in
the next chapters.

Finally, the model was tested to simulate a new set of experimental data collected with two other
kinds of CCs. Both CCs have 70% open area, but two different screen features, identified as screen 1 and
screen 2. After analysis of the experimental data, the effective diffusion lengths of these two sets were
determined to be:

screen 1 leff = base (flipped) leff × 1.7 = 0.153 cm (Eq. 4.29)
screen 2 leff = base (flipped) leff × 1.25 = 0.1125 cm (Eq. 4.30)

where base (flipped)leff = 0.6cm is the leff of the 90% open area CC (flipped 35% open area CC).
The measured-simulated parity values are depicted in Fig. 4.5 for screen 1 (4.5E, 4.5C and 4.5E) and
screen 2 (4.5F, 4.5D and 4.5F). The average errors of the simulations are: 4% for the voltage, and 5.2%
for both utilization factor and transference number. I tried to vary the leff value, while keeping the same
set of kinetic parameters as in Table 4.2, however I could not obtain better results. However, due to the
low number of analyzed data, I deemed the fitting satisfactory.
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(A) Voltage (B) Voltage

(C) CO2 utilization (D) CO2 utilization

(E) Transference number (F) Transference number
Figure 4.5: Simulated vs. measured cell performance parameters with CC screen 1 and 2 (the dark data points were
collected using N2 as inert gas, while the light ones were collected using He).
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5
Model parameter sensitivity analysis

The kinetic core of the z-axis diffusion dual-anion model proposed in the previous Chapter 4 is com-
posed of five equations with a total of eleven parameters that the users must identify from experimental
data before being able to us it.

This number of parameters is not small considering also the fact that temperature dependence is not
yet included in the model and each resistance will require a new parameter to define it. This can be
regarded as an issue for a simplified use of the model. A large number of parameters not only means that
a large set of experimental data is required to properly fit them, but also that they can induce biases due
to their over- or underestimation.

If the fitting issue only depends on the user’s will to acquire a sensible number of experimental data for
the parameters tuning, the theoretical derivation of the kinetic core ensure that the number of parameters
is not excessive. However, depending on the user’s desired operating conditions it could be possible to
reduce the number of parameters for an easier access to the model.

In this chapter, I will present a series of sensitivity analyses to show which parameters are effected
and when they could be neglected. To perform such analysis I decided to integrate the code into Aspen
Plus as this software offers an easy way to perform such sensitivity analysis that the initial Fortran code
was not considering1. However, I decided not to use directly the SIMFC code, but a simplified version
with simplified energy balances as in this state the model does not consider the temperature dependence.
This was one mostly to simplify the integration process of the code into Aspen Plus.

The results of this chapter have been published with the title "Process analysis of molten carbonate
fuel cells in carbon capture applications" in the International Journal of Hydrogen Energy[114].

5.1. Methodology

To perform the sensitivity analyses on the parameters of the model, five different data were used as
reference points. Table 5.1 lists the reference current densities and feed rates of these points. For all data
the anode and cathode compositions were the same: CO2:H2O:O2:N2 in ratio 0.04:0.10:0.10:0.76 at the
cathode, and CO2:H2O:H2 in ratio 0.18:0.10:0.72 at the anode. The names of the different tests indicate
the values of current density [Am−2] and CO2 apparent utilization factor [%]. Each condition was tested
for the two different current collector designs with different open areas (35% and 90%).

Starting from these reference conditions, different simulations were performed to improve the un-
derstanding of the behavior of the fuel cells and to identify the minimal set of parameters that could
sufficiently define the outcomes. Each parameter was analyzed singularly keeping the values of all the
others constant.

1In the SIMFC code it is necessary to manually modify the desired variable each time.
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J Cathode nTOT Anode nTOTTest [Am−2] [mol ℎ−1] [mol ℎ−1]
900J_70%Uc 900 14.6 1.9
900J_90%Uc 900 11.4 1.9
900J_110%Uc 900 9.3 1.9
1200J_70%Uc 1200 19.5 2.5
1200J_90%Uc 1200 15.1 2.5

Table 5.1: Reference current density, and cathode and anode feed rates. (Name in the table: [Am−2] J current
density_[%] Uc CO2 utilization factor)

5.2. Current collector geometrical parameters

The current collector geometrical parameters are the two parameters that are dependent on the current
collector’s geometry and consequently have a high impact on the gas diffusion: � and leff .

As explained in the previous Chapter, � is the thickness of the stagnant gas film over the cathode
surface. Its value depends on the height of the current collectors and the distribution of its holes and
blockages. The higher is its value the more laminar is the gas flux and the more penalized is the gas
diffusion from bulk to electrode. For this analysis the value was varied between 0 and 0.01 cm. The �
in the reference case was assumed to be one order of magnitude lower than a usual sheet constituting a
typical current collector (0.1 cm) [115].

leff represents the effective cathode diffusion path that depend on the shadow effects of the CC used.
The higher is its value the more extreme is the shadow effects and thus the more penalized is the gas
diffusion inside the cathode pore structure. For this analysis the value was varied from 0.0 up to 0.5 cm.
When leff is zero, the concentration in the electrode is the same everywhere and the reacting and bulk
concentrations are equal. On the other hand, when leff is 0.5 cm, the cathodic CC strongly penalizes
diffusion by forcing the reactant to follow a path about ten times the usual thickness of a cathode (0.5mm)
[116].

As introduced in the previous Chapter, the value of leff is used to distinguish between CCs having
different open areas. The data have shown that to different open areas correspond different RΩ values
(higher open areas have lower ohmic resistance). To take this aspect into account, a new correlation to
represent the dependence of the RΩ on the open area was introduced when leff was varied:

RΩ = −0.303leff + 0.3773 (Eq. 5.1)
The equation corresponds to a straight line passing through two experimental points available at this time
corresponding to RΩ measured at leff of 0.42 and 0.09 cm. The effects of the electrolyte composition
and fill level, and/or the electrode conductivity are not represented, but were kept constant in the present
study. It is also important to note that the open area is not the only factor that can affect the effective
diffusion length. For example, other features such as the shape and distribution of the CC holes and
contact areas should be also considered since they affect the mean diffusion length in the cathode.

These two parameters, � and leff , were chosen for this analysis because their values can be easily
modified in MCFC by using different kind of CCs. However, it is important to emphasize that trying
to decrease the leff values by using very high open areas (>90%) or particular geometric designs can
result in worse overall cell performance due to potential mechanical issues. This presents a challenge
since a current collector with low open area is desired for increased mechanical strength and will have a
lower ohmic resistance, while high open area is beneficial for enhanced gas diffusion with a higher ohmic
resistance due to poor cathode-CC electrical contacting.
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5.2.1. Results and discussion

Figure 5.1 shows the cell voltage (5.1A) and transference number (5.1B) values as function of �. In
the chart, test "900J_70%Uc" and test "1200J_70%Uc" were depicted as the representatives of low and
high current density, respectively. Dashed lines refer to the CC with 35% open area, while continuous
lines refer to the CC with 90% open area. Table 5.2 lists the maximum percentage variation for both the
voltage and the transference number in each case as a function of �.

(A) Voltage (B) Transference number
Figure 5.1: V and tCO2−3 simulation results as a function of stagnant cathode gas film thickness, �. Dashed lines
refer to the CC with 35% open area, while continuous lines refer to the CC with 90% open area.

Open Area V maximum % variation tCO2−3 maximum % variationTest [%] [%] [%]
35 0.36 0.65900J_70%Uc 90 0.16 0.29
35 0.58 0.98900J_90%Uc 90 0.24 0.41
35 0.85 1.33900J_110%Uc 90 0.38 0.58
35 1.10 1.381200J_70%Uc 90 0.35 0.46
35 1.74 2.061200J_90%Uc 90 0.56 0.70

Table 5.2: Maximum variations of voltage and transference number with two CC designs having 35% or 90% open
cathode CC areas as a function of stagnant cathode gas film thickness, �. (Name in the table: [Am−2] J current
density_[%] Uc CO2 utilization factor).

It is evident that � has a negligible effect on the MCFC performance especially when the cathodic CC
with an open area of 90% is used. This suggests that the diffusion resistance is more likely related to the
transport within the electrode pores characterized by the effective diffusion length, leff . The variation
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V maximum % variation tCO2−3 maximum % variationTest [%] [%]
900J_70%Uc 0.29 3.43
900J_90%Uc 1.29 4.89
900J_110%Uc 2.63 6.67
1200J_70%Uc 2.69 6.16
1200J_90%Uc 5.49 9.17

Table 5.3: Maximum voltage and transference number variations at selected current density-CO2 utilization com-
binations obtained by changing the leff parameter between 0 and 0.5cm. The numbers in red represent the values
that exceeded the 5% set threshold. (Name in the table: [Am−2] J current density_[%] Uc CO2 utilization factor).

as a function of � was always much lower than 5%, thus it is reasonable to assume that the term in the
kinetic model associated with parameter � can be omitted without adversely affecting the results.

Figure 5.2 shows the cell voltage (5.2A) and transference number (5.2B) values as function of leff .
In this analysis the RΩ was also varied according to Eq.5.1. The results show a large dependence on the
reactants diffusion through the cathode pores of the transport resistance. This is demonstrated by the fact
that both voltage and transference number significantly vary with leff . It is worth noting that higher
effective diffusion lengths correspond to lower current collector open areas available for gas-electrode
contact resulting in longer mean diffusion paths. Increasing effective diffusion lengths in turn result in
reduced voltages and CO2 transference numbers. In the investigated leff range, the maximum observed
drops were 5.5% and 9.1% for the voltage and the transference number, respectively (refer to Table 5.3).

(A) Voltage (B) Transference number
Figure 5.2: V and tCO2−3 simulation results as a function of the effective diffusion length, leff .

The graphs of Figure 5.2 also show that cathode CCs with lower open areas cause a progressively
larger penalty both in power generation and carbon capture, as indicated by the decreasing voltage and
CO2 transference number. Moreover, the results of this analysis suggest that the effect of increasing
diffusion resistance is larger than that of the related RΩ drop given in Eq. 5.1. In other words, the
gain from reduced ohmic losses afforded by increased contact area between the CC and cathode cannot
compensate for the increased transport resistance caused by the associated increase in the mean diffusion
path. This trade off can be improved by changing the CC design by optimizing themean path via geometric
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and open area adjustments.
In addition, it can be noted that when leff increases, both the voltage and the tCO2−3 decrease faster

in the tests with a higher current density (for instance in case 1200J_70%Uc). This is in line with the
predictably higher transport resistance losses at higher gas fluxes through the cathode at increased current
densities and higher capture rates. It is satisfying that the model simulations can properly predict what
follows from physical reality. Considering that a variation of the results higher than 5% as a function of
the leff was observed, the term leff was assumed as non-negligible in the kinetic model.

5.3. Electrode physical parameters

The electrode physical parameters are the two parameters that consider the effect of the porous struc-
ture on the cell performance: porosity (") and tortuosity (�).

These two parameters affect the reactant concentrations at the gas-liquid interface inside the cathode.
To assess their effects on cell performance, the ratio between cathode porosity and tortuosity was varied
based on literature inputs [1, 117] between 0.25 and 0.7. This range was also chosen considering that
the minimum value of tortuosity is 1, and porosity extremes are between 0 (only solid and no pores) and
1 (no electrode). This ratio was chosen as its value can, to some degree, be controlled and opportunely
adjusted during the manufacturing process.

5.3.1. Results and discussion

The results of the sensitivity analysis related to the porosity/tortuosity ( "
�
) ratio are reported in Figure

5.3 depicting two representative cases at low (900Am−2) and high (1200Am−2) current density. In
addition, Table 5.4 shows the maximum variation for both the voltage and the transference number for
each current density. As in previous simulations varying leff , the results at higher current density show
steeper responses confirming the dominating influence of diffusion.

The response to "
�
seems negligible with the cathode current collector of 90% open area. However,

with a lower, 35%, open area, the performance of the fuel cell notably decreases as the ratio decreases.
When the effect of "

�
is significant, the performance shows an asymptotic increase towards high "

�
ratios

(refer to the results for 35% open area in Figure 5.3). This confirms that "
�
is a controlling factor of

the diffusion contribution because high "
�
ratios allow better diffusion as can be seen in the Eq. 4.23.

In addition, the high current density results suggest that the performance of a fuel cell with a current
collector of 35% open area can be improved to nearly reaching the performance of a cell operating with
a current collector of 90% open area by increasing the ratio between porosity and tortuosity. Of course,
there are practical limits to how much the cathode porosity can be increased. Thus, while the studied "

�range indicates that the potential exists for improving cell performance by maximizing "
�
(especially with

a value above 0.45), a specific target that can be implemented in practice cannot be inferred from this
analysis.

Similar results can be observed in Table 5.4 that presents the maximum percentage variation for both
the measured voltage and transference number at varying "

�
. As expected, the variation of the studied ratio

is negligible for CCs having high open areas (the variation is lower than the fixed discrimination thresh-
old), while it is larger for low open area CCs, especially for higher current densities and CO2 utilization
factors (the variation is higher than the fixed threshold).
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(A) Voltage (B) Transference number
Figure 5.3: V and tCO2−3 results obtained by the sensitivity analyses on the parameter "� within a range between 0.25
and 0.7. Dashed lines refer to open area equal to 35%, continuous lines refer to open area equal to 90%.

Open Area V maximum % variation tCO2−3 maximum % variationTest [%] [%] [%]
35 1.49 2.78900J_70%Uc 90 0.19 0.35
35 2.11 3.69900J_90%Uc 90 0.29 0.49
35 3.63 5.81900J_100%Uc 90 0.45 0.69
35 4.34 5.561200J_70%Uc 90 0.41 0.54
35 7.09 8.591200J_70%Uc 90 0.65 0.81

Table 5.4: Maximum voltage and transference number variations with two current collector designs having 35%
or 90% open cathode current collector areas at selected current density-CO2 utilization combinations obtained by
the sensitivity analyses on parameter "� . The numbers in red represent the values that exceed the 5% set threshold.
(Name in the table: [Am−2] J current density_[%] Uc CO2 utilization factor).
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5.4. Kinetic parameters

In the non-linear expression for the polarization resistance two parameters can be identified: a pre-
logarithmic and logarithmic.

The pre-logarithmic parameter is connected mainly to a series of constants (R, F and ze) corrected
for the data fitting and the carbonate-hydroxide equilibrium. Thus, other than the electrochemistry, this
parameter can be influenced by the electrolyte composition. Consequently, changes to this parameter may
be obtained by modifying the electrolyte compositions or by changing the electrocatalyst materials. Of
all the variables that can be analyzed, this is probably the hardest one to be controlled efficiently.

The logarithmic one is connected mainly to the mass transport of the reactant in the liquid phase.
However, some effects of the gasmass transport and of the dissolution of the gas into themelt are included.
An effective way to modify the value of this parameter could be to work on the electrolyte material to
find melts that can promote the dissolution of the reactants in the melt.

In the linear expression, there is only one parameter that combines both effects. In addition, PΩ is
used to represent the ohmic resistance.

These parameters were tested in a ±10% range around the identified values. This analysis allows
testing the sensitivity to those parameters and through it, improving the quality of the kinetic model fit
and identifying the parameters most influencing the outcomes.

5.4.1. Results and discussion

The effects of the kinetic parameters PΩ, PH2
, PO2 , PCO2,1, PCO2,2, PH2O,1 and PH2O,2 on cell per-

formance, with the cathode CC of 90% open area, are shown in Figure 5.4 and Table 5.5. The voltage
and transference number variations are clearly presented in the bar charts of Figure 5.4. These show the
maximum and minimum percentage differences in terms of voltage and transference number when the
kinetic parameters are increased or decreased by 10% with reference to the values reported in Table 4.2.

(A) Change in Voltage (B) Change in transference number
Figure 5.4: Voltage and transference number changes when increasing or decreasing the kinetic parameters by 10%
vs. the reference values listed in Table 4.2.
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ΔV [%] ΔV [%] ΔtCO−23
[%] ΔtCO−23

[%]
using Pi decreased using Pi increased using Pi decreased using Pi increasedPi Test

by 10% by 10% by 10% by 10%
900A_70%Uc 0.35 -0.35 -0.35 0.03
900A_90%Uc 0.36 -0.36 -0.03 0.03
900A_110%Uc 0.38 -0.38 -0.02 0.02
1200A_70%Uc 0.49 -0.49 -0.03 0.02

PΩ

1200A_90%Uc 0.51 -0.51 -0.02 0.02
900A_70%Uc 0.16 -0.16 0.28 -0.28
900A_90%Uc 0.19 -0.18 0.32 -0.32
900A_110%Uc 0.20 -0.19 0.32 -0.32
1200A_70%Uc 0.24 -0.24 0.31 -0.31

PCO2,1

1200A_90%Uc 0.29 -0.28 0.36 -0.35
900A_70%Uc -0.17 0.14 -0.31 0.26
900A_90%Uc -0.20 0.17 -0.35 0.29
900A_110%Uc -0.21 0.18 -0.35 0.30
1200A_70%Uc -0.26 0.22 -0.34 0.28

PCO2,2

1200A_90%Uc -0.31 0.26 -0.39 0.33
900A_70%Uc 0.08 -0.07 -0.89 0.76
900A_90%Uc 0.18 -0.16 -1.06 0.91
900A_110%Uc 0.53 -0.52 -1.05 0.88
1200A_70%Uc 0.09 -0.08 -0.79 0.66

PH2O,1

1200A_90%Uc 0.22 -0.2 -0.94 0.8
900A_70%Uc -0.07 0.07 0.83 -0.81
900A_90%Uc -0.17 0.16 1.00 -0.96
900A_110%Uc -0.57 0.48 0.97 -0.94
1200A_70%Uc -0.09 0.08 0.73 -0.71

PH2O,2

1200A_90%Uc -0.22 0.20 0.88 -0.85
900A_70%Uc 0.33 -0.33 -0.01 0.01
900A_90%Uc 0.34 -0.34 -0.01 0.00
900A_110%Uc 0.36 -0.36 -0.01 0.01
1200A_70%Uc 0.46 -0.46 -0.01 0.00

PH2

1200A_90%Uc 0.48 -0.48 0.00 0.00
900A_70%Uc 0.00 0.00 0.00 0.00
900A_90%Uc 0.00 0.00 0.00 0.00
900A_110%Uc 0.00 0.00 0.00 0.00
1200A_70%Uc 0.00 0.00 0.00 0.00

PO2

1200A_90%Uc 0.00 0.00 0.00 0.00
Table 5.5: Maximum voltage and transference number variations at selected current density-CO2 utilization com-
binations obtained with the 90% open area current collector. The numbers in red exceed the 0.5% threshold. (Name
in the table: [Am−2] J current density_[%] Uc CO2 utilization factor).

As shown in Figure 5.4 and Table 5.5, the sensitivity of the modeling results to the input parameters
is relatively minor. For the cell potential, the greatest response is -0.57%, which translates to only 4mV .
For carbonate transference, the sensitivity shows only a 1% deviation. These results demonstrate that, in
general, the model is quite robust in terms of the exact choice of parameters.

The parameters related to the carbonate path and the ones that are common to both anion paths (PΩ,
PH2

, PO2 , PCO2,1, PCO2,2) show similar trends in all the examined tests: the voltage shifts are typically
more prominent at higher current density. The parameters related to the hydroxide path (PH2O,1, PH2O,2)also show significant voltage shifts at lower molar feed rates (∼ 5mV ). The model indicates a marked
dependence on the parameters related to the water effect. For instance in the "900J_110%Uc" case with
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90% of open area, the maximum variation is higher than 0.5%. This test is characterized by a high (110%)
theoretical CO2 utilization factor, a total flow rate of 20-35% lower than the other tests, and a particularly
low (< 80%) transference number. This is the only test where the CO2 feed is less than what is necessary
to guarantee the obtained carbonate current density. The observation suggests that it is important to focus
on tuning the parameters PH2O,1 and PH2O,2 to properly simulate these operating conditions.

These results indicate that the kinetic parameters related to the resistances of the common path (PΩ,
PH2

, PO2) do not influence the transference number significantly. This is in agreement with the previous
analysis of the experimental results that allowed the construction of the model in Chapter 3. In particular,
the PO2 kinetic parameter affects voltage significantly less than the others. In addition, it can be concluded
from the results in Table 5.5 that anion paths external parameters PΩ, PH2

, and PO2 generate similar
responses: when their values increase, the voltage decreases and the transference number stays constant
or just slightly changes, which is also in agreement with the experimental results.

The parameter related to the carbonate path shows an opposite response: if PCO2,1 increases, the
voltage and the transference number decrease; on the contrary, if PCO2,2 increases, the voltage and the
transference number increases. This behavior can be explained considering the nature of the two param-
eters. PCO2,1 includes the activation dependencies that increase the resistance at an increasing parameter
value. PCO2,2 lumps the contribution of reactant diffusion in the electrolyte. Thus, in this latter case an
increasing value corresponds to increasing diffusion, and consequently, to a lower resistance. The two pa-
rameters related to the hydroxide path present the same voltage trend as the parameters of the carbonate
one, but a reverse trend for the transference number. Specifically, when PH2O,1 increases the carbon-
ate ions transference number increases, and when PH2O,2 increases the transference number decreases.
The explanation of this fact is similar to the CO2 response, but in this case the competing ions are the
hydroxides.

5.5. Operating conditions

The examined molar fractions of H2O and O2 in the cathode feed were in the range of 0.05 and
0.20 representing the typical cathode feed compositions of MCFCs. For carbon capture cases, the molar
fraction of CO2 in the cathode feed was examined in a lower range, between 0.03 and 0.07. The molar
fraction of H2 in the anode feed was between 0.36 and 0.72. Constant total molar flow rate was maintained
by making the appropriate adjustments in the inert nitrogen feed component. This analysis may yield the
best inlet composition and operating window at which the MCFCs can operate without overly hindering
performance.

5.5.1. Results and discussion

The cathode CO2, H2O, and O2 molar fractions were varied between 0.03 and 0.08, 0.05 and 0.20,
0.05 and 0.20 respectively. The anode H2 molar fraction was varied between 0.36 and 0.72. To keep
the feed flow rates constant, the variation of a reacting gas molar fraction was compensated for by the
opposite variation of the inert N2 molar fraction. All other variables were kept constant.

The effects of inlet composition changes with the cathode current collector of 90% open area are
shown in Figure 5.5. The figure has four different charts representing the molar fraction variations of CO2,
H2O, O2 in the cathode and H2 in the anode feeds. The graphs show only the results for the 900J_70%Uc
case, but the other conditions yielded similar trends. Table 5.6 details the maximum voltage and trans-
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ference number variations for all the simulated feed composition cases.

(A) Voltage as function of inlet xCO2 (B) Voltage as function of inlet xH2O

(C) Voltage as function of inlet xO2 (D) Voltage as function of inlet xH2
Figure 5.5: V and tCO2−3 results obtained by the sensitivity analyses on the molar fractions of: a) CO2within a range
between 0.03 and 0.07; b) H2O within a range between 0.05 and 0.20; c) O2 within a range between 0.05 and 0.20
and d) H2 within a range between 0.36 and 0.72. Dashed lines refer to the transference number, continuous lines
refer to the voltage1.
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xCO2 xH2O xO2 xH2
xCO2 xH2O xO2 xH2

ΔV ΔV ΔV ΔV ΔtCO−23 ΔtCO−23 ΔtCO−23 ΔtCO−23Test
[%] [%] [%] [%] [%] [%] [%] [%]

900A_70%Uc 12.55 1.72 3.56 11.21 21.69 20.04 0.01 3.50
900A_90%Uc 17.27 3.86 3.56 11.44 29.05 23.06 0.01 3.59
900A_110%Uc 25.75 12.95 4.07 11.57 40.95 20.57 0.03 3.01
1200A_70%Uc 15.74 2.15 3.70 13.54 20.19 18.18 0.01 2.80
1200A_70%Uc 22.85 4.57 3.92 14.00 28.37 19.29 0.01 2.98

Table 5.6: Maximum voltage and transference number variations at selected current density-CO2 utilization com-
binations with the 90% open area current collector obtained by changing the molar fractions as listed in Figure 5.5.
The numbers in red represent the values that exceed the 5% set threshold. (Name in the table: [A m-2] J current
density_[% ]Uc CO2 utilization factor).

As expected, both the fuel cell voltage and transference number increase as the feed CO2 molar frac-
tion increases. In addition, increases in the H2O molar fraction provides a voltage rise of up to 4% in the
studied range, but at the same time leads to a decrease in the CO2 transference number. This is useful for
understanding the optimal conditions in industrial applications. For example, it may be better to work
with a high molar fraction of H2O in power generation, while the opposite may be more favorable in
carbon capture applications. However, in practice, it may not be feasible to adjust the H2O concentration
in the cathode feed gas, or there may be additional efficiency implications and costs associated with do-
ing so. This can be analyzed through the lens of process optimization. Overall, the results show a large
variation in the transference numbers both for CO2 and H2O. As previously shown [101], the reason for
this is the shift between the contributions from the carbonate and hydroxide paths.

O2 and H2 resistances are outside of the two parallel anion paths. The model was constructed this
way because the experimental data and their analysis showed that neither gas has influence on the carbon-
ate/hydroxide transference ratio. Consequently, as shown in Figures 5.5C and 5.5D, their main influence
is manifested in the cell voltage, but not in the transference number value. In particular, the voltage
increases with increasing O2 molar fraction showing a moderate maximum variation of 3.5%, which is
lower than our discrimination threshold of 5%. Similarly, the anode H2 concentration mainly affects cell
voltage. Specifically, a value of 0.74V is obtained with 36 vol. % H2 and 0.83V with 72 vol. % H2.
Interestingly, a moderate increase in the CO 2–3 transference number can also be observed at increasing
hydrogen concentrations with a recorded maximum of 3.6% in the examined range (see Table 5.6). This
change in the transference number cannot be attributed to a direct effect of H2 on the ratio between the
two anion paths. It would be impossible considering the model construct. Rather, the different inlet con-
centrations yield different polarization resistances that modify the current distribution and consequently
the reactant concentration profile on the 2D cell plane. In particular, a lower initial H2 resistance due
to higher inlet concentration allows for higher front-end current density that permits an increased local
transfer of carbonate ions thus increasing the overall carbonate path contribution over that of the hydrox-
ide. O2 could show a similar behavior, but it did not manifest itself because, in the analyzed condition
range, O2 resistance is extremely low compared to other reactant resistances. This and the result from the
O2 resistance term suggest that the O2 effect is negligible in agreement with literature that highlighted
the negligible influence of the O2 related resistance when O2 is in large excess [4].

It is important to note that these experiments, and this model, are for a fully reformed feed. The results
may be different, although the trend will be similar, with in-situ reforming of natural gas resulting in non-
isothermal conditions and different anode concentration profiles. Similarly, these results are for a cross-
flow cell geometry and the basic conclusions are likely transferable to a co- or counter-flow geometry, but
the specific results will be slightly different.
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5.6. Final considerations on the parameters relevance

The analyses performed in this Chapter indicate that all the parameters used in the model have rele-
vance and cannot be neglected to simplify the model. The two exceptions are � and PO2 .In the case of � the analyses show that it could be removed without causing any relevant issue.

In the case of PO2 there are two possible solutions. The easiest one is to completely neglect it as the
resistance due to O2 is very low compared to the ones ascribable to the other reactants. Otherwise, it is
possible to assume a constant value independent of the concentration for RO2 . However, it is important
to remember that when O2 is a limiting reactant its influence may be much greater and not negligible.

These sensitivity analyses do not offer only a view on how to simplify the model, but can also be used
to study and understand how the cell can be improved to maximize the desired performance. indeed, all
the studied parameters can be influenced by manufacturing.

Pi,12

As shown in the development of the model, this first parameter is connected mainly to a series of
constant (gas constant, Faraday’s constant and number of reacting electrons) corrected for the data fitting
and the carbonate-hydroxide equilibrium.

Changes in this parameter may be obtained by modifying the electrolyte compositions. For example,
using a melt with additions of components that can slow the formation of stable hydroxide in the melt.
Also, improvements in the electrode catalysts material may slightly influence this number value. Of all
the variables that can be analyzed is probably the hardest one to be controlled efficiently.

Pi,2

This second parameter is connected mainly to the mass transport of the reactant in the liquid phase.
However, some effects of the gas mass transport, the dissolution of the gas into the melt, the absorption
of the reactant on the electrode, and the activation energy of the electrochemical reactions are included.
There are two effective way to modify the value of this parameter. The first is to work on the electrolyte
material to find melts that can promote the dissolution of CO2 (or also O2, H2, H2O) in the melt. The
second one is to work on the cell constituent materials. There are two main ways to proceed: (1) dope
the electrodes with appropriately studied catalysts, (2) study completely new base materials to design the
electrodes. Due to the extensive literature studied on the matter, the best would be to work on doping
already existing electrodes. This can also be helpful to improve mechanical properties while keeping
approximately the same material characteristic such as thermal conductivity and thermal expansion co-
efficients.

2PH2 and PO2 include both Pi,1 and Pi,2
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�

� is a parameter that describe the thickness of the film over the cathode where the velocity of the
gas approximates zero. The sensitivity analysis has shown that its value does not particularly affect the
performance. If necessary, it can be controlled by increasing or decreasing the turbulence of the gas in
the bulk, for example by operating on the geometry of the current collectors.

leff

leff represents the effective diffusion length of the cathodic gas in the porous cathode structure.
There are two ways to affect this value: (i) modify the porous structure of the cathode to decrease the
actual real length of the pores, or (ii) modify the geometry of the current collectors.

In the previous Chapter 4, it was presented how a higher open area can highly improve the performance
compared to a lower one. However, the open area percentage has a maximum limit: the current collectors
need to cover sufficient area to collect and distribute the current density without increasing the ohmic
resistance and must have enough mechanical stability.

In the work presented, the holes of the current collectors had constant area and they were evenly dis-
tributed on the current surface. However, the use of current collectors having also with different opening
area or different distribution may greatly affect the performance. Also the extent of the hydroxide path
increases moving from the cathode inlet to the outlet. For this reason, having current collectors with low
open area in correspondence of the cathode inlet and higher towards the outlet may provide with different
and better performances.

"∕�

This parameter represents the ratio between the cathode tortuosity and porosity. As shown in the
sensitivity analyses, fluctuations of its value can have high effect on the cell performance. The only way
to affect this value is to directly operate on the manufacturing process of the electrode. The higher is the
porosity and lower the tortuosity the higher will be the cell performance thanks to reduced muss transfer
resistance. However, it is necessary to balance the porosity to avoid mechanical instability of the material.

Di,mix,av

This value represents the diffusion coefficient of the reactants in the gas phase. The higher is this
number, the lower will be the mass transport resistance and consequently the performance will improve.
The only way to alter this value is to use different inert gas with dimension lower than N2 such as He.
However, this is not practical in real applications.
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PΩ

The main way to affect the ohmic resistance is to work on the cell overall materials (electrode, current
collectors, eletrolyte, etc.). FoIt is also important to consider the current collectors open area that make
the resistance increases when its value increases according to the Ohm’s law. In addition, component
thickness can be modified as well as porosity to minimize ionic diffusion.
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6
Temperature dependent model

The base model developed in Chapter 3 and the z-axis diffusion model developed in Chapter 4 do not
explicitly consider a dependence on the operating temperature in the polarization resistance expressions.
This is a relevant issue that hinders the possibility to apply the model to real cases that are not small
laboratory scale cells with good thermal insulation or to disparate conditions that may be experienced in
practical systems.

For this reason, based on experimental data, in this Chapter I will introduce an explicit dependence in
the equation resistances and fit the necessary parameters to expand the model applicability. This chapter
will be organized as follows:

1. introduction of a non-linear formulation for the H2 polarization resistance to expand the applica-
bility of the model to high fuel utilization cases;

2. brief introduction of the effects of the temperature on the dual-anion mechanism;
3. analysis of the RΩ as a function of the operating temperature;
4. result of the fitting using a model with explicit temperature dependence.
The results of this chapter will be submitted for publication with the title "Experimental andmodelling

investigation of CO 2–
3 andOH– equilibrium effects onMolten Carbonate Fuel Cell performance in carbon

Capture applications" in the Frontiers in Energy Research [118].
The experimental data presented in this chapter have been provided by EMRE and are presented in

Appendix D in Tables D.1, D.3, D.5, D.2 and D.4.

6.1. H2 non-linear polarization

In Chapter 3, the polarization resistances due to the reactants were derived from the Butler-Volmer
equation. The use of said methodology allows the expression of the polarization resistances with a for-
mulation having a non-linear dependence on the applied current density (refer to Eq. 3.31). However,
when the applied current density is sufficiently lower than the limiting current density for the analyzed
reactant, it is possible to linearize the formulation considering only the first term of the Taylor’s series
expansion (refer to Eq. 3.33).

In the development of the dual-anion model, both in its base form (Chapter 3) and in the z-axis
diffusion one (Chapter 4), a non-linear formulation was considered to express the resistances of CO2
and H2O, and a linear one to express the resistances of O2 and H2. The CO2 and H2O resistances were
considered in their non-linear form because for many experimental data the utilization factors of CO2
were so high (>85%) that the limiting current density was of the same magnitude of the applied one and
thus neglecting the non-linear term would have potentially led to greatly underestimate its value and poor
modeling results. Moreover, because these two reactants are the ones that determine which anion path is
followed, it is important to have the best and most accurate definition of their values. In contrast, the O2
and H2 resistances were simplified to a linear form because neither values seem to particularly affect the
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anion paths, nor were their utilizations were particularly high to justify limiting diffusion issues for the
analyzed experimental data.

In the case of H2, I decided to reconsider this assumption for wider applicability of the model. In real
applications, fuel cell working conditions characterized by high H2 utilizations or low H2 concentrations
are likely to be encountered. Thus, I decided to rewrite the H2 resistance in the following non-linear
formulation to improve the model reliability:

Rconc,H2
= −

PH2,1

JTOT
ln

(

1 −
JTOT

PH2,2 p ln
(

1 + xH2

)

)

(Eq. 6.1)

6.2. Temperature dependence

Both the simplified base model and initial z-axis diffusion model do not explicitly consider the de-
pendence on the operating temperature in the polarization resistance expressions. This approach was
followed (i) because I wanted to understand more in depth the effects of the gas concentration and dif-
fusion on the occurring phenomena, and (ii) because the vast majority of the data were collected at the
constant operating temperature of 923K . Neglecting the temperature effects was also possible because
the single cells used in the experimental campaign had a relatively small dimension that could allow for
negligible temperature gradient on the plane.

However, the integration of an explicit temperature dependence is essential if the model is to be ap-
plied for industrial applications and practical process optimization of the fuel cell. These require the
use of full scale fuel cells (area of about 1m2) in stack designs (>30 cells) for which the average oper-
ating temperature may vary, and relevant temperature gradients may be encountered if a proper energy
management is not considered.

One of the most effective ways to understand the extent of the dual-anion mechanism is to analyze the
utilization factor of CO2 (UCO2). Fig. 6.1A presents a square graph “apparent vs. measured utilization
factor of CO2”, where the axes have been adjusted to adequately show the data. In the graph, five sets of
four experimental data (A, B, C and D) at different operating temperature are presented, with the black
line representing the parity line of the graph. Information about the four conditions are shown in Table
6.1.

Data A B C D
Cathode flow

rate Nm3 ℎ−1 0.488 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 mAcm−2 120

Apparent UCO2 % 70 90 110 130
Table 6.1: Data used in the analysis of the temperature effects on the dual-anion mechanism.

In such a graph the greater the difference between the parity line and the measured utilization, the
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Figure 6.1: Experimentally measured utilization of CO2 vs apparent utilization of CO2 calculated considering all thecurrent due to the carbonate anion path only (A). Cell polarization resistance losses (Rpol = OCV −Vexperimental−
RΩ) of different experimental data with same operating conditions of flows, composition, applied current and
reactant utilizations but different operating temperature (B).

greater is the extent of the hydroxide path. Points on the parity line would represent MCFC operating
with a carbonate only pathway as is traditionally described in non-carbon capture applications. The graph
shows that at different operating temperatures the measured utilization factors are nearly identical. This
indicates that the temperature has a negligible effect on the choice between the carbonate or the hydroxide
path. This result is in agreement with what was observed in the previous sections, where it was established
that the extent of one path over the other is highly dependent on the diffusion process in the gas phase
(which is only slightly affected by the temperature in the studied range). The only two data counter to this
result are the two data points at high CO2 utilization at 848K whichmay indicate a very slight dependence
of one or both pathways. However, the reproducibility of this data is uncertain, and the temperature is
also low compared to the desired one for MCFC operations which are targeted to operate between 873
and 923K .

In Fig. 6.1B, the polarization resistances, obtained as differences between the OCV values and the
sum of the measured voltages and the measured ohmic resistances, are plotted against the operating tem-
peratures. The trend is the same with resistance values increasing with decreasing temperature as in
normal MCFC operations.

These two graphs show that the operating temperature has an effect on the polarization resistances
similar to the one of cells working on carbonate ions only (low resistances correspond to high operating
temperatures), but that it does not seem to have any major influence regarding the extent of one path other
the other. As presented in Chapter 3, the following equations represent the z-axis diffusion model with
an explicit temperature dependence:

Rconc,CO2 = −
PCO2,1T
JCO2−3

ln

⎛

⎜

⎜

⎜

⎝

1 −
JCO2−3

PCO2,2e
PCO2 ,3

T p xCO2,average

⎞

⎟

⎟

⎟

⎠

(Eq. 6.2)

Rconc,H2O = −
PH2O,1T
JOH−

ln

⎛

⎜

⎜

⎜

⎝

1 −
JOH−

PH2O,2e
PH2O,3

T p xH2O,average

⎞

⎟

⎟

⎟

⎠

(Eq. 6.3)
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Rconc,H2
= −

PH2,1 T
JTOT

ln

⎛

⎜

⎜
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⎝

1 −
JTOT

PH2,2 e
PH2 ,3
T p ln
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⎞
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⎟

⎟
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(Eq. 6.4)

Rconc,O2 = PO2,1T e
PO2 ,2
T p0.5

xCO2,average
x0.5O2,average

(Eq. 6.5)

For the ohmic resistance, I considered the previously introduce equation (Eq. 3.17):

RΩ = PΩ,1e
PΩ,2
T (Eq. 6.6)

To fit the parameters of the ohmic resistance, I used experimental data collected at different operating
temperature as reported in Fig. 6.2. Two series of data for two independent cells are reported. The trends
of both series are the same, but the values are slightly different for the two cells due to minor experimental
variation. Considering an average value to determine the parameters is possible and does not particularly
affect the results.

Figure 6.2: RΩ of experimental points at different operating temperature (black points) and curve used to fit ac-
cording to Eq. 6.6.

A new set of kinetic parameters to be used in the equations for the non-isothermal dual-anion model
has been re-evaluated and is reported in Table 6.2.

Using this temperature dependent model, I simulated the experimental data at different operating
temperatures. In Table 6.3, some of the main results of the simulations are presented to verify whether
the dependence shown in the graphs of Fig. 6.1 are respected by the developed model. In the first columns
the measured voltage, the simulated voltage and the % error (in absolute value) are presented. For most of
the data the model agrees with the experimental results with less than 2% error. Only for a few data points
collected with apparent utilization of CO2 higher than 110% the errors increase with a maximum of 13%
for the data at 848K . However, this result aligns with findings from previous chapters that data collected
with high CO2 utilization factors had the highest errors. I attributed this to the very low concentration
of CO2 of these points that are characterized by having a pronounced influence of the hydroxide path. In
the last column, the experimentally measured and the simulated utilization factors are presented with the
corresponding percentage errors. In Figure 6.1A, the simulated utilization factors agreewith themeasured
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ones both in terms of values and trend. The worst results are the ones for high utilization of CO2 at low
temperature (848K). However, as previously mentioned, the use of MCFCs at these conditions is almost
non-existent due to the low temperature. Therefore, from a practical standpoint, the minor offset in this
region is negligible.

Paramter Values Units
PCO2,1 1.3 V K−1

PCO2,2 8.98 E9 Acm−2 atm−1

PCO2,3 -10200 K
PH2O,1 5.6 V K−1

PH2O,2 1.37 E8 Acm−2 atm−1

PH2O,3 -9200 K
PH2,1 0.00816 V K−1

PH2,2 1141970 Acm−2 atm−1

PH2,3 -8500 K
PO2,1 8.53E-10 Ω cm2K−1 atm−0.5

PO2,2 10036 K
PΩ,1 0.033 Ω cm−2
PΩ,2 1341 K

l35% open area 4.2 mm
l90% open area 0.9 mm

� 20 �m
"
�

0.3 −

Table 6.2: Kinetic parameters used for the temperature dependent dual-anion model with non-linear resistance
equations for CO2, H2O and H2 and linear resistance expression for O2.
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Data V Simulated V % error on UCO2,measured UCO2,simulated % error on
[V ] [V ] V [%] [%] UCO2

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

Table 6.3: Results of the temperature dependent model fitting for data A, B, C and D at different operating temper-
atures.
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Figure 6.3 presents the results for voltage (6.3A), CO2 utilization factor (6.3B), and carbonate ions
transference numbers (6.3C) simulation for the data A,B,C and D. The average errors are: 2.85% for the
voltages, 2.51% for the CO2 utilization factors, and 2.16% for the carbonate ion transference numbers.

(A) Voltage (B) CO2 utilization

(C) Transference number
Figure 6.3: Parity plots comparing the experimental and simulated data for voltage (A), utilization factor of CO2(B) and carbonate ions transference number (C) evaluated using the model with explicit temperature dependence
for the data A, B, C and D of Table 6.1.

Finally, Figure 6.4 shows the comparison between the experimental and the simulated data using
the model with explicit dependence on the operating temperature. Figure 6.4A shows the results of the
voltage simulation with an average percentage error changes of 6.75%. Figure 6.4B shows the results of
the utilization factor of CO2 simulation with an average percentage error of 4.39%. Figure 6.4C shows the
results of the carbonate ions transference number simulation with an average percentage error changes of
3.95%.
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(A) Voltage (B) CO2 utilization

(C) Transference number
Figure 6.4: Parity plots comparing the experimental and simulated data for voltage (A), utilization factor of CO2(B) and carbonate ions transference number (C) evaluated using the model with explicit temperature dependence
for the all the experimental data.

It is clear from the graph of the voltage, that the model has problems in simulating data at low mea-
sured voltage generating a "tail". In Figure 6.5, the same voltage simulation is represented highlighting
the different data with different colors according to the experimental measured values of utilization factor
of CO2 (Figure 7.7A) and carbonate ions transference number (7.7B). The graph clear show that the "tail"
is due to data having high utilization factors of CO2 or low carbonate ions transference number. This issue
will be discussed in the next chapter.
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(A) Voltage parity plot as function of the UCO2 . (B) Voltage parity plot as function of the tCO2−3 .

Figure 6.5: Parity plots showing the comparison between experimental and simulated data for the voltage.
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7
Further modeling improvements

The model developed until the previous Chapter considers the z-axis diffusion of the reactant gases
from the bulk to the three-phase-boundary where the reactions occur and the temperature dependence
on the polarization resistances. It was demonstrated to be a powerful way to simulate MCFCs working
with dual-anion mechanism obtaining good results in the fitting of voltage, utilization factor of CO2 and
carbonate transference number of the experimental data.

However, it was also shown to have issues in dealing with the fitting of data with high utilization factor
of CO2 or low carbonate transference number. These are operating conditions at which the hydroxide
path starts to be more significant in the cell. This may be due to a lack of an explicit dependence of the
polarization resistance on the carbonate/hydroxide equilibrium that governs the presence of hydroxide in
the melt.

In this Chapter, I am going to present additional experimental evidence to prove the model validity
and use them to improve the expression of the polarization resistances. Also, I will show that the model
is capable to deal with cells working in flow configurations different from cross-flow.

This chapter will be organized as follow:
1. analysis of new experimental evidence on the carbonate/hydroxide equilibrium;
2. analysis of the effects of the hydroxide presence in the melt over the ohmic resistance;
3. development of a new "equilibrium" model;
4. simulation results of the new model;
5. introduction of new flow configuration;
6. result of the simulations of co- and counter-flow operating cells;
7. brief comparison of the dual-anionmodel results to the non-dual-anionmodel previously developed

by my research group.
The results of this chapter will be submitted for publication with the title "Experimental andmodelling

investigation of CO 2–
3 andOH– equilibrium effects onMolten Carbonate Fuel Cell performance in carbon

Capture applications" in the Frontiers in Energy Research [118].
The experimental data presented in this chapter have been provided by EMRE and are presented in

Appendix D in Tables D.1, D.3, D.5, D.2, D.4, D.6 and D.7.

7.1. Experimental evidences of the presence of OH– in the melt

By considering the total mass balances performed between cathode and anode inlet and outlet, the
presence of OH– ions in the melt was assumed but never directly confirmed.

The issue presented at the end of the previous Chapter highlight the need to investigate more on the
hypothesized carbonate/hydroxide equilibrium to improve the resistance expressions. Particularly, the
impact of CO2 and H2O concentrations in the gas phase on the electrolyte should be studied. In this
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line of inquiry, Raman spectroscopy was performed by ExxonMobil colleagues to analyze the changes
in composition of the electrolyte at equilibrium. In particular, a molten carbonate eutectic mixture was
exposed to water vapor (10%) and different amounts of CO2, ranging from 0 – 15% while N2 was used to
balance the gas. Each condition was allowed to equilibrate for several hours until stable spectra could be
collected.

The spectra were collected using a Horiba Jobin-Yvon LabRAMAramis confocal micro-Raman spec-
trometer 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 equipped with a 180° backscattered ar-
rangement. The microscope was a free space Olympus BXFM. The CCDwas a Peltier-cooled 1024x256,
back-illuminated deep-depletion. The objective used was aMitutoyoM Plan APO, SL20x (NA 0.42) with
a working distance of 20mm. A 15-second integration time was used with 3 scans averaged per spectrum
and a collection range of 100−4000 cm−1. The data was analyzed using the software package Grams AI.
Band fitting was done using the Gaussian-Lorentz function on the carbonate and hydroxyl peaks in the
900 − 1200 and 3400 − 3800 cm−1 region of the spectrum, respectively.

The cell used for experiment was a Linkam CCR1000 high temperature catalyst cell reactor. The
molten carbonate eutectic was loaded into a sapphire crucible and placed on a ceramic cloth inside of the
sample holder. The sample holder was then loaded into the CCR100 cell and assembled with a quartz
window and lid. The composition of the eutectic electrolyte studied was 52 mol% Li2CO3/48 mol%
Na2CO3. All spectra were taken at 923K . In the analysis below, the ratio of peak areas was used to
account for changes in absolute peak intensity that can occur due to changes in focusing distance over the
course of an experiment.

In Figure 7.1 a spectrum representative of the results obtained for all the analyzed compositions is
presented. The major peak at 1064 cm−1 corresponds to symmetric stretching vibration of CO 2–3 and is
typically the most intense of the other carbonate related peaks (1049 cm−1 and 698 cm−1) [119, 120].
Additionally, a hydroxide related peak at about 3500 cm−1 was observed for all the range of studied con-
ditions [121]. This suggests that even under normal molten carbonate fuel cell operations, hydroxide is
present in the electrolyte due to the high water content at the cathode side.

Figure 7.1: Raman spectra of lithium/sodium carbonate eutectic under 10% v/v water vapor, balanced with N2 at
923K .

The analysis of the peaks area can provide experimental estimates of the equilibrium constants asso-
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ciated with the hydroxide/carbonate equilibrium in the melt.
2OH−

(melt) + CO2(gas) ↔ H2O(gas) + CO
=
3 (melt) (Eq. 7.1)

Assuming the reaction comes to equilibrium, the equilibrium constant Keq can be expressed as:

Keq =

[

H2O
] [

CO=3
]

[

CO2
]

[OH−]2
(Eq. 7.2)

where "[i]" represents the activity of the i-th component. Because the water concentration was kept
constant through these experiments, the slope of a plot of [CO 2–3 ]/[OH–]2 vs [CO2] would equal the
equilibrium constant divided by [H2O]. Attempts at creating a calibration curve of hydroxide species at
these elevated temperatures have not been feasible to produce as hydroxide concentrations vary under
most gas compositions and hydroxides can decompose at elevated temperatures. Nonetheless, because
the spectroscopy provides with peak areas instead of concentrations, an estimate can be obtained. This is
shown below in Figure 7.2.

Figure 7.2: Peak Area Ratios vs CO2 in gas phase to estimate carbonate/hydroxide equilibrium constant.

From this estimation the equilibrium constant can be assumed to be close to 0.0043 atm−1 which
indicates that the equilibrium is highly shifted toward formation of carbonate. Nonetheless, this result
should be considered only from a qualitative point of view. This is in line with experimental observations
on molten hydroxide fuel cells in which very small presence of CO2 are poisonous to the cell as they
completely turn into carbonate modifying the electrolyte [106, 122, 123].

From this analysis, it is possible to conclude that the cathode gas concentration has a significant in-
fluence on the electrolyte composition that is altered in accordance with the carbonate/hydroxide equilib-
rium. Although this aspect was mentioned in the discussions previously presented, the presented results
confirmed the assumptions.
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7.2. Hydroxide anion effect on the ohmic resistance

The presence of OH– should influence the ohmic resistance (RΩ) of the cell as it alters the electrolyte
composition and thus its ionic 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 RΩ. This dependence has not been adequately studied in literature and usually the MCFC
ohmic resistance is considered as a function solely of operating temperature [46, 54].

To experimentally measureRΩ of an MCFC, Electrochemical Impedance Spectroscopy (EIS) or Cur-
rent Interruption Technique are usually performed. For the experimental campaigns, initially only a few
values were measured mainly to assess the degradation level of the used cells. For this reason, initially,
RΩ was assumed to have a constant value or depend solely on the operating temperature.

However, for the data collected with cells having a CC with 90% open area,RΩ values were measured
more consistently. Consequently, for these data, I decided to examine how the simulation results would be
affected by assuming the measured values of RΩ compared to the constant values. In particular, I wanted
to verify whether and how the results of the voltage simulation would be affected.

Figure 7.3 shows the simulation comparison between the data simulated using a fixed average value
for RΩ ( ) and the data using the EIS measured experimental value of RΩ for each data ( ). The graph
shows that the difference between the two simulations is not particularly significant. However, the fitting
performed with theRΩ of which we knew the exact values ( ) consistently shows simulated values closer
to the parity line compared to the ones where the RΩ was fixed ( ). In particular, if the low voltage data
are considered, it appears that the EIS evaluated RΩ is consistently lower than the average one. These
low voltage data usually correspond to experimental points with low cathode concentration of CO2 due to
either highUCO2(> 90%) or low tCO2−3 (< 0.7). Thus, for these data points, the concentration of hydroxide
in the melt is mostly higher compared to the other data. This is in accordance with the literature [124]
that mentions that the hydroxides are more conductive compared to the corresponding carbonate ones
(i.e.: KOH and K2CO3). For example for a melt of KOH and K2CO3 at 953K if the KOH is in 97.9%
mol than the conductance is 2.32Ω−1 cm−1, and it decreases to 1.94Ω−1 cm−1 when the KOH mol % in
the melt is of 91.5%.

Figure 7.3: Square graph (Experimental vs. Simulated data) comparison between the data simulated using a fixed
values for the internal resistance ( ) and using the values obtained from the EIS ( ).
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Although, the graph of Figure 7.3 shows that a more precise value of RΩ can increase the simulation
results, this value cannot be always known without time intensive experimental testing. Thus, I decided to
investigate the dependence ofRΩ on the gas composition since it was not observed before in the literature
and to verify whether the EIS measured values could be predictable.

The main parameters that can influence the presence and the amount of hydroxide ions in the melt are
the concentrations of CO2 and H2O which in fact are responsible to shift from a carbonate to a hydroxide
driven path. For this study, I decided to analyze the dependence of RΩ as function of the average (inlet-
outlet) molar fractions of CO2 (xCO2 and its ratio with that of H2O, UCO2 and tCO2−3 . In Figure 7.4 the
dependences of RΩ versus all these variables are represented. The different colors and shapes of the dots
indicate different series of experimental data: similar conditions with only one variable changed at a time.
Dependence on H2O molar fraction was not considered as in the studied conditions, despite its migration
to the anode side, the different between inlet and outlet is not significant.

Graph 7.4A shows the dependence of RΩ on the average molar fraction of CO2 focusing on the range
0.0175 ≤ xCO2 ≤ 0.030. On average the RΩ increases with increasing average CO2 molar fraction as
more carbonates become present in the melt. Graphs 7.4B presents the dependence of RΩ on the ratio
between the average molar fraction of CO2 and the average molar fraction of H2O. On average the RΩ
increases with increasing ratio, due to the lower presence of hydroxide in the melt. Graphs 7.4D and 7.4C
show the dependence of RΩ on UCO2 and tCO2−3 . On average, RΩ decreases with decreasing transference
number and increasing CO2 utilization. Indeed, the first signifies an increasing utilization of water in the
reactions and thus an increasing presence of OH– in the melt, while the second represents high depletion
of CO2 and thus an increasing possible formation of hydroxide in the melt.
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(A) [RΩ as function of the inlet-outlet average xCO2 molar
fraction.

(B) RΩ as function of the ratio between inlet-outlet aver-
age xCO2 and xH2O molar fraction.

(C) RΩ as function of the tCO2−3 . (D) RΩ as function of the UCO2 .

Figure 7.4: RΩ dependence on the different variables that affect or result from the presence of OH– in the electrolyte
melt. Each series represented in the graphs by different colors and symbols represent a set of experimental data
where all points have been collected in the same conditions with the exception of an analyzed single variable (i.e.:
CO2 inlet concentration, CO2 utilization factor, etc.).

Thus, from the analysis of all the graphs presented in Figure 7.4, it is possible to conclude that the
lower presence of CO2 due to either a low initial concentration, high consumption, or a higher presence
of the hydroxide path reduces the values of RΩ due to an increasing amount of OH– in the electrolyte
melt. This result is particularly important because it suggests that in some sections of the operating cell,
where the OH– concentration is relatively high, the resistance can be lower compared to the cell average.

Consequently, to improve the model, a proper formulation that relates the value of RΩ to the studied
variables should be identified. RΩ can be considered as sum of two different contributions: the resistance
due to the electrolyte RΩ, melt and the resistance due to everything else RΩ, non − melt.

RΩ = RΩ,melt + JTOTRΩ,non−melt (Eq. 7.3)
However, there is no information to distinguish between these two contributions. Thus, I initially decided
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to hypothesize all the RΩ as only due to one function related to the electrolyte composition.
RΩ = RΩ,0 + f

(

tCO2−3 , xCO2 ,…
)

(Eq. 7.4)
Between all the considered variables, the carbonate ions transference number is the one that shows the
clearest dependence. Therefore, for simplicity, I decided to consider only it to find a possible dependence
of RΩ on the melt composition.

The more plausible functions that can describe the dependence of RΩ on tCO2−3 are an exponential
function (A) and a sigmoidal function (B) as presented in the graph of Figure 7.5. It is important to
underline that the set of data represented in the two graphs is the same, but a final fictitious point (in blue
in the graph 7.5B) was added to complete the sigmoidal graph to properly fit the curve. This was done
because this second trend is more plausible since we can expect the resistance to shift from a hydroxide
lower resistance to a carbonate higher resistance at increasing tCO2−3 .

(A) Exponential behavior. (B) Sigmoidal behavior.
Figure 7.5: Possible dependence of the RΩ on the carbonate ions transference number. A fictious point has been
introduced in graph 7.5B to better show sigmoidal behavior.

The exponential equation is of the form of:

RΩ = RΩ,0 + Y1 e
t
CO2−3
Y2 (Eq. 7.5)

and considering an average value that takes into account all the available data, it can be fitted as:

RΩ = 0.33 + 1.6 ∙ 10
−9 e

t
CO2−3
0.051 (Eq. 7.6)

RΩ = 0.375 + 1.6 ∙ 10
−9 e

t
CO2−3
0.051 (Eq. 7.7)

The sigmoidal equation is of the form of:

RΩ = RΩ,0 +
Y3 − RΩ,0

1 + Y5 ∙ 10
Y4−tCO2−3

(Eq. 7.8)

and considering an average value that takes into account all the available data, it can be specific as:
RΩ = 0.3 +

0.365 − 0.3

1 + 12.89 ∙ 10
0.889−tCO2−3

(Eq. 7.9)

94



CHAPTER 7. FURTHER MODEL IMPROVEMENTS

RΩ = 0.37 +
0.45 − 0.37

1 + 12.89 ∙ 10
0.889−tCO2−3

(Eq. 7.10)

In both cases, I obtained two final expressions for the RΩ because there were two series of data with
significantly different resistance. Substituting Eqs. 7.6, 7.7, 7.9 and 7.10 for the RΩ expression, the
experimental data were refitted using the temperature dependent z-axis diffusion model.

Figure 7.6 shows the results as comparison between different data fitting using different formulation
for theRΩ: average value of the data series, EIS measured value for each data, exponential and sigmoidal
formulation.

Figure 7.6: Comparison between simulation and experimental data using different solutions for how to expressRΩ.

As expected, the graph shows that (i) none of the different solutions offer a fitting that is significantly
more accurate than using the average value, and that (ii) a more accurate expression for the RΩ does not
appear to solve the “tail” issue of the voltage simulation. From this analysis on the ohmic resistance, it
can be concluded that the RΩ of an MCFC is influenced by the inlet gas composition when it can lead
to changes in the electrolyte compositions, and thus this phenomenon was not evidenced in past works.
In the analyzed case, water forms hydroxides that substitutes the carbonates of the melts. This allow the
RΩ to decrease in accordance with [104]. However, although this result is interesting, it does not offer a
better solution in the fitting of the data. For this reason, for all the next simulations I decided to continue
using an RΩ average value for the old series of data that missed the RΩ value measured through EIS, and
to use the RΩ value measured with EIS for the data for which this is known.

7.3. Final optimized model

As shown in the graphs presented at the end of the previous Chapter, the model has a problem in
properly dealing with the voltage simulation of data at high utilization of CO2 (>90%) or low transference
number of carbonate ions (<0.7). This may be because the carbonate-hydroxide equilibrium has not been
properly introduced in the resistance equations. Assuming fast kinetics, the equilibrium should regulate
the presence of hydroxide in the melt, thus controlling when the hydroxide path can increase. Since the
simulations of the utilization factor of CO2 and the one of the carbonate ions transference number do
not show similar behavior, I think the problem is that we overestimate the hydroxide resistance when
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the hydroxide path increases its extent, thus underestimating the voltage. The polarization resistance
equations of both CO2 and H2O are written in the following form:

Rconc,i = −
Pi,1 T
Jm

ln
⎛

⎜

⎜

⎝

1 −
Jm

Pi,2 e
Pi,3
T pi

⎞

⎟

⎟

⎠

(Eq. 7.11)

In this form, in the logarithmic part, the ratio between the bulk and the reacting concentration is
represented. Thus, as explained in the model development, Pi,2 e

Pi,3
T groups the mass transfer resistance

that involves dissolution of the reactants in the melt, diffusion of reactant in the melt, etc.
The pre-logarithmic Pi,1 T

Jm
is actually �′iRT

�′ezeFJm
, where Pi,1 groups the following expression of constant:

�′iR
�′ezeF

. This should have a value of about 4.3 10−5 J K−1 s−1A−1 without taking into account of the cor-
rection due to the ratio between �′i and �′e whose values should be around 1. However, as mentioned
in the literature [125], the experimentally fitted value of Pi,1 is usually higher than the calculated one.
This is the same in the model here developed (refer to Table 6.2) for the Pi,1 of CO2, H2O, but also H2.
However, although in the case of H2 the value is still close to the one calculated, for both CO2 and H2O
this value greatly differs. I think that in the development of the model, to properly fit the data, I uncon-
sciously included a correction to consider the equilibrium, consequently altering the resistance values.
However, since this is not properly specified and is constant all over the cell plane, I think that it resulted
in overestimating the resistances values (especially of H2O) especially where the extent of the hydroxide
path is more prominent than the carbonate one.

Therefore, to properly express the polarization resistances of CO2 and H2O, I should consider a more
precise way to include the equilibrium effects on the anions. I can assume the polarization resistances
of both CO2 and H2O as the product between the pure electrochemical resistance and a function of the
concentration of the related anion in the melt that increases or decreases the apparent resistance value
according to the melt composition. I assume this function as the one presented in Eq. 7.12, being “i” the
gas component (CO2 or H2O) and “m” the related anion (CO 2–3 or OH–).

Ri = f
(

Cm
)

× Ri, electrocℎemical (Eq. 7.12)
However, I do not know how to accurately express the anion concentrations in the melt. Thus, considering
the carbonate-hydroxide equilibrium reactions, I can express the two functions as dependent on the ratio
between the two anions concentrations multiplied by a constant for conversion (Υm) as:

fCO2−3

(CCO2−3
C2OH−

)

= ΥCO2−3

(

CH2O

CCO2

)

1
Keq

(Eq. 7.13)

fOH−

(

C2OH−

CCO2−3

)

= ΥOH−

(

CCO2
CH2O

)

Keq (Eq. 7.14)

To simplify these functions and make them more manageable I added the following assumptions:
1. Since theMCFC operating temperature range is limited,Keq can be assumed to be a constant value,

thus we can group it together with ΥCO2−3 and ΥOH− reducing the actual number of parameters we
must identify.

2. The gas concentration can be expressed as molar fraction considering the Henry’s Law constant
that can be assumed having a constant value in the temperature range of MCFC, thus allowing to
group them with ΥCO2−3 and ΥOH− .
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Therefore, I can obtain two more fairly simple formulations (Eqs. 7.15 and 7.16) that require the identi-
fication of only two additional parameters.

fCO2−3

(CCO2−3
C2OH−

)

= ΥCO2−3

(

xH2O

xCO2

)

(Eq. 7.15)

fOH−

(

C2OH−

CCO2−3

)

= ΥOH−

(

yCO2
yH2O

)

(Eq. 7.16)

Substituting Eqs. 7.15 and 7.16 in Eqs. 7.13 and 7.14 we can obtain the polarization resistances of CO2
and H2O. Since both A′m and Pm,1 are constant parameters that need to be evaluated I grouped them
together as: Pm,1 = Pm,1A′m.

Rconc,CO2 = −

(

xH2O,average

xCO2,average

)

PCO2,1 T
JCO2−3

ln

⎛

⎜

⎜

⎜

⎝

1 −
JCO2−3

PCO2,2 e
PCO2 ,3

T p xCO2,average

⎞

⎟

⎟

⎟

⎠

(Eq. 7.17)

Rconc,H2O = −

(

xCO2,average
xH2O,average

)

PH2O,1 T
JOH−

ln

⎛

⎜

⎜

⎜

⎝

1 −
JOH−

PH2O,2 e
PH2O,3

T p xH2O,average

⎞

⎟

⎟

⎟

⎠

(Eq. 7.18)

Rconc,H2
= −

PH2,1 T
JTOT

ln

⎛

⎜

⎜

⎜

⎝

1 −
JTOT

PH2,2 e
PH2 ,3
T p ln

(

1 + xH2

)

⎞

⎟

⎟

⎟

⎠

(Eq. 7.19)

Rconc,O2 = PO2,1T e
PO2 ,2
T p0.5

xCO2,average
x0.5O2,average

(Eq. 7.20)

RΩ = PΩ,1e
PΩ,2
T (Eq. 7.21)

A final set of kinetic parameters have been identified and the new values are presented in Table 7.1. Using
these new set and Eqs. 7.17 (Rconc,CO2), 7.18 (Rconc,H2O), 7.20 (Rconc,O2), 7.19 (Rconc,H2

) the experimental
data collected in cross flow were refitted to verify whether an improvement can be obtained.

Pi Value Units
PCO2,1 0.333 V K−1

PCO2,2 5.34 E8 Acm−2 atm−1

PCO2,3 -7000 K
PH2O,1 38.5 V K−1

PH2O,2 2.36 E6 Acm−2 atm−1

PH2O,3 -6000 K
PH2,1 0.00816 V K−1

PH2,2 8715.5 Acm−2 atm−1

PH2,3 -4000 K
PO2,1 8.53E-10 Ω cm2K−1 atm−0.5

PO2,1 10036 K

Table 7.1: Kinetic parameters used for temperature dependent dual-anion “equilibrium” model.
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In Figure 7.7 the results of the simulation of the voltage data are presented in four different graphs.
To allow a better comparison, graphs 7.7A and 7.7B show the simulation done using the temperature
dependent model without equilibrium correction already presented at the end of the previous Chapter.
Graphs 7.7C and 7.7D show the simulation done with the new temperature dependent equilibrium model.
Graphs 7.7A and 7.7C are color coded according to the experimental values of CO2 utilization, while 7.7B
and 7.7D are color coded according to the experimental values of transference number. Clearly, the new
model improves the results highly reducing the “tail”, with an average voltage percentage error of about
4.5%, from the 6.75% of the model that did not include the “equilibrium” correction.

(A) Voltage parity plot as function of the UCO2 using the model
without equilibrium correction.

(B) Voltage parity plot as function of the tCO2−3 using the model
without equilibrium correction.

(C) Voltage parity plot as function of the UCO2 using the model
with equilibrium correction.

(D) Voltage parity plot as function of the tCO2−3 using the model
with equilibrium correction.

Figure 7.7: Parity plots showing the comparison between experimental and simulated data for the voltage.

Finally in Figure 7.8, the comparison between experimental data for voltage (7.8A and 7.8B), utiliza-
tion factor of CO2 (7.8C and 7.8D) and carbonate ions transference number (7.8E and 7.8F) are presented.
The data has been separated according to the different CC used: 35% open area for 7.8A, 7.8C and 7.8E,
and 90% open area for 7.8B, 7.8D and 7.8F. The results are satisfactory with average percentage error
of 4.39% for the voltage, 5.13% for the utilization factor, and 5.33% for the carbonate ions transference
number for the data with 35% open area, and of 4.63% for the voltage, 3.79% for the utilization factor,
and 3.79% for the carbonate ions transference number for the data with 90% open area. Nevertheless,
I encountered some numerical issue in dealing with data having very high utilization factors of CO2 (>
95%) that I could not simulate.
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(A) Voltage, 35% CC open area. (B) Voltage, 90% CC open area.

(C) UCO2 , 35% CC open area. (D) UCO2 , 90% CC open area.

(E) tCO2−3 , 35% CC open area. (F) tCO2−3 , 90% CC open area.

Figure 7.8: Parity plots showing the comparison between experimental and simulated data for all data sets in terms
of voltage (A, B), utilization factor of CO2 (C,D) and carbonate ions transference number (E,F) evaluated using the
"equilibrium" model (H2 non-linear) for the cross-flow data. Graphs A, C and E are for the data collected with 1st
generation CC (35% open area), while B, D, and F for the one collected with the 2nd generation CC (90% open
area).
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7.4. Application to different flow configurations

The experimental data analyzed until this point were collected using single cells working in a cross-
flow configuration. In this kind of configuration, the cathode and anode flows move in perpendicular
directions as forming a cross from which the name derives (refer to Figure 7.9A).

In experimental or real application apparatus, there are three main configurations that can be encoun-
tered: co-, counter- and cross-flow. In a co-flow configuration, the cathode and anode inlet are located at
the same side of the fuel cells and the two gaseous streams flow in the same direction towards the outlet
(refer to Figure 7.9B). In a counter-flow configuration, the anode and cathode streams flow in the same
direction but in opposite verse. Cathode inlet corresponds to anode outlet and vice versa (refer to Figure
7.9C).

From a manufacturing standpoint cross-flow is the easiest to construct due to manifolding of the fuel
cell stack. Therefore traditionally commercial fuel cells have been in a cross-flow configuration. From an
experimental point of view, the co-flow is the easiest in term of temperature management, since, accord-
ing to its conformation the temperature will increase from inlet to outlet without possible hot-spot in the
middle of the cell (unless degradation or malfunctioning interfere with proper operations). However, it is
the one that provide the worst performance since the driving force of the process decreases moving from
inlet to outlet. The counter-flow represents the best solution in terms of both performance and temper-
ature management. Both co- and counter-flow configurations are difficult to construct especially when
more cells are stacked together. The cross-flow configuration has performance in the middle between
co and counter and can be more easily constructed compared to a counter flow. However, cross-flow
configuration is the one where the steepest temperature gradient can be found.

The model developed to simulate dual-anion mechanism working MCFC is a 2D model. To simplify,
this means that it evaluates the local cell variables on the cell plane alongside the coordinate x and y.
To do that, the cell is divided in a series of sub-cells as shown by the scheme in Figure 7.9. To do
the calculations, the known variables are the total cathode and anode inlet flows. In the cross flow case
studied until now, this mean that calculations can start only from the common sub-cell of which both
cathodic and anodic inlet are known (colored in magenta in Figure 7.9A). To evaluate the performance of
a cell working in co-flow configuration, calculations can start from all the first row of sub-cells (colored
in magenta in Figure 7.9B) that correspond to the anodic and cathodic inlet. However, as is clear from
Figure 7.9C, there is no starting sub-cell of whose inlet flows are known because anode and cathode inlet
are at opposite sides. To evaluate the cell performance, it is necessary to proceed as follow:

1. Hypothesize one of the two outlets
2. Calculate the cell performance using the known inlet and the hypothesized outlet
3. Verify whether the resulting evaluated inlet is equal to the real one
4. If they are the same but for a previously specified error, then the performance has been evaluated;

if not, a new hypothesized outlet should be considered and performance re-evaluated.
This process makes the calculation of counter-flow cells more complex. Additionally, although the
SIMFC code already foresees the possibility to work in both co- and counter-flow mode, I had to add
additional iteration loops for the initialization of the carbonate ions transference number.

I tested the model to simulate both newly collected data in co- and counter-flow configuration. These
data were collected using cell having CC with 90% open area.
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(A) Cross-flow configuration.

(B) Co-flow configuration. (C) Counter-flow configuration.
Figure 7.9: MCFC flow configurations. The yellow arrows indicate the cathode inlet and outlets.

Figure 7.10 shows the results for the co-flow data for voltage (7.10A and 7.10B), utilization factor of
CO2 (7.10C and 7.10D) and carbonate ions transference number (7.10E and 7.10F) using the temperature
dependent model with and without equilibrium correction.

The model without equilibrium correction shows satisfactory results, as in cross-flow configuration,
with average percentage error of 4.48% for the voltage, 1.49% for the utilization factor, and 2.56% for
the carbonate ions transference number. As for the previously presented cross-flow simulations, there is
still the issue of the “tail” in the voltage simulation. Also the model with equilibrium correction shows
satisfactory results with average percentage error of 3.15% for the voltage, 3.27% for the utilization factor,
and 3.49% for the carbonate ions transference number. However, some data with high utilization of CO2
(> 95%) could not be simulated.
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(A) Voltage, model without equilibrium correction. (B) Voltage, model with equilibrium correction.

(C) UCO2 , model without equilibrium correction. (D) UCO2 , model with equilibrium correction.

(E) tCO2−3 , model without equilibrium correction. (F) tCO2−3 , model with equilibrium correction.

Figure 7.10: Parity plots showing the comparison between experimental and simulated data for all data sets in
terms of voltage, utilization factor of CO2 and carbonate ions transference number evaluated using both temperature
dependent models with and without equilibrium correction for the co-flow data.

Figure 7.11 shows the results for the counter-flow data for voltage (7.11A and 7.11B), utilization
factor of CO2 (7.11C and 7.11D) and carbonate ions transference number (7.11E and 7.11F) using the
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temperature dependent model with and without equilibrium correction.
The model without equilibrium correction shows satisfactory results, as for the cross-flow configura-

tion, with average percentage error of 3.04% for the voltage, 1.20% for the utilization factor, and 2.48%
for the carbonate ions transference number. Also in this case, the “tail” issue in the voltage simulation
is present as expected. The model with equilibrium correction shows satisfactory results with average
percentage error of 2.89% for the voltage, 2.30% for the utilization factor, and 1.73% for the carbonate
ions transference number. In this case the number of data that could not be fitted is much higher. This
is due to mathematical issues in dealing with the loops and the initialization of the transference number
and is encountered in data with high utilization of CO2 (> 90%) or low utilization factor (< 0.75).
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(A) Voltage, model without equilibrium correction. (B) Voltage, model with equilibrium correction.

(C) UCO2 , model without equilibrium correction. (D) UCO2 , model with equilibrium correction.

(E) tCO2−3 , model without equilibrium correction. (F) tCO2−3 , model with equilibrium correction.

Figure 7.11: Parity plots showing the comparison between experimental and simulated data for all data sets in
terms of voltage, utilization factor of CO2 and carbonate ions transference number evaluated using both temperature
dependent models with and without equilibrium correction for the counter-flow data.
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8
Integration of Internal Reforming applied
to Solid Oxide Fuel Cells

As mentioned in Chapter 1, MCFCs can work with anode inlet fuels containing CH4 or other light
hydrocarbons thanks to reforming units typically integrated within or near them. They therefore can
self-produce the H2 required by the electrochemical reactions. In the dual-anion model developed in the
previous Chapter, CH4 was not considered as inlet gas, and H2 was used instead. However, this is not
problematic if dual-anion model and internal reforming reaction occur simultaneously in an MCFC as
the former depends on the cathode side inlet and the latter on the anode side one.

For this reason, I decided to integrate into SIMFC the code necessary to take this reaction into ac-
count. In this chapter I will present first a brief introduction to the reforming and how I decided to
consider its inclusion in the model, and subsequently I will present the result of the simulations focusing
on how the model can be used to study the catalysts distribution in terms of performance degradation and
optimization.

However, the work will be presented in regard to Solid Oxide Fuel Cells (SOFCs) and not MCFCs.
There are three main reason for this choice:

1. from a coding/modeling point of view the code to integrate the reforming process is the same for
MCFCs and SOFCs. As both cells would use similar catalysts based on Ni, the reaction kinetics
would be similar and the study of both typology can be unified. Themain difference is the operating
temperature. Moreover the use of SOFCs allow us to neglect the dual-anion model and focus on
the analysis of reforming only.

2. this study was performed in collaboration with Fiammetta Bianchi, a colleague Ph.D. student,
whose focus of study is SOFCs and with whom I collaborate to set up a model for Reversible
Solid Oxide Cells [126].

3. during my Ph.D. experience I had the opportunity to spend 8 months at the Korea Institute of
Science and Technology in South Korea. There I took part in two experimental studies: one on
innovative SOFCs materials (also in collaboration with University of Cassino), and one on SOFCs
materials for dry-reforming of CH4 under sulfur poisoning that will be presented in the next Chap-
ter.1

The results of this chapter have been publishedwith the title "2D Simulation for CH4 Internal Reforming-
SOFCs: An Approach to Study Performance Degradation and Optimization" in Energies [129].

Initially it was consider to validate the model developed in this Chapter using an experimental cam-
paign that was supposed to be conducted during the program final year using SOFCs made using the
catalysts material studied at KIST during the first year. However, the spread of the COVID-19 prevented
this from happening.

1On these works two paper were published: [127] and [128]
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8.1. Fuel Cells and Reforming

A relevant limit to the wide spread of high temperature fuel cells on the energy market is the lack of
a proper network for the distribution of low cost H2 [130]. Several existing processes are continuously
revamped to develop a more efficient and sustainable H2 production route. For instance, steam reforming
of hydrocarbons, the main approach used at industrial level, has been enhanced to obtain a higher quality
outlet syngas thanks to the introduction of new reactor designs including catalytic membranes or sorption
enhanced steam reforming [131, 132]. Partial oxidation reaction has been introduced in different appli-
cations thanks to the need for lower working temperature and higher fuel conversion obtained through
the introduction of self-sustained electrochemical promoted catalysts [133]. Gasification of biomass has
also gained literature attention in the last decades, considering its wide diversity and overall availability
[134]. Water electrolysis is also becoming a competitive application through the integration with renew-
able sources in order to reduce requested external power and operating costs [135].

An alternative path to overcome this issue is the possibility to use directly light hydrocarbons such
as CH4 or CH3OH as fuel. As introduced in Chapter 1, MCFCs, but also SOFCs, can work with light
hydrocarbons exploiting reforming processes for the production of the H2 needed for the electrochemical
reactions.

The use of alternative fuels makes high temperature fuel cells safer due to the highly flammability
and volatility of pure H2. In addition, from an environmental perspective, it means that these fuel cells
can operate using renewable fuel such as biogas reducing the total carbon print in the atmosphere.

For the integration of reforming with fuel cells there are three possible configurations that can be
considered as presented in Figure 8.1:

1. External reforming (ER): the fuel cell and reforming units are two distinct blocks. In the reforming
reactor, H2 is produced from light hydrocarbons and consequently fed to the fuel cell anode inlet
(Figure 8.1A);

2. Indirect internal reforming (IIR): the cell and reforming units are two neighboring blocks in order
to favor thermal exchanges (Figure 8.1B);

3. Direct internal reforming (DIR): the reforming takes places inside the cell using the Ni-based anode
material as catalyst (Figure 8.1C).

While the first option is the easiest to operate thanks to the lack of interactions between two different
units, the others are more efficient as the heat needed for the endothermic reforming can be provided
by the exothermic electrochemical process. At the same time, the amount of cell cooling provided by
flowing excess air decreases because the reforming prevents an excessive temperature rise, increasing the
efficiency of the system. Additionally, capital and operating costs are reduced without the use of separate
external units [136]. Compared to IIR, the DIR configuration also allows further process optimization as
the continuous electrochemical consumption of H2 enhances the hydrocarbon conversion thus resulting in
a more uniform H2 distribution [137]. However, this design is characterized by considerable temperature
gradients and relevant carbon deposition [138]. The high Ni anodic content, at these temperatures, favors
a reforming process faster than the electrochemical one. Consequently, hydrocarbon conversion is usually
complete within a small distance from the cell inlet, leading to initial severe cooling effects. Even if proper
cell materials are used to reduce the mismatch among thermal expansion coefficients, the subsequent
temperature gradient on the fuel cell plane may induce system failure [139]. Indeed, creep formation is
favored using brittle ceramics. However, it also occurs in the metallic interconnects that are characterized
by a thermal behavior strongly dependent on temperature [140]. Appropriate modifications of the anodic
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Figure 8.1: Possible integration of fuel cell and reforming.

structure, such as the partial poisoning of active sites or doping processes [141], are under investigation
to decrease the reforming rate.

Another common problem is the carbon deposition that is catalyzed by the presence of Ni and results
in decreasing the active sites. This phenomenon is reversible and can be minimized by increasing the inlet
steam to carbon ratio (S/C ratio) without a high fuel dilution to avoid the reduction of electrical efficiency
[142].

A further issue is the presence of pollutants in the fuel stream that can degrade cell materials and
deeply reduce both reforming and electrochemical performance. As for their amount, the type of such
pollutants highly depends on the fuel source and usually consists of sulfur-based and chlorine-based
compounds [143]. If biogas is used as fuel, siloxanes might represent relevant issues [144] too. Among
these numerous compounds, H2S is the most common poison for catalyst activity. The adsorption of S
and the subsequent formation of secondary Ni S phases can cause serious but reversible degradation
[145], making fuel pre-treatment fundamental. To lessen the possible damage, alternative sulfur tolerant
materials, such as metal sulfides [146], are under investigation.

For process improvement, all three configurations of MCFC and SOFC reforming integration have
been analyzed in the literature using different levels of details. Such experimental and theoretical studies
focus on both new industrial power generation systems and on their integration into existing plants. In
different works, the simulation is usually performed considering ER or IIR units or, when DIR configura-
tions are presented, simplifying the cell through 0D [147, 148] and 1D [142, 149] approaches. Although
effective in a first feasibility analysis, such models disregard local effects, especially in terms of tempera-
ture and current density. This may lead users to contemplate possible solutions that could in reality bring
the cell to failure.

A more detailed analysis is performed through 2D simulation. Considering a planar geometry, cross-
section is commonly assumed as system domain to evaluate the main changes in chemical-physical fea-
tures in flow direction and along cell thickness [138, 150, 151]. These studies guarantee a quite good
overview of cell behavior in co- and counter-flow configurations, since flow channels can be approxi-
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mated as plug flow model, whereas in the case of cross-flow design, the analysis should consider occur-
ring gradients on cell plane section that is a less common assumption [152]. The complete knowledge
of the system is reached only through a 3D approach [153, 154]. This permits a more detailed modeling
but requires long computational times to reach a solution penalizing its use. On the other hand, when a
tubular cell is simulated, 2D modeling is sufficient to describe completely system behavior [155].

A further step consists of the analysis of occurring degradation and poisoning phenomena. In liter-
ature, they have been mostly investigated with experimental tests on both single cells [156] and stacks
[157] as well as in terms of regeneration [158]. However, there are fewmodeling efforts that evaluate cok-
ing and H2S poisoning influence on electrochemical performance based on empirical [159] or theoretical
formulation [160].

In the following, I am going to present how I integrated the internal steam reforming of CH4 inside the
SIMCF code for the simulation of DIR-SOFC in industrial applications using a biogas type fuel (mixture
of CH4, CO, CO2, H2, and H2O).

8.2. Reforming kinetics

In the literature three different modeling approaches are mainly followed to describe the reforming
reaction[137]:

1. equilibrium;
2. power law kinetic formulation;
3. surface reaction kinetic model.
The equilibrium approach assumes that the reforming reaches the thermodynamic equilibrium as

indicated by Eq. 8.1, where Keq,SR is the equilibrium constant, and pi,eq are the partial pressures of the
reactants at the equilibrium [161].

Keq,SR =
pCOeqp3H2,eq

pCH4,eqpH2O,eq
(Eq. 8.1)

The equilibrium constant is usually expressed according to either a rigorous Van’t Hoff formulation (Eq.
8.2) [162] or a simplified semi-empirical approach (Eq. 8.3) [163].

ΔG = −RT lnKeq,SR (Eq. 8.2)

Keq,SR = e
(30.114− 26830

T ) (Eq. 8.3)
where ΔG is the Gibbs free energy variation [J mol−1], R the ideal gas constant, and T the temperature.

Experimental results show that the actual conversion of CH4 is lower than the equilibrium one [164].
Hence, the use of this approach may require appropriate corrections to properly reproduce experimental
data. This is usually done through a temperature approach that consists in assuming a different tempera-
ture than the operating one for the evaluation of the equilibrium constant. Since the results are independent
from catalyst amount and distribution, this approach can be effectively used to describe 0D systems.

A power law kinetic formulation approach is based on semi-empirical equations, as described in Eq.
8.4. The SR reaction rate (rSR) is usually expressed as the product between a kinetic constant (kSR) and
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the partial pressure of reactants elevated to different exponents. Both kinetic constant and exponents are
fitted through analysis of experimental data.

rSR = kSRAp
�
CH4

p�H2O
p
H2

p�CO2p
"
CO (Eq. 8.4)

The dependence on H2, CO2, and CO is usually negligible (that is, 
 , �, and " are close to zero), thus the
reaction rate is usually assumed as a function of CH4 and H2O. Consequently, � and � values may vary
among different studies [165, 141]. The literature generally agrees that the reforming has a first order
dependence on CH4 partial pressure, while the order of water seems highly influenced by the S/C ratio.
It can be positive for low S/C ratio, zero for S/C close to two, and negative for higher values of S/C [166].
This is explained by the negative effects that large amounts of water has on the CH4 adsorption on the
catalyst surface [164]. This approach does not require the knowledge of the mechanisms involved and
can be easily applied when a large number of experimental data are available for model tuning. However,
results are specific to the analyzed case and cannot be directly applied to different systems.

The surface reaction kinetic model approach describes the different mechanisms as a sequence of in-
termediate phenomena, consisting of adsorption, surface reaction, and desorption of all present species.
The rate of the total kinetics is determined by the slowest phenomenon that changes at different tem-
peratures and reactant-product compositions. Such kinetics are usually modeled following the Lang-
muir–Hinshelwood or the Hougen–Watson approaches. The first one assumes a bimolecular reaction
between two reactants adsorbed on neighboring sites as the rate-limiting step and the water dissociation
into atomic H and hydroxyl groups OH (Eq. 8.5) [167].

rSR =
kSRA

∏

p'ii
(

1 +
∑

Kip
'i
i
)�

(

1 −
QSR

Keq,SR

)

(Eq. 8.5)

The second approach also takes into account the sorption and the reaction of intermediates (Eq. 8.6)
[167].

rSR =
kSRA

∏ p'ii
p
�j
j

(

1 +
∑

Ki
p'ii
p
�j
j

)�

(

1 −
QSR

Keq,SR

)

(Eq. 8.6)

In both Eqs. 8.5 and 8.6, the numerator shows the kinetics dependency on involved gases, while the de-
nominator considers the availability of active sites through adsorption isotherm. The last term, expressed
as the ratio between the reaction quotient QSR (Eq. 8.7) and the equilibrium constant Keq,SR, represents
the driving force of the overall process.

QSR =
pCOp3H2

pCH4
pH2O

(Eq. 8.7)

Both kinetic kSR and adsorption Ki coefficients can be described by an Arrhenius type dependency on
the operating temperature (Eqs. 8.8 and 8.9).

kSR = k0exp
−
Eact,SR
RT (Eq. 8.8)

Ki = K
−
ΔHads,i
RT

0,i (Eq. 8.9)
where k0 and K0,i are the pre-exponential coefficients, Eact the activation energy of SR reaction, and
ΔHads the adsorption enthalpy variation. In DIR fuel cell modeling, Eq. 8.6 is commonly used, con-
sidering the values detected for Ni MgAl2O3 spinel catalysts as reference of kinetics parameters [161].
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Since the process rate is strongly influenced on catalyst features, such as the support used, Ni percentage,
and particle size, this approach is not always effective for SR occurring inside a fuel cell due to the higher
Ni content compared to the traditional SR catalyst needed to guarantee a good conductivity [141].

Experimental data suggest that, for Ni/YSZ, the material usually employed as the SOFC anode, the
rate-limiting step is the CH4 dissociative adsorption. Thus, a first order expression function of only CH4
partial pressure is formulated in accordancewith power lawmodels. Under the assumption that the surface
cannot be covered by other components, the adsorption dependency is neglected, and the kinetic rate is
expressed through Eq. 8.10 as reported indifferent works [164, 141, 167].

rSR = kSRApCH4

(

1 −
QSR

Keq,SR

)

(Eq. 8.10)

The kinetics constant kSR usually depends on available catalyst active area. These kinetics have been
validated over a wide range of temperatures and S/C ratios.

For this work, I decided to implement in the code both equilibrium (Eq. 8.1) and surface reaction
kinetics approach (Eq. 8.10). It is important to underline that the first is independent of the specific used
catalyst, while the second one is expressed in function of its distribution on cell plane.

8.3. Simulation of IR-SOFC

For the simulation a planar cross-flow anode-supported SOFCwith active surface of 1m2 (anode inlet
length = 71 cm, cathode inlet length = 142 cm) was considered. The main cell features assumed for the
cell are presented in Table 8.1.

Property Anode Electrolyte Cathode
Material Ni/YSZ YSZ LSC

Density [g cm−3] 7.7 6 5.3
Heat Capacity [J mol−1K−1] 209.2 121.3 142.3

Porosity [−] 0.4 0.01 0.35
Thickness [�m] 350 5 30
Tortuosity [−] 4 - n.a.

Table 8.1: Physical and micro-structural properties of different SOFC layers considered for the IR simulation.

As kinetic core to describe SOFC performance, the following equation was used [5]:
V = E − RΩJ − Ract,AnJ − Ract,CatJ − RconcJ (Eq. 8.11)

where E is the equilibrium potential [V ], J is the cell current density [Acm−2], Ract,An, Ract,Cat and
Rconc are respectively the activation resistance of anode and cathode and the total concentration resistance
[Ω cm2]. As it was done in the MCFC case previously presented, the ohmic resistance can be expressed
in an exponential form with the following equation, being P1 and P2 empirical parameters:

RΩ = P1 T e
P2
T (Eq. 8.12)

The activation resistances of anode and cathode can be expressed with the following equations:

Ract,An =
RT
F
sinh−1

(

J
2J 0,An

)

(Eq. 8.13)
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Ract,Cat =
RT
2F

sinh−1
(

J
2J 0,Cat

)

(Eq. 8.14)
where J0,An and J0,Cat are the anodic and cathodic exchange current densities expressed as follows:

J0,an = P3
(

yH2,an

)A
(

yH2O,an
)B e−

Eact,An
RT (Eq. 8.15)

J0,cat = P4
(

yO2,cat
)C e−

Eact,Cat
RT (Eq. 8.16)

where P3 and P4 are empirical parameters,A,B andC are the anode and cathode reactants reactions order,
Eact,An and Eact,Cat and are the activation overpotentials of the anodic and cathodic reaction [kJ mol−1].
Finally the concentration resistance can be expressed with the following formulation:

Rconc =
RT
2F

ln

⎛
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(Eq. 8.17)

whereDeff ,H2
andDeff ,H2O are respectively the effective diffusion of H2 and H2O in the gas mixture in

the electrode pores [m2 s−1], and dan is the anode thickness [m].
The parameters used in the SOFC kinetic core are presented in table 8.2

Pi Value Unit
P1 3.53 10−11 Ωm2K−1

P2 6309.8 K
P3 2.8 10−9 Am−2
P4 4 10−10 Am−2

Eact,An 110 kJ mol−1
Eact,An 120 −
A 0.55 −
B 0.5 K
C 0.25 −

Table 8.2: Kinetic parameters to simulate the performance of SOFCs as reported in [5].

The SOFC performance has been studied setting up a current density load of 0.15Acm−2 coupledwith
an H2 utilization of about 75%, common target values according to numerous SOFC producers [168]. The
proposed feed conditions, with inlet S/C ratio of about two (safety condition to avoid carbon deposition
at the cell operating temperature [169]), are represented in Table 8.3.

8.3.1. Base simulation

The comparison between DIR-SOFC simulation assuming reforming reaction at the equilibrium or
kinetics driven is presented in terms of local maps on the cell surface in Figure 8.1. Specifically, the
maps of the H2molar fraction (equilibrium 8.2A and kinetics 8.2B), the temperature of the solid structure
(equilibrium 8.2C and kinetics 8.1D), and the applied current density (equilibrium 8.1E and kinetics 8.1F)
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Inlet Conditions Anode Cathode
T [K] 1023 1023

N [Nm3ℎ−1] 0.75 8.6
xCH4

[-] 0.25 -
xCO [-] 0.03 -
xCO2 [-] 0.13 -
xH2

[-] 0.04 -
xH2O [-] 0.51 -
xN2

[-] 0.04 0.79
xO2 [-] - 0.21

Table 8.3: Inlet operating conditions for the IR-SOFC simulations.

are presented. In both cases, CH4 is almost completely consumed in proximity of the anode inlet (about
10 cm), thus its mapping on the cell plane is not reported here.

As verified before, the high operating temperature allows for a rapid conversion of CH4. This is
confirmed in the literature, where CH4 is observed consuming in the so called “reforming zone” [138].
The equilibrium conversion represents the maximum value that can be theoretically achieved. This is
evident in the kinetics reaction rate expression (refer to Eq. 8.10), where the imbalance between actual and
equilibrium composition represents the driving force of the process ( QSR

Keq,SR
). The consequence is that the

equilibrium case foresees a slightly faster SR to form H2 and CO, reducing local temperature. However,
in both approaches, the newly formed H2 electrochemically reacts to produce H2O at the anode, while CO
mainly produces additional H2 via WGS. Both reactions are exothermic and balance the local decrease
in temperature caused by reforming. As a result, almost all CH4 converts in close proximity of the anode
inlet. H2 is immediately produced by reforming and rapidly depletes along the cell plane to sustain the
electrochemical reactions (Figure 8.2A and 8.2B). As expected, the temperature (Figure 8.2C and 8.1D)
decreases at the inlet due to the reforming endothermicity and increases moving towards the anode and,
to a lesser degree, the cathode outlet where both exothermic electrochemical and WGS reactions occur
[170]. Due to the cross-flow configuration, inlet cathodic gas (bottom left corner of maps) reduces the
anode inlet temperature proceeding toward the cathode outlet. This in turn penalizes the reforming and
the subsequent anodic reactions, limiting any further temperature increase. In both cases, the current
density (Figure 8.1E and 8.1F) increases moving from the anode inlet thanks to the H2 produced that
allows the reactions and then decreases with decreasing CH2 after a peak moving towards the outlet.

The kinetics assumed have a relevant influence on the electrochemical processes. If the fastest equi-
librium reforming kinetics induce an initial peak of H2 production followed by a slow electrochemical
conversion (Figure 8.2A), in the surface kinetics formulation a wider H2 conversion zone (Figure 8.2B) is
detected, causing lower peaks of temperature and local current density (Figure 8.1D and 8.1F). However,
as shown in Table 8.4, the macroscopic results of the simulation are not particularly dissimilar, thus both
approaches can be used as preliminary analysis.
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Reforming operating conditions Equilibrium Kinetics
V [V ] 0.747 0.856

Jmax [Acm−2] 0.88 0.42
Tmax [K] 1110 1084
Tmin [K] 873 828

Taverage [K] 1037 1034
xCH4,max [−] 0.048 0.196
xH2,max [−] 0.402 0.525

Cell Power [W ] 1121 1284
Table 8.4: Main results of the DIR-SOFC simulations based on equilibrium and surface reaction mechanism ap-
proaches.

(A) xH2 [−] map for equilibrium.

(B) xH2 [−] map for kinetics.

(C) T [K] map for equilibrium.
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(D) T [K] map for kinetics.

(E) J [Acm−2] map for equilibrium.

(F) J [Acm−2] map for kinetics.
Figure 8.1: Local results of the DIR-SOFC simulation using SR equilibrium (A, C, E) and kinetics formulation (B,
D, F)
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However, these results are not completely satisfactory. As previously mentioned and shown in Figure
8.1, the rapid conversion of CH4 near the anode inlet induces a steep temperature gradient with a difference
between maximum and minimum temperature of more than 200K in the equilibrium case and more than
250K in the kinetics case. This, coupled with the very high peak current density, can greatly speed up
the degradation processes limiting the cell lifetime.

For this reason, the catalysts active area is usually reduced by a partial poisoning or by changing the
material microstructure [141].

8.3.2. Simulation of catalyst’s degradation and poisoning

As already underlined, the local simulation has several advantages: it allows for a detailed knowledge
of the main chemical-physical features on the cell plane and also a local description of system structure.
Consequently, using a local modeling approach, the degradation of the reforming catalyst and how it
affects the cell performance can be studied.

To simulate the catalysts deactivation that can occur due to phenomena such as sintering, poisoning
induced by sulfur and other pollutants, or carbon deposition, a coefficient (�), as shown in Eq. 8.18, can be
introduced to adjust the reforming kinetics. This coefficient represents a corrective parameter that allows
considering a reduced active area or an unevenly distributed catalyst. Since the equilibrium kinetics is
independent from the active area dimension, this correction has been added only in the surface reaction
approach.

rSR = kSR�ApCH4

(

1 −
QSR

Keq,SR

)

(Eq. 8.18)
An uneven distribution of the SR active sites due to advanced degradation processes can be introduced

considering local values of � to differentiate the cell areas. This is specifically important when there is
the need to simulate long-term applications, where such deactivation phenomena cannot be neglected.
To demonstrate this possibility, I introduced into the code a matrix of �, as presented in Figure 8.3. The
cell surface has been divided into a 20 x 20 mesh, each one has an area equal to 25 cm2: the degradation
process starts at the anode inlet where the sigma value is the smallest. Moving towards the anode outlet
the sigma value increases reflecting a milder degradation effect. Such distribution may derive for instance
from carbon deposition that starts at the anode inlet of the cell, where the reactions initially take place,
and then sequentially shifts to the outlet. Other possible causes could be the poisoning effects of sulfur
compounds and trace compounds present in fed biogas in view of long exposition. It is well known that
sulfur can react with the catalysts thus inhibiting its properties [145]. The local results of the simulation
are reported in Figure 8.4.
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Figure 8.3: Matrix of � to consider the active area reduction due to deactivation processes such as carbon deposition
and poisoning effect.

(A) xCH4 [−] map.

(B) xH2 [−] map.
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(C) T [K] map.

(D) J [Acm−2] map.
Figure 8.4: Results of the DIR-SOFC simulation using the SR kinetics approach correcting the catalysts actual
surface area to simulate the cell degradation.

In proximity to the anode inlet, the conversion of CH4 is negligible due to the highly reduced catalytic
surface area that corresponds to a value of 0.00001 in the � matrix. This can be interpreted as extremely
deactivated or poisoned catalyst. As in Figure 8.5A, then moving towards the anode outlet, the conversion
increases as the flow encounters catalyst with more open active area (� from 0.01 to 0.07 progressively).
The maps of H2, current density and temperature on the cell plane are also influenced, resulting in more
uniform distribution (Figures 8.5B, 8.4C and 8.4D). As Table 8.5 shows, the global performance variation
is not hugely different compared to the normal equilibrium and kinetics cases described in Table 8.4, still
an inefficient use of catalyst occurs.
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Reforming operating conditions Degradation
V [V ] 0.823

Jmax [Acm−2] 0.47
Tmax [K] 1088
Tmin [K] 962

Taverage [K] 1034
xCH4,max [−] 0.25
xH2,max [−] 0.373

Cell Power [W ] 1234
Table 8.5: Main results of the DIR-SOFC simulation considering the catalyst degradation.

It is important to underline that the decrease of the temperature gradient (less than 150K between
maximum and minimum values) and the lower peak current density should not be interpreted as positive
outcomes. They are the results of highly deactivated catalysts that penalizes the performance in terms
of power output, which decreases of about 50W in comparison with kinetics case. The degradation
effects on electrochemical reactions were not considered here, and they could be added with available
experimental data and would more highly affect the power losses.

Through a similar local approach, it is possible to identify the optimized catalyst distribution that can
result in relatively lower temperature gradient compared to the previous solutions without degradation
(kinetics case), thus improving the cell stability in time and its durability. In considered working con-
ditions, the followed framework has been detected in terms of sigma value (Figure 8.5). These uneven
distributions can be obtained in the manufacturing process controlling the catalysts amount and/or by a
light poisoning.

Figure 8.5: Matrix of � to optimize the cell performance in terms of even distribution of temperature and current
density.

In Figure 8.6 amore uniform temperature distribution is predicted on the cell plane, improving also the
global performance as shown in Table 8.6. It is estimated that about 30% of the physical stresses are due
to thermal gradients, highlighting the relevant of this improvement to guarantee a long-term application
[171]. In this case, the difference between the highest and the lowest temperature points is only of about
100K , while it is of more than 250K with uniform catalysts distribution and no degradation (kinetics
case). This result is obtained by expanding the CH4 reforming zone in order to have a more uniform
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conversion. Compared to the previous solutions (equilibrium and kinetics cases), the maximum current
density and H2 molar fraction are also lower, signifying less stressed cell working conditions. Whereas,
for the obtained power, whose value is not penalized by this uneven catalyst distribution, the reduction is
only of about 14W .

(A) xCH4 [-] map.

(B) xH2 [-] map.
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(C) T [K] map.

(D) J [Acm−2] map.
Figure 8.6: Results of the DIR-SOFC simulation using the SR kinetics approach correcting the catalysts actual
surface area to obtain cell performance optimization.

Reforming operating conditions Optimized configuration
V [V ] 0.847

Jmax [Acm−2] 0.29
Tmax [K] 1059
Tmin [K] 963

Taverage [K] 1034
xCH4,max [−] 0.233
xH2,max [−] 0.322

Cell Power [W ] 1270
Table 8.6: Main results of the DIR-SOFC simulation considering the catalyst optimized configuration.
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9
Perovskitematerials for dryCH4 reforming

The study of newmaterials is extremely important to enhance the spread of high temperature fuel cells
on the energy market. Indeed, new materials can support the reduction of the cell operating temperature
(especially in the case of SOFC), the increase of the cell operation time before failure, the increase of the
cell performance by reduction of the activation energy required for the reactions to occur, and the increase
of the resistance toward poisonous gases that may be contained in the feeds.

In this Chapter I am going to present an experimental study to analyze the performance of a Rh
doped perovskite materials as catalyst for SOFC anode to sustain CH4 dry-reforming reaction. This work
was conducted at the Center for Hydrogen and Fuel Cell Research of the Korea Institute of Science
and Technology in Seoul (South Korea) and was supported by the Global Research Laboratory Program
(Grant Number NRF-2009-00406) funded by the Ministry of Education, Science and Technology of Ko-
rea and the Hydrogen Energy Innovation Technology Development Program of the National Research
Foundation of Korea (NRF) funded by the Korean government (Ministry of Science and ICT(MSIT))
(No. 2019M3E6A1104113).

After a brief introduction of these perovskite base catalysts, I will present the description of how the
catalysts powders were obtained. It will follow an analysis of the effects that the catalysts reduction time
and temperature have on the performance to reaction of CH4 dry reforming. To conclude, the effects of
sulfur poisoning as H2S will be presented to show the recovery capability of this kind of catalyst.

The results of this chapter have been published with the title "In situ exsolution of Rh nanoparticles on
a perovskite oxide surface: Efficient Rh catalysts for Dry reforming" on the Korean Journal of Chemical
Engineering [128].

9.1. Metal-exsolved perovskite catalysts

Recently, metal-exsolved perovskite catalysts have attracted considerable interest in the catalysis field,
due to the strong metal support interaction and high dispersibility of their nanoparticles on the perovskite
oxide surface. The formation of these exsolved nanoparticles derives from a phenomenon where the B-
sites of the perovskite oxides (structure: ABO3) are firstly substituted by transition metals (main examples
are Ru, Rh and Ni) under oxidizing conditions, and subsequently released as metal nanoparticles when
exposed to reducing atmosphere [172].

These surface-exsolved nanoparticles catalysts have demonstrated several advantages over the con-
ventional impregnated material-based catalysts. For example, Wei et al. [173] compared two different
Ni supported on LaMnO3-based perovskite catalysts: the first synthesized by the impregnation and the
second by the exsolution method. They observed not only that the Ni-exsolved catalysts exhibited higher
CH4 conversion but also higher stability with a lower extent of coking, compared with the impregnated
ones. These high catalytic activity and stability exhibited by the exsolved catalyst were ascribed to the
high dispersion of the Ni particles, their uniform size distribution, and stronger Ni-surface bonds.

In a similar work, Neagu et al. [174] demonstrated the high coke resistance of Ni nanoparticles sup-
ported on an LST perovskite oxide (La doped SrTiO3). The Ni-exsolved particles were more embedded
in the oxide support compared to the impregnated ones. For this reason, they contained more anchoring
sites connecting the metal and the perovskite surface, that resulted in a lower tendency to agglomerate or
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coke.
These metal-exsolved perovskite catalysts have shown great potential for many real-world applica-

tions, such as CH4 partial oxidation [175], electrolysis of CO2 [176]. and O2 transport membranes [177].
Various studies on CH4 reforming have been reported in literature. Zubenko et al. [178] studied a per-

ovskite LaFeO3-based catalyst with exsolved Re-alloy nanoparticles that exhibited a stable and efficient
CH4 conversion (more than 90% at an operating temperature of 1173K). Chai et al. [179] investigated
a Ni-exsolved nanoparticle perovskite (La0.46Sr0.34Ti0.9Ni0.1O3) with a bimodal size distribution that ex-
hibited better and more stable results compared to the non-exsolved Ni-based catalysts, although the CH4
conversion was low. Oh et al. [180] analyzed different LaCrO3-based catalysts with Ir, Co, and Rh-
exsolved nanoparticles that exhibited a very promising performance; particularly, Ir produced over 90%
CH4 conversion at an operating temperature of 1173K .

The metal-exsolved nanoparticles were also found to show high sulfur resistance. For instance, Pa-
paioannou et al. [181] stated that their perovskite-based catalysts with Fe-Ni-exsolved nanoparticles
exhibited higher sulfur resistance in the CO oxidation reaction compared to the commercial Ni catalysts
and achieve an almost complete recovery once the poisoning was interrupted.

SYT (Sr0.92Y0.08Ti2O3–�)-based perovskite oxides have been used as anode constituent for solid oxide
fuel cells attributed to its high electronic conductivity as well as stability under high temperatures. It was
recently reported that facile exsolution of metal nanoparticles is feasible over non-stoichiometric SYT-
based perovskites. For example, Kim et al. showed successful exsolution of Ni [182], Ru [183] and Rh
[184] nanoparticles from SYT perovskite structure to the oxide surface using different metal loadings.
Although their works showed good results, they never conduced a study to determine the best conditions
in terms of time and temperature for the reduction of the catalysts to exsolve the metal particles. In the
following, a meticulous analysis of the effects of these two variables on the powder reductions will be
presented for a 5% Rh doped SYT with the final porpoise of catalyze the reaction of CH4 dry reforming.

9.2. Catalyst preparation

The Sr0.92Y0.08Ti1.95Rh0.05O3–� perovskite catalyst powders (SYTRh5) were prepared using Pechini’s
method [182, 183, 184]. This is a type of sol-gel synthesis technique that is frequently employed to obtain
well-dispersed metal ions entrapped in a covalent polymer network through an esterification of citric acid
with ethylene glycol. Once the polymer matrix is removed by thermal treatment, a highly homogeneous
complex metal oxide is obtained.

The first step of the synthesis involved the preparation of the following three solutions:
1. yttrium nitrate [Y(NO3)3·6H2O (Junsei), 0.502 g] and strontium nitrate [Sr(NO3)3 (Sigma-Aldrich),
3.191 g] in 100 g of deionized water

2. titanium isopropoxide [Ti(OCH(CH3)2)4 (Junsei), 9.085 g] dissolved in 100 g of ethylene glycol
3. rhodium chloride hydrate [RhCl3·xH2O (Alfa Aesar), 0.198 g] and citric acid [C6H8O7 (Sigma-

Aldrich), 100 g] dissolved in deionized water
The three solutions were slowly mixed in a beaker at 353K , resulting in the formation of a precipitate.
Solution and precipitate were dried at 383K overnight to facilitate gelation and subsequently calcined at
573K for 6 hours under air to remove any remaining organic species. The obtained solid was grounded
and subsequently calcined oncemore at 923K for 10 hours in air to obtain the SYTRh5 perovskite powder
(5 g). A schematic of the process is presented in Figure 9.1. For comparison, a reference SYT perovskite
was prepared without adding the Rh precursor during the synthesis procedure.
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Figure 9.1: Schematic of the synthesis process of the SYTRh5 catalyst powders.

To conclude the powder preparation, after calcination, each sample was reduced. The reduction pro-
cess was conducted ex-situ, at different reduction temperatures and times, under a flux of H2:N2 in the
ratio 40 ∶ 60 (80mLmin−1) in a heating furnace. The samples reduced at 1073K , 1173K , and 1273K
for 24 hours have been represented as SYTRh5 (1073), SYTRh5 (1173), and SYTRh5 (1273), while the
samples reduced at 1173K for 4, 12, and 24 hours have been represented as SYTRh5 (4), SYTRh5 (12),
and SYTRh5 (24), respectively.

9.3. Catalyst characterization technique

To analyze the characteristics of the obtained catalyst powders the following techniques and the ma-
chineries were used:
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1. Brunauer–Emmett–Teller (BET) Surface Area, Pore Volume and Pore Size: a N2 physisorption
technique in a Micromeritics ASAP2000 (accelerated surface area and porosimetry system) instru-
ment was used. Depending on the expected surface area, a known amount of catalyst was first
measure and transferred to a sample tube. The sample tube was exposed to a vacuum environment
where the catalyst was degassed at 343K for 2 hours and 523K for 12 hours in order to remove
any impurities on the catalyst surface. The sample tube was then moved to the analysis port and
N2 physisorption was carried out at 77K . The Barrett-Joyner-Halenda (BJH) pore size distribution
was constructed based on the desorption branch of the isotherm.

2. Temperature-Programmed Reduction (TPR): BELCAT-M chemisorption analyzer (MicrotracBEL
Corp) was used to conduct temperature-programmed reduction of the SYTRh5 catalysts. The sam-
ple was placed in a quartz reactor tube equipped with a thermocouple to monitor the temperature of
the catalyst bed. Pure Ar with a flowrate of 70mLmin−1 was introduced to the reactor at room tem-
perature and the reactor temperature was increased to 523K . The pretreatment of the sample was
maintained for 2 hours to eliminate the adsorbed water on the catalyst surface. The temperature of
the reactor was then decreased to room temperature while flowing pure Ar. For TPR, 70mLmin−1
of 5% H2/Ar was used where the reactor temperature was increased from 323K to 1123K at a
ramp rate of 10K min−1. The outstream of the reactor was connected to a thermal conductivity
detector (TCD) to estimate hydrogen consumption due to the catalyst.

3. X-ray Diffraction (XRD): XRD patterns of the as-prepared SYTRh5 catalysts powders and of the
samples reduced in different conditions of time and temperature were collected using a Miniflex II
diffractometer (Rigaku Co., Japan) with CuK� radiation (wavelength � = 1.5418Å). The diffrac-
tion patterns were collected in the 2� range of 20−90̊ and the identification of the crystallographic
phases was performed using PDXL software.

4. Transmission Electron Microscopy (TEM): to analyze the morphology of the studied catalysts pow-
ders, S-TEM images were taken using a TEM Tecnai F20 (FEI Co., USA) equipped with a high
brightness field emission electron gun (FEG) operated at 200 kV . Before conducting the analysis,
the catalysts powders were suspended in ethanol and sonicated for 15 minutes to obtain a homo-
geneous mixture. A single drop putted on a grid was used to investigate the morphology of the
powders.

5. X-ray Photoelectron Spectroscopy (XPS): to confirm the presence of Rh or S on the catalysts
powder surface, XPS spectra were collected using a K-Alpha+ XPS System (Thermo Scientific
Co.). The samples were loaded in the chamber using carbon tape and the chamber was evacuated
for 2.5 hours. A survey scan was taken for each sample to identify all the elements present on the
powders surface. Following the survey scan, spectra for the specific C 1s, O 1s, Ti 2p, Y 3d, Sr 3d,
Rh 3d and S 2p regions were collected. Prior to the data analysis, the charging effect was corrected
based on the C 1s binding energy of 284.5 eV .

9.4. Dry-reforming activity testing

The catalytic activity of the SYTRh5 catalysts was studied under dry reforming conditions in a fixed-
bed vertical quartz reactor at atmospheric pressure. The gas flow was fed into the top of the tube while
the bottom served as an exhaust line directly connected to a gas chromatograph (GC). To ensure that no
water could reach the GC, the outlet stream was cooled down to a temperature of 277K . The catalyst
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bed was placed in the middle of the tube and for each test 0.2 g of catalyst were used. The composition
of the dry off-gas was measured by GC with a TCD and two separated columns Plot Q and Molesieve
(both 30m in length), using He and Ar, respectively, as carrier gases to determine the concentrations of
H2, CO, CO2 and CH4. A schematic representation of the system is presented in Figure 9.2.

Figure 9.2: Schematic of the system use to conduct the CH4 dry reforming experiments.

The feed consisted of a CH4:CO2:N2 mixture at a ratio of 1 ∶ 1 ∶ 2 in total flow rate of 80mLmin−1.
The gas hourly space velocity was of 1.2 104 ℎ−1.

All the ex-situ reduced SYTRh5 catalysts at different reduction temperature and time were once more
reduced in-situ using the same reduction procedures of the catalyst preparation prior to the dry reforming
reaction except the sample reduced at 1273K as the temperature exceed the limit of the reaction testing
furnace.

Dry reforming of CH4was carried out in the temperature range of 873K to 1173K with 50K temper-
ature increments. At each temperature, 2 hours of reaction was carried out while multiple GC injections
were made. Once the pre-reduction was completed, the reaction temperature was adjusted to 1173K
and the reaction was carried out from 1173K to 873K . The activity testing was repeated from 873K
to 1173K in order to investigate thermal cycling stability of the catalysts. Lastly, for H2S supply, N2
balanced 400 ppm H2S cylinder were used. Additional N2 was added to the reactant in order to obtain
the amount of 100 ppm of H2S. Overall, a mixture of H2S, CH4, CO2, N2 was introduced to the catalysts
bed for a prolonged time to estimate the sulfur-resistance of the SYTRh5 reduced at different reduction
temperature and time. Once a stable activity was achieved under H2S conditions, the inlet of H2S was
stopped to observe whether the catalyst recovers the original activity.

To examine the performance of the catalysts we referred to the conversion rate of CH4 and CO2, and
the ratio between the produced H2 and CO. To evaluate these number, the following equations have been
used:

Metℎane Conversion =
nCH4,in − nCH4,out

nCH4,in
(Eq. 9.1)

Carbon Dioxide Conversion =
nCO2,in − nCO2,out

nCO2,in
(Eq. 9.2)

H2∕CO =
nH2,out

nCO,out
(Eq. 9.3)
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9.5. In-situ growth of Rh nanoparticles on SYT surface

The SYTRh5 catalysts must undergo a reduction process for substituted Rh in the perovskite structure
to exsolve on the surface forming homogenously dispersed Rh nanoparticles. At first, TPR experiment
was conducted in order to understand the exsolution behavior of SYTRh5 at different reduction tempera-
tures. As shown in Figure 9.3, multiple reduction peaks were revealed especially near the low temperature
region. The first peak was assigned to the surface RhOx species that were not incorporated into the per-
ovskite structure thereby remaining on the catalyst surface. It has been reported that the intensity of this
peak increases with high Rh loading indicating that the substitution of Ti sites to Rh are limited to some
extent leading to formation of non-exsolved surface Rh nanoparticles [185]. The second peak of the TPR
profile exhibits exsolution of Rh that are present in the vicinity of the catalyst surface. The substituted
Rh cations that are located near the surface of the perovskite structure is considered to have less diffusion
restriction moving to the surface compared to bulk Rh species thus showing high degree of exsolution at
relatively lower temperatures. On the other hand, a broad peak was obtained between 573K to 1173K
linked to the bulk Rh exsolution. The bulk Rh reduction takes place at much higher temperatures in
wider temperature range. This demonstrates that higher temperature and longer reduction time are possi-
bly needed to fully exsolve the Rh species from the B sites of the perovskite lattice structure. Incomplete
exsolution of Rh due to short reduction time and low reduction temperature can significantly influence
the catalytic activity of SYTRh5 for dry reforming giving inconsistency of the catalytic results.

Figure 9.3: TPR Profile of SYTRh5 catalysts (exsolution of Rh).

9.6. Effect of reduction time

Firstly, the effects that time has on the reduction process were investigated. For these samples the
reduction temperature was fixed at 1173K .
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9.6.1. Particle size of Rh and extent of exsolution

TEM images of the SYTRh5 catalysts reduced at different reduction times were collected to confirm
the exsolution of Rh particles from the SYT perovskite oxide. Figure 9.4 shows the SYTRh5 sample
after reduction performed for 4 (9.4B), 12 (9.4C) and 24 (9.4D) hours at 1123 k. To allow comparison, in
Figure 9.8A the power before reduction process is also presented. Compared to the non-reduced SYTRh5
sample, the sintering level of the SYT support increased with the reduction time. The particle size of the
SYT support increased from an average diameter of 18 nm (non-reduced) to 50 nm for SYTRh5 (4). When
the reduction time was increased to 12 hours, the final powders reached an average diameter of 80 nm that
remained approximately the same up to reduction time of 24 hours.

(A) SYTRh5 catalysts before reduction. (B) SYTRh5 (4).

(C) SYTRh5 (12). (D) SYTRh5 (24).
Figure 9.4: TEM images of the SYTRh5 catalysts before (9.8A) and after reduction at 1173K for 4 (9.4B), 12
(9.4C), and 24 hours (9.4D) for the same scale bar. The red circles on the image indicate Rh-exsolved nanoparticles
formed on the SYT oxide surface.

Similarly, the exsolution of Rh particles to the SYTRh5 surface resulted to be greatly time dependent.
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The SYTRh5 sample before reduction show no formation of Rh particles indicating that most of the Rh
species were incorporated inside the perovskite structure after catalyst synthesis. After 4 hours of reduc-
tion, the SYTRh5 (4) shows low extent of Rh exsolution leading to segregated Rh nanoparticles on the
surface with average dimension of 2 nm, spotted in red circles on the TEM images. The Rh nanoparticles
average diameter increased to 3 nm after 12 hours of reduction, and finally reached dimension between 5
to 10 nm over the SYTRh5 (24) catalysts. Compared to the non-reduced SYTRh5 samples, the presence
of Rh particles on the catalyst surface indicates that exposing the catalyst to a reducing environment is
essential to exsolve Rh species. Interestingly, tiny Rh particles were also observed especially on SYTRh5
(24) (Figure 9.4D). This is likely attributed to the difference in the rate of exsolution of Rh between bulk
and surface and/or immobile Rh particles that are significantly stable under high reduction temperature
compared to others. Furthermore, the possibility of existence of Rh particles close to single-atom size
should not be ruled out for all tested SYTRh5 catalysts since these sites are hardly visible in the TEM
images. Based on these results, a conclusion was reached that longer reduction time should be given to
completely exsolve most of the Rh to the catalyst surface.

Figure 9.5: XRD patterns of the as-prepared SYTRh5 catalysts and SYTRh5 reduced at 11373K 4 hours, 12 hours
and 24 hours. The reference spectra of the SrTiO3 perovskite is shown at the bottom to allow comparison.

In Figure 9.5 the XRD spectra of the SYTRh5 catalyst samples are presented. In comparison to the
reference spectra of SrTiO3 (JCPDS 35-0734), the XRD pattern of the as-prepared SYTRh5 does not
show any major peaks related to the formation of byproducts such as RhO2 except negligible amount of
Sr2RhO4, thus suggesting that the Rh was successfully substituted in the SYT lattice. The spectrum of
SYTRh5 after 4 hours of reduction only reports the peaks related to the perovskite structure without any
secondary peaks that can suggest high stability of the perovskite structure of the SYTRh5 under harsh
reduction conditions. Although approximately 2 nm Rh particles were observed in the TEM images for
SYTRh (4) catalyst, the size of the Rh nanoparticles were too small to be detected using XRD due to
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short-range ordering. With respect to the SYTRh5 (12) and SYTRh5 (24) catalysts, peaks related to
the metallic Rh clearly appear and the intensity of these peaks increase as longer reduction was carried
out over the sample. In good agreement with the TEM results, this explicitly suggests that the extent of
exsolution is extremely dependent on the reduction time.

9.6.2. Oxidation states of exsolved Rh particles

Figure 9.6: XPS Rh 3d fitted spectra of the as-prepared SYTRh5 catalysts and SYTRh5 reduced at 1173K for 4,
12 and 24 hours.

The electronic characteristic of the SYTRh5 treated under different reduction time was examined by
XPS. Figure 9.6 shows the fitted Rh 3d photoelectron XPS spectra of as-prepared SYTRh5 and SYTRh5
(4), SYTRh5 (12) and SYTRh5 (24) samples. Three doublet peaks were observed in the spectra. The
doublet at 306.5 eV and 311.5 eV correspond to the 3d3∕2 and 3d5∕2 orbitals of metallic Rh (Rh0) whereas
other peaks appearing at higher binding energies are attributed to the oxidized Rh states (Rhx+) [185,
186, 187]. In the case of as-prepared SYTRh5 sample, majority of Rh species were oxidized and no
formation of metallic Rh were observed on the catalyst surface. However, with longer reduction time,
significant increase in peak intensity for metallic Rh were acquired revealing exsolution of Rh particle to
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the surface of STYRh5 catalyst. Analysis of the relative areas shows that with increasing reduction time
the percentage of metallic Rh increased compared to the one related to the oxide (Rh metal/Rh oxide ratio
was 38:62 after 4 hours, 50:51 after 12 hours and 53:47 after 24 hours) confirming is higher presence on
the surface due to exsolution. It should be noted that the resolution of the XPS spectra enhances with
increasing reduction time. This is likely ascribed to the increasing surface concentration of Rh located
on the catalyst surface again signifying the exsolution of Rh during the reduction process.

9.6.3. Dry reforming reactivity of SYTRh5 (4, 12, 24)

The SYTRh5 (4, 12, 24) catalysts were tested for CH4 dry reforming in a fixed-bed reactor system
changing the operating temperature from 1173K to 873K and back to 1173K at constant time intervals.
The outlet gas was analyzed byGC to quantify the CH4 conversion, CO andCO2 andH2 yields. The results
are plotted in the Figure 9.7A, and the averaged CH4 conversion values obtained from two temperatures
ranges are reported in Figure 9.7B. The catalytic activity data of all the catalysts tested for this study
can be seen in Table 9.1. Among the catalysts reduced with different reduction time, the SYTRh5 (4)
showed significantly lower catalytic performance regarding the CH4 conversion. The catalytic stability
was also found low. As shown in the Figure, lower CH4 conversions were achieved over SYTRh5 (4)
when the reaction was repeated at equal reaction temperatures. The deactivation of the catalyst was
predominantly attributed to the significant carbon formation on the catalyst surface, which was verified in
the post-catalysis analysis. Compared to the SYTRh (4) catalyst, SYTRh5 (12) indicated slightly better
catalytic performance at all reaction temperature range. Also, similar CH4 conversions were obtained
while increasing the reaction temperature demonstrating high stability of the catalyst. Lastly, SYTRh5
(24) catalyst exhibited the best performance reaching close to 100% conversion at 1123K and completely
repeatable activity results between the two temperature ranges.

The acquired order of reactivity (4 < 12 < 24 hours) under dry reforming condition indicate that the
high catalytic activity is closely related to the higher extent of exsolution of Rh. At longer reduction time,
higher surface concentration of Rh leading to increased number of active sites. On the other hand, shorter
reduction time results in lower surface concentration of Rh on the catalyst surface resulting lower catalytic
activity. Another factor that should be taken into account is the effect of Rh particle size. For example,
Zhang et al. [186] studied the effect of Rh particle size on the catalytic activity of Rh supported on various
supports such as YSZ, Al2O3, TiO2, SiO2, La2O3 and MgO under dry reforming conditions. In their
results, significantly faster deactivation rate was obtained as the particle size of Rh decreases from 6 nm
to 1 nm. Particularly onAl2O3 and SiO2 supports, the deactivation rate rapidly rises from a point of 2.5 nm.
Similar conclusion was made by Ligthart et al. [185] where they found that Rh nanoparticle smaller than
2.5 nm deactivate faster under steammethane reforming reaction compared to others of 4 ∼ 9 nm particles.
This was explained by the small particle size of Rh that contain lower density of step edge sites. The step
sites are predominantly responsible for C-O recombination to remove deposited carbon on the catalyst
surface under methane reforming reaction. In the case of SYTRh5 (4) sample, which was fairly unstable
over the thermal cycling process, the particle size of Rh was close to 2 nm. Therefore, these results are in
good agreement with the aforementioned studies suggesting that the high catalytic activity of SYTRh5
reduced at higher temperatures is attributable to the higher surface concentration of Rh and the larger
particle size.
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(A) CH4 conversion at different operating temperatures.

(B) Averaged CH4 conversion obtained from thermal cycling.
Figure 9.7: Catalytic activity of SYTRh5 (4, 12, 24) catalysts under dry reforming conditions. It should be noted
that the SYTRh5 (4) sample does not recover its original catalytic activity.

9.7. Effect of reduction temperature

As second step, the effects that temperature has on the reduction process were investigated. For
these samples the reduction time was fixed at 24 hours as it resulted the best according to the previously
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SYTRh5 reduced at X K for Y hours (X/Y)
Temperature (K) 1173/4 1173/12 1173/24 1073/24 1273/24

(a) CH4 conversion (%)
873 20.7 29.2 43.8 19.4 49.1
923 27.1 41.1 57.6 25.1 66.2
973 36.9 58.8 71.3 34.5 80.6
1023 50.1 73.6 83.3 49.1 90.0
1073 66.5 83.9 91.5 64.6 94.9
1123 81.2 91.1 96.2 81.1 97.3
1173 90.8 95.8 98.4 91.6 98.3

(b) CO2 conversion
873 19.2 30.3 44.5 16.5 58.1
923 27.8 45.2 61.0 24.5 73.0
973 40.2 65.0 76.0 36.7 86.4
1023 54.8 79.8 87.4 53.5 94.2
1073 71.3 89.0 94.4 70.9 98.0
1123 85.2 95.1 97.9 85.9 99.7
1173 94.1 98.8 99.5 94.3 99.8

(c) H2/CO ratio
873 0.49 0.70 0.73 0.40 0.72
923 0.60 0.88 0.78 0.52 0.80
973 0.67 0.86 0.84 0.61 0.86
1023 0.75 0.87 0.88 0.71 0.90
1073 0.82 0.91 0.92 0.80 0.92
1123 0.87 0.93 0.93 0.87 0.93
1173 0.91 0.95 0.94 0.91 0.94

Table 9.1: Summary of the dry reforming reactivity of the tested SYTRh5 catalysts.
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presented analysis.

9.7.1. Particle size of Rh and extent of exsolution

(A) SYTRh5 catalysts before reduction. (B) SYTRh5 (1073).

(C) SYTRh5 (1173). (D) SYTRh5 (1273).
Figure 9.8: TEM images of the SYTRh5 catalysts before (9.8A) and after reduction at 1073K (9.8B), 1073K
(9.8C), and 1073K (9.8D) for 24 hours for the same scale bar. The red circles on the image indicate Rh-exsolved
nanoparticles formed on the SYT oxide surface.

The TEM images of the as-prepared SYTRh5 catalysts (9.8A) and of the samples reduced at 1073K
(9.8B), 1173K (9.8C) and 1273K (9.8D) are shown in Figure 9.8. Based on the TPR results shown above,
reduction temperatures lower than 1073K were not considered. As shown in the Figure, it was found that
the increase in reduction temperature significantly affects the particle size and number of nanoparticles
exsolved on the catalyst surface. It was found that the average diameters of the SYT support vary from
40 nm (at 1073K) to 50 nm (at both 1173K and 1273K), while the Rh nanoparticles size increase from
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average values of 2 nm for SYTRh5 (1073K) up to 12 nm for the ones reduced at 1273K . The particle size
between SYTRh5 (1173) and SYTRh5 (1273) are comparable pointing out that the exsolved Rh particles
with close to 10 nm size are reasonably stable at this temperature range. However, higher number of Rh
particles were observed in the same region of the TEM images over SYTRh5 (1273) catalyst. These
results again clearly indicate that the temperature of the reducing environment is important in order to
improve the extent of Rh exsolution as well as to control the sintering level of the Rh particles.

Figure 9.9: XRDpatterns of the as-prepared SYTRh5 catalysts and SYTRh5 reduced at 1073K , 1173K and 1273K
for 24 hours. The reference spectra of the SrTiO3 perovskite is shown at the bottom to allow comparison.

The XRD spectra of the SYTRh5 reduced at different temperatures are shown in Figure 9.9. For the
SYTRh5 (1073), as expected, only the peaks related to the perovskite structure were observed due to
the extremely small size of the Rh nanoparticles, while the SYTRh5 (1173, 1273) catalysts reveal peaks
assigned to metallic Rh. The arise of these metallic Rh peaks again indicate exsolution of Rh from the
bulk perovskite structure forming Rh nanoparticles on the surface as shown in the TEM images.

9.7.2. Oxidation states of exsolved Rh particles

Similar conclusion was reached in the XPS spectra. The fitted Rh 3d photoelectron spectra of the
SYTRh5 catalysts after reduction at 10373K , 11373K and 12373K are reported in Figure 9.10 . As
mentioned in the previous XPS section binding energy of 306.5 eV and 311.5 eV , are ascribable to the
Rh metal form [187]. Analysis of the relative areas shows that with increasing reduction temperature
the percentage of metallic Rh increases confirming its higher presence on the surface due to exsolution.
The intensity of the Rh 3d XPS spectra significantly increases as observed previously in the effect of
reduction time study indicating that higher surface concentration of Rh was acquired when reduced at
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Figure 9.10: XPS Rh 3d fitted spectra of the as-prepared SYTRh5 catalysts and SYTRh5 reduced at at 10373K ,
11373K and 12373K for 24 hours.

higher temperatures.

9.7.3. Dry Reforming Reactivity of SYTRh5 (1073, 1173, 1273)

Dry reforming of CH4was carried out to investigate the effect of reduction temperature on the catalytic
activity of SYTRh5 catalysts. The reaction conditions and procedures were the same of the previously
tested samples at different reduction times. The catalytic activity data of all the catalysts tested for this
study can be seen in Table 9.1.

As shown in Figure 9.11A, higher CH4 conversions were obtained using SYTRh5 catalysts that are
reduced at higher temperatures. For example, the SYTRh5 (1173) and SYTRh5 (1273) catalysts showed
considerably higher CH4 conversions at equal temperature of 873K in comparison with SYTRh5 (1073).
As the operating temperature increases, this difference in the CH4 conversion reduces and complete con-
version of CH4 is reached for all catalysts. The greater catalytic activity of SYTRh5 (1173) and SYTRh5
(1273) is due to the higher surface concentration of Rh through exsolution from the perovskite oxide. This
indicates that not only the reduction time but also the reduction temperature determines the (i) surface
concentration of Rh, (ii) particle size of Rh and (iii) metal-support interaction by facilitating exsolution
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of Rh.
Thermal cycling tests were also performed to examine the stability of these catalysts by changing the

reaction temperature from 1173K to 873K and repeating the experiment from 873K to 1173K . While
both SYTRh5 (1173) and SYTRh5 (1273) returned to the initial conversion values, SYTRh5 (1073) could
not showing lower stability. This is attributable to the lower level of exsolution achieved through reduction
at 1073K .

(A) CH4 conversion at different operating temperatures.

(B) Averaged CH4 conversion obtained from thermal cycling.
Figure 9.11: Catalytic activity of SYTRh5 (1073, 1173, 1273) catalysts under dry reforming conditions.
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9.8. Post-test analysis

A post-catalysis analysis was conducted on the SYTRh5 samples that were collected after dry reform-
ing to identify the primary cause for catalyst deactivation over time. In Figure 9.12, the TEM images of the
post-catalysis SYTRh5 samples after 4 hours (9.12A), 12 hours (9.12B), and 24 hours (9.12C) reduction
at 1173K , and after 24 hours reduction at 1273K (9.12D) are presented.

Formation of carbon species as nanotubes is observed in all four cases. However, with increasing
reduction time and temperature, the carbon coking appears significantly limited. The high resistance to
coke formation could be attributed to the stronger metal-support interaction of the exsolved SYTRh5
catalyst, which is not easily achievable over the conventional metal-deposited catalysts. For example,
Neagu et al. [174] reported nano-socketed Ni particles grown through exsolution, which are highly coke-
resistant under CH4 reforming conditions. The authors stated that because these Ni particles are socketed
into the perovskite surface, “base growth” carbon coking is preferred. This growth mechanism, instead
of lifting the metal particles upwards, leads to a carbon formation that is horizontal to the surface. This
is due to the significantly strong adhesion between the metallic phase and the support. Regarding the
SYTRh5 catalyst, the high coke resistance of the SYTRh5 (24) and SYTRh5 (1273) catalysts is therefore
possibly attributed to the formation of larger Rh-exsolved particles whose Rh particles are significantly
more attached to the SYT support, leading to a stronger metal-support interaction. Furthermore, limited
agglomeration of the Rh-exsolved particles were observed over the SYTRh5 (24) and SYTRh5 (1273)
catalysts whereas for SYTRh5 (4) and SYTRh5 (12), the size of the Rh-exsolved particles increased after
dry reforming.
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(A) SYTRh5 catalysts before reduction. (B) SYTRh5 (1073).

(C) SYTRh5 (1173). (D) SYTRh5 (1273).
Figure 9.12: TEM images of the SYTRh5 catalysts after dry-reforming activity tests SYTRh5 (4) (9.12A), SYTRh5
(12) (9.12B), SYTRh5 (24) (9.12C), SYTRh5 (1273) (9.12D).

9.9. Recovery of catalytic activity of the SYTRh5 after sulfur poisoning

The recovery characteristics of SYTRh5 from sulfur poisoning was investigated by flowing a mixture
of H2S, CH4 and CO2 into the reactor at 1173K . The samples reduced at different temperatures were
subjected to the testing: SYTRh5 (1073), SYTRh5 (1173), and SYTRh5 (1273).

As displayed in Figure 9.13, the CH4 conversion of the catalysts reduced at different reduction temper-
atures significantly decrease after introduction of H2S into the reactant stream. This was fairly expected
considering the high concentration of H2S (100 ppm). Although, all three catalyst were severely deacti-
vated under H2S conditions, it was found that the SYTRh5 (1273) showed slightly higher CH4 conversion
of about 29%.

When the H2S feed was interrupted, a complete regeneration of the catalyst was achieved in both cases
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of SYTRh5 (1173), and SYTRh5 (1273), and the CH4 conversions quickly returned to the original level.
On the other hand, the SYTRh5 (1073) catalyst could not recover its original activity even after a few
hours of reaction revealing limited recovery, producing a conversion of about 75% (versus the initial 85%).
It should be noted that all three catalysts deactivated under H2S conditions. The remarkably high recovery
rate of the SYTRh5 (1173) and SYTRh5 (1273) catalysts is attributed to the higher degree of exsolution
of the Rh particles, which is a result of the higher reduction temperature, that are strongly anchored to
the SYT catalyst support. This strong synergy effect between the metallic Rh and SYT support possibly
increases the electron deficiency of the active sites, thereby lowering the desorption energy of the sulfur
species to the metal.

Figure 9.13: H2S poisoning and recovery test results of SYTRh5 (1073, 11730, 1273 reduced for 24 hours) catalystsat operating temperature of 1173K for dry reforming.
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A recent experimental campaign performed by ExxonMobil and FuelCell Energy to explore the possi-
ble use of Molten Carbonate Fuel Cells in Carbon Capture applications has revealed a secondary electro-
chemical path involving the migration of OH– in competition with CO 2–3 ions. This so-called dual-anion
mechanism is of fundamental importance as it can greatly affect the cell performance in terms of both
energy produced and CO2 capture rate. As it was never described before in the literature, it needed to be
studied in particular to derive a model for its simulation. In fact, the modeling of physical and chemical
systems is of extreme importance to understand phenomena, improve or develop new and more sustain-
able processes, and design or control industrial plants.

Firstly, I studied the experimental data to understand their effects on the occurrence of the OH– driven
electrochemical path. From this analysis I was able to identify a circuit to schematize this dual-anion
mechanism. Then, starting from the Butler-Volmer equation, I derived the expression for the polarization
resistance on each reactant. This allowed to establish a base model to simulate cells working at these
conditions. For testing, the model was integrated into an existing Fortran home-made code developed by
my research group for the simulation of high temperature fuel cells called SIMFC. It tested positively with
good fitting of the main studied parameters: voltage, utilization factor of CO2 and carbonate transference
number.

Once the basic model was developed, it was recognized that gas diffusion has an extreme significance
in determining the extent of one path over the other. In particular, experimental evidence performed using
cells having different current collectors or different inert gas at the cathode side showed that the more gas
diffusion is hindered, the more also is the carbonate path. As H2O is smaller than CO2 its diffusion
is less penalized at similar conditions. This allows for higher H2O concentrations at the gas/electrolyte
interface favoring higher formation of OH–. To underline this aspect and allow an easier use of the model,
a new formulation was derived for the polarization resistances of the cathodic reactants. In particular a
gas diffusion term along the z-axis perpendicular to the cell plane was made explicit. Again, this new
formulation was positively tested on different experimental data sets.

This new formulation including z-axis diffusion has a high number of empirical parameters to be
determined for adequate use. However, they are all fundamental to properly describe the system. This
was shown in Chapter 5 by performing a sensitivity analysis.

At this point the kinetic core of the model lacked an explicit dependence on the operating tempera-
ture. The model was developed as such to focus on the effects of the reactants and the diffusion. However,
with such formulation, the model cannot be applied without significant errors to real applications. Con-
sequently, additional data collected at different temperatures were used to study possible effect on the
dual-anion mechanism and integrate the temperature dependence in the model. The analysis proved that
temperature has a negligible effect on the occurrence of one path over the over, and only influence the
overall cell performance in term of measured voltage.

Also, this final model having explicit temperature dependence provided with good fitting of the ex-
perimental data. However, a fair number of data points showed high errors. These data were collected
either with a high utilization factor of CO2 or low carbonate ions transference number. This meant that the
model had issues in dealing with the simulation of data where the hydroxide path extent grows. This was
ascribed to a lack of a proper method to relate the polarization resistance with the carbonate/hydroxide
equilibrium. So, the polarization resistance of CO2 and H2O were redeveloped to better consider this
aspect and the final formulation was tested with satisfying results.

As result of this analysis, the dual-anion model developed can be successfully used for the simulation
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of Molten Carbonate Fuel Cells with both water and CO2 presence in the cathode compartment exhibit
this newly discovered dual-anion mechanism in a large range of operating conditions and flow configu-
rations. This newly developed model is of significant importance as it correctly takes into account the
effects of water at the cathode side and its migration to the anode and thus fundamental to describeMCFC
systems particularly for CCS applications. For example, at the end of Chapter 2, I showed the local results
of a cell fed with blast furnace gas. Using the model previously developed that does not account for the
dual-anion mechanism, the simulated voltage obtained was of 662V and the CO2 was of 90%. Using
the newly developed dual-anion model with explicit temperature dependence and equilibrium correction
and considering CC with open area equal to 35% the simulated voltage increases to 684V and the CO2
utilization decreases to 88.9% with a carbonate transference number of 0.94. Although the electrochem-
ical performance slightly increases and the capture rate only slightly decreases, these changes can be
extremely significant in plant or in case the cathode outlet has higher H2O content.

In the following Table a summary of the progression in the development of the dual-anion model is
presented. The table includes the number of experimental data used for fitting the parameters for each
intermediate model, the average simulation error for voltage and carbonate ion transference number, the
percentage of outliers (data with a simulated error higher than 10%), and the strengths and limits of each
mode.

To complete the modeling of high temperature fuel cells, in the eighth chapter I integrated into the
SIMFC code a formulation to deal with direct internal steam reforming of CH4. This was done to allow
studies on catalyst distribution and degradation. For this part of the work, I considered Solid Oxide Fuel
Cells. Nonetheless, the same formulation with small corrections can be also applied toMolten Carbonate.

Overall, this thesis describes the development of a complete kinetic model for the simulation of high
temperature fuel cells.

Finally, in the last chapter, the analysis of a Rh doped SYT catalysts for CH4 dry reforming to be used
as SOFC anode was presented. The first part of the analysis provided with specific results to determine the
best reduction conditions to obtain the catalyst that gives the best performance in term of CH4 conversion
and stability. The second part showed the high recovery of these kind of catalysts after sulfur poisoning.
This is particularly important if these catalysts are used with biogas or other fuel feeds that might contain
sulfur derived pollutants.
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Number of Average % error % of Outliers StrengthsModel data used V tCO2−3 V tCO2−3 & limits
1st model that captures the dual-anion
mechanism

Base dual-
anion model <200 3% 5% 4% 10%

Kinetic parameters must be re-evaluated
for (1) different cell geometry, (2) dif-
ferent inlet gas mixtures, and (3) dif-
ferent operating temperatures (reference
value: 923K)
The model applies to isothermal opera-
tion only
Cathode current collector configura-
tions are modeled using geometric fac-
tors

Dual-anion
model with
z-axis diffusion

∼300 6% 5% 4% 6% Themodel is applicable to different inlet
gas mixtures
Kinetic parameters must be re-evaluated
for different operating temperatures
The model applies to isothermal opera-
tion only
The model incorporates the dependence
of ohmic resistance on the electrolyte
composition that is influenced by the
cathode gas concentrations

Dual-anion
model with
dependence of
RΩ on the gas
pahse

400 6% 4% 23% 3%
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 opera-
tion only

Dual-anion
model with
explicit tem-
perature depen-
dence

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

Final dual-
anion model
with temper-
ature depen-
dence and
hydroxide-
carbonate
equilibrium

450 4% 5% 8% 10%
The model includes an explicit depen-
dence of the cathode polarization resis-
tance on the carbonate-hydroxide equi-
librium

Progress of the dual-anion model.
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A
Nomenclature

Latins

Symbol Meaning Units
A Active area/surface m2
Arr Arrhenius pre-exponential factor Ω cm2

A, B, C , D, E Exponential in the definition of the area specific polarization resistance1 −
a, b Extent of the two anion paths2 −
C Concentration mol m−3
Cp Specific heat J mol−1K−1

D Diffusion coefficient m2 s−1
E Equilibrium potential V
ΔE Activation Energy J mol−1
F Faraday’s constant sAmol−1
F Molar flux mol s−1
G Gibbs free energy J mol−1
ℎ Coefficient of heat transfer for convection W m−2K−1

H Enthalpy J mol−1
ℋ Henry’s constant atmm3mol−1
J Current density Acm−2
j Gas molar flux due to sole diffusion mol m−2 s−1
J0 Exchange current density Acm−2
k Kinetic constant mol s−1m−2 atm−x3
K Adsorption coefficient −
K0 Adsorption pre-exponential coefficient −
KC Mass transfer coefficient m�s−1
Keq Equilibrium constant atm−x4
l Passageway height m
l Cathode thickness mm
M Molar mass kg mol−1

M ,N Fluid-dynamic coefficients −
n Gas flow rate per lenght unit mol m−1 s−1
N Gas molar flux mol m−2 s−1
nel Moles generated by electrolysis according to Faraday’s law mol s−1
ox Oxidated species −
p Preassure atm
Pi Empirical parmaters variable

1Refer to Eqs. 1.3 and 1.4
2Refer to Eq. 3.12
3The exponent of the atm depend on the reaction rate of the reactants.
4The exponent of the atm depend on the reaction rate of the reactants.
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Symbol Meaning Units
Q Thermal power density W m−2

qcross−over Cross-over flow rate mol s−1
QSR SR reaction quotient atm2
R Area specific polarization resistance Ω cm2
R Gas constant J mol−1K−1

r Generation rate mol m−2 s−1
r Reaction rate mol s−1
Re Reynolds number −
red Reduced species −
s Specific gas-solid interface ratio −
T Temperature K
t Anion transference number −
t Time s
U Utilization factor −
V Voltage V
v Gas velocity ms−1
VCat Cathode volume m3
∑

v Atomic diffusion volume m3
w Vertical celocity component on the cell plane ms−1
x Spatial coordinate m
x Molar fraction −
y Spatial coordinate m
Yi Coefficients in the expressions of RΩ variable
z Spatial coordinate m
Z Cell geometry, materials and flow regime coefficients −
ze Electron exchanged in the electrochemical reactions −

Greeks

Symbol Meaning Units
� Reaction order −

�, �, 
 , �, "5 Power law kinetic coefficients −
� Stagnant film thickness �m
� Correction factor for induced fluxes −
" Porosity −
� Polarization V
# Friction factor −
# Water correction factor −
� Thermal conductivity W m−1K−1

� Wavelength Å
�, � Steam reforming kinetic orders −
� Gas viscosity Pa s
� Stoichiometric coefficient −

5Refer to Eq. 8.4
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Symbol Meaning Units
� Cross-over parameter Nm3 atm−1 ℎ−1 cm−2
� Active area coefficient −
� Tortuosity −
Υ Coefficient to correlate ions concentration in the melt and gas phase −

Subscripts

Symbol Meaning
act Related to the activation
ads Adsorption
An Related to the anode
av Average

average Evaluated at the average point of diffusion
bulk In the bulk
Cat Related to the cathode
conc Related to the concentration
cond Related to the conduction

cross − over Related to the cross-over
e Reated to the electrons

eff Effective
eq At the equilibrium

External External to the anion paths
g − l Gas-liquid interface
i Related to the i-th reactant
in Inlet

interface At the gas-liquid interface
j Related to the j-th component
L Longitudinal
L Limit
m Related to the m-th anionic path
mix Gas mixture
n Related to the n-th component
out Outlet
ox Related to the oxidated species
reac Related to the reaction
red Related to the reduced species
S Related to the solid
SR Related to the steam reforming
sur At the electrode surface
T Transversal

TOT Total
x Related to the spatial coordinate x
y Related to the spatial coordinate y
Ω Related to the Ohmic resistance
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Superscript

Symbol Meaning
ε Related to the reverse reaction
′ Related to the direct reaction
∗ Similar

 Fluid-dynamic coefficient
� Fluid-dynamic coefficient
0 Related to the standard state

Abbreviations

Symbol Meaning
BET Brunauer–Emmett–Teller
CC Current collector
CCS Carbon Capture and Storage
DIR Direct internal reforming
EIS Electrochemical Impedance Spectroscopy

EMRE ExxonMobil’s Research and Engineering
ER External reforming
FCE FuelCell Energy
GC Gas cromatograph
IIR Indirect internal reforming
LST La-substituted SrTiO3 perovskite

MCFC Molten carbonate fuel cells
OCV Open circuit voltage
POP Peroxide path
S/C Steam to carbon ratio

SIMFC Simulation of Fuel Cells
SOP Superoxide path
SR Steam reforming

STEM Scanning transmission electron microscope
SYT Sr0.92Y0.08Ti2O3 perovskite
TCD Thermal conductivity detector
TEM Transmission electron microscope
TPB Three phase boundary
TPR Temperature-Programmed Reduction

UNIGE University of Genoa
UNIPG Univerity of Perugia
WGS Water-gas-shift reaction
XPS X-ray Photoelectron Spectroscopy
XRD X-ray diffraction
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B
Additional modeling information

B.1. Induced fluxes

Due to the non-equimolar consumption or production of reactants in the electrochemical reactions
other the electrode surface, induced convective fluxes originate to balance the net volume flow. As a
result, according to the mole disparity in the reactions, the reactant diffusive fluxes going to the electrode
will be penalized or promoted. In the developed model, I can consider the presence of this induced fluxes
in the expression for the limit current density:

JL,i = zeFKC
�e
�i
Ci"i (Eq. B.1)

where �i is a correction factor function of the reactant concentration and stoichiometry that allows to
consider the induced fluxes. It can be expressed as:

�i =
1

(

1 −
∑

k
�k
�i
xi
)

m

(Eq. B.2)

where � is the stoichiometric coefficient, k scans all chemical reactants and products involved in the
studied reaction and m indicates the logarithmic mean between the bulk and the reacting site.

The logarithmic mean between two variables y and z is expressed as:
Mlog =

z − y

ln
(

z
y

) (Eq. B.3)

Thus, the "i can be expressed as:

�i =

ln

((

1−
∑

k
�k
�i
xi
)

reacting site
(

1−
∑

k
�k
�i
xi
)

bulk

)

(

1 −
∑

k
�k
�i
xi
)

reacting site
−
(

1 −
∑

k
�k
�i
xi
)

bulk

(Eq. B.4)

For each possible reactant the corresponding correction factor becomes:

�CO2 =
ln
(

1 − 1.5 xCO2
)−1

1.5 xCO2
(Eq. B.5)

�H2O =
ln
(

1 − 1.5 xH2O
)−1

1.5 xH2O
(Eq. B.6)

�H2
=
ln
(

1 + xH2

)

xH2

(Eq. B.7)
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�O2 =
ln
(

1 − 3 xO2
)−1

3xO2
(Eq. B.8)

From the expression it appears that in MCFC case, the reactant diffusion is exalted at the cathode,
since the reactants disappears, and penalized at the anode, since the products formation hinder the reactant
diffusion.

In a previous works [108], my research group has observed that considering the convective induced
fluxes for H2 greatly improve the model simulation. Thus, I decided to keep them in the development of
the dual-anion mechanism model when we considered the linear expression for the polarization of H2.

On the other hand, although considering them slightly improve the performance [4], I chose to neglect
them for CO2 and O2. This because for CO2 I considered a non-linear term for the polarization and thus
I wanted to light the model, and for the O2 because in the considered operating conditions the resistance
is so low that inclusion of the fluxes would be negligible.

Since I can assume a similar behavior for H2O as for CO2, and since I considered a non-linear expres-
sion for its resistance, I decided to neglect also the induced convective fluxes for the it.

B.2. Diffusion coefficients in the gas phase

To evaluate the concentration of the reactant gas after diffusion in the gas phase, I introduced the
diffusion coefficient of each gas “i” in the gas mixture “m”: Di,m. In the model, this coefficient was
simplified assuming an average value Di,m,av between the diffusion coefficient at the bulk composition
and the one at the composition after the diffusion, due to too many required calculations to evaluate it
locally alongside the z-axis.

The diffusion coefficient of a gas “i” in a mixture of gas “m” can be expressed according to the
following equation [188]:

Di,m =

(

∑

i≠j

xj
Di,j

)−1
(

1 − xi
) (Eq. B.9)

where Di,j is the diffusion coefficient of the binary mixture “i,j”, and xj and xi are the molar fraction of
j and i in the mixture. Thus, to evaluate the diffusion coefficient Di,m of each species (CO2, H2O, O2, N2
and He) in the mixture, it is necessary to assess the diffusion coefficient for each couple. In the literature
different approaches can be found for determining the diffusion coefficients of a given component in a
binary mixture [189, 190, 191, 192]. The methods are all semi-empirical and the formulation mainly
differ according to the nature of the species involved. In this work, we applied the equation derived by
Fuller [191] that was developed to evaluate the diffusivity when polar gas components, such as H2O,
are present. According to Fuller [191], the equation that describes the diffusion coefficient of the binary
mixture i,j (Di,j) is the following:

Di,j =
0.00143 T 1.75

p M0.5
i,j

[

(
∑

v
)

1
3
i −

(
∑

v
)

1
3
j

]2
(Eq. B.10)

where∑ v is the sum of the atomic diffusion volumes of each component of the mixture, andMi,j is the
harmonic mean of the molar mass of the components i and j.

The binary coefficients for all the considered species are the following:
DCO2,N2

= 1.172 cm2 s−1
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DCO2,He = 4.192 cm
2 s−1

DCO2,H2O = 1.506 cm
2 s−1

DCO2,O2 = 1.472 cm
2 s−1

DH2O,N2
= 1.862 cm2 s−1

DH2O,He = 6.080 cm
2 s−1

DH2O,O2 = 2.214cm
2 s−1

DO2,N2
= 1.802 cm2 s−1

DO2,He = 5.603 cm
2 s−1

The diffusivity of each gas in the mixture cannot be shown since it varies in all the points being
dependent of the local composition.

B.3. Diffusion in the liquid phase

In the development of the z-axis diffusion model (Chapter 4), the diffusion of the reactants in the
liquid electrolyte melt was not considered and it was masked in the kinetic parameters of the resistances.
During the development of the model I tried to insert this aspect, however lack of proper information
regarding the cell, the mixture and the physical properties did not allow for a good simulation.

In the following I will present the development that I tried to apply to the model.
As shown in the Chapter 3, according to the Butler-Volmer equation, the mass transport polariza-

tions term of the i-th gas can be expressed as function of the ratio between the bulk and the reacting
concentration as:

�conc,i = −
�′iRT
�′ezeF

ln
(Ci,sur

Ci

)

(Eq. B.11)
With the introduction of the z-axis liquid phase diffusion it will be possible to evaluate the concen-

tration at the liquid (electrolyte)-solid (electrode) interface. The use of this representation also permits
to differentiate between the mass transport polarization due to the gas and the liquid diffusion, providing
interesting information both to understand where the cell may need improvements and to evaluate the
improvements made on the cell. In the following equation the term due to the gas transfer will be marked
in purple, while the one of the liquid will be marked in green.

�conc,i = −
�′iRT
�′ezeF

[

ln
( Ci,g−l
Ci,bulk

)

+ ln
(Ci,T PB
Ci, g−l

)]

(Eq. B.12)

where Ci,bulk is the concentration in the bulk, Ci,g−l is the concentration at the gas-liquid interface, and
Ci,T PB is the concentration at the three-phase boundary (TPB) where the reactions take place.

From the development in Chapter 4, Ci,g−l can be formulated as:

Ci,g−l =

(

xi,bulk −
JART

zeFVCat,effpDi,mix,av
"
�

(

ls
3
+ �

)

)

(Eq. B.13)
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To express Ci,T PB it is necessary to start studying from the bass balance in the electrolyte:
dCi
dt

= −divN⃗i + ri (Eq. B.14)
If steady state conditions are assumed, it simplifies to:

divN⃗i = ri (Eq. B.15)
The two terms can be rewritten as:

d2Ci
dz2

= JA
zeFV

(Eq. B.16)
To solve this equation, the following boundary conditions must be considered:

1. At the gas-liquid interface the composition is the Henry’s law corrected gas composition (z =
lg−l → Ci = Ci,g−l,H ), being yi,g−l p = Ci,g−l,H ℋi.

2. At the bottom of the pore where we assume there is no flux: z = ls → dCi
dz
= 0.

Solving Eq. B.16, the following expression is obtained to describe the concentration gradient:

Ci = Ci,g−l,H +
JA

zeFVDi,mix

(

z2

2
− lsz −

l2g−l
2

+ lslg−l

)

(Eq. B.17)

whereDi,m,l represent the diffusion coefficient of the i-th gas in the liquidmelt. Since the pore can be filled
randomly affecting the position of TPB along the z-axis, we decided to assume an average concentration
between the beginning of the liquid phase and the maximum distance of the TPB:

Ci,T PB = ∫

ls

lg−l

Ci,g−l,H +
JA

zeFVDi,mix

(

z2

2 − lsz −
l2g−l
2 + lslg−l

)

ls − lg−l
dz (Eq. B.18)

Ci,T PB = Ci,g−l,H +
JA

zeFVDi,mix ∫

ls

lg−l

(

z2

2 − lsz −
l2g−l
2 + lslg−l

)

dz

ls − lg−l
(Eq. B.19)

Ci,T PB = Ci,g−l,H +
JA

zeFVDi,mix

(

z3

6 − ls
z2

2 −
l2g−l
2 z + zlslg−l

)

ls − lg−l

|

|

|

|

|

|

|

|

|

ls

lg−l

(Eq. B.20)

Ci,T PB = Ci,g−l,H+
JA

zeFVDi,mix

(
(

ls
3 − lg−l

3) − 3ls
(

ls
2 − lg−l

2) − 3l2g−l
(

ls − lg−l
)

+ 6
(

ls − lg−l
)

lslg−l

6
(

ls − lg−l
)

)

(Eq. B.21)
Ci,T PB = Ci,g−l,H +

JA
zeFVDi,mix

(

2lg−l
3 − 2ls

3 + 3ls
2lg−l − 3lsl2g−l

6
(

ls − lg−l
)

)

(Eq. B.22)

Ci,T PB = Ci,g−l,H +
JA

6zeFVDi,mix

((

ls − lg−l
) (

2ls
2 − lslg−l + ls

2)

(

ls − lg−l
)

)

(Eq. B.23)
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Ci,T PB = Ci,g−l,H +
JA

(

2ls
2 − lslg−l + ls

2)

6zeFVDi,mix
(Eq. B.24)

If then this expression is substituted in the formula for Ci,g−l,H :

Ci,ll−s =
yi,g−l p
ℋi

+
JA

(

2ls
2 − lslg−l + ls

2)

6zeFVDi,mix
(Eq. B.25)

If Eq. B.25 and Eq. B.13 are substituted in Eq. B.12 the mass transfer polarization of i-th component
becomes:

�conc,i = −
�′iRT
�′ezeF

⎡

⎢

⎢

⎢

⎢

⎣

ln

⎛

⎜

⎜

⎜

⎝

xi,bulk −
JART

zeFVCat,eff pDi,mix,av
"
�

(

ls
3 + �

)

xi,bulk

⎞

⎟

⎟

⎟

⎠

+ ln

⎛

⎜

⎜

⎜

⎜

⎝

xi,g−l p
ℋi

+
JA

(

2ls
2−lslg−l+ls

2
)

6zeFVDi,mix

ℋ
(

xi,bulk −
JART

zeFVCat,eff pDi,mix,av
"
�

(

ls
3 + �

)

)

⎞

⎟

⎟

⎟

⎟

⎠

⎤

⎥

⎥

⎥

⎥

⎦

(Eq. B.26)
Although valid, it was not possible to obtain to fit proper parameters to obtain satisfying results or, in

same cases, the model conversion.
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C
Appendix: Intermediate models

In this Appendix I will present the models to describe MCFC working with dual-anion mechanism
analyzed in terms of circuit and resistance equations before establishing the final model with no z-axis
diffusion as described in Chapter 3.

C.1. Model 1

In my first approach to the modeling of the dual-anion mechanism both path were considered having
each the resistances of all the reactants while sharing a common Ohmic resistance as shown in Figure
C.1.

JTOT RΩ

RH2ORO2RH2

EOH−

JOH−

RCO2RO2RH2ECO2−3

JCO2−3

V

Figure C.1: Circuit representing an MCFC working with dual-anion mechanism, Model 1.

The resistances of each path are described by the following equations and were considered all in their
linear form:

RExternal = RΩ (Eq. C.1)

RCO2−3 = RCO2,CO2−3 + RO2,CO2−3 + RH2,CO2−3
(Eq. C.2)

ROH− = RH2O,OH− + RO2,OH− + RH2,OH− (Eq. C.3)
with specifically:

RΩ = PΩ,1e
PΩ,2
T (Eq. C.4)

RCO2,CO2−3 = PCO2,1 T e
PCO2 ,2

T p−1CO2 (Eq. C.5)
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RH2O,OH− = PH2O,1 T e
PH2O,2

T p−1H2O
(Eq. C.6)

RH2,m =
PH2,1,me

PH2 ,2,m
T

p ln
(

1 + yH2

) (Eq. C.7)

RO2,CO2−3 = PO2,1,CO2−3 T e
P
O2 ,2,CO

2−
3

T p0.5 yCO2 y
0.5
O2

(Eq. C.8)

RO2,OH− = PO2,1,OH− T e
PO2 ,2,OH−

T p0.5 yCO2 y
0.5
O2

(Eq. C.9)
Due to the high number of empirical parameters (Pi) required for the evaluation of the resistances,

this model was discarded to identify a simpler solution.

C.2. Model 2

As the reaction between CO2 andO2 is not direct, but involves a series of different steps that foresee the
formation of O2 ions as intermediates, it is assumable that similar steps will occur for the corresponding
one between H2O and O2.

However, it is possible that the O2– ions form reacting with CO 2–3 can then react both with CO2 to
form CO 2–3 or H2O to form OH–. The same happens in the case of the O2– formed by reaction with OH–.
This model takes into account these possibilities further differentiating the RO2 inside the anion paths.The final circuit thought for this model is presented in Figure C.2.

JTOT RΩ

RCO2RO2,f (CO2)

RH2

ECO2−3

JCO2−3

RCO2RO2,f (H2O)

RH2ORO2,f (CO2)

RH2EOH−
JOH−

RH2ORO2,f (H2O)

V

Figure C.2: Circuit representing an MCFC working with dual-anion mechanism, Model 2.
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While the structure is basically the same of Model 1, theO2-related resistances have to be rewritten to
take into account the aforementioned considerations. Assumed Q1, Q2, Q′1 and Q′2 as functions of local
variables such as the melt concentration that weight the magnitude of the source of O2– in each resistance.

RO2,CO2−3 = P5e
P6
T

[

Q1
(

p0.5p−0.5O2
pCO2

)

+Q2
(

p0.5p−0.5O2
pH2O

)]

(Eq. C.10)

RO2,OH− = P ′5e
P ′6
T

[

Q′1
(

p0.5p−0.5O2
pCO2

)

+Q′2
(

p0.5p−0.5O2
pH2O

)]

(Eq. C.11)
As for Model 1, due to the high number of empirical parameters (Pi) required for the evaluation of

the resistances the model was discarded.
Moreover, it is theoretically possible to observe that this "mixed O2 paths" cannot occur.
In fact, if these “mixed paths” could occur, they can be schematized by the following cathodic reac-

tions:
1. O2 activated species from carbonate and electricity from H2O:

1
2 O2 + CO 2–3 O 2–2 + CO2 (R. C.1)

O 2–2 + 2H2O + 2 e– 4OH– (R. C.2)
From the sum of Rxns. C.1 and C.2 and the carbonate decomposition reaction (M2CO3 2M+ +
CO 2–3 ), the complete mechanism becomes:

1
2 O2 + 2H2O + 2 e– + M2CO3 2M+ + 2CO2 + 4OH– (R. C.3)

2. O2 activated species from hydroxide and electricity from CO2:
1
2 O2 + 2OH– O 2–2 + 2H2O (R. C.4)

O 2–2 + 2CO2 + 2 e– 2CO 2–3 (R. C.5)
From the sum of Rxns. C.4 and C.5 and the water decomposition reaction (2H2O 2H+ + 2OH–),
the complete mechanism becomes:

1
2 O2 + 2CO2 + 2 e– 2H+ + 2CO 2–3 (R. C.6)

However, the stoichiometry of the reactions seems to not allow for such combined path. The charge
must be equilibrated and the paths should balance each other. This does not happen showing the impos-
sibilities of this mixed path solution. The anode reactions are in fact:

2H2 + 2CO 2–3 2CO2 + 2H2O + 4 e– (R. C.7)

2H2 + 4OH– 4H2O + 4 e– (R. C.8)
It is clear that the electrons obtained in Rxns. C.7 and C.8 are double the ones required bu Rxns. C.3

and C.6. The mix paths are thus not properly balanced and consequently or secondary unknown reduction
reactions occur, or carbonate and water are formed again, so that the two mixed paths must proceed much
the same to balance the charges.
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C.3. Model 3

Compared to the previous model, I decided to assume the H2 resistance as common resistance as not
affecting the initial cathode CO 2–3 /OH– split. The circuit that describes this model is presented in Figure
C.3.

JTOT RΩ

RH2

RO2RH2O
EOH−

JOH−

RO2RCO2ECO2−3

JCO2−3

V

Figure C.3: Circuit representing an MCFC working with dual-anion mechanism, Model 3.

The resistances of each path are described by the following equations:

RExternal = RΩ + RH2
(Eq. C.12)

RCO2−3 = RCO2,CO2−3 + RO2,CO2−3 (Eq. C.13)

ROH− = RH2O,OH− + RO2,OH− (Eq. C.14)
with specifically:

RΩ = PΩ,1 (Eq. C.15)

RH2
=

PH2,1T e
PH2 ,2
T

p ln
(

1 + yH2

) (Eq. C.16)

RCO2,CO2−3 = PCO2,1T e
PCO2 ,2

T p−1CO2 (Eq. C.17)

RH2O,OH− = PHO ,1T e
PH2O,2

T p−1H2O
(Eq. C.18)

To express the resistance of O2, two different approaches have been considered.
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C.3.1. Model 3.A

To express the concentrations of O2 ions, the following equation can be used:

CO2−2 = KO2−2 CCO2−3 C
0.5
O2
C−1CO2 (Eq. C.19)

Since CO 2–3 ions are consumed to form OH–, the concentration is not constant. It can be assumed to
depend on the transference number as:

CCO2−3 = C0
CO2−3

tCO2−3 (Eq. C.20)
Thus:

RO2,m = Pm,O2,1 e
Pm,O2 ,2

T p0.5 y−0.5O2
ym t

−1
m (Eq. C.21)

C.3.2. Model 3.B

It is possible to simplify assuming that in both paths the ions are provided only by reaction with CO2.
Also the CO 2–3 concentrations can be assumed constant because much higher compared to the OH– one.

Thus we can expressed the RO2 as:

RO2,m = Pm,O2,1 e
Pm,O2 ,2

T p0.5 y−0.5O2
yCO2 (Eq. C.22)

BothModels 3.A and B were discharged as assuming the linear formulation for the resistances of CO2
and H2 resulted problematic in dealing with experimental data with high oxidant utilization factors.

C.4. Model 4.A

Model 4.A was developed from the previous model 3.B, assuming resistances of CO2 and H2O in
their non-linear forms. The circuit used is schematized in Figure C.4.

The resistances equations were expressed as:

RΩ = PΩ,1e
PΩ,2
T (Eq. C.23)

RCO2,CO2−3 = −
PCO2,1T
JCO=2−

ln

⎛

⎜

⎜

⎜

⎝

1 −
JCO2−3

PCO2,2e
PCO2 ,3

T pCO2

⎞

⎟

⎟

⎟

⎠

(Eq. C.24)

RH2O,OH− = −
PH2O,1T
JOH−

ln

⎛

⎜

⎜

⎜

⎝

1 −
JOH−

PH2O,2e
PH2O,3

T pH2O

⎞

⎟

⎟

⎟

⎠

(Eq. C.25)
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JTOT RΩ

RH2

RO2RH2O
EOH−

JOH−

RO2RCO2ECO2−3

JCO2−3

V

Figure C.4: Circuit representing an MCFC working with dual-anion mechanism, Model 4.A.

RH2
=

PH2,1T e
PH2 ,2
T

p ln
(

1 + yH2

) (Eq. C.26)

RO2,m = Pm,O2,1 T , e
Pm,O2 ,2

T p0.5 y−0.5O2
yCO2 (Eq. C.27)

C.5. Model 4.B

In this model, I decided to consider the H2 resistance inside the anion paths and the O2 resistance in the
main branch. The O2 resistance was written as function of the CO2 only. The circuit used is schematized
in Figure C.5.

JTOT RΩ

RO2

RH2
RH2O

EOH−

JOH−

RH2
RCO2ECO2−3

JCO2−3

V

Figure C.5: Circuit representing an MCFC working with dual-anion mechanism, Model 4.B.

Thus, the resistances of each path are described by the following equations:

RExternal = RΩ + RO2 (Eq. C.28)
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RCO2−3 = RCO2,CO2−3 + RH2,CO2−3
(Eq. C.29)

ROH− = RH2O,OH− + RH2,OH− (Eq. C.30)

RO2 = P5 T , e
P6
T p0.5 y−0.5O2

yCO2 (Eq. C.31)
Both Models 4.A and B were discarded as from the experimental data it was finally clear that the

resistance of both H2 and O2 has barely no influence to determine the followed path.

C.6. Model 4.C

Finally, I assumed both H2 and O2 related resistances outside the two anion paths. The circuit de-
scribing the system is presented in Figure C.6.

JTOT

JCO2−3
ECO2−3 RCO2

J−OH

RH2O
EOH−

RO2

RΩ

RH2

V

Figure C.6: Circuit representing an MCFC working with dual-anion mechanism, Model 4.C.

The paths resistances are expressible as:

RExternal = RΩ + RO2 + RH2
(Eq. C.32)

RCO2−3 = RCO2,CO2−3 (Eq. C.33)

ROH− = RH2O,OH− (Eq. C.34)
Then, according to how O2 and H2O polarization resistances were considered, I could distinguish

between three sub-models.

C.6.1. Model 4.C: base

First O2 was expressed as function of the sole CO2 as:
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RO2 = P5 e
P6
T p0.5 y−0.5O2

yCO2 (Eq. C.35)

C.6.2. Model 4.B: with non-linear O2

Then, as different experimental data collected even at very low concentration of O2 (es. 2%) became
available, I decided to test the non-linear expression also for O2 to verify whether it could improve the
model. In the non linear form, RO2 becomes:

RO2 = −
PO2,1 T
JTOT

ln

⎛

⎜

⎜

⎜

⎝

1 −
JTOT

PO2,2e
PO2 ,3
T p0.5CO2p

0.5
H2O

p−0.5O2

⎞

⎟

⎟

⎟

⎠

(Eq. C.36)

C.6.3. Model 4.C: with RH2O as function of CO2

The resistance of water and CO2 were always written not considering possible effects of one gas on
the other due to the carbonate-hydroxide equilibrium.

I tried to implement this aspect in the RH2O, considering the ratio between H2O and CO2 partial
pressure as:

RH2O = −
PH2O,1 T
JOH−

ln

⎛

⎜

⎜

⎜

⎝

1 −
JOH−

PHO ,2 e
PH2O,4

T
pH2O
pCO2

⎞

⎟

⎟

⎟

⎠

(Eq. C.37)

Although all these options were interesting, I decided to follow the one described in Chapter 3 as it
showed more consistency with the experimental data.
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D
Appendix: Experimental Data

This appendix group the main inlet and outlet information about the experimental data provided by
EMRE and used for the study of the dual-anion mechanism, the model development and to test the quality
of the simulations.
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