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Abstract

Molten carbonate cells, widely used industrially as fuel cells (MCFC), can also
operate in reverse mode (MCEC), representing a valid solution for large-scale power-
to-gas applications and Hs or syngas production. Since a molten carbonate cell
can operate in both electrolysis and fuel cell modes, it provides a cost-effective
solution for integrating this technology into existing energy infrastructures. However,
the study of MCECs is still relatively recent, and several aspects require further
investigation and optimization before industrial application can be fully realized.

This thesis aims to analyze the electrochemical performance, operational stability,
and hydrogen production efficiency of MCECs under varying conditions through
experimental and numerical approaches.

For the experimental campaign, two different setups were used: i) a button cell,
with an active area of approximately 3 cm?, and ii) a planar single cell, square-shaped
with an active area of 100 cm?. The effects of systematic variations in temperature
and hydrogen electrode composition were evaluated in both setups. On the one hand,
the button cell was employed to investigate the hydrogen (Ni) electrode kinetics,
as this setup allows for individual electrode measurements. On the other hand, the
planar single cell was used to assess electrochemical performance and to carry out
gas analysis of the hydrogen electrode output.

Polarization curves and impedance spectra obtained from the button cell were
analyzed to investigate the hydrogen production mechanism occurring at the Ni
electrode. Notably, the impedance data were deconvoluted using the Distribution of
Relaxation Times, marking a novel approach in MCEC research. By combining these
findings with the overpotential measurements, the potential rate-determining step of
the reaction was identified, indicating that water reduction at the Ni electrode is
under mixed kinetic-diffusion control.

As for the planar cell, both experimental and numerical results, including a
2D model used to evaluate thermal effects, have demonstrated that by carefully
adjusting the gas composition and operating temperature, the output gas can be
tailored to produce either pure hydrogen or syngas. Under certain conditions, a
significant amount of CO is produced, underscoring the need for further investigation
into CO3 electrolysis. Additionally, a second experimental campaign conducted
using this setup demonstrated the stable operation of an MCEC coupled with a
variable power supply. This result highlights the feasibility of using such technology
for large-scale applications in which the electrolyzer can be directly integrated with
renewable energy sources. Furthermore, the study includes an analysis of process
integration, assessing how molten carbonate electrolyzers could be incorporated
within an industrial framework for hydrogen production.

Finally, fuel-assisted electrolysis mode has been tested on a molten carbonate
button cell, demonstrating its feasibility. However, further investigation is needed to
validate these findings and identify the most suitable fuel to achieve energy savings
for the electrolyzer.

The obtained results provide an in-depth picture of the main factors affecting
the performance of MCECs, highlighting the significance of optimizing operational
conditions and electrode kinetics to facilitate their industrial applications.
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Chapter 1

Introduction

The European Union has set an ambitious target to achieve climate neutrality by
2050, with an interim goal of reducing net greenhouse gas emissions by at least 55%
by 2030 [1]. A fundamental pillar of this strategy is the expansion of renewable
energy sources, as more than 75% of the EU’s total emissions are attributed to
energy production and consumption. In line with this, the European Commission
revised the Renewable Energy Directive in 2022, raising the target for the share
of renewable energy from 32% in 2018 to 45% by 2030 [1]. However, the large-
scale integration of renewable energy into the electricity grid presents significant
challenges, particularly due to the intermittency and variability of these energy
sources. Ensuring a stable balance between electricity generation and demand,
as well as strengthening transmission and distribution networks, will be critical.
Therefore, the development of advanced energy storage solutions and a resilient grid
infrastructure is essential to support the growing share of renewables and ensure the
reliability of the energy system.

Energy storage systems are currently under active investigation, development,
and implementation to uphold the increasing share of renewable energy in the
grid. To effectively support the integration of renewable energy, energy storage
systems must fulfill specific requirements, such as high storage capacity and the
ability to store energy for extended periods. Energy can be stored in four primary
forms: mechanical, electrical, thermal, and chemical. Among the various storage
technologies, chemical storage via Power-to-Gas (PtG) systems has demonstrated the
highest potential, with storage capacities ranging from 100 GWh to 10 TWh and the
capability for long-term energy storage [2]. PtG processes convert surplus electrical
energy into chemical energy in the form of chemical products, including hydrogen
and, potentially, synthetic methane. As a highly efficient fuel, hydrogen offers
promising applications as a substitute for conventional fuels in power generation,
heating, and sustainable mobility, including large-scale transportation and industrial
applications. There are several methods to store electrical energy in the form of
gas, but the most direct and efficient way to achieve this conversion is through
electrolysis. Water electrolysis is a promising and extensively studied process for
hydrogen production.

Likewise fuel cells, electrolyzers can be categorized according to the operating
temperature in low and high-temperature processes. Increasing the temperature
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Figure 1.1. Total (AH), thermal (Q) and electrical (AG) energy demand of an ideal
electrolysis process as function of the temperature [3].

in electrolysis processes is highly advantageous for two primary reasons. Firstly,
high-temperature electrolysis often exhibits superior performance compared to low-
temperature methods, primarily due to reduced losses, such as ohmic resistance,
at elevated temperatures. Secondly, from a thermodynamic perspective, in steam
electrolysis processes a portion of the energy required to drive the water-splitting
reaction is provided in the form of heat, thereby reducing the demand of electricity of
the process (see Fig. . This combination significantly decreases the overall energy
requirements for steam electrolysis compared to water electrolysis. Consequently,
high-temperature electrolyzers can function near thermoneutral voltage, which
represents the theoretical operating point that reaches maximum efficiency.

Low-temperature electrolyzers, so-called water electrolyzers, are based on alkaline
and polymer electrolyte membrane (PEM) technologies. Alkaline electrolyzer is
the most mature and diffused technology. The standard alkaline electrolysis cell
employs a liquid electrolyte, typically potassium or sodium hydroxides, and two
electrodes separated by a diaphram to prevent gas mixing. It normally operates
in the range 70 — 90 °C but with low power densities, around 400 mA /cm? under
efficiencies in the range 60 — 80%. One of the issues related to the alkaline cells is
that they have limited responsiveness to fluctuations in electrical input, which can be
problematic when integrating with renewable energy sources like wind or solar power.
Rapid changes in current can result in excessive gas production, potentially causing
the electrolyte solution to be expelled from the cell and reducing system efficiency.
Moreover, the electrolyte mixture, containing 20-30% potassium/sodium hydroxide,
is highly corrosive, necessitating the use of corrosion-resistant materials for all cell
components, including the electrodes [3]. Recently, a new alkaline technology called
Anion Exchange Membrane (AEM) electrolysis was introduced, in which the liquid
electrolyte is replaced by a membrane that transports OH™. While it offers the
advantage of avoiding the use of corrosive liquids and having a potentially more
compact design, it faces challenges related to membrane durability and cost. The
long-term stability and economic feasibility of AEM cells are areas of ongoing research
and development [4].



Among low-temperature electrolysis technologies, Proton Exchange Membrane
(PEM) electrolyzers are particularly promising. Derived from fuel cell technology,
PEM electrolyzers operate at high current densities of up to 2000 mA /cm? and
achieve efficiencies around 80%, producing hydrogen at high pressures, up to 80
bar. However, PEM technology is still in the early stages of commercialization
and is characterized by high costs due to the use of noble metals and fluorinated
membranes. Additionally, PEM systems require high operating pressures and pure
water, contributing to their complexity. They also have a shorter lifespan compared
to alkaline electrolyzers. To make PEM electrolyzers more cost-effective, ongoing
research is focused on replacing expensive platinum-based electrocatalysts with
non-noble metals and improving overall system efficiency [3].

High-temperature electrolyzers (steam electrolyzers) are solid oxide electrolysis
cells (SOECs) and, as proposed in this thesis, molten carbonate electrolysis cells
(MCECs). The recent development of high-temperature fuel cells and the high
theoretical efficiency of steam electrolysis brought an increasing interest on SOEC
and MCEC technologies, which are based on fuel cells operated in reverse mode.
Solid oxide cells operate at high temperatures, between 700 and 900 °C, which
contributes to their higher efficiency compared to more mature technologies. The
high efficiency is mainly due to favorable kinetics and thermodynamics at these
operating temperatures. However, special materials are required to withstand these
extreme conditions, which is why this technology is still under development. Typically,
SOECs employ composite materials where the electrochemically active phase is mixed
within the ceramic phase of the electrolyte. This approach aims to maximize the
length of the triple-phase interface, thereby enhancing catalytic activity, and to
improve mechanical stability, ensuring strong adhesion between the electrolyte and
the electrode. For the anode, perovskite oxides are commonly used due to their high
catalytic activity, good thermal compatibility with the electrolyte composite, and
high electrical conductivity. For the cathode, nickel-based composites are generally
employed. However, due to the presence of O5 anions as charge carriers, nickel-
based composites experience rapid deactivation, prompting ongoing research into
alternative cathode materials. SOECs operate at pressures below 30 bar and require
lower applied potentials compared to low-temperature technologies, ranging from 0.7
to 1.5 'V [5]. Despite this, they are characterized by high concentration overpotentials
related to steam transport limitations and significant ohmic overpotentials, which
are more pronounced when the cells are connected in a stack. Consequently, current
densities generally do not exceed 1 A/cm?. Because of the high temperatures,
co-electrolysis can occur in the SOEC, simultaneously converting COs to CO and
H>O to Hjy, resulting in the production of syngas. This syngas can serve as a
feedstock for the COg-neutral production of various hydrocarbons in the chemical
industry. For example, it can be utilized in the Fischer-Tropsch synthesis process
to produce synthetic fuels, including diesel or gasoline. Additionally, syngas can be
converted into methanol, which is a versatile chemical used for fuels, solvents, and
as a precursor for high-value chemicals such as formaldehyde and acetic acid.

Since this technology is still at an early development stage, many characteristics
have to be investigated and improved, such as total system development, part-load
behavior and long-term stability. In general, typical applications for SOECs are seen
in combination with processes which can provide the required heat for the reaction.
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Additionally, constant operation is preferable, since ceramics are susceptible to
thermal stress. This will be a critical issue when the SOEC is used for power-to-
gas, since the necessary flexible mode of operation requires numerous start-up and
shut-down processes [3].

Molten Carbonate Electrolysis Cells (MCEC) are another high-temperature
electrolysis technology that, like SOEC, operates by reversing the corresponding
fuel cell process. However, MCEC technology is relatively new and has been
studied primarily at the laboratory scale. Compared to SOECs, which have seen
broader development and industrial attention, research on MCECs is still in its early
stages. These cells are also supplied with water vapor, but operate at 550 — 700 °C,
lowering the demands of the constructive materials. This technology utilizes a
molten carbonate electrolyte in a porous, chemically inert ceramic matrix. The
hydrogen electrode is usually made of Ni-based alloys while Ni oxide is frequently
used as oxygen electrode. The minimum operating temperature is constrained by
the electrolyte’s melting point, which ranges between 400 and 500 °C, depending
on its composition. So far, the MCEC literature is not extensive, mainly focusing
on lab-scale experiments, simple numerical models, or analyses of the process’s
integration with other energy conversion systems.

Still, the technology is of extreme interest due to the high development stage of
molten carbonate fuel cell (MCFC) technology that is the only that accounts, between
all the fuel cell technologies, power plants in the multimegawatt power scale. MCFCs
are commercially available for stationary power generation with installations around
the world, with power from 300 kW to 60 MW (Baran Industrial Complex Fuel Cell
Facility, Korea). Historically, several companies produced demonstration MCFC
devices (e.g., MC-Power and ERC in the United States, Ansaldo in Italy, ECN in the
Netherlands, MTU in Germany, and IHI and Toshiba in Japan). Nevertheless, most
of them have dropped this activity and, nowadays, the leading global developer is
the U.S.-based company Fuel Cell Energy (FCE), which produces stationary systems
ranging from 300 kW to 2.8 MW [6]. Research interest in MCFCs has also surged
due to their potential for the sequestration and capture of COs. This technology is
able to achieve simultaneous CO»s capture and power generation because of its unique
chemistry, and has broad applicability to a wide variety of COg sources. Major
companies have recognized this potential and made significant investments in the
development of MCFC technology for carbon capture and utilization. ExxonMobil,
in particular, has partnered with Fuel Cell Energy to commercialize a novel MCFC-
based process for capture COg emissions from industrial sources [7-9]. They plan
to build a pilot plant at Esso Nederland BV’s Rotterdam Manufacturing Complex,
where CO3 will be captured directly from the industrial flue gases before it can
be released into the atmosphere. In this process, COs-containing flue streams,
such as those from combustion exhaust, will be directed to the molten carbonate
fuel cell. There, electrochemical reactions will generate electricity and hydrogen
while capturing and concentrating the CO4 for either utilization or permanent
sequestration.

Molten carbonate fuel cells’ electrical efficiency varies from 47% to 48% with the
potential to reach up to 57%. When combining heat and power, the overall efficiency
can exceed 80% [6]. This should be enough to ensure their place in the market,
but the cost of this type of installation is still high. To compete with conventional



power generation systems, a generally agreed target life span for MCFCs is 40,000 h
and the system is allowed to be shut down after this period. To reach the required
lifetime and reduce costs, the MCFC component materials need to be modified or
new materials need to be developed. Besides, investigating the various electrode
processes in MCFC, such as cathodic oxygen reduction, the effect of carbonate melt
wetting properties on the materials, and the corrosion mechanisms of cell components,
is critical to achieving this goal. Also investigation of the various MCFC electrode
processes such as the cathodic oxygen reduction, the effect of carbonate melt wetting
properties on MCFC materials and the mechanisms of corrosion of cell components
are critical to achieve this goal. Apart from the materials’ stability, the cost of
the MCFC system needs to be lowered for mass commercialization. At present,
the average installed cost for a commercially available MCFC module is around
$4,000 per kW. The high costs of MCFC stacks are attributed to relatively lower
power densities (120 mW cm?) of MCFC systems, and a 20% improvement in power
densities can substantially reduce the cost of power from MCFC. If the installed
cost of MCFC can be reduced to $2,000 per kW, it could be the preferred choice for
stationary power generators above 400 kW range [10].

Building on the well-established technology of MCFC, it becomes essential to
investigate their application as electrolyzers to address the growing challenges related
to clean hydrogen production and the decarbonization of industrial processes. Molten
Carbonate Electrolysis Cells present a promising opportunity, because of the high
efficiency inherent in high-temperature operations and their potential to convert
carbon dioxide, alongside water vapor, into synthetic fuels or chemical feedstocks.
Note that it is necessary to feed the hydrogen electrode with both CO5 and steam to
produce the carbonate ions required for the electrochemical reaction. Unlike more
mature electrolysis technologies, the high operating temperatures allow MCECs to
harness additional thermal energy, making them advantageous for utilizing residual
heat from industrial processes. However, the novelty of this technology poses several
challenges, such as the durability of materials and the electrolyte losses. J.R. Selman,
a renowned expert in the field of electrochemical engineering, has extensively studied
molten carbonate fuel cells and identified three critical pillars that govern their
long-term performance [11]. These are (i) reaction kinetics, (ii) interfacial wetting,
and (iii) corrosion. Selman highlighted that these processes all occur at key interfaces
within the fuel cell. The first two processes, reaction kinetics, and interfacial wetting,
take place at the "active" interfaces, where electrochemical and chemical reactions
occur, specifically at solid/liquid and solid/liquid/gas junctions. The third, corrosion,
directly impacts the cell’s longevity, limiting its useful life. Although these principles
were developed in the context of MCFCs, they are equally relevant for molten
carbonate electrolysis cells, as both technologies share nearly identical hardware.
The electrochemical environment, material choices, and interface dynamics that
affect MCFC performance will similarly influence MCEC systems. This is why
improving the understanding and management of these three factors is not only
crucial for enhancing MCFCs but also for advancing MCEC technology, as it will
help address challenges like electrode degradation and electrolyte stability. Despite
promising laboratory-scale results, large-scale applications of MCEC remain limited.
Current research focuses on optimizing electrode and electrolyte materials, as well
as gaining a deeper understanding of the electrochemical mechanisms that govern
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the electrolysis process.

1.1 Goals of this work

The primary objectives of this thesis are twofold: firstly, to conduct a detailed and
systematic study of the chemical-physical phenomena occurring in molten carbonate
electrolysis cells (MCEC), to acquire fundamental insights for the development and
enhancement of hydrogen production technology; secondly, to develop and apply a
numerical approach to describe and understand the complexity of these phenomena
within electrochemical cells.

Regarding the first objective, experimental testing was performed using two
different setups, which facilitated a thorough examination of the cells’ behavior
under various conditions. These experimental activities were primarily conducted
at the ENEA research center in Casaccia (Rome) and, to a lesser extent, at the
Royal Institute of Technology (KTH) in Stockholm. Conventional characterization
techniques, such as polarization curves and Electrochemical Impedance Spectroscopy
(EIS), were employed to gain insights into the cells’ performance. Various operational
conditions, including gas composition and temperature changes, were tested to ex-
plore the reaction kinetics and to quantitatively assess hydrogen production through
chromatographic analysis. This analysis aimed to quantify the contributions of the
reverse Water Gas Shift (rWGS) reaction and electrolysis to hydrogen production
under different conditions. Additionally, the thesis investigates the performance of
MCECs under dynamic loading conditions to evaluate their feasibility for integration
with renewable energy sources, which are inherently intermittent. This includes ana-
lyzing how the cells respond when powered by variable electrical power throughout
the day.

A significant part of the work involved the development of a 2D model to predict
the performance of the cells. This model, validated against experimental data,
provides valuable insights into the main contributions to the MCEC overpotential
and the thermal effects of an adiabatic cell. Furthermore, a preliminary analysis
was conducted on integrating MCEC technology into a process for producing pure
hydrogen, to assess the primary energy consumption involved and evaluate the
process efficiency. Through this multifaceted approach, this work aims to advance
the understanding of MCEC technology and evaluate its practical applications in
hydrogen production. The contents of this doctoral thesis are summarized in the
following section.

1.2 Thesis outline

In this work, Chapter 2 illustrates the operating principles of molten carbonate cells
functioning as fuel cells and electrolyzers, along with general aspects related to the
materials, designs, and recent advancements in MCEC research.

In Chapter 3 a description of the principal characterization techniques employed
in this work is provided, with particular attention dedicated to the DRT methodology
and all its useful implications in the analysis of the EIS measurements.
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Chapter 4 outlines the experimental campaigns, testing procedures, material
characteristics, and the experimental apparatus used, detailing the tests carried out
in the laboratories of the ENEA research center with both button cell and single
cell setups.

Chapter 5 extensively presents the experimental results obtained from the button
cell setup, with a particular focus on the hydrogen electrode. The first part discusses
the polarization curves and analyzes the exchange current density dependencies on
the partial pressure of the reactants and temperature, fitting the data with the Butler-
Volmer equation. In the second part, the DRT analysis of the EIS measurements for
the hydrogen electrode is presented, allowing the qualitative distinction between the
different processes contributing to the electrode’s polarization.

Chapter 6 is dedicated to the analysis of the planar single MCEC performance.
The first part focuses on the 2D model, developed based on literature data and
validated with experimental results. This model was used to predict thermal effects
under adiabatic conditions, showing that, in the absence of temperature control,
the cell temperature could rise significantly, with chemical reactions alongside
electrochemical processes substantially influencing cell behavior. The second part of
the chapter focuses on the experimental data obtained from the single cell during the
experimental campaign carried out for this work, with special attention given to the
gas chromatographic analysis for quantifying hydrogen production under different
operating conditions.

Chapter 7 explores the integration of MCEC technology into industrial processes,
focusing on two key aspects. On the power supply side, the coupling of MCEC
with renewable energy sources is analyzed, presenting experimental data obtained
during the third experimental campaign of this thesis, where a planar single cell was
powered by a dynamic source simulating a photovoltaic plant. On the product side,
a process analysis is provided for a plant scheme focused on hydrogen production
using MCEC.

Chapter 8 provides a brief introduction to fuel-assisted electrolysis, a recently
innovation in high-temperature electrochemical cells. It then presents experimental
results from the Royal Institute of Technology (KTH), where preliminary tests on a
button cell were conducted as part of the broader experimental campaign for this
thesis, aimed at evaluating the feasibility of this novel operating mode.

Finally in Chapter 9, the results obtained from the experimental investigations
and the numerical analysis are resumed and some conclusions are provided.






Chapter 2

Fundamentals

This chapter provides an overview of the molten carbonate fuel cell (MCFC) and
molten carbonate electrolysis cell (MCEC) technologies. The working principles,
state-of-the-art materials, and design of these systems will be described. Notably,
the components of MCEC are made from the same materials used in MCFCs. The
primary difference between them lies in the current direction, as the electrolyzer
operating principle is the reverse of that of the fuel cell. Special emphasis will be
placed on the advancements and research specific to MCECs, including investigations
into electrochemical performance, durability, kinetic mechanisms, and modeling
activities.

2.1 The molten carbonate fuel cell

Molten carbonate fuel cells (MCFCs) are electrochemical devices that directly convert
the energy content of a fuel, most commonly hydrogen, into electrical and thermal
energy. These high-temperature fuel cells operate with a molten carbonate electrolyte
within a temperature range of 550 — 700 °C. The electrolyte melting point determines
the minimum operating temperature, i.e. 400 — 500 °C depending on the carbonate
composition |12} 13]. Limited electrolyte conductivity at lower temperatures and
accelerated corrosion along with electrolyte vaporization at higher temperatures
define the operating temperature range.

Fig. shows a schematic overview of the main operating mechanism of an
MCEFC. In this scheme, it is considered that only pure Hs is supplied to the anode
(Ni electrode), while a CO2-Oy mixture is fed to the cathode (NiO electrode). The
fuel (Hg) reaches the electrode-electrolyte interface diffusing through the porous
structure of the anode. The hydrogen oxidation reaction occurs at the triple phase
boundary (TPB), where the gas, the electronic conducting phase (metal electrode),
and the ionic conducting phase meet, facilitated by carbonate ions (CO?,)_) from the
electrolyte. This reaction produces water and carbon dioxide while releasing two
electrons (e7) to the external circuit. These electrons are subsequently transferred
to the cathode, where they reduce oxygen and carbon dioxide to form carbonate ions.
What is explained above can be easily summarized considering the electrochemical
semi-reactions occurring at the anode and the cathode side:
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Figure 2.1. The working principle of the molten carbonate fuel cell.

1
502 +C0; +2¢™ > COF~ <7|

Hy 4+ COZ™ — Hy0 4 COy 4 2¢~ (2.1)

1
COz + 505 +2¢” = Cco3™ (2.2)

So that the overall cell reaction is
1
Hs + 502 + COZ,NiO — HsO + COQ’Nj (2.3)

where it is underlined that carbon dioxide must be supplied to the cathode to
produce the CO?,)_ ion conductor, and it is released to the anode as a consequence
of Hy oxidation.

One significant advantage of high-temperature fuel cells is their resistance to
carbon monoxide poisoning. Instead of being harmful, carbon monoxide can serve
as a fuel in MCFCs through the following reaction occurring at the anode:

CO + CO3™ — 2C0Oz + 2e~ (2.4)

although this reaction is regarded to be slow [14H16].
Alongside the electrochemical reactions, the reverse water-gas shift (rWGS)
reaction takes place at the anode (Ni electrode),

Hs + CO9 < Hy0O + CO (2.5)

The presence of nickel as a catalyst, combined with the operating temperature, allows
this reaction to reach equilibrium rapidly |17} 18]. Consequently, this can affect
the gas composition within the Ni electrode, which may influence the electrode’s
performance.

Thanks to the high operating temperature MCFCs can utilize a wide range
of fuels, such as methane and other higher hydrocarbons, which can be converted
into hydrogen through steam reforming, (reactions and . This reaction
can take place either directly within the fuel cell (internal reforming) or in a
separate reformer (external reforming). In the former case, the endothermic steam
reforming reaction is powered by the heat produced by the exothermic hydrogen
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oxidation. This integration of reactions within the cell simplifies the stack’s thermal
management, as the heat produced by hydrogen oxidation is efficiently absorbed by
the reforming process. By implementing internal reforming, the overall cooling load
of the system can be significantly reduced—by as much as 50% according to .
This reduction occurs because the heat generated by the exothermic Hy oxidation is
effectively consumed within the system, minimizing the need for external cooling and
improving overall thermal efficiency. Moreover, the consumption of hydrogen due to
the electrochemical reaction enhances steam conversion during internal reforming,
resulting in higher fuel utilization and overall efficiency.

CH, + Hy0O < 3Hy + CO (2.6)
CpHy, + H2O < (n + I;) Hy +nCO (2.7)

MCEFCs are typically used for large stationary power generation due to their
significant efficiency, regardless of the type of fuel employed. They can achieve up to
55% efficiency for fuel-to-electricity conversion, and the total efficiency can exceed
90% when integrating combined heat and power (CHP) or combined cooling and
power (CCP) applications [20]. Fig. provides an example of the integration
between an MCFC and a gas turbine power plant, while Fig. [2.3]illustrates a possible
integration of MCFC technology in a cooling system.

R e e ER R Fuel Reforming
i FPREH REFORMER | Unit

CH4COMP

Figure 2.2. Layout diagram of the hybrid MCFC—Gas Turbine power plant studied in .

MCEFC technology has been commercially deployed in various countries including
the USA, South Korea, Germany, Italy, and Japan, with over 300 MW of power
generation capacity installed across more than 50 locations worldwide ,
. Thus, even though the MCFC technology is already commercialized to some
extent, there is always a demand for better and cheaper materials to improve
the performance and make MCFC an effective replacement for traditional power
generation. The highly corrosive and mobile electrolyte necessitates the exclusive
use of nickel and high-quality steel for the various components of MCFCs [25-27],
resulting in significant costs. Similarly, the elevated temperatures pose a challenge
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Figure 2.3. MCFC associated with an absorption refrigeration system [22].

to mechanical stability and negatively affect the lifespan of the stack. Throughout
the lifetime of MCFCs, a slow but steady loss of electrolyte occurs, which tends to
cause gradual performance decay [28]. The dissolution of the oxygen electrode is also
a major factor limiting the lifespan of MCFCs. The current state-of-the-art oxygen
electrode (described in Sec. , nickel oxide, slowly dissolves into the electrolyte,
creating metal particles that precipitate across the electrolyte tile. This process
can eventually lead to short-circuiting between the fuel electrode and the oxygen
electrode. Since the mid-1970s, the materials for the electrodes and electrolyte have
remained essentially unchanged [10} |29] and they will be described in detail in the
following sections.

2.2 Materials and Design

In molten carbonate fuel cells the electrolyte mixture (molten carbonate salts) is
held in a porous ceramic matrix between a porous anode and a porous cathode. The
matrix also facilitates the conduction of carbonate ions between the electrodes and
acts as a barrier to separate the fuel and oxidant gases.

In earlier stages of MCFC development important improvements of cell perfor-
mance were obtained by a design strategy which assumed that the filling and wetting
of porous cell components (electrodes and electrolyte matrix) satisfies capillary
equilibrium [11]. The condition for capillary equilibrium - equal capillary pressure
among all three porous bodies - is expressed by the following equation [30]:

occosl.  opcosty  0acos0, (2.8)
D Dwm D, '

where D is the diameter of the largest flooded pores, o is the superficial tension
and @ is the contact angle of the electrolyte, while the subscripts a, ¢ and m refer to
anode, cathode and matrix respectively. If Eq[2.8]is satisfied, all matrix pores, being
smaller in diameter as compared to electrode pores, are filled with electrolyte, while
electrode pores are partially filled permitting diffusion of gaseous species. Thus,
at equilibrium, the distribution of a small amount of molten carbonate among the
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Figure 2.4. Schematic representation of constant volume capillary equilibrium of melt
among molten carbonate cell porous electrodes and matrix support, showing in-pore
meniscus formation and wetting .

three porous components will be fixed, given a certain total volume of melt in the
cell. The partially filled pores in electrodes provide triple-phase boundaries (solid
electrode, reactant gas and liquid electrolyte) for redox reactions (Fig. [2.4).

The constant-volume capillary equilibrium assumption is a relatively simple tool
to help design a well-working MCFC cell, because it allows some control of the
relatively complicated three-way interaction in such a cell. This three-way interaction
involves (i) porous-electrode geometry (fixing pore size distribution and electrode
thickness), (ii) choice of electrode materials and carbonate composition (which
govern wetting parameters such as surface tension o and contact angle 6), and (iii)
operational parameters (such as gas flow rate, utilization, and current load) which,
in large cells, strongly affect the distribution of local reaction rate and temperature,
and thereby kinetics and wetting. Additionally, when individual cells are arranged
in series to create a stack that meets the target power output, interconnect layers,
or bipolar plates, are also required. Significant efforts have been dedicated over
the past few decades to create corrosion-resistant cell components and fabrication
techniques that ensure both stability and performance. In the following sections, a
concise overview will be provided of the key types and properties of materials used
in state-of-the-art MCFCs and their stack components, along with the various kinds
of cells.

2.2.1 Electrolyte

The electrolyte plays a crucial role by transporting dissolved reactants (fuel and
oxidant) to the catalytic surface, where electrons are released and recombined, and by
conducting ionic charge between the electrodes, thus completing the cell’s electrical
circuit. In MCFCs, carbonate ions serve as the charge carriers, generated through
the oxidation reaction at the oxygen electrode — see Eq.[2.2] The electrolyte also
acts as a physical barrier to separate the fuel and oxidant gas streams from mixing
directly. Finally, the molten carbonates ensure gas sealing between the separator
plates, which separate individual cells within a stack configuration (more about this
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in Sec. [2.2.5)).

The electrolyte can be a binary (Li/K, Li/Na) or a ternary (Li/Na/K) eutectic
mixtures of carbonates. The composition affects (i) ionic conductivity, (ii) solubility
of reactants and reaction products, (iii) the diffusion coefficients of reactants and
products, (iv) the rate of the anodic and cathodic reactions, (v) electrolyte vapor
pressure, and (vi) stability of the lithium-aluminate matrix.

Since about 1980, the standard electrolyte composition has been LioCO3—K2CO3
(62:38 mol%) [31} 32]. However, in the early 1990s it was found that, due to the
different mobility of cations (Lit, K*) within the eutectic mixture, electrolyte
segregation (i.e. separation of the Li and K carbonates) can occur within the matrix.
This phenomenon leads to the non-uniformity of composition dependent physical
properties such as melting point, basicity, and wetting properties. Besides, as it will
be discussed in Sec. [2.2.4] the segregation increases the potassium concentration
near the oxygen electrode and this leads to increased NiO solubility and a decline in
performance [33H35]. These observations, particularly the issue of NiO dissolution in
the electrolyte, caused several developers in the late 1990s to investigate alternative
electrolyte materials.

An early study by Ang and Sammells [36] suggested that Li/Na carbonate exhibits
higher ionic conductivity compared with other mixtures. This was confirmed by
subsequent researches 31} 37,|38]. Additionally, the Li—Na electrolyte offers improved
NiO electrode (Oq electrode) stability [39,40] and reduced electrolyte evaporation |27,
36] compared with the Li-K mixture. These properties make Li-Na a better choice
for high-pressure operation, improving the long-term performance of the cell |29,
37]. Nevertheless, Li-Na cells are more sensitive to temperature changes under
atmospheric conditions due to lower oxygen solubility in the Li—Na carbonate. As
a result, operating Li—Na cells at lower temperatures (< 650 °C) leads to larger
voltage drops than in Li-K cells at equal conditions [31} 37].

To address the issues with binary electrolytes, several research groups in the early
2000s began studying the ternary Li/Na/K carbonate system [36), 41H46]. This system
offers the advantage of having the lowest melting point among molten carbonates
mixtures (397 °C). The research aimed to optimize the composition of the ternary
electrolyte to achieve low oxygen electrode (NiO) solubility, low vapor pressure,
low reactivity with stainless steel, and high chemical oxygen solubility. However,
the reduced ionic conductivity at lower operating temperatures (i.e. 500 — 550 °C)
remains a significant challenge to their broader application.

Of course, "alternative electrolytes" may be created by adding small amounts
of alkaline earth carbonates or rare-earth oxides to state-of-the-art eutectics [38,
44]147]. Although these alternative electrolyte formulations promise benefits, a
decrease in conductivity with alkaline earth addition has been observed [38, |48|.
Therefore, optimization of electrolyte composition remains a complex task, requiring
thorough investigation of additives’ effects on long-term cell performance. Adopting
a new electrolyte composition demands careful compatibility checks with structural
and electroactive components and may necessitate fine-tuning or even a complete
overhaul of material choices.

However, improvements can also be achieved through a system-based approach.
Due to practical considerations, such as non-uniform temperature distribution in
large-scale cells, the minimum operating temperature of an MCFC is typically
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about 100 °C above the electrolyte’s melting point. By making possible operation
at temperatures lower than 600 — 650 °C, "alternative electrolytes” could mitigate
corrosion of structural materials, thereby extending the MCFC'’s lifespan.

2.2.2 Matrix

The MCFC matrix acts as a separator between the anode and cathode holding the
electrolyte. It is sandwiched between the anode and cathode, and the carbonate
melt is immobilised by capillary pressure (typically > 0.2 MPa) [10]. A sufficient
capillary force for the electrolyte uptake and retention inside the matrix is obtained
by keeping the pore diameters of the matrix smaller than those of the electrodes [49,
50] and by having a good wettability [51]. Optimal performance is achieved when the
electrolyte only partially fills the pores in the electrodes but completely saturates the
matrix. Typically, the electrolyte content in the matrix should exceed 50 vol% [51],
compared to a maximum of 30 vol% within the electrodes [52, |53|. In terms of the
cell pore to filling ratio, which is the ratio of electrolyte volume to total pore volume,
the lowest polarization resistances are observed when this ratio is between 50-80%,
with an exponential increase for lower and higher values [54]. For acceptable cell
performance, the matrix should generally have a porosity of 50 to 70% [50, 55 [56]
and a pore size below 1nm [49], with an optimal average pore size distribution of
0.1 — 0.3um [50, [54]. While increasing the porosity can enhance ionic conductivity,
it may also compromise the matrix’s structural integrity, leading to premature
degradation. Conversely, smaller pore sizes can strengthen the matrix and reduce
the risk of cracks, improving stability under high-pressure conditions, though this
might penalize the electrochemical performance [53} 57].

Another crucial characteristic of the matrix is its Specific Surface Area (SSA),
which significantly influences both the average pore size and porosity [54]. For
MCFCs, a SSA of around 10 m?/g [54, 58] is typically used, although high-
performance matrices can achieve up to approximately 12 m?/g [53]. Given the
highly reactive nature of the retained alkaline-based carbonate electrolytes (see
Sec. , the matrix must be chemically stable and inert to ensure the cell’s
long-term operation. Additionally, the mechanical strength of the MCFC matrix
should be at least 90-100 gf/mm? [59].

To meet these requirements, the state-of-the-art material used is lithium alumi-
nate (LiAlOg), reinforced with aluminum agents. Among its three allotropic forms
— a-LiAlO2 (hexagonal structure), 5-LiAlOy (monoclinic structure), and 7-LiAlO,
(tetragonal structure) [60] — the a-phase [61} |62] and ~y-phase |54} 63-65] are mainly
used as MCFC matrices. In the early 1980s, based on short-term testing, ~v-LiAlO-
was chosen as the matrix support material due to its high corrosion resistance to
molten carbonates [66]. However, this material faces challenges such as particle
growth, pore coarsening, and allotropic transformation from the ~-phase to the
a-phase. Since the a-phase is denser (3.4 g/cm?) than the y-phase (2.6 g/cm?), this
transformation increases the pore volume thus resulting in the electrolyte depletion
within the matrix [10]. The loss of electrolyte reduces ionic transport and causes
fuel crossover resulting in polarization losses. Generally, matrix stability is compro-
mised at higher temperatures, in low CO4y gas atmospheres, and in strongly basic
carbonate melts [67, 68]. Conversely, a-LiAlO2 exhibits a higher stability under
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MCFC operation [68], remaining stable in both Ha/CO4 and air/COg2 environments
at 650°C, unlike v-LiAlOs. Although the a-phase offers better microstructural sta-
bility, it is inferior to y-phase in terms of mechanical strength, requiring additional
reinforcement [62} 69].

2.2.3 Anode

In an MCFC, the anode is where the fuel (e.g. Hz) is electrochemically oxidized. It is
typically made from a porous sintered Ni base with a thickness of 0.6 — 0.8 mm and a
porosity of 55 —70%, with a mean pore diameter of 3—5 mm. This porosity provides
adequate interconnected pores for mass transfer of gaseous reactants and adequate
surface area for the electrochemical reactions [52}70]. To maintain an allowable ohmic
loss during the drawing of current in fuel cell operation, the electrical conductivity
should be larger than about 100 S/m [29]. Therefore, the anode thickness should be
kept as low as possible to improve conductivity, as long as this does not compromise
mechanical strength.

Nickel in the form of sintered powders of a nickel-based alloy containing small
amounts of Cr or Al is currently used as the anode material. The main problem
with pure nickel is that it does not sufficiently resist creeping and sintering under
the compressive force required to minimize contact resistance between cell compo-
nents [20]. The micro-dispersed oxide particles formed in Ni-10 wt% Cr anodes
and Ni-(5 — 10) wt% Al anodes have proved to maintain adequate stability of the
electroactive microstructure in the anode |71}, 72]. These alloys are now almost
exclusively used in commercially produced stacks. However, the electrolyte can
easily lithiate the Cr electrode to produce LiCrOs. Since this reaction consumes the
electrolyte, it creates micropores inside the electrode, leading to cell instability and
performance decline during long-term operation [73]. On the other hand, the Ni-Al
alloy anode shows higher creep resistance than the Ni-Cr anode, with minimum
electrolyte loss. The low creep rate with this alloy is attributed to the formation
of LiAlOs particles that are finely dispersed in the Ni-Al network structure, but
remain electrochemically inert |72, 74].

Although the current additives to the anode base material, when added in the
right proportions and following careful dispersion procedures, have largely solved
the problem of creep, the susceptibility to this phenomenon could still be improved.
Additionally, since MCFC operation relies on the ionic exchange between the melt
and solid electrodes, the wettability of the electrodes (the wetting angle) especially
on the anode side is an important parameter determining the MCFC performance.
The wetting angle for standard MCFC anodic gas composition is around 50° with
(Li/Na)2COg and 31° with (Li/K)2CO3 [52]. Hence efforts are being made to improve
the anode wettability through the coatings or additives. Composite anodes made
of ceramic oxides, such as those using oxides of lanthanum (LazO3) and samarium
(Sm203) with titanium powder (to provide electronic conductivity) have shown
good performance |75, [76]. Ceramic-based or ceramic-coated anodes also improve
sulphur tolerance, possibly by an order of magnitude [77], and wettability, while
being morphologically stable during cell operation. The main drawback of these
additives is that they increase the ohmic resistance of the anode, and their addition
can impede the conducting path even if used in relatively smaller amounts [10].
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2.2.4 Cathode

General requirements for MCFC cathode materials, besides sufficient electrical con-
ductivity, are limited solubility in carbonate electrolyte at the operating temperature,
sufficient porosity (70 —80%, with a mean pore diameter of 7 — 12 pum [10]) to allow
the diffusion of reacting species and stability in oxidizing atmosphere. The currently
used cathode material is lithiated NiO, formed from porous Ni by oxidation and
lithiation of porous nickel in contact with lithium carbonate under an oxidizing
atmosphere. This process generates its characteristic dual pore size distribution,
required for proper functioning of the three-phase interface: small pores are filled
with electrolyte and are responsible for transport of ions, while larger pores provide
access for the gaseous species.

Although NiO fulfills the performance requirements such as catalytic activity
and electrical conductivity, its dissolution in carbonate electrolyte is one of the issues
that limits MCFC lifetime |28} 35, 78]. NiO dissolution from the cathode into the
carbonate electrolyte occurs according to one of the following mechanisms [20]:

NiO 4 COq — Ni** + CO32~ (2.9)

or

NiO — Ni?* 4+ 0?2~ (2.10)

Therefore, the driving force for the dissolution depends on CO» partial pressure and
the acid—base properties of the molten carbonate. The dissolution rate increases
with COs partial pressures [79], whereas higher activity of O?~ in the melt retards
dissolution [80]. The dissolution of NiO leads to increased cathodic polarization
due to structural changes, possible phase transformation and Ni shortening. The
shortening takes place when Ni?* ions formed in the cathode side diffuse through
the matrix to the anode, where they are reduced by fuel (hydrogen) to form solid
nickel particles:

Ni?* + Hy + CO%™ — Ni + COq + Hy0 (2.11)

The deposited Ni particles move across the matrix under the influence of the electric
field. Since the reduction reaction continues, a string of Ni particles is thereby
created that tends to stretch from cathode to anode. The particles may agglomerate,
forming a metallic dendrite that grows out of the NiO substrate of the cathode
toward the anode. Eventually, shorting between anode and cathode occurs and
causes a rapid decline in cell voltage and performance |28 |33].

Nowadays, NiO—composite cathode materials are considered the most promising
approach to reducing the dissolution rate of NiO. This applies especially to coating
or doping the NiO surface with lower solubility elements, possibly in combination
with additives that enhance basicity in the carbonate electrolyte. Adding rare-earth
elements [81-83] such as CeOsq, LagOs, Pra0O3, Nd2O3, Dy20s3, and Lag gSrp2CoOs3
to a NiO cathode lowers the dissolution rate of NiO by an order of magnitude.
ZnO and MgFe;04 [84) 85] composited with NiO have been studied as alternative
cathode materials. These composite materials show promising stability under cathode
environments, but long-term in-cell tests are required to confirm their practical
suitability.
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Figure 2.5. Schematic of single planar cell assembly and location of the wet seal [32].

2.2.5 Bipolar plates

The bipolar plate separates individual planar cells within a stack, as illustrated in
Fig. [2.5] Although it is not an active component, it is perhaps the most critical
non-active metallic part, subjected to harsher operational conditions than the active
components. This is due to its location between the reducing environment of the fuel
and the oxidizing environment of air, both in the presence of the corrosive molten
carbonates. Since it is not involved in the catalytic reactions, the bipolar plate can
consist of less specialized materials than the electrodes and matrix, and is usually
made of stainless steel alloys, which nevertheless must have high corrosion resistance.
Corrosion of the metal components, alongside with electrolyte loss, is the main factor
contributing to the long-term voltage decay in MCFCs [86].

A Dbipolar plate generally consists of two metallic components: the separator
plate and the current collector (see Fig. . These components must simultaneously
satisfy various chemical, electrical and mechanical requirements and are therefore
usually made of the same material, which is why they are consider as a whole under
the terminology of bipolar plate. It is based on a corrugated design that has to fulfill
the following functional requirements:

o separate fuel and oxidant streams between adjacent cells, while providing
electrical contact;

o create flow channels to guide the gases from the manifolds to the electrodes;
e provide a leak-tight gas flange around the electrodes.

The last function is achieved by extending the electrolyte tile to the plate edges,
where it is sandwiched between the two juxtaposing plates, creating what is known
as the wet-seal, and is indicated in Fig. Corrosion in this area is particularly
critical and may lead to poor sealing, resulting in gas leakage, electrolyte loss and
rapid decay of cell performance [87]. In addition to the corrosion resistance, another
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important requirement for a bipolar plate is excellent electrical conductivity. Other
mechanical requirements include fluid flow, high temperature resistance, proper
contact between components, weldability, and easy formability.

Currently, no alloy has been found that combines all these desired properties.
The most commonly used material for bipolar plates is Cr—Ni ferritic stainless steel.
Alloys such as 310S and 316L are relatively inexpensive and perform well in the
cathode area. They develop a thick, multi-layered oxide scale that offers good
electrical conductivity and serves as an effective diffusion barrier [25]. On the anode
side, it is required to apply a pure nickel coating that, being stable under reducing
conditions, prevents the formation of the oxide layer [88]. With the protection
provided by the Ni-clad coating, the anode-side bipolar plate shows virtually no
corrosion attack for up to 10000 hours of operation [89].

2.2.6 Planar MCFCs

The state-of-the-art MCFC is invariably of planar construction and each of the
porous components (i.e. anode, cathode, electrolyte, and matrix) is normally made
by tape-casting [29, [35]. This has enabled significant scale-up of the manufacturing
process of the planar components and cells of 1 m? are now routinely manufactured.
The tape-casting process has also allowed to produce very thin electrolyte structures
(0.25—0.5 mm). There is a strong incentive for making thinner electrolyte structures
because their ohmic resistance significantly influences the operating voltage of
MCFCs [90]. However, the minimum thickness is constrained by the need to
maintain sufficient mechanical strength and to limit the formation of Ni dendrites,
which can lead to short circuits between the electrodes (see Sec. .

) =] Bipolar plate
E||eCt;IC anode Cell
oa i
Single Electrolyte stack

cell cathode

Figure 2.6. Assembly of cross-flow molten carbonate single cells to stack configuration [29].

Conventional MCFCs are characterized by square or rectangular geometry [92].
While square cells are used for cross-flow MCFC stacks (see Fig. , cells are usually
rectangular in co-flow stacks with a shorter length in the gas flow direction and a
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Figure 2.7. Schematic of a co-flow MCFC stack (left) and a picture of a 125-kW stack
adapted from .

greater width to reduce the significant axial temperature rise (see Fig. [2.7)).

From an economic and technical standpoint, square/rectangular MCFCs have
been successfully developed for high-power applications, with outputs ranging from
several hundred kW to tens of MW , . However, the commercialization of
MCFCs for the residential market, which requires smaller power outputs, faces
several technical challenges. These include long start-up times, high thermal losses,
limited lifespan due to gas crossover issues, and instability of materials (see previous
sections).

To address these limitations, Nicolini et al. proposed a novel cylindrical cell
geometries for small-size MCFCs, which was patented by IPASS [94-96]. This
geometry, schematically represented in Fig. offers several potential advantages
over the traditional MCFC layout. These benefits include reduced construction
time and costs thanks to the possibility of using an injection molding technique,
minimized thermal dispersion, increased global efficiency, reduced gas tightness
issues between the cell plates, and uniform compression strain on the contact surface.
Nicolini et al. demonstrated the feasibility of these cylindrical cells, progressing
from laboratory-scale cells of 3 cm? to the realization of a 1 kW stack comprising
15 single cells of 250 cm? . Indeed, the optimum size for this geometry is in
the 1 kW to 5 kW range: in this way, the mentioned benefits, thermal self-sustain
conditions, cogeneration, and a compact design may be obtained . This makes
cylindrical MCFCs a promising alternative for overcoming the technical challenges
that currently hinder the commercialization of MCFCs in the small-power market.

2.2.7 Tubular MCFCs

A recently proposed alternative to the planar electrode cell is the tubular cell,
originally motivated by its lower thermal dispersion and greater ease of large-scale
production, particularly when reducing the size of cells from industrial plants to
potential domestic use. Besides, the state-of-the-art planar MCFC components
require micrometer-scale precision in dimensional accuracy during manufacturing,
accounting for over half of the production cost of a stack .

In a tubular cell complex separator plate would be unnecessary, which could
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Figure 2.8. Exploded view of a cylindrical molten carbonate fuel cell in a stack [95].

greatly ease the dimensional accuracy requirements for the cell components, dras-
tically increase the yield rate, and thereby significantly decrease manufacturing
costs. Additionally, in a tubular MCFC, each cell is separated from the others,
minimizing any mutual influence between cells. Therefore, a shorter start-up time
can be expected in comparison with a planar MCFC stack. Furthermore, in a tubular
cell assembly, it is possible to replace individual damaged cells.

Kawase developed a method of manufacturing a tubular MCFC [97]. The key
feature of this method lies in the ability to exploit the natural shrinkage of the
nickel electrode (which forms the outer cylinder of the assembly) during the sintering
process from metal powder, thereby sealing the electrolyte and providing the cell
with the necessary mechanical strength. The cell, represented in Fig. 2.9 was found
to have a generation performance close to that of a planar MCFC, although there
is room for improvement. It was furthermore found that the tubular MCFC can
start from a cold-stopped condition in a few hours. In a subsequent work [98],
he also evaluated the basic durability of tubular MCFCs fed with coal or biomass
gasification product. The results showed almost no deterioration in voltage with
increasing pressure over a continuous generation test of 5600 h, meaning that stable
generation is possible with tubular MCFCs. It was also demonstrated that tubular
MCFCs are durable against sudden changes in temperature (about 100 °C per hour)
and the differential pressure between the anode and cathode (about 0.1 MPa) as
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Figure 2.9. Schematic illustration of a tubular MCFC .

could be caused by system faults. The results also suggest that the properties of
tubular MCFCs could be utilized for fast startup of power generation systems from
the cold shutdown state.

2.3 The molten carbonate electrolysis cell

When the MCFC is run in reverse, it operates as a molten carbonate electrolysis cell
(MCEC) to produce fuel gas, e.g. hydrogen or syngas (Ho+CO). As mentioned before,
for the electrolyzer operation it still uses the state-of-the-art fuel cell components
described above, including nickel-based porous electrodes and molten carbonate
electrolyte. Fig.[2.10]shows the working principle of the molten carbonate electrolysis
cell.

H,0 CO, H,

Cathode, Ni _ _ B
(H, electrode) Hy0 + CO, + 2 - H, + CO3 e

—

Matrix, _
Electrolyte U CO3 Power
Anode, NiO 2— 1 _

(0, electrode) €05~ - E 0, + CO, + 2e o

Air/sweep gas | 0, CO,

Figure 2.10. The working principle of the molten carbonate electrolysis cell.

The Ni electrode, as anode in the MCFC, works as cathode in the MCEC. Water
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is reduced at the Ni electrode according to:
H0 + COg 4 2¢~ — Hy + CO2™ (2.12)

The carbonate ions are conducted through the electrolyte to be oxidized at the
oxygen electrode (i.e. anode in the MCEC), producing carbon dioxide and oxygen,
according to

1
CO3;~ — COq + 502 +2¢7 (2.13)

No gas flow is strictly required at the oxygen electrode inlet for the electrochemical
reaction to proceed. However, in practice, a mixture of air and a small amount of
carbon dioxide is supplied as a sweep gas. This ensures an oxidizing atmosphere,
which is necessary to maintain the stability of the NiO electrode (see Sec. [2.2.4),
while the presence of COs helps stabilize the carbonate electrolyte. So, the overall
reaction in the MCEC is

1
H,0O + CO2,Ni — Hy + 502 + COQ,NiO (2.14)

Due to the presence of carbon dioxide in the inlet fuel gas, direct COg electrolysis
generating CO may take place at the Ni electrode through the following reaction

2C0 4 2¢~ — CO + CO3~ (2.15)

However, it has been reported that the kinetics of this reaction is much slower
compared to water electrolysis on nickel-based electrodes [16, (99, [L00]. Nevertheless,
carbon monoxide could be generated at this electrode through the reverse water-gas
shift reaction, i.e. Reaction

The following sections will provide an overview of the studies conducted to inves-
tigate the performance and durability of MCEC, and the kinetics of the electrodes.

2.3.1 MCEC electrochemical performance

The reversibility of molten carbonate fuel cells was demonstrated in the last decade
by Hu et al. [101], who successfully operated a lab-scale molten carbonate cell with
state-of-the-art components in both fuel cell and electrolysis modes. Their work
revealed improved electrochemical performance in MCEC mode compared to MCFC
mode. Specifically, the results showed that the Ni hydrogen electrode exhibited
higher polarization losses in electrolysis mode than in fuel cell mode, while the NiO
oxygen electrode performed significantly better in MCEC mode. The authors also
investigated the electrochemical performance degradation of the cell over time [102].
The MCEC durability test was performed galvanostatically by running a button cell
with a 3 cm? active area under a constant electrolysis current density of 0.16 A /cm?
for 2165 h. Although a decrease in the performance of the cell and electrodes is
shown after the MCEC durability test, especially when performing measurements in
fuel cell mode, the degradation was not permanent and the cell performance could
be partially recovered by electrolyte refilling. Since conventional fuel cell materials
were used in the MCEC durability test, the study also demonstrated that the cell
could alternatively operate as an electrolysis cell for fuel gas production and as a
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fuel cell for electricity generation, i.e., as a so-called reversible molten carbonate fuel
cell (RMCFC). Notably, the results reveal that the cell performance improves after
1019 h of RMCFC operation.

Conversely, Pérez-Trujillo et al. |[103] were the first to test a single molten
carbonate cell with an 80 cm? active area in reversible mode. Thanks to their
increased size and design, single cells give valuable information before progressing to
a prototype or industrial stage. However, throughout the experimental campaign
the molten carbonate cell presented a quite high degradation, contrary to previous
findings of Hu [101}102]. This result was confirmed in a subsequent work |[104], where
they operated a conventional molten carbonate cell as alternated fuel cell /electrolysis
cell. Rapid cell degradation was recorded as soon as the cell began alternating
operating modes, following an initial stable operation period of 650 h in fuel cell mode.
A continuous and rapid increase in both internal resistance and electrode polarization
was observed during about 400 h of alternated operation. Since partial recovery
of cell performance was obtained by electrolyte refilling, electrolyte evaporation
was assumed as one possible degradation factor of the cell performance. A detailed
analysis with SEM/EDX and XRD was also conducted to evaluate degradation of the
active cell materials. Although the electrolyte matrix appeared almost unaffected,
clear signs of accelerated structural degradation in both fuel and oxygen electrodes
were found as a result of the alternated mode of operations.

Finally, Audasso et al. |105] also conducted a study on the performance of
MCECs using single cells. They investigated the behavior of the cell under different
operating conditions in terms of temperature and fuel electrode gas composition. A
series of long-term tests at —150 mA /em? and 650 °C are performed to demonstrate
long-term stability. In particular, before electrolyte loss made the performance
unstable, different cells were operated for about 1000 h with an average voltage of
about 1.14 V.

2.3.2 Water electrolysis reaction mechanisms and kinetics

Although extensive research has been conducted on the electrode reaction mechanisms
in MCFCs [106(109], the same can not be said for MCEC electrodes. Hu et al.
studied the kinetics of the NiO electrode [110] and Ni electrode [111] operated in
electrolysis mode. They determined the dependency of the exchange current density
on the reactant partial pressure to elucidate the mechanisms of the hydrogen and
oxygen production reactions in the MCEC. They evaluated the current distribution
along the depth of the electrode by a combination of its intrinsic activity, its specific
surface area, the effective diffusion path lengths of the electroactive species, and the
effective conductivities of the electrolyte and electrode.

For NiO electrode, they found that the reverse process of oxygen reduction in
MCFC operation, based on a widely accepted mechanism [112], suitably describes
oxygen production in the electrolyzer:

CO3™ < 0?7 +COy (2.16)

02" < (07)+e” (2.17)
02" 4 (07) < 03 +e (2.18)
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03" < 05 +e” (2.19)
03" <> 09+ e~ (2.20)

Assuming that reaction [2.20] of oxygen evolution is the rate-determining step, the
reaction order for oxygen agrees with the partial pressure dependency obtained from
the experimental data. The experimental results for the partial pressure dependency
of carbon dioxide indicate a positive dependence at low COgy concentrations, with
values between 0.09 and 0.30, and a negative dependence at high COs concentrations,
ranging from —0.26 to 0.01. These findings are compared with theoretical predictions
based on the reaction mechanism. According to reaction the coverage of oxide
ions (02_) depends on the COy concentration. Theoretically, a partial pressure
dependency of —0.25 is expected under conditions of low O?~ coverage, while for
high O?~ coverage, the dependency increases to 0.75 [110]. Hence, at low COq
concentrations, the experimental results agree with the theoretical predictions,
as reducing the COq partial pressure shifts the equilibrium of the homogeneous
reaction toward the formation of oxide ions. However, the theoretical value of
0.75 for elevated O~ coverage is significantly higher than the experimental range
(0.09 — 0.30), suggesting that additional reaction mechanisms, potentially involving
intermediate 0%~ coverage and other steps, might influence oxygen production at
the NiO porous electrode under these conditions.

As for the Ni electrode, the dependence on Hy, COs, and HsO gas partial
pressures on the exchange density was evaluated, and compared with the reaction
orders obtained considering four different reaction mechanisms valid for hydrogen
oxidation on a flag electrode in fuel cell operation. One of the mechanism studied
by the authors was based on the inverse of an accepted reaction mechanism for the
hydrogen oxidation, suggested by Lu and Selman [106]:

Hs + 2M  2MH (2.21)
MH + CO2™ <> OH™ +COy + M + e~ (2.22)
MH + OH™ <> HoO+ M + e~ (2.23)

In their work it is assumed that reaction [2.22] is the rate-determining step, and thus
the preceding and following steps are in quasi-equilibrium. The proposed mechanism
is based on the assumption that the reaction steps occur in sequence, with no
diffusion of intermediates toward or away from the electrode surface. However, to
fully account for the significant presence of OH™ ions in carbonate melts [106], it
is plausible that reactions and take place simultaneously, rather than as
consecutive steps. In this case, the rate of reaction [2.23) would not be constrained by
the supply of OH™ ions from reaction and a more rigorous analysis would be
required to capture this behavior.

The reaction orders that Hu et al. [111] obtained from experimental data do
not reasonably satisfy neither this mechanism nor the other ones they suggested.
However, the mechanisms were conceptualized starting from data obtained using flag
electrodes. Thus the authors pointed out that the reaction kinetics could be affected
by the different morphology and structure of a porous electrode. Additionally, the
interpretation of experimental data and the evaluation of kinetic parameters were
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based on the assumption that the reactive surface area and the effective electrolyte
conductivity were independent on gas composition. The authors commented on
the inconsistency of their results, stating that this assumption might not be valid,
and suggesting to consider the dependence of electrolyte wetting properties of the
hydrogen electrode on the gas composition. Although no agreement was found
between the experimental data and the theoretical reaction mechanism, two key
elements emerged from their work. First, the hydrolysis equilibrium plays a crucial
role and should not be neglected:

H,0 + CO%™ «» 20H™ + CO, (2.24)

Second, the hydrogen production reaction involves two charge transfer steps, with
at least one serving as the rate-determining step (RDS).

On the other hand, Frangini et al. [113] demonstrated that another reaction
mechanism involving bicarbonate species is active at temperature below 600 °C.
They investigated the molten carbonate electroreduction of water in the range
500 — 550 °C, in a ternary carbonate eutectic electrolyte LioCO3—NaoCO3—KoCO3
(43.5-31.5-25.0 mol%) by using cyclic voltammetry. The study identified a chemical-
electrochemical-chemical mechanism, where the electro-reduction step of bicarbonate
is preceded by acid-base buffering equilibria of COs and HoO with the melt, followed
up by dimerization reactions of adsorbed hydrogen atoms or radical bicarbonate
anions:

Hy0 + CO3 ™ < 20H™ + HCO3 (2.25)
OH™ 4 COy +» HCO3z (2.26)
2HCO3 + 2e~ <> Hy + 2HCO3 (2.27)

The results suggest that water electrolysis in molten carbonates may be conducted at
around 500 °C, although the relatively low electrolysis current densities (20 mA /cm?
at —1.6V) are not yest optimal for practical applications.

2.3.3 Carbon dioxide electrolysis

Apart from water reduction, significant research over the last decade has focused on
COgq electrolysis, particularly in molten carbonate cells and solid oxide cells. The
reactivity of CO5 in molten carbonates, already well-understood from its application
in mature MCFC technology [114} [115], offers potential pathways to convert COq
into valuable products like CO, C, or syngas (CO + Hsz) when combined with
steam. Studies have shown that while the direct one-step reduction of CO4 into C
in molten carbonates is challenging due to the unfavorable reduction potential, the
reduction of COg into CO at a moderate electrolysis potential is more feasible |15,
116]. Researchers have explored the optimal conditions for this process, finding
that high temperature and high CO5 partial pressure favor CO production. Cassir
et al. [16] highlighted the complexity of the COy/CO reduction process, which
involves multistep mechanisms and is influenced by various factors, including the
composition of the molten carbonate, operating temperature, and gas pressures.
They investigated the reaction mechanism using an inert Pt electrode in the state-
of-the-art molten eutectic LioCO3K9CO3 (62 — 38 mol%), at 650 °C, under different
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partial pressure of COo. Their work demonstrated that the electroreduction of COq
into CO is feasible in oxo-acidic conditions (Pco, > 0.1 bar), involving a diffusion-
limited quasi reversible system in a one electron-step. Finally, in a subsequent
study [117], they showed that CO is electrochemically produced in MCECs, with the
ratio of products depending on the electrolysis potential. Building on these findings,
Monzer et al. [118},119] developed models for both a laboratory-scale cell and a 1
MW stack, accounting for the simultaneous electrolysis of CO2 and H2O in molten
carbonate systems. Their results reveal that during COg electrolysis, the limiting
current density can be reached at lower values, significantly impacting the cell’s
performance.

2.4 High-Temperature electrochemical cells modelling

Models describing electrochemical cells may be classified into (i) zero-dimensional
models, which consist of correlations between potential and current density, (ii)
one-dimensional models, and (iii) multi-dimensional models. For a more compre-
hensive understanding of the mathematical models developed for high-temperature
electrochemical cells, the reader is referred to this review [120]. Below, the strengths
and weaknesses of each model class will be discussed, along with examples from the
literature specific to MCECs.

2.4.1 0D models

Zero-dimensional (0D) models describe the relationship between cell potential,
current, and overpotentials through a relation of the type:

Eeet = Ex £ [ > n;(i) (2.28)
j

where E.y is the cell potential, the terms 7; are the different overpotentials contri-
butions, which depend on the current density ¢, and Ey is the open circuit potential,
known as Nernst potential:

T, 1% .,
Ey = ‘EO — f—}_lnHa;’l (2.29)

The overpotentials can be classified into three categories: activation, ohmic, and
concentration. Each of these contributions can be described using either empirical
or semi-empirical relationships. While 0D models are computationally efficient and
useful for identifying performance-limiting overpotentials, their main limitation is
that they cannot be easily applied to cells operating under different conditions or
geometries. This limitation arises because the parameters used to describe the
various overpotentials are specific to the original setup, which restricts the model’s
ability to accurately predict improvements in cell performance.

Pérez-Trujillo et al. [103] analyzed five models for MCFCs proposed in the
literature for describing a molten carbonate cell operating both as fuel cell and
electrolyzer. They found that the fuel cell behavior could be accurately described
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by a model accounting for activation overpotentials in both electrodes as well as an
Ohmic overpotential. However, none of the models considered accurately describe
the operation in electrolysis mode, especially at high current densities. The same
group modified one of those models to extend its validity to conditions under which
high reactant utilization factors are reached [121]. Nevertheless, the correlation
between the numerical and experimental voltage in electrolysis mode was not as good
as in fuel cell mode, requiring the improvement of the concentration overpotentials
predictions.

Murmura et al. [122] developed a 0D model to analyze data from an MCEC
employing a ternary electrolyte mixture and operated in a lower temperature range
(490 — 550 °C). Their results, combined with those reported in [103] for a cell using
a binary electrolyte and operated at higher temperatures, were evaluated with a
model accounting for Ohmic and activation overpotentials. Ohmic overpotentials is
related to the current density through Ohm’s law,

l

T (2.30)

Tlohm (Ta 7‘) =
wher [ is a fitting parameter and x(7T') is the electrolyte conductivity, whose tem-
perature dependence was provided in [102] for high temperatures and [46] for low
temperatures. The activation overpotentials was determined from the Butler-Volmer

equation:
. n]:nact nf?hct))
i =1o <exp <aa T ) exp < Ae—pm (2.31)

in which the transfer coefficient, «, was considered to be equal to 0.5, from which the
following dependence between measured current density, exchange current density
(i9), and temperature, was derived

. .. fnact
=2 h 2.32
i = 2ip sin ( RT ) (2.32)

The total overpotentials was therefore given by

n=r(T) i+ garcsinh (2201(T)> (2.33)
The values of iy and r at each temperature were obtained by fitting the experimental
data. The agreement between modeled and experimental results was good. It was
found that, while the dependence of Ohmic losses on temperatures is discontinuous
when cell operation is switched from the lower to the higher temperature range,
activation losses vary with continuity. These observations suggest that the electro-
chemical reaction mechanism does not depend on the electrolyte composition and
that Ohmic losses play a significant role in the performance of MCECs.

2.4.2 1D models

Compared to the more simple 0D models, one-dimensional (1D) models could account
for concentration, potential, current density, and temperature along the thickness of
the electrolyte and electrodes. These models provide a more detailed description of
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overpotential contributions, enabling the distinction between anodic and cathodic
processes, and incorporating some information about the cell’s geometry. The main
limitation is that cells rarely have geometries that can be adequately described
by a 1D model, making it difficult to accurately assess the different overpotential
contributions. Most 1D models found in the literature are for fuel cells and account
for concentration, potential, and current density gradients along the thickness of
the electrodes and electrolyte , . Fig. provide an example of an MCFC
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Figure 2.11. Schematic representation of the MCFC modeled by Subramanian et al. \\

modelled by Subramanian et al. Furthermore, many of these models are specific
to either the anode or the cathode, are developed based on experimental data from
lab-scale cells, and tend to be quite complex .

The only example of a 1D model for MCECs is provided by the work of Hu
et al. , who analyzed data obtained from a button cell. They developed a
model for the porous Ni electrode, based on the Maxwell-Stefan transport equations
for mass transfer in the gas phase combined with equations describing the current
distribution in the electrolyte phase. It also includes the rWGS, assuming that the
reaction mainly takes place in the electrode. A mass balance for gas species k in the

electrode is given by
8Ck

where Ry, is the molar rate of production of k& per unit volume, considering both the
electrochemical reaction of hydrogen production and the water gas shift reaction.
Since in the MCEC the effective conductivity for the solid phase of the Ni electrode
is much higher than for the electrolyte phase, they have assumed that the potential
change occurs only in the electrolyte phase, which follows the Ohm’s law and is
given by

e 1y = V- (_’ieffv@l) =S5 jloc (235)
where 7; is the geometric current density in the electrolyte phase, ke is the effective

electrolyte conductivity, @; is the potential in the electrolyte phase, S is the internal
specific surface area, and jj.¢ is the local current density for the hydrogen production.
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The latter is described through a Butler-Volmer kind expression, see Eq. The
model was fitted to experimental steady state polarization data for various inlet gas
compositions of HyO, COs and Hs between 10 and 40%. It was used to predict cell
performance for a broad range of inlet gas compositions and to evaluate the effect of
the rWGS reaction. The authors pointed out that the fitted kinetic coefficients and
electrode porosity differed in the case when including the rWGS compared to when
not including the rWGS. Therefore, more experimental data, especially at higher
current densities, is needed to shed more light of the role of the rWGS reaction in
the MCEC.

A 1D model describing a complete MCEC was developed as a preliminary analysis
before creating a 2D model, which is part of the work reported in this thesis (see

Section [6.1.2)).

2.4.3 2D and 3D models

One-dimensional models allow for a greater degree of detail, although by definition,
they only account for potential, concentration, and temperature gradients in one
direction; however, electrochemical cells are inherently two- or three-dimensional.
For instance, the main flow direction of the gases is generally perpendicular to
that of the ion transfer, and more complex models are required for their complete
characterization. Multi-dimensional models enable a more in-depth description of the
phenomena occurring within an electrochemical cell. Specifically, by increasing the
dimensions of the model it is possible to describe the change in gas composition along
the direction of the flow of the gas itself. This aspect becomes crucial when chemical
reactions take place within the gas channels. In addition, if the cell is not operated
under isothermal conditions, the 2D models allow to describe temperature profiles
arising within the cell as a consequence of Joule heating, heat effects accompanying
the chemical and electrochemical reactions, and the possible application of external
heating/cooling systems. On the other hand, it should be noted that in addition to
an increased computational cost, multidimensional models require several parameters
to be fully defined. Their accurate development therefore goes hand-in-hand with
the availability of experimental data to determine the values of the model parameters
from their correlation or to validate the use of literature parameters.

2D models have been suggested in the past to describe the behavior of molten
carbonate cells in fuel cell mode [123, 127]. The 2D model developed by Bosio
et al. |[123] for MCFC enabled the identification of the effects of gas cross-over
phenomena, which have to be carefully controlled to avoid material damage and
losses of electrical efficiency. The model is two-dimensional in the horizontal plane of
the cell, assuming no temperature variations along the vertical axis. It is designed for
planar rectangular cells with a cross-flow gas feeding system. Based on this model,
the authors developed and validated a 3D model for an MCFC stack, accounting
for the heat transfer along the vertical coordinate of the stack. They found a good
agreement between simulation and experimental results.

Verda and Sciacovelli developed a 3D model to describe a molten carbonate fuel
cell (MCFC) stack consisting of disc-shaped cells [127]. Their simulation results
highlighted the non-homogeneous distribution of temperature and gas composition
at both the cell and stack levels. This non-uniformity was found to decrease
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efficiencies and output power densities by increasing resistances and reducing cell
lifetime. The latter issue was primarily attributed to the formation of hot spots
and significant temperature differences within the cell, which negatively affected
material resistance. Further analysis demonstrated that optimizing fluid distribution
is crucial for improving cell design. Two different strategies were evaluated, which
can be applied together to achieve better performance. It was shown that power
density could be increased by about 20% through double-sided feeding. Additionally,
the average temperature gradients in the axial direction were reduced by more than
70%. Significant reductions in temperature gradients, particularly in the transverse
direction, can also be achieved by adjusting the mass flow rate of the cathodic gas
supplied to various cells. This analysis exemplifies the insights that can only be
gained by developing multi-dimensional models.

To the best of the author’s knowledge, multi-dimensional numerical analyses
focusing on MCEC performance are absent from the literature. A 2D model for an
MCEC has been developed as part of this thesis, and the results are discussed in a
scientific article [128]. These findings will be detailed in Section






33

Chapter 3

Analysis tools and techniques

In this Chapter, a description of the basics of the principal and most renowned
electrochemical characterization techniques employed in the study of electrochemical
cells, namely Polarization Curves (or i-V curves) and Electrochemical Impedance
Spectroscopy (EIS), is provided. Additionally, other characterization techniques
employed in this study are briefly presented. The following Section will describe the
advanced Distribution of Relaxation Times (DRT) method that relies on the EIS
measurements. The combination of EIS-DRT will be the basis of the first part of
results obtained in the experimental work of this thesis.

3.1 Polarization curves

The polarization curve (or i-V curve) is the most employed diagnostic technique
used to characterize the overall immediate performance of electrochemical cells
[129]. Tt consists in the measurement of the cell voltage with the varying of the
current provided by an external power supply. It provides information about the
general electrical response of the cell over the range of currents investigated, making
it a valuable instrument for assessing the dependency of the cell performance on
the operating conditions. Additionally, by examining different sections of the plot
(see Fig. , it offers insight on the effects of the different overpotentials. The

Cell voltage
Polarization
Activation losses
overpotentials
Ohmic losses
) =y mﬁj Gas conversion
e I
)
- L )
Open circuit Nernst voltage Concentration
voltage overpotentials

Current density

Figure 3.1. Polarization curve and overpotentials for a generic electrochemical cell (adapted
from [121]).
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Open Circuit Voltage (OCV) represents the inherent potential difference between
the electrodes when no external current is supplied to the cell. The OCV can
be estimated using the Nernst equation. However, to obtain the real OCV, it is
essential to account for the energy losses due to gas conversion occurring inside
the cell and any gas leakages. If the Nernst potential is calculated using the molar
fractions of the feeding gases without considering these losses, the resulting OCV
will be overestimated. In the case of MCEC, rWGS reaction can cause changes in
the gas composition at the hydrogen electrode, thereby influencing the OCV value.
Even when the gas composition is adjusted to account for the rWGS equilibrium,
discrepancies of around 0.05 V between calculated and experimental OCVs have still
been documented in several studies [117, 121].

Polarization curves can be divided into distinct regions that represent different
electrochemical phenomena affecting the performance of the cell. The first region at
low current densities is dominated by activation polarization, which is associated
with the energy required to initiate the electrochemical reactions at the electrodes.
This region is characterized by a steep rise in voltage as current begins to flow.
Indeed, due to the fact that reactions at the electrodes are not infinitely fast, part
of the potential is lost to sustain the reaction rate.

The linear trend that covers most of the plot is caused by the ohmic polarization
due to the internal resistance of the cell, which is constant with respect to a change
in the current density (see Eq. . As mentioned in Section the conductivity
of the electrolyte is a critical parameter that can limit cell’s performance. In
fact, in MCECs, the largest contribution to energy loss comes from the ohmic
resistance associated with the electrolyte-matrix layer. From the slope of the central
region of the curve, the physical quantity known as Area Specific Resistance (ASR),
measured in Q-cm?, is typically estimated. This allows for a comparison of the
overall performance of a cell under different operating conditions or a comparison of
different cells under the same conditions.

Finally, at higher current values, the diffusion of chemical species at the electrolyte-
electrode interfaces and within the electrodes themselves becomes a limiting factor.
As a result, it becomes increasingly difficult to supply a sufficient amount of reactants
to the reaction site interfaces. Consequently, there is a significant increase in potential,
which in this case is referred to as concentration overpotential, 9¢onc, and can be
viewed as an activation energy required to drive mass transfer at the rate needed
to support the current. The limiting case for mass transport is when the reactant
concentration at the reacting sites drops all the way to zero. Thus, the electrolyzer
could never sustain a higher current density than that which causes the reactant
concentration to fall to zero. This value is the limiting current density of the
electrolyzer.

3.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a highly sensitive technique used
to analyze the response of an electrochemical device to a small periodic AC signal
applied across a range of frequencies. Unlike polarization curves, EIS can provide
detailed insights into the various physicochemical processes occurring within the
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cell’s components. This is because each of these processes has associated a unique
time constant (relaxation time) and, as a result, they each respond differently at
different frequencies, allowing for their contributions to be isolated and studied.

3.2.1 Principle of EIS

The most common and standard approach to measure the impedance of an electro-
chemical system is by perturbing the system and measuring phase shift and amplitude
of the system response via the measuring variables voltage and current. According
to the way the sinusoidal perturbation signal is provided, the measuring techniques
are categorized as galvanostatic and potentiostatic. =~ Considering a potentiostatic
measurement, for a generic sinusoidal voltage input signal e(t) = E cos(wt + 6) the
response is a current signal which can be expressed as i(t) = I cos(wt + ¢), where
w=2nf, f being the signal’s frequency, £ and I are the amplitude of the voltage
and current signals respectively, while § and ¢ are their initial phases. Rewriting
both sinusoidal expressions as complex-form functions, e*(¢) and i*(¢), the complex
impedance Z*(w) can be calculated as:

. e*(t E , E -

2@ = S = Eopljto - 0) = L costo - ) 4 jsin0 ) (3)
i*(t) I 1

which can be expressed as a complex number having its real and imaginary compo-

nents expressed as follows:

Re[Z*(w)] = Zre(w) = ?cos(@ — ) (3.2)

Im|Z* ()] = Zun() = 7 sin(6 — 9) (3.3)

It should be noted that an impedance is only defined for systems that satisfy the
following conditions [129-131]:

e Causality: a system is causal, when the measured response signal at any point
of time exclusively depends on the perturbation signal at this point of time
and/or its evolution until this point of time.

e Linearity: the measured response is a linear function of the perturbation
signal, i.e., the relation between output and input underlies the principles of
superposition and amplification.

e Time-invariance: the output of a time-invariant system does not depend
explicitly on time, i.e., the system response on a certain perturbation signal
should be exactly the same for any shift of time.

Although many electrochemical systems, including the molten carbonate cells, are
usually non-linear, linearity can be assumed when the magnitude of the applied
signal is small enough to cause a linear response. In this work the fulfillment of
the above mentioned preconditions was verified by applying the Kramers-Kronig
relations [132],
/ /
Zre(w) = 2. /OOO mdw/ (3.4)
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Figure 3.2. Typical Nyquist-plot of a complex electrochemical impedance spectrum
recorded on an button MCEC (active surface 3 cm?, employed in this work).
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By applying Equations [3.4] or [3.5] to either the real or imaginary part of a measured
spectrum, the other component can be computed. If the computed data shows good
agreement with the measured values, it can be concluded that the system under
investigation is linear, time-invariant, and causal, thereby validating any subsequent
analysis based on the EIS data.

3.2.2 EIS measurement on MCECs

There are few studies on the impedance analysis of molten carbonate cells, with
almost all conducted in fuel cell mode. However, regardless of the operating mode,
molten carbonate cells couple very diverse mechanisms and processes making them
non-linear systems. Nevertheless, if the excitation signal is small enough (F < 10 mV),
the response can be assumed to be linear and time invariant [64]. An impedance
measurement is generally performed for a discrete quantity of frequency values w,, in
a frequency range wmin < Wn < Wmae relevant to the analyzed system. For an MCEC
a good interval range could be 10 mHz — 100 kHz. Expediently, the frequency range
is swept in a logarithmic mode, i.e., the measuring frequencies are chosen in a way
that every decade has the same amount of measuring frequencies. The recorded
impedance values are usually plotted in the complex plane. This representation is
also known as Nyquist plot. Fig. [3.2] gives an example for a Nyquist plot, reporting
an experimental EIS spectrum measured from a sample tested in this work.

At very low frequencies, all electrochemical loss processes are excited and con-
tribute to the measured impedance. Since the perturbation frequency is much lower
than the relaxation frequencies of these individual loss processes, the voltage response
remains in phase with the current perturbation, resulting in the imaginary part
of the recorded impedance being zero. As the perturbation frequency is increased,
the signal becomes faster than some of the excited loss processes. The slower loss
processes start to lag behind the perturbation signal, leading to a decrease in the
amplitude of their response. This introduces a phase shift between the excitation
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current and the measured voltage response, causing the imaginary part of the
impedance to become non-zero, while the real part decreases. When the excitation
signal is much faster than the relaxation frequency of a particular physical process,
that process is no longer excited and does not contribute to the measured impedance.
Therefore, at very high frequencies, none of the physical loss processes are excited
anymore, resulting in the voltage response being back in phase with the current
perturbation. The high-frequency intercept with the real axis corresponds to the
ohmic resistance Ry of the cell. The difference between the low and high-frequency
intercept is the so-called polarization resistance R,y of the cell. R,y is the sum of
all single polarization resistances caused by the individual loss mechanisms.

EIS measurements applied on the MCECs enable a clear separation of the ohmic
resistance and the polarization resistance of the cell [101}, 121]. Further information
can be given accepting the general assumption, considered valid for MCECs, that the
small arc appearing in the high-frequency region is related to the fast charge transfer
mechanism linked to the electrochemical reactions. Therefore, if the real part of the
total impedance of this arc is extrapolated, it results in the resistance related to
the charge transfer mechanisms responsible for the activation overpotential losses.
By similar considerations, the bigger arc appearing in the low-frequency region is
often associated with the diffusion resistance, which causes the voltage to rapidly
drop at high current densities [101, (102, |133]. However, since the EIS response
appears very broadened, it can be challenging to distinctly identify the contributions
of individual physicochemical processes to the total polarization resistance. This
makes it difficult to completely understand the evolution of these processes and
their dependence on the cell’s operating conditions. In Section an alternative
and reliable deconvolution methodology for the EIS spectra, the Distribution of
Relaxation Times (DRT), will be extensively explained.

3.3 Other characterization techniques

The following Sections provide a brief overview of the additional characterization
techniques used in the experimental portion of this study. In addition to Gas
Chromatography (GC), SEM analysis was conducted to perform post-mortem exa-
minations of the tested samples. As these techniques are not central to the focus of
this work, further details can be found in more specialized literature.

Gas chromatography (GC)

Gas Chromatography is an essential analytical technique for determining the com-
position of gas mixtures. This method is based on the differing retention times
of gas species as they pass through a stationary phase (solid phase) carried by a
mobile phase (gas carrier). Each gas species moves through the stationary phase at
varying rates depending on its molecular weight and physical properties, reaching
the detector at distinct times, referred to as elution (or retention) times.

The analysis produces a gas chromatogram, which represents the intensity of
peaks corresponding to detected gas species as a function of elution time. Qualitative
information can be obtained by comparing the elution times to known references,
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typically found in literature or stored in the instrument’s analysis software. Quanti-
tative analysis is achieved by comparing the peak areas, as the ratio of these areas
directly reflects the concentration ratio of the gas species in the mixture.

Scanning Electron Microscopy (SEM) and Energy - Dispersive X-ray
spectroscopy (EDX)

Electron microscopes operate on similar principles as light microscopes, but instead
of photons, they use beams of energetic electrons to produce high-resolution images of
a sample’s surface. This ability to examine the microscopic characteristics of samples
enables a thorough evaluation of morphological changes resulting from operational
conditions and degradation phenomena. Additionally, when energetic electrons
collide with the atoms in the sample, they excite the atoms’ energy states, and the
subsequent relaxation emits radiation in the X-ray spectrum. This phenomenon
forms the basis of energy dispersive X-ray spectroscopy (EDS), which provides
insights into the sample’s chemical composition by identifying the concentrations
of various elements. Scanning electron microscopy (SEM) enables detailed analysis
of the sample at the micron and submicron scale, facilitating the estimation of
geometric parameters such as pore sizes, particle radii, and layer thicknesses.

3.4 Distribution of Relaxation Times (DRT) method

MCECs are intricate electrochemical systems where multiple processes occur simulta-
neously, each characterized by its own relaxation time. When two or more processes
have similar relaxation times, it becomes challenging to isolate their contributions
to the total impedance of the cell. This difficulty arises because Electrochemical
Impedance Spectroscopy (EIS) can only clearly differentiate processes that are
separated by at least two orders of magnitude in the frequency domain.

A useful method to address this limitation is the Distribution of Relax- ation
Times (DRT) analysis. DRT allows the representation of impedance as a differential
sum of infinitesimally small RC elements, provided that the impedance function obeys
the Kramers-Kronig relations, Egs. and [134 135]. Through the application
of DRT, each electrochemical process is characterized by its intrinsic time constant 7,
with the amplitude corresponding to a distinct contribution to the overall polarization
resistance. This method provides a distribution of the magnitudes of individual
processes in the frequency domain. The relationship between the impedance spectrum
Z(w) and the distribution function «(7) is expressed in Eq.

> (1)
Z = Ry + Ry, —d 3.6
(W) 0 + 4 IA 1 +ij T ( )

Here, Ry and R, represent the cell’s or electrode’s ohmic and polarization resistance,
respectively, while w denotes the angular frequency of the input signal, 7 refers
to the continuous relaxation time function, and «(7) the continuous relaxation
time distribution function. The relaxation time distirbution function satisfies the
normalization condition, as follows

/OO y(r)dr =1 (3.7)
0
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Due to the impracticality of generating a continuous (and infinite) input signal
for EIS measurements, the previous equations must be reformulated in discrete
form to make the experimental data meaningful. The discrete representation of the
relaxation time distribution function can be expressed as:

N
Y1) =Y (T — ) (3-8)
k=1

where 7 is the k-th element of the distribution function and §(7 — 7%) is the
Dirac delta function. In practice, the discrete function 7y, for N serial RC elements
approximate the continuous function (7). The predefined values of 7 are distributed
logarithmically.

As derived from Eq. and Eq. the impedance can now be described by
Eq. and Eq. for a discrete and finite set of data:

N
1
Zre(w) = Ro+ Rpol ) 735 (3.9)
¢ P kz::l 1+ (WTk)2
Zim(w) = R i& (3.10)
Im — Llpol Pt 1+ (WTk)QFYk .

In this formulation, ~; represents the contribution of the k-th RC element, char-
acterized by the relaxation time 7%, to the total polarization resistance. Based on
the validity of the Kramers-Kronig equations [134, [136], the DRT function can be
calculated either from Eq. or Eq. Considering the Eq. expressed in its
matrix form, and introducing the constant value of the polarization resistance into
the distribution vector by, = R0k, it results:

Zim = Kb (3.11)

The calculation of b represents an inverse ill-posed problem. Although various
methods exist to address such problems, the most widely recognized and reliable
approach is the Tikhonov regularization algorithm [137]. This algorithm involves
solving the following minimization problem:

mbin{||Kb—ZIm||g+)\2 b3} (3.12)

where A serves as self-consistent regularization parameter that controls the smooth-
ness of b.
The solution to this minimization problem is given by:

-1
b= (KTK + )\QI) KT Zy, (3.13)

where I represents the identity matrix. The shape of the solution of Eq. [3.13
is strictly controlled by the value of A, which must be carefully optimized: high
values may obscure distinguishable features, while low values can lead to erroneous
oscillations that are unrelated to the physicochemical processes within the system.
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Among the several methods for selecting the optimal regularization parameter
(e.g. Discrepancy principle, L-curve, Generalized cross validation method), the L-
curve is the most widely used in applied mathematics due to to handle noise-induced
perturbations [138-140]. The L-curve essentially represents a balance between two
quantities that must be managed simultaneously: data fitting and the influence of
data errors. On one side, if A is too large, it over-smooths the solution curve, leading
to a poor fit with the data and increasing the following residual: |Kb — Zyy|,.
Conversely, if A is too small, the fit improves, but the solution shows artificial peaks
due to the excessive influence of data errors, resulting in an overly large |b|, (see Fig.
. According to theory, the optimal value of A corresponds to the corner of the
L-shaped curve. In this work, the Tikhonov algorithm and the optimal regularization
parameter value were determined using a custom MATLAB® program.

10° T
2= 16-005

o
= A = 0.0001

107 ° 10

10
|Kb — Zpll,

Figure 3.3. L-curves for the Tikhonov regularization (adapted from [139]).

As an example, Fig. illustrates the distribution function (red line) obtained
from the DRT analysis and the imaginary part of the impedance (black line) of the
MCEC tested during the experimental work of this thesis. Although the distribution
function shows a slight shift toward the high-frequency region compared to the
experimental data, it reveals a clear series of peaks that stand out above the zero
line. Each peak, or cluster of peaks, corresponds to the response of a particular
physicochemical process, indicating distinct underlying mechanisms. The nature
of these peaks will be assessed by means of a systematic experimental campaign,
presented hereafter, to shed light on the nature of the process behind each peak.

The DRT method has been already successfully employed in the study of physic-
ochemical processes occurring in both fuel cells |[141}, 142] and lithium-ion batter-
ies |143]. Regarding molten carbonate cells, to the author’s knowledge, there is
only one study in the literature about DRT applied to a 100 cm? cell operated
under fuel cell conditions [64], and nothing about MCECs. In [64] temperature
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Figure 3.4. Imaginary component of the MCEC impedance and the DRT distribution
function when the cell is operating at 650 °C, and fed with Oy /CO2 /Ny (15/30/55 mol%)
and Hy/CO2/H20/N3 (10/20/20/50 mol%) respectively on the anodic and cathodic
side.
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Figure 3.5. Computational residuals of Kramers-Kronig reconstruction as a function of
frequency for the EIS measurement reported in Fig.

and gas composition effects on the cell impedance have been investigated and five
physicochemical processes have been identified: three charge transfer processes at
high frequencies and two mass transfer phenomena at low frequencies.

Finally, it is important to underline that the quality of the experimental data
plays a fundamental role in the interpretation of the DRT plots. If the experimental
spectra are affected by instrumental interference that cause a loss in the linearity of
the EIS response, scattered signals appear in the EIS spectra that will be converted
into ghost peaks into the DRT plots, impeding a correct identification and analysis
of the processes. A method to assess the quality of the experimental spectra is the so-
called Kramers-Kronig test, which basically assess the validity of the Kramers-Kronig
relationships through all the frequency range examined.

In this work, the Kramers-Kronig test was performed by means of the "Lin-KK
Tool" software developed by Boukamp et al [132, (134} 135]. The residual errors
plot of the aforementioned test is depicted in Fig. 3.5 To the best of the authors’
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knowledge, there are no specific thresholds for KK residuals reported in the literature
concerning molten carbonate button cells. In this study, the KK residuals remain
relatively low (approximately below 3%) and, more importantly, exhibit no significant
bias, with the residuals distributed randomly around zero. This random distribution
satisfies key criteria for the validity of the KK relations, including time-invariance
and causality of the system. While the spectrum contains noise, the lack of significant
bias in the residuals supports the reliability of the DRT results. It must be noted
that in some cases, especially when high water contents are fed to the cell, the
low frequency region of the spectra is affected by a more significant error, but still
acceptable.
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Chapter 4

Experimental

In this chapter, the technical realization of the experiments performed in the thesis
is addressed. For the experimental campaign, two setups were used: i) button
cell, cylindrical in shape with an active area of approximately 3 cm?, ii) planar
single cell, square-shaped with an active area of 100 cm?. In the first sections, the
materials used for assembling the cells, as well as the characteristics of the two setups
employed, are described. In the second part of this chapter, the testing procedures
and conditions adopted for the realization of all the experiments described in this
thesis are summarized.

The experimental work here presented was carried out at the Laboratory for
Hydrogen and new Energy Vectors (TERIN-DEC-H2V) of the Department of Energy
Technologies and Renewable Sources at ENEA (Rome, Italy).

4.1 Materials and equipment set-ups

The same materials were used for the main components (i.e., electrodes, matrix,
and electrolyte) in both the button and single cell, all of which were provided by
KIST Fuel Cell Research Centre laboratories in Seoul (South Korea). The electrodes
consist, on the hydrogen side, of a Ni alloy with 5% Al, necessary to give mechanical
stability, while the oxygen electrode is made of NiO. A porous 7—LiAlOs matrix
separates the electrodes and also provides support for the electrolyte, which is an
eutectic mixture of 62/38 mol% LioCO3/KoCOg3. All these components are made by
tape-casting [29] and the main characteristics are summarized in Table For the
current collectors, nickel is used on the hydrogen side, while stainless steel SS316 is
employed on the oxygen side.

The electrolyte layers are alternated with the matrix layers and then assembled
between the hydrogen electrode (bottom) and the oxygen electrode (top). During
the cell heating, when the melting point of the electrolyte is reached, it converts
into liquid filling the hydrogen electrode and part of the matrix by gravity, while
the oxygen electrode is filled due to capillary forces. As explained in Sec. [2.2] the
electrolyte has to completely fill the matrix pores and partially fill the electrodes.
Single cells and button cells have different active area, specifically 100 cm? and 3 cm?,
respectively. As a result, each cell type requires a different quantity of electrolyte
and matrix layers to achieve the required filling degree (see Tab. .
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Table 4.1. Characteristics of cell components used in the button and single cell set-ups.

Characteristics of unit

Single cell Button cell
cells components

Cell frame, size Square 13 cm x 13 cm  Circular 3 cm?
Cell frame, material Aluminized SUS-316 L. Ceramic

Hs electrode current
collector, size

Hs electrode current
collector, material
Os electrode current
collector, size

Os electrode current
collector, material

11 cm x11 cm 3 cm?

Ni Ni

10 cm x10 cm 3 cm?

SUS-316 L SUS-316 L

Hs electrode
Thickness (mm) 0.69
Porosity 55 — 60%
Material Ni + 5%t Al
O9 electrode
Thickness (mm) 0.70
Porosity 60 — 65%
Material NiO
Electrolyte LioCO3/K2CO3 (mol% 62:38)
Matrix
Material ~v-LiAlO9
Thickness * (mm) 5x0.3 2x0.3

& Each matrix sheet is about 0.3 mm thick, two and five sheets
were employed for the button cell and the single cell, respectively.

Button cells were employed for the electrochemical characterization and evalu-
ation of single physicochemical processes. Single cells were used in order to study
the evolution of chemical and electrochemical reactions in operando and the direct
coupling of MCECs with photovoltaic power. More details on the set-ups and the
experimental procedures adopted in this work will be provided in the next sections.

4.1.1 Button cell test station

A schematic representation of the laboratory cell equipment is provided in Fig.
The set-up is equipped with reference electrodes (gold wires in equilibrium with a
gas mixture containing 33/67% O3/CO2) for measurement on individual electrodes.
The two identical reference electrodes are placed in separate chambers filled with the
same electrolyte as in the cell. The setup features two separate chambers containing
the electrolyte, each equipped with a reference electrode (gold wires in equilibrium
with a gas mixture of 33/67% O2/CO2) for individual electrodes measurements. The
small-scale cell, housed in a ceramic cell casing, was placed inside an oven. The cell
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Figure 4.1. The button MCEC in cross-section, adapted from . The terms "anode" and
"cathode" refer to the fuel cell mode, specifically the Hy electrode and the O4 electrode,
respectively.

temperature was kept constant throughout each experimental run and was monitored
with two K-type thermocouples: one located within the furnace and another placed
directly on the cell to detect any temperature discrepancies between the interior
and exterior. Gas flow meters from Bronkhorst were used to regulate the flow of
all gases, except for water, which was introduced via a Controlled Evaporation and
Mixing (CEM) system. Additionally, two thermocouples were installed in the gas
supply lines to both electrodes to monitor the gas temperatures. This was done
to ensure that water in the lines remained in vapor form, preventing condensation
and avoiding inaccurate measurements. All equipment and experimental parameters
were managed and tracked through a custom software interface developed in the
LabView environment.

4.1.2 Single cell test station

The cell is housed within two stainless steel SS316 casings, which are placed in-
side a heating furnace. A schematic representation of the casing-electrode-matrix-
electrolyte assembly is reported in Fig. [f.2] The casings are equipped with conduits
that serve the dual purpose of supplying gases to the electrodes and providing
electrical connections. The single cell was tested in an MCFC Test Station produced
by CNL Energy Co. Ltd. The test bench is equipped with Bronkhorst® EL-FLOW
Classic mass flow meters for all the gases. A humidifier is employed to control water
vapor content in the hydrogen electrode inlet gas stream. Five K thermocouples were
used to monitor the thermal behavior of the system. Two thermocouples were placed
in the lines supplying the gases (hydrogen and oxygen line), and another one in the
humidifier. The last two thermocouples were placed in the furnace and the hydrogen
electrode housing to monitor the cell temperature. All these components were
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Figure 4.2. Single cell assembling for MCEC performance tests.

controlled and monitored through a software interface developed by CNL Energy
Co. Ltd.

4.2 Experimental campaign

The experimental procedure and testing conditions are summarized hereafter. These
include the start-up process, the identification and estimation of physicochemical
processes, the study of the evolution of chemical and electrochemical reactions, and
the investigation of the direct coupling of MCECs with photovoltaic power sources.

4.2.1 Button cells testing conditions

The start-up procedure of the button cell includes a temperature and gas profile.
At first, the cell is under air and the temperature is gradually increased 450 °C in
4 h, in order to burn away binder materials and reach the carbonate melting point.
Then the air is exchanged for CO5 and the cell is kept at 450 °C for 2 h, until it is
raised to the working temperature, i.e. 650 °C. Lastly, the gases are changed to the
standard fuel and oxidant gases containing 64/16/20% Ha/CO2/H20 and 15/30/55%
O2/C0O2/Ng, respectively. Meanwhile, a weight of approximately 2 kg is put on the
top of the cell. In order to obtain a steady and good performance, the cell is run
in fuel cell mode under a constant current load for almost one week. After that,
the operating conditions, including gas compositions, temperatures, and operation
modes (i.e., electrolysis cell, and fuel cell), can be changed for investigation.

To determine the mechanisms of the phenomena involved in the operation of an
MCEC, an experimental campaign was decided upon to investigate only the dynamics
of the hydrogen compartment. This choice was based on the results of previous
studies [101}, 103} 110} [121] which highlighted that the anodic dynamics in MCECs
are substantially less relevant for the correct functioning of the electrolyzer. A gas
consisting of 15/30/55% O2/CO2/Ng was used for the NiO oxygen electrode during
all the experiments. The reference composition for the Ni electrode is 10/20/20/50%
Hy/H20/CO42/Ng (Test I in Tab. to have the same COs and HO content,
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Table 4.2. Test matrix containing the molar percentages of the inlet gas for the hydrogen
electrode of the button cell.

Test %Hg %HQO %C02 %N2

Reference composition 1 10 20 20 50

%Hs0 variation II 10 10 20 60
111 10 30 20 40
v 10 50 20 20
\Y% 10 70 20 0

%CO4 variation VI 10 20 10 60
VII 10 20 30 40
VII 10 20 50 20
IX 10 20 70 0

reactants of the electrochemical reaction, and to ensure a reducing environment for
the electrode stability with the presence of 10% hydrogen. Finally, the nitrogen is
necessary to evaluate the effect of varying the molar fraction of the reactants while
keeping the total flow rate constant. Starting from the reference composition, the
molar fraction of the reactant gases at the hydrogen electrode was varied one at a
time while keeping the other operating parameters constant (e.g., temperature, total
flow rate, molar fraction of the other chemical species). Different gas mixtures of
Hy/H20/CO2 /N3 used for the Ni hydrogen electrode are shown in Tab. The
compositions to be analyzed were defined at 10%, 30%, 50%, and 70% molar fraction
of water vapor (Test II-V in Tab. . The same values were then considered for
carbon dioxide (Test VI-IX in Tab. [4.2). For each test the gas mixture is also
modified in the Ny partial pressure, allowing the molar fraction of the compound
under study to be varied without altering the fractions of the other components.
The total gas flow rates were maintained at a constant value of 200 mL/min and
20 mL/min for the electrodes and the reference electrodes, respectively.

The test matrix reported in Tab. [f.2] was repeated at three different temperatures,
620, 650 and 680 °C. The variation in operating temperature is particularly interesting
for evaluating the chemical-physical phenomena occurring in a MCEC. Temperature
influences the diffusion processes of the components within the device: an increase
in temperature leads to greater molecular diffusion. Additionally, temperature
affects the electrical conductivity properties of the electrodes: the resistance of the
anodic and cathodic metallic materials increases with decreasing temperature. The
impact of temperature on the electrolyte’s liquefaction condition is also significant:
higher temperatures increase ionic mobility within the matrix-electrolyte complex.
Regarding the reactions occurring in the cell, in addition to the electrochemical
reactions, the reverse water-gas shift (rWGS) reaction takes place, which is favored
by high operating temperatures.

For each condition, the electrochemical performance of the cell and the individual
electrodes were evaluated through the use of galvanostatic polarization curves and
electrochemical impedance spectroscopy (EIS) tests. The former were carried out
using a BK Precision 9201 Multi-Range DC Power Supply, to supply a specific
current. Whereas the latter were carried out using a Solartron SI-1260 frequency
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response analyzer module and a Solartron SI-1287 Impedance/Gain - Phase analyzer.
ZView software for Windows from Scribner Associate Inc. is employed to process
the EIS data. EIS measurements were performed at open circuit voltage (OCV) and
in electrolysis mode in the frequency range 10 mHz - 10 kHz. OCV measurements
were run potentiostatically with an amplitude of 10 mV, while in electrolysis mode
the measurements were run galvanostatically applying a current of 100 mA /cm?.
Measuring EIS at OCV allows for the characterization of the system’s inherent elec-
trochemical properties without any external current. Conversely, the measurements
in electrolysis mode can provide insight into the cell behavior in-operando. This helps
in understanding how the system responds under load and identifies any potential
performance limitations. Applying a current of 100 mA /cm? ensures that the cell is
under a controlled and stable conditions (i.e. ohmic losses region of the polarization
curve), and the value is chosen to be representative of typical operating conditions,
enabling the study the system’s behavior under realistic electrolysis scenarios.

Once the in-operando electrochemical measurements are completed, the pola-
rization curves will be investigated to evaluate the effect of gas composition and
temperature on the hydrogen electrode performance, while the impedance spectra
will be processed using the DRT method. This method allows for the deconvolution
of the impedance spectra, thereby separating the individual contributions of the
processes occurring in the electrodes.

4.2.2 Single cells testing conditions

The start-up procedure for the single cell takes longer than for the button cell,
i.e., about a week, but follows the same steps. First, the temperature is gradually
increased until reaching the melting point of the carbonates, with air supplied to
both electrodes. Then, the temperature is kept constant until the electrolyte is
fully melted, switching air with pure CO. At this point, still supplying COs, the
temperature is gradually increased again until reaching the operating temperature
(650 °C). At the end of this procedure, the cell is fed with the same standard mixtures
as the button cell, i.e., 64/16/20% Hy/CO2/H20 and 15/30/55% O2/CO2/Nj, and
a 2 kg load is applied to the cell, just like with the button cell. The cell is then run
in fuel cell mode under a constant current load for almost two weeks until stable
performance is achieved. Two experimental campaigns were carried out using this
set-up, as described in the following paragraphs.

Systematic operating conditions variations

In line with the test performed on the button cell, the first experimental campaign on
the single cell focused on the systematic variation of certain operating conditions at
the hydrogen electrode (HE). The aim is to quantify the cell’s performance in terms
of both power consumption and hydrogen production, by varying the composition
at the HE (%H20 and %CO3) and the temperature. The choice of these variables
is motivated by their significant influence on the electrochemical reactions and the
overall behavior of the cell during electrolysis. By analyzing these parameters,
the study seeks to understand not only how they affect the efficiency of hydrogen
production, but also how they influence secondary reactions, such as the rWGS
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Table 4.3. Test matrix containing the molar percentages of the inlet gas for the hydrogen
electrode of the single cell.

Test %Hg %HQO %C02 %N2

Reference composition 1 10 20 20 50
%Hs0 variation II 10 10 20 60
111 10 30 20 40
v 10 40 20 30
%CO, variation A% 10 20 10 60
VI 10 20 30 40
VII 10 20 40 30

reaction, which can lead to the formation of CO. This is particularly important
because optimizing these variables is key to either minimizing CO formation for
pure hydrogen production or maximizing syngas yield, depending on the desired
application.

During all the experiments, the NiO oxygen electrode was supplied with a
gas mixture of 15/30/55% O3/CO2/N;y. The reference composition for the Ni
electrode was 10/20/20/50% Hz/H20/CO2/Ny (Test I in Tab. [£.3)), which is the
same as that used in the button cell test campaign. Starting from this reference
composition, the molar fraction of the reactant gases at the hydrogen electrode was
varied one at a time while keeping the other operating parameters constant (e.g.,
temperature, total flow rate, molar fraction of the other chemical species). The
tested gas compositions at the HE are summarized in Tab. The test matrix was
repeated for three different temperatures: 620 °C, 650 °C, and 680 °C. An increase
in temperature can enhance the kinetic energy of gas molecules, leading to improved
mass transport and more uniform distribution of reactants within the inlet channels.
This is particularly important in an industrial setting, where optimal gas flow is
crucial for maximizing reaction efficiency. Additionally, higher temperatures can
reduce the viscosity of the gas mixtures, further promoting better flow characteristics
and reducing potential pressure drops across the system. However, it is essential
to consider that while increased temperatures facilitate gas diffusion and improve
reactant accessibility at the electrodes, they may also influence the reactions taking
place, including the rWGS reaction, which is favored at elevated temperatures.
Moreover, temperature significantly impacts the electrochemical performance of the
cell, influencing parameters such as OCV and thermoneutral potential. Additionally,
elevated temperatures typically reduce the ohmic resistance of the cell, allowing for
more efficient electrolysis. Thus, understanding the thermal behavior and optimizing
the temperature within the single cell is vital for achieving efficient performance and
reliable operation.

The total gas flow rates were consistently maintained at 440 mL/min for both
the electrodes. These values were selected to analyze the performance of the cell
at significant current levels, thus ensuring meaningful conversion rates for the
electrochemical reactions under investigation.

For each condition, polarization curves and impedance measurements in OCV
were performed on the cell to evaluate its electrochemical performance across a range
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of operating conditions. The polarization curves were obtained using an electronic
ELS300Z from ELTO DC Electronics Co. integrated into the station, while the
EIS measurements were carried out using a Solartron SI-1260 frequency response
analyzer module and a Solartron SI-1287 Impedance/Gain - Phase analyzer.

After defining the polarization curve, measurements were taken at various current
densities corresponding to different levels of conversion, to quantify the hydrogen
production through electrolysis and the CO formation. Keeping the cell under
the chosen load conditions, gas chromatographic analyses were conducted on the
outgoing streams from the hydrogen electrode. A Clarus 680-Perkin Elmer gas chro-
matographer, outfitted with specific columns for the compound studied (Hayspe Q
and Molecular Sieve 5A) and a thermal conductivity detector (TCD), was used to
analyze the composition at the hydrogen electrode outlet. Gas chromatographic
analysis allows for quantifying the productivity of chemical and electrochemical
reactions and how they are influenced by operating conditions.

MCEC coupled with PV

The second part of the experimental tests conducted on the single cell will focus on
studying the integration of molten carbonate electrolyzers in a real-world context,
specifically with supply from non-programmable renewable sources (e.g., solar and
wind). To this end, dynamic experimental campaigns have been designed to simulate
typical days of the year and the corresponding electricity supply. These tests will
focus on the dynamic response of MCEC devices when powered by variable electrical
power throughout the day. The ambitious goal of this work is to perform a long-term
test on a single MCC repeating unit that can mimic the direct coupling of the
electrolyzer with photovoltaic (PV) systems over a typical meteorological year. The
designed experimental campaign aims to continuously monitor the electrochemical
performance of the MCEC in a load-following configuration, simulating twelve typical
PV days distributed throughout the year.

The first step was to quantify the solar irradiation in a typical meteorological
year (See Fig. using the opens source tool from EU Photovoltaic Geographical
Information System (PVGIS, [146]), geo-locating a hypothetical photovoltaic plant
at ENEA Casaccia R.C., Rome. The choice of this location does not invalidate the
generality of the work, as it is representative of the Italian climate and, more broadly,
of a moderate climate with an annual solar yield of around 1500 kWh/m? [147] [148].
This allowed for the definition of monthly electricity production profiles throughout
the typical meteorological year (TMY).

After obtained the monthly energy profiles, they were further broken down into
hourly profiles for each month of the typical year under consideration. For each
month, a representative day was selected by choosing the daily energy production
profile with the highest root mean square deviation from the monthly average. By
setting the peak power of the PV system under consideration to 1 kW, the percentage
of power delivered on an hourly basis was calculated for the twelve typical days
identified in the previous step. As an illustrative example, Fig. [4.4] shows the profile
for the month of January along with the selected typical day. As the final step, the
percentage of power delivered by the PV system was compared with the power that
can be delivered by a single cell in electrolysis mode. To achieve this, a polarization
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Figure 4.3. Typical meteorological year simulated by PVGIS tool |146], geo-locating an
hypothetical PV plant at ENEA Casaccia (Rome).

curve under reference conditions was used as a model (i.e., using the same reference
composition as in previous experimental campaigns, see Tab. . The maximum
power deliverable by the single-cell MCEC was determined in the linear region of
this curve.

Once the deliverable powers for the single cell were determined, two experimental
campaigns were conducted to investigate the electrochemical behavior of MCECs over
time, when the input power is variable. In the first experimental campaign, variable
power profiles were applied to the cell terminals to simulate the 12 typical days
described previously, while maintaining the same gas composition at the inlet. This
yielded pairs of voltage-current values for each hour of each typical day. Subsequently,
assuming a real operating scenario where the inlet gas flow rates can be adjusted
to maintain constant reactant conversion based on the power available from the
renewable source, a second experimental campaign was structured. This campaign
used the currents absorbed by the cell from the previous experiment as input values.
Based on these currents, the gas flow rates entering the MCEC were recalculated
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Figure 4.4. Top: monthly power profile for January with respect to the TMY in Fig. [4.3
considering a 1 kW PV plant; bottom: power profile of the typical day in January with
the highest root mean square deviation from the monthly average.

hour by hour to ensure constant conversion of the reactants. Fig. schematically
summarizes the experimental procedure just described.

The aim of the experimental campaigns was to continuously monitor the elec-
trochemical performance of the molten carbonate electrolyzer in a load-following
configuration, simulating twelve typical days of PV energy distribution throughout
the year. This approach can shed light on the dynamic behavior of molten carbonate
electrolyzer, enabling the identification of degradation effects that occur during
progressive increases and decreases in power load.
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Figure 4.5. Experimental procedure to investigate the single MCEC behavior when coupled
with a PV source. LTT stands for long term test.
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Chapter 5

Electrochemical investigation of

Nickel electrode in a button
MCEC

In this chapter, the results of the experimental campaign conducted on the molten
carbonate button cell, as described in Sec. are presented. The analysis of the
results focuses on investigating the electrochemical mechanisms occurring at the Ni
hydrogen electrode, as this electrode appears to play a critical role in the molten
carbonate cell’s performance during electrolysis mode.

In the first part, the polarization curves obtained at the Ni electrode are presented.
Since the hydrogen production reaction mechanism is not yet fully understood, a
preliminary analysis of the kinetic parameters at the Ni electrode has been conducted
in this work. The general approach for elucidating the reaction mechanism in the
MCEC involves determining the dependency of the exchange current density on the
partial pressures of the reactants. In this study, the exchange current density is
estimated at the various tested conditions using the Butler-Volmer equation, focusing
on polarization data at low overpotential to minimize the influence of mass-transfer
limitations.

The second part of this chapter describes the DRT analysis conducted on the
Ni electrode impedance spectra, which were evaluated across a broad measuring
range of temperature and gas composition (see Tab. . To the best of the author’s
knowledge, this study is the first to apply the DRT approach to molten carbonate
cells operating in electrolysis mode. This method enabled the separation of four
different polarization loss mechanisms occurring inside the Ni electrode based on
their characteristic time constants. The main process, at about 10 Hz, exhibits a
systematic dependency on HoO and CO; variation and thus it can be attributed to
mass transport losses. Whereas, the observed trends at low frequencies underscore
the potential influence of electrolyte wetting properties on electrode performance,
even though uncertainties persist regarding the precise nature and consistency of
these effects. The results presented in the second section of this chapter are also
detailed in a manuscript that has been submitted for publication |149).
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5.1 Evaluation of kinetic parameters

The work by Hu et al. [111] is the only systematic study aimed at investigating
the reaction mechanisms characterizing the Ni electrode. For the estimation of
exchange current density, ig, they have analyzed iR—correctedE] polarization curves
at low overpotentials, using a model developed for porous electrodes, which was
previously validated for a button cell in fuel cell mode [109, |150]. This model
describes the iR-corrected overpotentials accounting for the current distribution
along the thickness of the electrode, according to:

dy | RT

= — 1
di nFSigk (5-1)

where & is the effective electrolyte conductivity in the electrolyte phase. S is the
exterior surface area of the agglomerates, where the dominating part of the electrode
reaction takes place. The value for both x and S were taken from previous work
conducted to study MCFC performance [125], and were considered constant for all
gas compositions tested. The overpotential data were fitted using Eq. to obtain
the exchange current density ig for each set of experimental conditions. From the
derived g values, the partial pressure dependencies for hydrogen, carbon dioxide
and water were determined through the following relationship:

io = i (y11,0)” (yco.)” (Y, )° (5.2)

where |yf, indicates the molar fraction of the general component k, ¢ is the standard
exchange current density, and, a, b and ¢ denote the reaction orders of water and
carbon dioxide, and hydrogen, respectively.

The authors found that the experimentally evaluated parameters a, b, and ¢ did
not agree with the theoretical reaction orders predicted by the proposed reaction
mechanisms. They have explained this discrepancy by referring to the assumptions
made for estimating the surface area and effective conductivity.

In this thesis, the polarization curves where analyzed using a different approach,
mainly due to two key factors. First, the material used for the hydrogen electrode
is a Ni-Al alloy, while Hu et al. used Ni-Cr. The choice of different materials
for the electrode can affect the electrochemical behavior, as Ni-Al and Ni-Cr have
different structural characteristics (see Sec. . The porosity level and the pore
distribution of the electrode impact the arrangement of the electrolyte within the
electrode, and, as a result, influence both the effective conductivity and the surface
area. To the author’s knowledge, no studies in the literature specifically focus on
evaluating these properties for the material used in this thesis, i.e. Ni + 5%t
Al. Additionally, given the challenges in estimating these parameters solely from
polarization and impedance spectroscopy data, a different modeling strategy was
adopted in this work, which does not rely on assumptions about these properties.

The objective of this section is to evaluate the reaction orders of water and
carbon dioxide for the electrolysis reaction based on the determination of exchange

!The term "iR" represents the product of the current (i) and the internal resistance (R) of the
cell. An iR~corrected polarization curve removes this ohmic contribution, providing a more accurate
representation of the intrinsic electrochemical performance of the electrodes.
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current densities, adopting a different strategy from that of Hu et al. The evaluation
of the reaction orders will enable speculation about the reaction mechanism and,
therefore, gain a deeper understanding of the roles that these two reactants play in
the kinetics of the electrode.

5.1.1 Methodology

The exchange current densities are obtained by analyzing iR~-corrected polarization
curves at low overpotentials. The curves for each operating condition were corrected
for the internal resistance by subtracting the term i - Ry from the experimental
overpotential value, where Ry represents the internal resistance determined from EIS
experimental data under the same operating conditions. In the low overpotentials
region, the mass-transfer limitations are assumed to be negligible, meaning that
the polarization losses can be attributed solely to the electrode reaction activation
polarization. Therefore, the current-voltage relationship was described through the
Butler-Volmer equation:

. nF Nact n-7:77act>>
i =1 (exp (aa T ) exp( e (5.3)

Henceforth 74 will be indicated simply as 1. The Butler Volmer equation rear-
rangement gives the Allen-Hickling equation [129]

i ) acnFn

= 4
exp(ag + ac)nFn —1 (54)

In

and the value of a. and the exchange current density, i, can be evaluated fitting the
experimental data. The transfer coefficient, ., gives an estimation of the fraction
of the electrical energy that contributes to overcoming the activation energy of the
electrochemical reaction. It indicates how the energy barrier is shared between the
reactant and product sides of the reaction, and in most systems it turns out to lie
between 0.3 and 0.7 |129].

The general procedure for elucidating the mechanisms of the hydrogen production
reactions in the MCEC is to determine the dependency of the exchange current
density on the reactant concentrations. It can be calculated from Eq. [5.2] written in
logarithmic form

In(ip) = In(iy) + aln(ym,o) + b1In(yco,) (5.5)

Hu et al. [133] demonstrated that Hy content significantly affects the mass-
transfer polarization, while it influences the Ni activation overpotential only when its
concentration is very low, specifically less than < 5%. Therefore, in this experimental
campaign, the Hy content is kept fixed at 10%, while the concentrations of water
and carbon dioxide are varied (see Tab. to specifically focus on their roles in
electrochemical hydrogen production. Consequently, the dependence of the exchange
current density has been evaluated exclusively based on these two reactants.

Additionally, it must be considered that due to different reactions possibly taking
place at the Ni electrode, an essential problem is to know the actual gas composition
inside the cell when determining the partial pressure dependencies. One such reaction
is the reverse water-gas shift (rWGS):

Hy + CO5 <+ HO + CO (5.6)
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Due to the operating temperature and the presence of nickel that act as a catalyst,
the shift reaction could very rapidly establish the equilibrium [17} 18]. In addition
to the rWGS, the methanation reaction could also occur, although it is much less
favored under the operating conditions of the MCEC.

To account for all the species that could form between 620 and 680 °C from a
Hs/CO2/H20 mixture, equilibrium conditions of all the inlet compositions tested
were directly evaluated from the minimization of total Gibbs free energy. At
equilibrium, a system’s Gibbs free energy reaches its minimum, meaning that no
further spontaneous chemical reactions will occur. In practical terms, for a given
set of reactants at a constant temperature and pressure, the system will naturally
evolve toward a state where the total Gibbs free energy is as low as possible. This
approach does not require prior knowledge of the system’s chemistry or defined
reaction stoichiometry. All chosen components are treated as reactants, and the
calculation determines the distribution of components that minimizes the system’s
free energy, i.e., the distribution that can be achieved at the equilibrium established.
An application of this method for chemical equilibrium evaluation in an MCFC
is reported in [151]. For this work, the total Gibbs free energy minimization was
performed using AVEVA PRO/II simulation software. In addition to Hy, HoO, and
COg3, which constitute the inlet gas flow rate, also CO, CHy, CoHg, C3Hg, and
CH3OH were considered in the equilibrium calculations.

Once the values of iy and a, are determined through the fitting of Eq. the
dependence of ig on the partial pressures of the reactants will be investigated under
two scenarios, considering the uncertainty of the actual composition within the
electrode. The first scenario assumes that no reactions occur other than electrolysis,
meaning that the composition within the cell remains as set at the inlet (see Tab. .
The second scenario scenario assumes that additional chemical reaction can occur
and that the system reaches equilibrium conditions, using the results obtained from
the Gibbs free energy minimization. The objective of this dual approach is to
estimate the extent to which non-electrochemical reactions, such as the rWGS, may
impact the reaction orders of the electrochemical process. Finally, the dependence
of ig will be evaluated as a function of temperature,allowing for an estimation of the
impact that temperature variations can have on the kinetics of the electrochemical
process and, consequently, on the activation overpotential. In the next section, the
experimental data, fitting results and the analysis of reaction orders will be presented
and discussed.

5.1.2 Results

The performance of the Ni electrode has been investigated in a broad range of
operating conditions to obtain kinetic data for the hydrogen production reaction (see
Tab. . Fig. and Fig. illustrate the iR-corrected polarization curves at 620,
650, and 680 °C for %H»O variations and %COs variation, respectively. Regardless of
the temperature, the overpotential at high current densities increases when either the
COs or HyO molar fraction is lower. This is attributed to mass transfer limitations,
as COy and HoO are reactants in the electrolysis cell. In general, concentration
polarization appears to be more significant when the COs concentration is lower
compared to a reduction in HoO. This observation can be explained by the reverse
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Figure 5.1. IR-corrected polarization curves for the Ni electrode at 620 °C (a), 650 °C (b),
and 680 °C (c) varying HoO percentages. The Hy and COs percentages were kept
constant at 10% and 20%, respectively, while Ny was used to balance the composition
to maintain a constant flow rate.

water-gas shift (rWGS) reaction, which consumes CO2 and produces H2O, thereby
further lowering the CO2 content in the system.

The effect of the operating temperature was also investigated, with an example
shown for the reference composition 10/20/20/50% Ha/H20/CO2/Ng in Fig. (5.3
A noticeable improvement in electrode performance is observed when increasing
the temperature from 620 to 650 °C, while the polarization curves at 650 and
680 °C almost overlap. This result aligns with the findings of Hu et al. [111],
who reported that the performance improved more significantly going from 600 to
625 °C than between 625 and 650 °C.

The hydrogen electrode gas composition, calculated at equilibrium for temper-
atures between 620 and 680°C, is shown in Tab. The simulations revealed
that CO is the only component formed in significant quantities, i.e. > 0.1%, at
equilibrium. This result holds true under all conditions in which the button cell was
tested during the experimental campaign. Moreover, it demonstrates that the rWGS
reaction plays a significant role in determining the composition within the cell.
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Figure 5.2. IR-corrected polarization curves for the Ni electrode at 620 °C (a), 650 °C (b),
and 680 °C (c) varying COs percentages. The Hy and HyO percentages were kept
constant at 10% and 20%, respectively, while Ny was used to balance the composition
to maintain a constant flow rate.

Table 5.1. Gas composition calculated at equilibrium at 620 — 680 °C, using as inlet
compositions the ones reported in Tab.

620 °C 650 °C 680 °C

Ho CO, Hy;O CO Ho CO, Hy;O CO Hs CO, HyO CO N

7.61 17.62 2239 2.38 7.36 17.36 22.64 2.64 7.12 1712 2288 2.88 50
Test II-V: Variation of HyO

6.65 16.67 13.33 3.32 6.39 16.40 13.60 3.61 6.14 16.14 13.86 3.86 60

8.14 18.15 31.86 1.85 7.93 17.93 32.07 2.07 771 17.71 3229 2.29 40

8.72 18.73 51.28 1.27 8.56 18.56 51.44 1.44 8.38 18.38 51.62 1.62 20

9.03 19.03 70.97 0.97 8.89 18.90 71.11 1.10 8.75 18.75 71.25 1.25 0
Test VI-IX: Variation of COg

8.61 861 21.39 1.39 8.45 845 21.55 1.55 8.29 829 21.71 1.71 60

6.83 26.84 23.17 3.16 6.54 26.54 23.46 3.46 6.26 26.26 23.74 3.74 40

5.71 45.72 24.29 4.28 5.38 45.38 24.62 4.62 5.06 45.06 24.94 4.94 20

4.92 64.92 25.08 5.08 4.58 64.58 25.42 5.42 4.26 64.26 25.74 5.74 0

Estimate of ip and «a,

The exchange current density igp was determined from Eq. [5.4] by linear regression
analysis. Only the data obtained up to a current density of 60 mA/cm? were
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Figure 5.3. IR-corrected polarization curves for the Ni electrode in the MCEC fed with
the gas 10/20/20/50% Hy/H20/CO5 /Ny at operating temperatures from 620 to 680 °C.

used for the calculation, to minimize the effect of concentration polarization. Since
the electrochemical reduction of water is a two-electron transfer process, the term
(g + ac)n in Eq. assumes the value of 2. For each set of data ig was evaluated
from the intercept of the Allen-Hickling plot (Eq.

1

n—7F—7——— . .
. exp(2Fn) — 1 vs (5:.7)

The Allen-Hickling plots at 620, 650, and 680 °C for the different gas composition
tested are compared in Fig. 5.4 The transfer coefficients «., obtained from the

Table 5.2. Transfer coefficients, a., obtained as slopes of the Allen-Hickling plots in Fig.
The value range from 0.25 to 0.55, in agreement with the fact that the electrochemical
water reduction is less favored energetically compared to the oxidation reaction.

Molar fraction [%)]
TPC) 10 20 30 50 70

620  0.3478 0.3494 0.3165 0.2499 0.3210 H»O variation
650  0.5592 0.3508 0.2419 0.2540 0.2916 %CO2/H3/Ny
680  0.5205 0.4821 0.4164 0.5106 0.4086 20/10/balance

620  0.4028 0.3518 0.4191 0.4348 0.4889 COg variation
650  0.4639 0.5056 0.4383 0.5565 0.4982 %H20/Ha/No
680  0.4935 0.4142 0.5061 0.5535 - 20/10/balance

slopes of the Allen-Hickling plots in Fig. |5.4] (see Eq. , are reported in Tab.
The a. values ranges from 0.25 to 0.55, indicating that the reaction rate is more
sensitive to changes in the applied potential for the hydrogen production process. In
practical terms, since a. is either equal to or less than 0.5 for all the conditions, this
agrees with the fact that the water reduction reaction is less energetically favored
compared to the hydrogen oxidation reaction.
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Figure 5.4. Allen-Hickling polarization curves from iR-corrected overpotentials at 620, 650,
and 680 °C varying %H20 (a),(c),(e) and %CO2 (b),(d),(f). The data were fitted to
straight lines to calculate ig as the intercept and a. as the slope. The low-overpotential
data, i.e. n < 70 mV, were used for the calculation.

From the intercept at zero overpotential, evaluated from the Allen-Hickling plots
in Fig. exchange current densities values were estimated for each set of operating
conditions. The value of iy as a function of temperature for different Ni electrode
inlet compositions are presented in Fig. The values are generally higher for the
tests with varying %HsO compared with those with varying %CQO;. Higher values of
ig are generally observed when the concentration of the reactant, either HoO or COo,
increases - except for the data at 680 °C at 70% H2O (blue square in Fig. [5.5p). In
this case, 7 is lower compared to the values estimated at 20, 30, and 50% H>O at
the same temperature. The result can be attributed to changes in the electrode’s
wettability properties. In a molten carbonate cell, the active surface area depends
on the electrolyte distribution inside the electrode pores and, consequently, on the
wettability of the electrode . Therefore, any change in the active surface area
will affect the electrolysis reaction rate.
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Figure 5.5. Exchange current densities derived from the intercepts of the Allen-Hickling
plots in Fig. [5.4] shown as function of temperature with varied gas composition, HoO
(a) and COg2 (b). The dotted arrow indicates increasing percentages of HoO/COsx.

The wetting properties of different materials in alkali carbonate mixtures have
been studied by several researchers [125] 153, [154]. It has been concluded that on
the oxygen side, NiO is perfectly wetted, with a wetting angle close to zero[153].
For the hydrogen side, the wetting angle is higher, around 50 — 60°, and depends on
the gas composition, polarization, temperature, and the material. Increasing the
temperature enhances the electrode wettability [154] (reducing the contact angle),
thereby increasing the contact surface area between the gas and liquid electrolyte
phases. However, an excessive rise in temperature could increase the reaction surface
area in larger pores while flooding the smaller pores of the electrode, thus decreasing
the overall available active surface area for the reaction |[125]. Therefore, the lower i
value observed at 70% H2O in Fig. can be explained by a combination of effects.
On one hand, the increase in temperature excessively enhanced the electrode’s
wettability, causing the smaller pores to flood, which hindered gas access to the
reactive sites at the three-phase-boundary (TPB). On the other hand, at 680 °C,
the rWGS reaction becomes more favorable, which could mean the actual water
content in the system exceeded 70% (see Tab. . This higher water concentration
would similarly obstruct the diffusion of reactants within the electrode pores. These
observations, of course, require further experimental testing to be confirmed.

Returning to the analysis of the data shown in Fig. [5.5] at 620 °C the exchange
current densities range from 30 to 50 mA /ecm? under all measured gas compositions.
In Fig. 5.5k, increasing HoO concentration results in exchange current densities
approximately in the range of 40 to 70 mA/cm? at 650 °C. In contrast, these values
lies in a slightly lower range, 30 — 55 mA /cm?, when COs is increased from 10 to
70%, as shown in Fig. [5.5b. A similar trend is observed at 680 °C for variations
from 10 to 50%, although the difference between the to composition groups is less
pronounced. The ranges of ig are 45 — 55 mA /cm? for increasing HoO concentration,
and 35 — 55 mA /cm? for increasing COg concentration in the inlet gas compositions.
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Figure 5.6. Effect of water (a)-(b) and carbon dioxide (c)-(d) concentrations on the exchange
current density at 620 — 680 °C. (a)-(c) ym,0 and yco, from the inlet composition,
(b)-(d) ym,0 and yco, from the gas composition calculated at equilibrium (see Tab. [5.1]).
The continuous line in (a)-(b) refers to the interpolation carried out without considering
the data at 70% H>O.

Estimate of reaction orders

Based on the exchange current densities obtained, the dependencies on the concen-
trations of carbon dioxide and water can be determined. Due to the uncertainty
around whether gas compositions reach equilibrium in this study, two scenarios with
different gas compositions are considered: (i) no shift reaction occurs (using the inlet
gas compositions shown in Tab. , and (ii) complete equilibrium is established
due essentially to the rWGS reaction (with gas compositions calculated in Tab. .
Both scenarios are depicted in Figs. [5.6| The reaction orders can be determined
from the slopes by fitting the parameters a and b in Eq. while the standard
current density, i(, is evaluated from the intercepts. The fitting results are shown
in Tables [5.3 and [5.4] for the cases of the inlet gas compositions and the complete
equilibrium gas compositions, respectively.

The dependence of the exchange current density on the concentration of water
is analyzed in Fig. 5.6p. The evaluation is conducted in two ways. First, all the
obtained data points are fitted to straight lines by means of a linear regression
(dashed lines), resulting in values of 0.21 and 0.24 at 620 and 650 °C, respectively.
The exchange current density obtained at 680 °C under 70% H2O (Fig. |5.5p) is
excluded from this analysis, as it deviates from the general trend observed in the
other data points. This deviation suggests that the result is influenced by greater
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Table 5.3. The standard exchange current densities and the dependency of exchange
current densities on water and carbon dioxide molar fraction of the inlet Ni electrode
gas compositions i = % (yr,0)*(Yco,)?. The superscript T refer to the results obtained
considering the exchange current density varying from 10 to 50% HsO.

T [°C] i} [mA/cm?] iST [mA/em?]  «a al b
620 49.61 46.82 0.24 0.17 0.24
650 60.32 56.89 0.21 0.13 0.30
680 - 62.76 - 0.15 0.23

Table 5.4. The standard exchange current densities and the dependency of exchange current
densities on water and carbon dioxide molar fraction of gas compositions calculated
at TWGS equilibrium iy = % (ym,0)*(yco,)?. The superscript T refer to the results

obtained considering the exchange current density varying from 10 to 50% H>O.

T [°C] i} [mA/cm?] iST [mA/cm?] @ af b
620 48.42 45.51 0.29 0.20 0.23
650 60.32 56.31 0.25 0.15 0.28
680 - 63.11 - 0.18 0.22

uncertainty, likely due to the combined effects of increased temperature and water
concentration, which may impact the wettability and diffusion properties within the
electrode. Secondly, only the data points referred to the range 10 — 50% are fitted
to straight lines, resulting in a reaction order ranging from 0.13 to 0.17. Regardless
of the concentration intervals considered, the reaction order with respect to water
shows minimal dependence on temperature. In Fig. [5.6b, the equilibrium conditions
consider the potential formation of carbon monoxide in the gas compositions, yet
similar dependencies on water concentration, as seen in Fig. [5.6h, are observed.
Similarly, the reaction order of the carbon dioxide shows no significant dependence
on temperature (see Fig. and Tables and , with values of 0.24, 0.30,
and 0.23 at 620, 650, and 680 °C, respectively. In Fig. [5.6{d, a minor impact of the
reverse water-gas shift (rWGS) reaction is observed, with the reaction orders for
gases at complete equilibrium ranging from 0.22 to 0.28.

Unlike the reaction orders, the standard exchange current density ¢ is dependent
on temperature. However, similar to the concentration dependencies, the equilibrium
composition does not affect the if; values. The values of iST referring to the 10 — 50%
HO and 10 — 50% CO; ranges, can be correlated with temperature using an
Arrhenius-type expression,

In (i5) = —Zﬂﬁ + 8.529 (5.8)
with i in mA/em? and T in K. The correlation between iST and temperature
within the range of 620 — 680 °C is illustrated in Fig. The standard exchange
current density values show good agreement with the Arrhenius expression for
the temperature range and compositions tested. This result highlights the strong
dependence of the hydrogen production reaction on temperature and, consequently,
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Figure 5.7. Trend of the standard exchange current density, iST, as evaluated from Eq.
with respect to temperature.

the activation overpotential observed at the anode. According to the derived
Arrhenius expression (Eq. , the activation energy for the reaction is approximately
72 kJ/mol. This value indicates that the Ni electrode is under a moderate kinetic
or mixed control. This implies that the reaction rate may be limited not only by
kinetic processes but also by the diffusion of reactants within the electrode porous
structure. Notably, the value found is consistent with the findings reported by Hu
et al. [111], reinforcing the validity of the observed behavior in similar systems

So far, the hydrogen production mechanism in a molten carbonate electrolyzer
cell (MCEC) has been little studied, unlike the oxidation process, which has been
extensively researched over the past decades. Assuming that the hydrogen production
pathways occur as the reverse of hydrogen oxidation in molten carbonate cells, the
theoretical partial pressure dependencies of the reactants would remain the same
in both operating modes. When considering the hydrogen oxidation mechanisms
proposed by [36, [155], the corresponding reactions for hydrogen production during
electrolysis are expressed as Reactions [5.9 and Reactions [5.12][5.13] and [5.11],
respectively.

kyy

H,O +M+e~ = MH+ OH™ (5.9)
k1p
Koy )
OH™ +COz; +M+e” &= MH+ CO5™ (5.10)
kap
ks
9MH = Hj + 2M (5.11)
kb
Hy0 + CO3~ — 20H™ + CO; (5.12)

2 (OH™ + COp + M +e” — MH+ CO3 ") (5.13)
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OMH — H, + 2M ()

The method for deriving theoretical reaction orders can be found in [36], where the
authors assume that (i) Reaction is the rate-determining step; (ii) Langmuir
adsorption isotherm can be employed; and (iii) MH coverage, Y, is low (where M
denotes metal). Considering Reactions at equilibrium , the following expression
can be obtained

1/2
X ksp -1/2 ~1/2
———=|=C =K; '°C 5.14
where K3 is the equilibrium constant. For low coverage one obtain x = K5 Y 2011{/2 2

and 1 — x ~ 1. Thus, for the electrochemical reactions [5.10] and [5.9] the net current
can be expressed as

. FE _ 1— B9)FE
1o = F [kaCOHC(302 exp (B%T ) — kK5 1/26’11{/26’(302 exp ( (]?T))]
(5.15)
, B3 FE —1/2 1/2 (1-B3)FE
i1 =F [klfCHQO exp( T ) — ki Ky / Cy / C’OH exp( RT)
(5.16)

Here, 8 represents the symmetry factor and E is potential difference between the
electrode and the electrolyte. At equilibrium (i; = 0), Coy- can be calculated from
Eq[-16] This value can then be substituted into Eq. [5.15, where E is also replaced
by Eo + n:

1489
kap k1p Ch, CCOQ* ° exp (52}_"7> n
Fay b1y K3 Cry0Cco, RT

k _
19 =F k‘gf klf K§/20 1/2000201{20 [

—1+489
kap by Cu,  Coo ’ exp ((—1 + 52)]'""7>
Far b1y K3 CrioCcoy RT

s |

(5.17)

When comparing this with the general relationship for activation polarization
(Eq. [5-3), and assuming 82 = 0.5, the authors in [36] found theoretical reaction
orders of 0.25 for hydrogen, carbon dioxide, and water. The same reaction orders
are obtained when considering the second reaciton mechanism described earlier
(Reactions [5.12] [5.13| and [5.11]), under the assumption that Reaction is the
rate-determining step.

The theoretical values derived from these two mechanisms for CO9 and HyO
closely align with the experimental data presented in this study (see Tables
and . This agreement reinforces the validity of adopting hydrogen oxidation
mechanisms to describe the reverse reaction in electrolysis mode. However, some
discrepancies can be observed between the theoretical and experimental values,
which may be attributed to several factors. For instance, previous studies reported
above on MCFC kinetics used flag electrodes, while in this work data from a lab
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scale cell were used. Additionally, the theoretical model employed in this study is
relatively simplified. To enhance the accuracy of the predictions, it is advisable to
account for the current distribution along the depth of the electrode and for the
effective electrolyte conductivity variations under different operational conditions.

Resume

In summary, the investigation of the Ni electrode under varying operating condi-
tions underscores the critical role of reactant concentrations and temperature in
influencing the performance of the hydrogen production reaction. The polarization
curves demonstrate that lower molar fractions of CO5 and H5O lead to increased
overpotentials at high current densities. Notably, concentration polarization is more
pronounced when the COq content is lower than when there is a reduction in HyO.
This can be attributed to the reverse water-gas shift (rWGS) reaction, which further
decreases the COy concentration in the system while producing HoO. The analysis of
the polarization curves temperature dependency reveales a significant performance
improvement between 620 and 650 °C, while further increases in temperature showed
only marginal gains, consistent with the findings of Hu et al. work [111]. This trend
underscores the importance of optimizing operational conditions to achieve efficient
electrolysis, as the gains in performance may diminish beyond certain temperature
thresholds.

Additionally, the analysis of the exchange current density values derived from
the Allen-Hickling plots, generally indicate higher current densities for tests with
increased %HO compared to those with varying %COs. Notably, the observed
decrease in ig at 680 °C with 70% H.O highlights the complex interplay between
wettability and reactant diffusion, suggesting that elevated temperatures can lead
to flooding of smaller pores, which hinders reactant accessibility at the three-phase
boundary (TPB). The findings also indicate that exchange current densities range
from 30 to 50 mA /cm? at 620 °C and increase to approximately 40 to 70 mA /cm?
at 650 °C with higher HoO concentrations. In contrast, increasing %CQOs results
in slightly lower values, ranging from 30 to 55 mA/cm?. These results confirm
the predominant role of COs in the electrode kinetics. The reaction orders for
water and carbon dioxide were evaluated from the iy values obtained earlier. The
analysis indicates that the dependencies on the concentrations of carbon dioxide and
water largely remain consistent across different scenarios. Even when considering the
rWGS reaction, the variation in reaction order values is minimal, with the coefficients
only slightly elevated in the equilibrium conditions scenario. This suggests that the
equilibrium state, even if influencing the inlet gas composition, does not dramatically
alter the overall kinetics in the system. The reaction mechanism based on the reverse
of hydrogen oxidation in molten carbonate cells appears to be fairly consistent with
the reaction orders estimated in this study.

The activation energy for the reaction, estimated at approximately 72 kJ/mol,
points to a mixed control scenario, where both kinetic factors and mass transport
limitations impact the overall reaction rate. This observation is consistent with
experimental findings and supports the proposed mechanism for hydrogen production
during electrolysis.

Future work should focus on experimentally verifying the impact of the reverse
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water-gas shift reaction on gas compositions at the Ni electrode, as well as explor-
ing the influence of electrode microstructure and wettability on electrochemical
performance. Additionally, expanding the temperature range and gas composi-
tion variations could help in refining the understanding of the kinetic parameters
governing the hydrogen production reaction in molten carbonate electrolyzer cells.
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5.2 DRT-based impedance study

In this section, the DRT analysis of the impedance spectra data (operating conditions
detailed in Sec is presented. The discussion begins with an examination of the
hydrogen electrode’s impedance and its impact on cell polarization during electrolysis
mode. Subsequently, the most significant processes occurring within the electrode
identified and analyzed under a broad range of operating conditions.

5.2.1 Identification of the DRT function peaks during electrolysis
operation

Fig. illustrates the impedance spectra obtained for the cell and the electrodes
at 650°C (hydrogen electrode composition VI from Tab. both at OCV (a) and
in electrolysis mode at 100 mA/cm? (c). The dashed line represents the sum of
the values obtained for the single electrodes. It indicates that the effect of each
electrode is additive if the experimental conditions are maintained steady. Fig.
and show the respective DRT analysis results, revealing five distinct peaks for
the cell: two distinct peaks at high frequency (P1-P2, 30 — 1000 Hz), one main
contribution at medium frequency (P3, 2 — 30 Hz), followed by other two distinct
peaks at lower frequency (P4-P5, 0.05 — 2 Hz). Every peak is correlated with at least
one process occurring in either one or both electrodes, and the amplitude represents
their contribution to the cell polarization. A possible explanation for the similar
frequencies of the peaks appearing in both electrodes DRT analysis is the comparable
thickness and porosity of the two electrodes, as reported in [64]. The DRT results
confirm the electrodes additive contribution to the cell impedance. Henceforth, the
analysis will focus on the data acquired from the individual electrodes, with the
inclusion of the suffixes "HE" and "OE" denoting peaks associated with the hydrogen
and oxygen electrodes, respectively.

Table 5.5. Test matrix containing the molar percentages of the inlet gas for the hydrogen
electrode of the button cell.

Test %Hs %H0 %CO5 %Na

Reference composition 1 10 20 20 50

%H50 variation II 10 10 20 60
11 10 30 20 40
v 10 50 20 20
A% 10 70 20 0

%CO4 variation VI 10 20 10 60
VII 10 20 30 40
VII 10 20 50 20
IX 10 20 70 0

Note that the cell polarization decreases significantly in electrolysis mode com-
pared with OCV operation. This feature can be explained by observing the OE
behavior, as at OCV it exhibits a bigger impedance than during electrolysis oper-
ation. This result is in line with the findings of Hu et al. |101], who showed that
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Figure 5.8. Full cell and single electrodes impedance spectra for the MCEC operated at
650° C, with 10/20/10/60% Hs/HoO/CO5 /Ny as HE composition, at OCV (a) and at
100 mA /cm? (c), and the corresponding DRT plots, (b) and (d). Both the experimental
data and the DRT results shows that HE and OE contributions are additive. Five distinct
peaks are visible, indicating at least five different physical phenomena characterizing the
MCEC operation.

OE exhibits better performance when acting as an anode in MCEC rather than
as a cathode in MCFCs. It is noteworthy that the HE polarization also decreases
when the cell operates as an electrolyzer, albeit not to the extent observed for the
OE. While the latter exhibits a significantly higher impedance at OCV compared
with electrolysis operation, the contributions of the two electrodes are comparable
during electrolysis under the operating conditions tested (Fig. [5.8c). The above
observations are valid independently of the HE gas composition and temperature
tested in this study and reported in Tab. Additional results are provided in
Fig. 5.9

Given that during electrolysis operation the contribution of the two electrodes to
the overall cell polarization become comparable, and that the production of carbonate
ions occurs at the hydrogen electrode, it is crucial to thoroughly investigate and
analyze the phenomena occurring at this electrode. Therefore, only variations in
composition at the HE have been considered to identify the controlling resistances
of the process and potentially determine the optimal operating conditions for this
electrode. Henceforth, the results will be mainly related to the impedance data
obtained for the HE.

Fig. [5.10] presents the Nyquist plots and the relative DRT plots of the hydrogen
electrode, comparing the OCV operation with the electrolysis operation at 100
mA /cm?. All the measurements were carried out at 650°C and with a HE gas
composition of 10/20/30/40% Hz/H20/CO3/N3. The Nyquist plot (a) clearly
shows the existence of two discernable arcs at low-medium (0.01 — 10 Hz) and high
frequencies (10—1000 Hz). Note that in electrolysis mode only the low frequency part
of the impedance shrinks a bit, but no additional features are visible in comparison
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(b) MCEC operated at 680°C, 10/20/20/50% Hs/H20/CO2/Ng, at OCV (left) and at
100 mA /cm? (right).
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(c) MCEC operated at 650°C, 10/20/30/40% Hy/H20/CO2 /Ny, at OCV (left) and at
100 mA /cm? (right).

Figure 5.9. Full cell and single electrodes impedance spectra for the MCEC at different
operating conditions and temperatures.

with the OCV measurement. Both impedance arcs are divided into several peaks,
four in total, in the DRT spectrum. The associated DRT function (Fig. c) shows
that during electrolysis operation, the peak P5ygr completely vanishes, P4ypg and
P3ug are considerably reduced, whereas the peak located at high frequency, P2yg,
is comparable to the corresponding OCV result. P1 summitting at about 1000 Hz is
considered significant only for the OE, as it is not possible to distinguish between P1
and P2 for the HE under the tested conditions. P3yg can be reasonably associated
with the water reduction reaction since in electrolysis mode it is both reduced and
accelerated. In fact, kinetic losses decrease with increasing current density, which is
explained by the Butler-Volmer equation (Eq. . Since 100 mA /em? is still in
a region where the polarization curve is dominated by activation and ohmic losses
(Fig. [5.10| b), a limitation by mass transport seems unlikely. Thus, P4pg and Pbyg,
located at low frequencies, suggest the existence of either an additional chemical
reaction or diffusion limitations within the electrolyte. Regarding the highest
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Figure 5.10. Nyquist plot (a) for the HE at 650° C, 10/20/30/40% Hy/H20/CO3/Ny
as HE composition, 100 mA /cm? (pink data) and OCV (black data). The * symbol
indicates frequencies of 1000, 10, 1, and 0.1 Hz. The polarization curve (b) shows that
there is no concentration overpotential. The corresponding DRT plot (c) elucidates the
presence of four peaks, among which only two at medium frequencies are mainly affected
by electrolysis operation.

frequency peak, P2y, additional data in different operating conditions are needed
to make a valid hypothesis on the related phenomenon occurring. The considerations
made are broadly applicable to tests conducted under different operating conditions
as well, as shown in Fig. [5.11] where some representative examples are provided.

5.2.2 DRT Analysis of parameter variation during cell operation
and HE peaks assignment

To investigate the nature of each peak identified for the HE using the DRT method,
various operating parameters were systematically adjusted. The cell was tested
under several predefined conditions, with one parameter altered at a time, including
the HE water content, HE carbon dioxide content, and temperature. The molar
fractions of gas species in the HE for all the tests are shown in Tab[5.5] which were
performed at 620, 650, and 680°C. The impedance data collected during each test
were deconvoluted using the DRT method. DRT analysis was applied to the EIS
spectra collected at each operating condition. Each peak obtained from the DRT
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Figure 5.11. Nyquist plots (on the left) and corresponding DRT spectra (on the right) for
the HE electrode. OCV measurement and electrolysis mode results are compared.

deconvolution was associated with a specific process occurring within the hydrogen
electrode by analyzing the results from the various tests conducted.

Fig. [5.12| and Fig. 5.13 illustrate some DRT results. Fig. [5.12] presents the DRT
analysis of the hydrogen electrode for variation in water and carbon dioxide fractions

at 650°C, both at OCV and 100 mA /em?. Fig. mshows the effect of CO2 variation
under electrolysis operation at 620 and 680 °C. The nature of the peaks identified
in the relaxation times distribution for the hydrogen electrode will be discussed in

detail in the following paragraphs.

High characteristic frequencies

The peak in the high-frequency region (> 300 Hz), P2y, is not easily attributable to
a specific process because it does not vary linearly with %COy and %H20 (Fig.
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Figure 5.12. DRT spectra of the hydrogen electrode for %H20, (a)-(c), and %CO4 variation,
(b)-(d), at 650 °C. The overall gas composition is reported in Tab. Both OCV and
electrolysis data at 100 mA /cm? were analyzed.
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Figure 5.14. HE Nyquist plot (a) at OCV and at 10/20/20/50% Hy/H20/CO3/Ny
(test I from Tab. , and corresponding DRT spectra (b) for temperature variations.

The * symbol indicates frequencies of 1000 Hz, denoting the internal resistance of the
MCEC.

and . This suggests that it may not be related to a mass transport process.
Additionally, as can be seen in Fig. [5.14pb, which compares data at fixed composition
while varying the temperature, there is a marked decrease in the highest frequency
peak intensity when moving from 620 to 650 °C, but this decrease does not occur
when moving from 650 to 680 °C. Observing the behavior of the internal resistance in
Fig. [5.14h, it follows the trend of the P2pgr peak. Typically, the resistance observed
at frequencies below 1 kHz is regarded as the ’internal resistance’ of the MCEC
[125, |156]. This internal resistance is influenced by several factors, including the
effective conductivity of the electrolyte in the matrix pores, the contact resistance
between materials, and the effective conductivity of the electrolyte in the pores
of the electrode [125] These considerations suggest that P2yp is associated with
ion transport resistance within the electrolyte, more precisely with the electrolyte
effective conductivity in electrode pores.

As reported in the Sec. the balance between OH™ and CO§_, governed
by hydrolisis equilibrium (Eq. , influences the kinetics of the water reduction
reaction. Moreover, the presence of OH™ affects the internal resistance of the
cell by altering the electrolyte composition and thus its conductivity. Specifically,
hydroxides have a higher conductivity compared to the corresponding carbonate [157].
Therefore, a decrease in COy/H20 ratio in the atmosphere, corresponding to an
increase in hydroxide concentration within the electrolyte melt, is expected to reduce
the internal resistance of the cell. Comparing the effects of variations in CO9 and
H>0O in Fig. [5.12] it can be observed that, at a constant HoO percentage, higher
COq levels correspond to higher P2yg intensity. However, as previously mentioned,
a linear trend is not evident, likely due to other phenomena coming into play at the
frequencies considered.

The active surface area and effective conductivity of an MCFC are directly depen-
dent on how the electrolyte is distributed within the electrode pores [52]. Therefore,
any change in the active-surface area will also affect the hydrolysis equilibrium
reaction, which occurs at the gas-electrolyte interface, and thus affect the amount
of hydroxides present in the carbonates. Several researchers have investigated the
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wetting characteristics of various materials in different alkali carbonate mixtures [125,
153, [154]. Their findings indicate that NiO on the oxygen side exhibits complete
wetting, with a wetting angle near zero [153]. On the hydrogen side, however, the
wetting angle is larger, typically ranging from 50° to 60°, and is influenced by factors
such as gas composition, polarization, temperature, and the specific material used.

Increasing the temperature enhances the electrode wettability [154] (reducing
the contact angle), thereby increasing the contact surface area between the gas
and liquid electrolyte phases. However, an excessive rise in temperature could
increase the reaction surface area in larger pores while flooding the smaller pores
of the electrode, thus decreasing the overall available active surface area for the
reaction [125]. Regarding the effect of gas composition on wettability, it is important
to note that the studies here reported pertain to MCFCs, which primarily involve
reducing gas mixtures. In contrast, MCECs are fed with more oxidizing mixtures
(water and carbon dioxide). The most widely accepted result in the literature is
that hydrogen electrode wettability increases in reducing atmospheres. Kawase
et al. |152] demonstrated that it enhanced with higher content of Hy and COs.
Nonetheless, the gas composition also depends on the rWGS as well as the faradaic
reaction, making it difficult to determine the precise composition of the atmosphere
in contact with the electrolyte.

In summary, the no-linear behavior of P2gg with temperature variations can be
attributed to the fact that temperature not only affects the hydroxide ion concentra-
tion but also influences the wettability and the composition of the gas in contact
with the electrolyte, due to the reverse rWGS reaction. These combined effects result
in multiple factors that influence the effective conductivity of the electrolyte, which
in turn affects the internal resistance of the cell, making the relationship between
P2pg and temperature complex. However, the strong dependence of P2pg on CO4
concentration can be explained by the role of CO4 in affecting the hydroxide ion
concentration, which in turn determines the effective conductivity of the electrolyte
and, consequently, the internal resistance. Therefore, this peak could reasonably
correspond to an ionic transport step in the hydrogen production reaction. Obvi-
ously, this hypothesis requires verification through dedicated tests with additional
temperature and gas composition variations.

Intermediate characteristic frequencies

The peak P3pp summitting in the intermediate frequencies region (3 — 300 Hz)
accounts for most of the electrode polarization, as evident in all the figures presented
earlier. As discussed in sec. [5.2.1], Fig. [5.10] shows that the height of P3yg clearly
decreases when operating in electrolysis mode. This behavior is also visible in
Fig. and Moreover, Figures [5.12] and clearly demonstrate that the
peak intensity is significantly affected by both CO2 and H2O content, irrespective
of whether the measurement was taken at open-circuit voltage or under current.
As illustrated in Figures [5.13] and there is also a noticeable dependence on
temperature, although this effect is less pronounced than concentration influence.
So, the phenomena occurring at intermediate frequencies must be mainly affected
by current and gas composition. Due to the strong dependence on HoO and CO4
concentrations, P3pgg may be related to a mass transfer process.
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Figure 5.15. DRT spectra of the oxygen electrode for %H5O, (a), and %CO- variation at
the hydrogen electrode, (b), at 650 °C and at 100 mA /cm?. The overall gas composition is
reported in Tab. [L.2] The results show a clear dependence of the intermediate frequencies
peak from the HE gas composition.

Considering the reactions [5.10] and [5.12]
H,O+M+e — MH+ OH™ (5.10]

OH™ 4+ COs + M +e~ — MH + CO3™ (-12)

which, as previously discussed in the polarization data analysis (Sec. , could both
potentially be rate-determining steps of the water reduction reaction, it is plausible
that P3pg corresponds to the transport of reactants to the triple-phase boundary
(TPB), where the water reduction reaction occurs.

However, given the poor wettability of the hydrogen electrode compared to the
oxygen electrode [107, [156], the electrolyte film thickness inside the HE pores can
be negligible, and, as a consequence, the HE may not show liquid phase transport
resistance. Many assume that in an MCFC hydrogen electrode, the diffusion of
reactants in the liquid phase within the electrolyte is negligible compared to that
in the gas phase [108, |156, [158]. These considerations lead to the conclusion that
P3yE is associated with reactant gas diffusion within the pores, as increased COq
and HoO flow rate reduce mass transfer resistance in the gas phase. Additionally,
during electrolysis operation both reactions and are enhanced, favoring
H>0O and COs diffusion, thereby explaining the peak reduction observed when a
current is applied (see Fig. and .

In connection with this, it is interesting to observe the oxygen electrode DRT
results shown in Fig. obtained with the same HoO and CO5 variations at the
HE. Examining the intermediate frequency peak, P3og, a clear decreasing trend
can be observed in correlation with increasing %Hs0O and %COs. Such a result is
explainable only by assuming that the electrochemical reaction occurring at the OE,

reaction [2.13]
1
CO3™ — COz + 502+ 2" 2-13)

is strictly dependent on the amount of CO? produced at the hydrogen electrode.
This confirms the correlation between P3yg and the CO§_ production, and more
precisely, with the rate-determining steps of the hydrogen production reaction.
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Low characteristic frequencies

Changes occurring in the electrolyte distribution inside the pores can be responsible
for the presence of the two crests, P4pyg e Pbug, observed in the low-frequency
range (0.05 — 3 Hz). The quality of the low-frequency experimental data is poorer
compared to that of the high-frequency data, as confirmed by the Kramers-Kronig
test (see Fig. . This can lead to distortions in the appearance of the DRT, making
it difficult to interpret. Nevertheless, in the Figures and it can still be
observed that the low-frequency peaks are influenced by changes in gas composition.
In contrast, the effect of temperature is comparatively minor (see Fig. and .
However, it is difficult to single out P4yr e P5yg trend with the operating conditions
variations considered.

Under equilibrium conditions, the local capillary pressures are balanced resulting
in the electrolyte distribution among the matrix and the two electrodes. Capillary
pressure depends on the diameter of the last filled pore, Dpore, and the wetting angle
¢ according to the following expression [52, |152]:

(5.18)

Here o4 represents the electrolyte surface tension. When the cell voltage changes,
the local composition of the electrolyte also changes. This, along with variations in
gas composition, affects the wetting angle, leading to a migration of the electrolyte to
balance the capillary pressure. Additionally, cation segregation within the electrolyte
may occur, leading to a variation in the electrolyte composition. Variations in the
local carbonate salts can impact the kinetics of electrochemical reactions, affect
the solubility of Ni, and influence the rates of vaporization and corrosion of the
current collector [32,52]. Boden et al. [159] evaluated the characteristic timescales of
electrolyte distribution and segregation phenomena for MCFC conditions, concluding
that the characteristic time of the electrolyte composition change is at least four orders
of magnitude smaller than that for the movement of bulk electrolyte. Obviously, if
the temperature or gas composition changes, affecting the contact angle, the time
constants change. However, they found that the most significant effect is due to
variations in the degree of electrolyte filling. A smaller electrolyte filling degree will
reduce the time constant difference, but the time constants will only approach each
other in magnitude for an almost totally drained system and that is not of practical
interest.

There are no similar studies conducted under electrolysis conditions, but, also in
this case HE gas composition variation will affect the electrolyte wettability, causing
the displacement of the electrolyte within the pores. Additionally, changing the
current direction will not prevent the migration of the electrolyte cations. Therefore,
observing the results reported before, it is plausible to associate P4ypg with electrolyte
distribution and P5ggr with ion segregation, even though the latter does not appear
at all the operating conditions tested and has a very low intensity, making it less
significant compared to P4yg. At constant temperature and gas composition, P4yg
intensity under current, Fig. [5.12k-d, is lower than in OCV Fig. [5.12h-b. In fact,
imposing a current facilitates the movement of the electrolyte within the pores, which
is why the peak decreases. To clarify the effect of composition and temperature on



80 5. Electrochemical investigation of Nickel electrode in a button MCEC

the low-frequency peaks, it is required to carry out specific studies under electrolysis
operation. On one side, it is necessary to more precisely evaluate the dependence
of the wetting angle on temperature and HE gas composition and, on the other, to
delve into the cations migration mechanism.
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Figure 5.16. Example of DRT spectra for the hydrogen electrode, highlighting the four
peaks observed during the experimental campaign.

Table 5.6. Resume of physicochemical processes occurring in the MCEC hydrogen electrode
and their corresponding peaks in the DRT spectra.

Peaks Dependecies Process description
%CO2 %Hs0O  Temperature

P2ur  Medium Low Low ionic charge transfer

P3yg High High Medium gas diffusion

Pdyr Medium Medium Medium electrolyte redistribution

Pbyg Low Low No electrolyte segregation

Fig. depicts a relaxation-time distribution spectrum for the MCEC hydrogen
electrode, showcasing peaks corresponding to various physicochemical processes
within the electrode. Table [5.6] gives an overview of the processes identified by the
DRT analysis together with their characteristic frequency range, gas partial pressure
and temperature dependencies. The peak appearing around 10 Hz, P3yg, accounts
for most of the hydrogen electrode polarization and is significantly influenced by COq
and HoO content. This peak corresponds to the mass transfer process of reactants
to the triple-phase boundary where the water reduction reaction occurs, which is
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connected to the rate-determining step of hydrogen production. The reduction in
peak intensity during electrolysis mode suggests enhanced reactant gas diffusion.
Additionally, the oxygen electrode results indicate a correlation between P3yg and
CO%‘ production, reinforcing the link to the rate-determining step of the reaction.
The high-frequency peak, P2yg, correlates with trends in internal resistance and
likely reflects changes in electrolyte conductivity, which are linked to variations in
hydroxide ion concentrations, with the latter being influenced by operating conditions
(H20 and CO4 molar fractions and temperature) Studies conducted under MCFC
conditions demonstrate that alterations in gas composition and temperature impact
electrolyte wettability, thereby affecting the gas-electrolyte interface and potentially
influencing the carbonate-hydroxide equilibrium. Even though in electrolysis only the
gas composition changes, it is plausible that this effect persists, but dedicated tests
are needed to confirm it. Finally, low-frequency peaks show an unclear dependency
on gas composition, while temperature variations play a secondary role. It is
important to emphasize that this is the first work conducted applying DRT on
MCEC impedance spectra, and especially, peaks at low frequencies may be subject
to different interpretations based on the results obtained in this study. Therefore,
further investigation with specific tests is needed to confirm or refute the hypothesis
made regarding these dependencies at certain frequencies.
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5.3 Post-mortem analysis

To investigate the effects of temperature and gas composition variations during
electrolysis operation, the sample tested has been analyzed by means of SEM/EDS
analysis. This examination provided detailed insights into the microstructural and
compositional changes induced by the operating conditions. The SEM images
revealed structure morphology modifications, while the EDS analysis identified
elemental distribution changes, particularly at the hydrogen electrode. These results
were compared with those from a reference cell, which was shut down after the
initial start-up and stabilization phase. The comparison highlighted differences in
degradation patterns and material composition, shedding light on the impact of
1440 h of electrolysis operation under varying conditions on the hydrogen electrode.

Figure 5.17. SEM images of the hydrogen electrode cross-section of (a) the reference
sample and (b) the BC-MCEC used in the parametric variation campaign.

Fig. shows a comparison between the hydrogen electrode cross sections of
the reference sample (a) and the BC-MCEC (b), the sample used for the exper-
imental campaigned reported in this chapter. The comparison between the two
samples highlights distinct morphological changes in the electrode due to operational
conditions. The reference sample (a), which comes from a cell that was shut down
shortly after the start-up and stabilization phase, exhibits a relatively uniform
surface morphology with well-defined pores and consistent particle distribution. Its
open structure suggests minimal degradation, maintaining the porosity essential for
efficient gas diffusion and electrochemical reactions. In contrast, the electrolysis
sample (b) shows significant structure densification, accompanied by particle growth
and a reduction in pore size. These structural changes imply a reorganization of
the nickel particles, likely caused by the extended exposure to varying electrolysis
conditions.

Fig. [5.18] presents the EDX mapping of the BC-MCEC hydrogen electrode
cross-section, showing that both Ni and electrolyte (K) particles have formed large
aggregates. The darker regions in the image correspond to the electrolyte, while the
lighter areas are associated with the electrode material. The aggregation of nickel
particles indicates possible sintering during operation, while the potassium formations
could result from the high-temperature operation (680 °C) where electrolyte mobility
is increased, allowing the molten carbonate to migrate and accumulate in specific
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Figure 5.18. EDX analysis of the hydrogen electrode cross section: only Nickel, Potassium
and Aluminum are shown.

regions. Such aggregates may block active electrode sites and disrupt gas transport,
negatively affecting the overall electrochemical performance. It is challenging to
draw conclusions regarding the presence of aluminum (Al) from the mapping, as
it is initially present in both the electrode and the matrix. This makes it difficult
to distinguish its role in the observed structures or its contribution to material
degradation.

Finally, in Fig. is reported a close-up view of the BC-MCEC electrode
structure. An EDX analysis was performed to determine the composition of four
different spots, confirming the previous observations, as reported in Tab.
Additionally, the presence of carbon alongside potassium further supports the
conclusion that regions 1 and 2 correspond to the electrolyte. In conclusion, the
post-mortem analysis indicates that the electrolysis operation significantly affects
the structure of the nickel electrode. However, to accurately determine whether
specific structural changes, such as nickel oxidation or potassium precipitation, have
occurred, further targeted analyses are necessary. Techniques like X-ray diffraction
(XRD) will be essential for confirming the presence of new phases or structural
alterations in the electrode material.
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10 pm

Figure 5.19. SEM image of cross-section hydrogen electrode (left). Magnification of some
particles (right); numbers indicate the spots where EDS analysis has been carried out,
and the compositions obtained are reported in Tab. below.

Table 5.7. Elementary composition obtained from EDX analysis. Numbers refer to different
spots located on the surface of the electrod section, as shown in Fig.

Elements 1 (wt%) 2 (wt%) 3 (wt%) 4 (wt%)

C 8.0 7.3 8.9 0.6
O 32.9 30.8 14.5 244
Al 1.8 1.0 4.6 1.1
K 27.6 41.4 9.0 0.9

Ni 29.7 19.5 63.0 73.0
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Chapter 6

Planar single MCEC
performance evaluation

This chapter focuses on the performance analysis of a planar single MCEC. Although
this configuration is on a laboratory scale (with an active area between 80 and
100 cm?), it closely resembles industrial setups. Therefore, the performance obtained
with this system, and the resulting conclusions, can reasonably be used as an
indication of what to expect on an industrial scale.

The first part describes the development of a 2D model for the cell’s cross-section,
implemented in COMSOL Multiphysics, and validated against experimental data.
This model was used to predict the heat distribution within the cell, evaluating the
thermal contributions of the electrolysis reaction, Joule effect, and rWGS reaction,
given that the cell is likely to operate in an adiabatic environment within a stack.
Moreover, the 2D model was used to assess the various contributions to overpotential,
showing that the distribution of these contributions between the two electrodes
differs in MCEC operation compared to MCFC. These findings have been published
in a scientific article [128].

The temperature profiles obtained from the model highlighted the importance
of temperature control within the cell and emphasized the need to understand how
the progression of electrochemical and chemical reactions influences this parameter.
To gain deeper insights, it is essential not only to monitor the temperature but
also to track the composition of the outlet gases. Building on these consideration,
the experimental data obtained from the campaign described in Sec. are then
presented and discussed. In addition to polarization curves and EIS measurements,
gas analysis was performed at the hydrogen electrode (HE) outlet. The gas com-
position results, together with the polarization data, allowed for a quantitative
assessment of hydrogen and carbon monoxide production. Based on these findings,
new observations regarding the contribution of rWGS reaction were made, given the
lack of literature data on gas analysis in MCEC. Evaluating the rWGS contribution
is essential for understanding how much hydrogen is converted to CO and how
much additional COs3 is consumed beyond what is required for electrolysis. The
experimental results presented in the second section of this chapter are also detailed
in a manuscript that has been submitted for publication [160].
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6.1 Two-dimensional modeling

In this section, the 2D model developed to describe the behavior of a MCEC within
the temperature range of 570 — 650 °C is presented. Since the experimental data
used for model validation were obtained from a separate study and are not part of
the original work conducted in this thesis, a brief overview of the experimental setup
is provided for context. Following this, a detailed description of the model is given,
and finally, the results, along with the model validation using experimental data, are
discussed. Additionally, the thermal effects within an adiabatic cell are predicted.

6.1.1 Experimental

- Cathodecell
frame

Cathode currer
collector
Matrix ———- ——— Cathode
Anode

Anode current
collector

Anode cell frame ———

Figure 6.1. Single cell assembling for MCEC employed by Pérez Trujillo et al. |103], where
"anode" refers to the hydrogen electrode and "cathode" denotes the oxygen electrode.

The experimental data used in this study were partially taken from previous
work by Pérez Trujillo et al. [103] and obtained using a 80 cm? planar single cell at
the ENEA Casaccia Research Center. Additional tests were conducted on a similar
cell with a slightly larger area of 100 cm?. The key characteristics of the materials
used for the cell components remained consistent and are summarized in Tab.
Fig. illustrates the single cell assembling. It should be noted that the main
difference from the setup used in this thesis is the shape of the casing, which here
results in a cross-flow configuration instead of the co-flow setup. The experimental
station featured a customized test bench, equipped with gas flow meters, a controlled
evaporation and mixing system (CEM) for water, and thermocouples for temperature
monitoring. Gas composition at the cathode outlet was analyzed using a Clarus 680-
PerkinElmer gas chromatograph, while the electrochemical performance of the cell
was monitored using a Solartron SI-1287 for electrochemical impedance spectroscopy
(EIS) and an Agilent power supply for polarization curves.

The data analyzed in this work come from three experimental campaigns: (i)
the original work by Pérez Trujillo et al. [103], (ii) new tests performed on the same
cell under different gas compositions, and (iii) tests on a newly fabricated cell that
had different dimensions and distinct operating conditions. The latter cell used
components similar to those in the single cell from the experimental work in this
thesis, while the cell used by Pérez Trujillo et al. featured a distinct matrix and
electrolyte morphology.
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Table 6.1. Characteristics of the components used in the molten carbonate cell.

Hydrogen electrode

Material Ni+5% wt. Al
Porosity [%)] 52 — 65
Thickness [mm] 0.6 —0.7
Oxygen electrode

Material NiO+2% wt. Li
Porosity [%)] 60 — 65
Thickness [mm] 0.6 —0.7
Electrolyte

Material LiaCO3/K3COs3
Mole ratio 68:32

Matrix

Material ~-LiAlO9

Current collector
Material SUS-316L

The main parameters for each set of experiments are summarized in Tab. [6.2]
referred to "base case', "validation 1", and "validation 2", respectively. In the table,
ug represents the inlet gas velocity, while s and H denote the gas channel and width,
respectively. All experiments were conducted under atmospheric pressure conditions.

Table 6.2. Model parameters for the gas channels.

Parameter Base case Validation 1  Validation 2
HE OE HE OE HE OE
ug [m/s] 0.3 0.6 1.5 6 0.1 0.35

T K] 843 — 923 883 923
W2, 0.25 050 - 075 - -
Wo, ] 025 025 0475 0.05 045 0.66
Worll - - -
vo, | 025 - 006 - 010 -
Woll 025 - 0574 - 0.45 -
Hmm] 9 90 90 90 100 100
s[mm] 07 07 07 07 25 25

6.1.2 Modeling

The cell described in this work uses a cross-flow configuration for the anodic and
cathodic gases (see Fig. , which would typically require a 3D model due to
the increased complexity. However, in this case, a 2D model was developed by
assuming a co-current gas flow. This simplification was justified by the uniformity
of the gas composition in the oxygen electrode (OE) channel under the experimental
conditions, which was achieved by feeding either an inert gas mixture (for the "base
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Figure 6.2. Schematic representation of the cell described in the model, designated as the
"base case' in Tab.[6.2] Gas flows in the z-direction, while the z-direction is perpendicular
to the electrode surface.

case" and "validation 1") or using the same composition as the gas produced during
electrolysis (for "validation 2"). To validate this assumption, polarization curves
were compared for both co-current and counter-current flow, and the results were
identical, indicating that the 2D model with co-current flow is sufficient to describe
the cell’s performance.

Fig. illustrates the representation of the cell for which the mathematical
model was developed. The five defined domains are:

1. Hydrogen electrode gas channel
2. Hydrogen electrode

3. Electrolyte matrix

W

. Oxygen electrode
5. Oxygen electrode gas channel

The electrochemical reactions occurring at the cathode and anode are shown in
Egs. and respectively. Additionally, the reverse water gas shift reaction, is
assumed to occur in the HE gas channel under local equilibrium conditions. The
primary balance equations for each domain are explained in the following sections.
Initially, the model was developed under isothermal conditions, as the cell was held
at a constant temperature inside a furnace.

Gas channels

The following phenomena were considered in the gas channels domains:

1. convective mass transport of all components in the direction parallel to the
main gas flow;

2. diffusive mass transport of all components in both parallel and transverse
directions relative to the main gas flow;
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3. TWGS reaction occurring in the hydrogen electrode gas channel;
4. absence of chemical reactions in the oxygen electrode gas channel.

The mass balance equation can be expressed as
V- jk + puVw, = Ry, (6.1)
taking into account the continuity equation:
V-(pu)=0 (6.2)

In these equations, ji, Ry and wy represent the diffusive flux, rate of production
and mass fraction, respectively of the kth components, while p denotes the gas
density and u is the velocity vector.

Given the operational conditions regarding temperature, composition, and flow
rates, it is reasonable to assume that local equilibrium conditions are achieved for
the rWGS reaction. To include this condition in the simulations, the CO production
rate from the rWGS was modeled using a first-order rate expression in relation to
water and carbon dioxide:

R = kpn,opco, (1 — B) (6.3)

Here k represents the rate constant, while pyg,o and pco, denote the partial pressures
of water and carbon dioxide, respectively. The term (1 — /3), which varies between 0
and 1, reflects the deviation from equilibrium and is defined as

1 pm,opco (6.4)

1-B=1-
Keq pHLPCO,

where K, is the equilibrium constant for the rWGS reaction, evaluated using the
correlation presented in [161]. The kinetic constant k was assigned a sufficiently
high value to ensure that local equilibrium is achieved at all points within the
HE gas channel. For convective transport, the gas velocity was assumed to be
uniform and was calculated based on the inlet volumetric flow rate and the channel’s
entrance area. Diffusive transport was described using the Stefan-Maxwell equation
for multi-component mixtures:

Jk = —pwi ZDki (Vyi + %[(yi - wk)vp]) (6.5)

where Dy; represents the binary diffusion coefficients, y; is the molar fraction of the
ith component, and wy, is the mass fraction of the kth component. Gas density was
determined using the ideal gas equation of state.
The boundary condition at the channel inlet (z = 0) maintained a fixed composi-
tion
Wk = Wok (6.6)

with no diffusive flux at the cell outlet (z = H),

Je-m =0 (6.7)
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The outer walls were considered impermeable to any fluxes,

(jr + puwg) -ny =0 (6.8)
whereas continuity conditions were applied at the interface between the gas channel
and the electrode, represented by the following equation:

(ke + puwy) - ms|, = (i + puwy) - n3 (6.9)

where nj, ny, n3 are the vectors normal to the surfaces where boundary conditions
are applied, and H denotes the length channel. The main parameters used in the
electrode channels, which correspond to the experimental conditions, are labeled as
"base case" in Tab. [6.2]

Electrodes
The phenomena modeled in the electrodes domain are:

1. electron transport within the solid fraction of the electrode;
2. ionic transport in the electrolyte phase present in the electrode pores;

3. electrochemical reaction occurring at the three-phase boundary between elec-
trode, electrolyte and gas;

4. gas diffusion.

Charge conservation is expressed as
V-ig = —Ay iy 10T (6.10)

where i represents the current density, A, is the specific reaction surface area, set to
10" m~!, and iy, TOT is the rate of the electron generation due to the electrochemical
reaction, described through the Butler-Volmer equation:

Z.v,TOT = ZEk) (exp (aanfn*) Ja — €XP (_acn-/rn*) gc) (6'11)

The transfer coefficients were set to be equal, with o, = a. = 0.5. This is a standard
approach when there is no evidence suggesting asymmetry in the polarization curve.
Additionally, the influence of values that differ from 0.5 is minimal when the activation
overpotential is low relative to other contributions to the overall overpotential [162],
as will be demonstrated later for this cell. In the aforementioned equation, * denotes
the reference conditions, which occur when the activities of all species involved in the
electrochemical reaction are equal to unity. The terms g, and g. reflect deviations
in gas composition from the reference conditions and are defined by

Ne Vi
gm =] (M“) (6.12)
=1 \Pk

where the subscript m is used to generically indicate an electrode, and vy, represent
the stoichiometric coefficient of the kth component in each of the semi-reactions.
Electron transport is expressed using Ohm’s law:

i, = —Ks Vo, (6.13)



6.1 Two-dimensional modeling 91

where ¢, is the solid-phase potential and k, is the electronic conductivity of the
solid electrode. The electronic conductivities were assumed to be independent of
temperature, with values of 10> S/m for the anode and 10°> S/m for the cathode.
Gas diffusion was described using the Stefan-Maxwell relation, similar to that in the
gas channel. However, the diffusion coefficient was corrected using the Bruggeman
correlation to account for the volumetric fraction of gas actually occupied by the
electrode:

Dki,eff = 6517'52)]“' (6.14)

where €, is the volumetric fraction of gas in the electrode.

Electrolyte

The electrolyte is present both within matrix and electrodes pores and its aim is to

transport the carbonate ions. Hence, the balance equations applied to the electrolyte

phase are valid both within the electrolyte matrix and the porous electrodes. The

primary difference lies in the values of the effective ionic conductivity used in the

two domains, which will be discussed in greater detail in the following paragraphs.
In this domain the charge conservation is expressed as

Vi 4+ V=0 (6.15)

with the current density within the electrolyte (liquid) phase named as i;. By
combining Egs. and the following is obtained

Vi = Ay iy TOT (6.16)
Charge transport is once again linked to the potential by Ohm’s law:

ij = —kierfVor (6.17)

Here, ¢; represents the liquid-phase potential, while ;. ;s denotes the effective ionic
conductivity within the electrolyte. The value of this parameter is influenced by
the intrinsic ionic conductivity of the electrolyte, its volumetric fraction, and the
tortuosity of the phase in which it is embedded. The effective conductivity can be
determined using a Bruggeman-type expression or by applying a correction factor,
as will be detailed in the next section.

6.1.3 Results

The model developed in this work was first used to simulate the cell’s behavior over
the range of temperatures experimentally explored . Initial findings show that, in
the tested operating conditions, the cathodic reaction does not limit performance
(i.up — +00). This result is consistent with other studies on MCFC, where it has
been reported that the resistance of the oxygen reduction reaction is significantly
greater than that of the hydrogen oxidation (i o << 45 yg) [124,/159]. This suggests
that in the electrolysis cell (MCEC), where the reactions occurring are the reverse
of those in MCFC, the same principle may apply. However, it is important to note
that the data analyzed in this work were obtained by feeding an equimolar mixture



92 6. Planar single MCEC performance evaluation

Table 6.3. Effective ionic conductivities and anodic exchange current density at different
temperatures, as obtained from the preliminary 1D model.

T Kigpy Kierr Blefr idom
(K] [S/m] [S/m] [S/m] [mA/cm?]
843 3.61 1.52 396  0.62
863 3.95 1.63 435  0.80
883 429 174 475 0.92
903 4.65 1.86 513 1.23
923 5.02 1.98 553  1.62

of Hy/CO2/H20/Ny, and therefore this assumption may not hold for different
composition values.

Here, the model was solved using the effective ionic conductivity values for the
HE, OE, and electrolyte matrix, as well as the OE exchange current density, which
were previously obtained from the 1D analysis. These values are summarized in
Tab It is essential to emphasize that the parameters used are specific to the
materials employed, as they are closely dependent on porosity and specific surface
area.
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Figure 6.3. Comparison of experimental data (indicated by symbols) and calculated results
(depicted by solid lines) for polarization curves at temperatures of 843, 863, 883, 903,
and 923 K, shown before (a) and after (b) the correction of the OCV.

Fig. displays the polarization curves obtained under specific conditions
and operating parameters detailed in Tabs. [6.3 and [6.2} As observed in the earlier
analysis using the 1D model, a discrepancy exists between the experimental and
predicted OCV, defined by the Nernst equation (2.29)). The observed discrepancy
in OCV is small enough to be attributed to minor inaccuracies in the evaluation
of equilibrium constants for the chemical and electrochemical reactions or to the
presence of impurities in the gas feed. Previous studies has also noted discrepancies
of approximately 0.05 V between experimental and calculated OCV values [117].
The results shown in Fig. reflect the data after correcting the OCV, revealing
excellent agreement between the two datasets, especially considering that all model
parameters were derived from literature or earlier analyses using the 1D model. The
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parameters derivation from the 1D model is described in Appendix [A]

To distinguish between the effects of the rWGS reaction and the electrochemical
reaction, concentration profiles of various gaseous species were examined. Fig. @
presents the concentration profiles of hydrogen and carbon monoxide along the
gas flow direction for the cell operating at 863 K with an applied potential of
1.5 V. The different symbols indicate concentrations at varying distances from the
electrode surface, with the close overlap suggesting negligible concentration gradients
perpendicular to the main gas flow. Additionally, a sharp change in gas composition
occurs immediately after the inlet section due to the rWGS reaction quickly reaching
equilibrium conditions. The concentration of CO remains nearly constant because
the electrolysis processes consumes COy and produces Hg, both reactants of the
rWGS reaction. This explains why the CO concentration stays stable even as the
hydrogen concentration continues to rise during the progression of the electrolysis
process.
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Figure 6.4. Concentration profiles of Hy (a) and CO (b) along the cathodic gas channel of
a cell operating at 863 K and 1.5 V. Different symbols represent various distances from
the electrode interface in the x-direction.

Weights of overpotential contributions

Table 6.4. Estimated activation and Ohmic overpotentials at 883 K.

{ Nact Tlohm  Mtot
mA/em? [V] [V]  [V]

20 0.02 0.09 0.11
40 0.04 0.17 0.21
60 0.06 0.26 0.32
80 0.08 0.34 0.42
100 0.09 0.43 0.52
120 0.11 0.52 0.63

The model has been developed and solved under the assumption that the only
significant overpotentials are related to OE activation and ohmic resistance. To gain
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further insight into the relative contributions of these two factors, we approximate
the activation overpotential as

RT . ’i/SOE
= — h|{-——"— 6.18
Naet = — arcsin (22.8’% i (6.18)
and the Ohmic overpotential as
Sel SHE SOE .
Tlohm = [Rmat + e OF 1 (619)
Leff  Bieff  Mieff

where s¢;, sug, and sog represent the thickness of the electrolyte layer, hydrogen
electrode , and oxygen electrode, respectively. All other symbols have been defined
previously.

It is important to note that these expressions are approximations. Specifically,
Eq. [6.18 does not consider the influence of gas composition on the activation overpo-
tential, while Eq would only be strictly valid if the current decreased linearly
across the cell’s thickness. Tab. [6.4] presents the values of the two contributions to
the overpotential obtained at 883 K across the measured current densities, along
with the total overpotential (1;0:). A key observation is that the total overpotentials
estimated in this way align with the values derived from the complete model, suggest-
ing that the simplifying assumptions used are sufficient for an order-of-magnitude
analysis. Thus, while the results indicate that the ohmic overpotential is the pri-
mary contributor, it is crucial to note that the activation overpotential becomes
increasingly important at higher current densities, reaffirming the need to consider
gas composition effects in specific scenarios.

Model validation

0~7 1 1 1 1 1 1 1 1

0 20 40 60 80 100120140160 180
. 2
1 [mA/cm~]

Figure 6.5. Comparison of the predicted polarization curves (solid lines) with the experi-
mental data (points) for the cell operating under the conditions specified in Tab.
("validation 1").

The model was first validated using data obtained from the same cell under
different flow rates and gas compositions, as summarized in Tab. ("validation 1").
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Figure 6.6. Comparison between experimental and predicted polarization curves (a), and
molar fraction on dry basis (b) under the experimental conditions listed in Tab.
("validation 2") with inlet HoO/CO2/Hy molar ratios of 45/45/10. In (b) the data are
at OCV (open circuit, circle), 80 mA/cm? (asterisk), and 100 mA /cm? (triangle).

Fig. shows excellent agreement between predicted and experimental polarization
curves, particularly at lower current densities. However, the model slightly under-
estimates the overpotential at higher current densities. It is worth noting that (i)
the new experimental results span a broader range of current densities than those
previously examined, and (ii) a slight underestimation of the overpotential at high
current densities was already observed in earlier data sets (see Fig. , although
it was less pronounced. These findings suggest that a more precise description of
the concentration overpotential, specifically the diffusive transport from the gas
bulk to the electrode surface, is necessary for accurately modeling the cell over a
wider range of operating conditions. Nonetheless, these results underscore the value
of a 2D model in quantifying the impact of concentration gradients on overall cell
performance.

Additional tests were conducted using a cell with different dimensions from
the one used in previous experiments. The geometric properties and operating
conditions for this set of tests are provided in Tab. [6.2) under "validation 2". During
this experimental campaign, the gas composition at the outlet of the HE gas channel
was also measured to further validate the model. Fig.[6.6h compares the experimental
(points) and calculated (solid lines) polarization curves under inlet hydrogen electrode
gas compositions HoO/COg/Hg molar ratios of 45/45/10. Different symbols represent
repeated experiments, demonstrating the excellent reproducibility of the experimental
results. Fig. presents a comparison between experimental and predicted gas
compositions measured at the outlet of the cathodic gas channel, after water removal,
under different current conditions: OCV (open circuit, circle), 80 mA /cm? (asterisk),
and 100 mA /cm? (triangle). Red, green, and blue symbols correspond to the molar
fractions of CO, Ho, and CO2 on a dry basis, respectively. The strong alignment
between the experimental data and model predictions in both the polarization curves
and gas compositions underscores the model’s excellent predictive capabilities. As
for the oxygen gas channel, since the feed gas contained Oy and COs in the same
proportions produced by the electrochemical reaction, the outlet gas composition was
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expected to remain unchanged from the inlet, a fact confirmed by the experimental
results.

Thermal effects

The previous results relate to a cell operating under controlled, isothermal conditions,
where the temperature was regulated by placing the cell in a furnace. However, a
cell operating in a stack would be under adiabatic conditions instead of isothermal.
This could lead to a non-uniform temperature distribution due to the thermal effects
caused by the chemical and electrochemical reactions taking place. Specifically, these
effects include:

1. Heat consumption due to the endothermic rWGS reaction.

2. Heat absorption during the endothermic electrochemical water-splitting pro-
cess.

3. Joule heating generated by the flow of current through the cell’s electrodes.

To investigate the potential temperature variations in an adiabatic cell, the model
was expanded to account for all these thermal phenomena. The energy balance in
the gas channels, which incorporates heat transfer through both convection and
conduction, as well as heat absorption from the rWGS reaction in the cathodic gas,
Qo, is described by:

pe,uVT + kg V2T = Qo (6.20)

Here, p, c¢p, and k, represent the gas phase’s density, specific heat, and thermal
conductivity, respectively. The gas density was calculated using the ideal gas
law, while the specific heat and thermal conductivity were taken as constants
(1.2 kJ/(kg-K) and 0.06 W/(m-K), respectively) and were assumed to be independent
of the gas composition. Eq. [6.20]is solved under the boundary condition of a fixed
temperature at the gas inlet

T =T, (6.21)

At the outlet and on the outer solid walls, a zero conductive heat flux is considered
—kgVT -1y =0 (6.22)

—k,VT -1y =0 (6.23)

Within the electrodes, the energy balance considers Joule heating, Q) ;g, and the
heat produced by the electrochemical reaction, Q.. Since heat is transferred solely
by conduction in this region, the equation governing the temperature distribution is:

—ksVAT = Qy, (6.24)

where k; is the effective conductivity of the electrode, and the total heat source is
given by

Qh = QJH + Qrzn (625)
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Similarly, in the electrolyte, where temperature increases due to Joule heating from
current flow, the heat balance equation is:

—k. VT = Qn (6.26)

where k. represents the thermal conductivity of the electrolyte. The thermal
conductivities of the electrolyte, hydrogen, and oxygen electrode were set equal to
0.07,90, and 6 W/(m - K), respectively.

All other balance equations remain unchanged, but the temperature dependence
of key model parameters has been incorporated. The effective ionic conductivity of
the electrolyte matrix was fitted using the parameter values from Tab.[6.2] and is
expressed as:

ket = —0.1256 + 1.960 x 10T (6.27)

where T is in K and « is in S/cm. It was also observed from Tab. that the
ratio between the effective ionic conductivities in the electrodes and the electrolyte
matrix remains constant with temperature. The effective ionic conductivities in the
hydrogen electrode and oxygen electrode were obtained by multiplying the matrix
conductivity by 0.91 and 0.37, respectively. An Arrhenius-type expression can be
used to correlate the exchange current density at the HE,

1
n (i) = 8.025 — 9126 (6.28)

with T in K and iaHE in A/m?2. The temperature dependence of the equilibrium
constant for the rWGS reaction, K4, was instead taken from the literature [161]
and is expressed as:

In (K, —3.9412 x 10* — 54.15156T — 5.5642 x 10727

)= 7 (
1+ 2.5760 x 107°7T3 (6.29)

—7.6594 x 10797* +1.1061 x 10~ 27° + 18.429T1nT)

Fig. [6.7 illustrates the temperature profiles in an adiabatic cell, where gas is
supplied at 883 K, and the cell operates at an applied voltage of 1.5 V. Panels (a)
and (b) show the results without and with the rWGS reaction, respectively. In panel
(b) The temperature profile near the inlet section is represented by a dashed line for
clarity.

The temperature profiles in Fig. show a rise in temperature, confirming that
the cell is operating at a potential higher than the thermoneutral voltage, which is
1.3 V given that the heat of the electrolysis reaction is approximately 250 kJ/mol:

Aern
nF

In contrast, the presence of the rWGS reaction leads to a temperature decrease,
which is only partially compensated by Joule heating. These findings emphasize the
critical role of temperature control in a cell stack and the need to monitor chemical
reactions, as they can significantly affect cell temperature and, in turn, the overall
system performance.

Ery = (6.30)
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Figure 6.7. Temperature profiles in an adiabatic cell fed with gas at 883 K and operating
under an applied voltage of 1.5 V. The profiles are shown for two cases: (a) without the
rWGS reaction and (b) with the rWGS reaction. Curves were obtained at distances
of 10, 20, 40, 60, and 90 mm from the gas inlet section. The figures are presented on
different scales.

Fig. [6.8 presents the polarization curves for the isothermal cell and the adiabatic
cell, both in the absence of the rWGS reaction, as well as the adiabatic cell in
the presence of the rWGS reaction. The gas feed temperature was set at 883 K.
It is important to note that the open circuit potential was evaluated theoretically
and not adjusted. From the analysis of the reported results, several conclusions
can be drawn. First, the rWGS reaction has minimal impact on the polarization
curve of the isothermal cell. However, for both the isothermal and adiabatic cells,
the inclusion of the rWGS reaction leads to an increase in the overpotential at
a given current density. In the case of the isothermal cell, this small change is
attributed to the slight consumption of hydrogen by the rWGS reaction. Conversely,
in the adiabatic cell, the effect of the rWGS reaction is more significant because, in
addition to consuming hydrogen, the thermochemical reaction induces a temperature
decrease that negatively impacts cell performance by reducing both the rate of the
electrochemical semi-reactions and the conductivity of the charged species.

It is noteworthy that, in the absence of the rWGS reaction, the primary differences
in the behavior of the isothermal and adiabatic cells become apparent above the
thermoneutral potential of 1.3 V. At lower potentials, the performance of the cell
remains largely unaffected by whether it operates under adiabatic or isothermal
conditions. This is attributed to the fact that the temperature within the cell
does not vary significantly, as illustrated in Fig. Additionally, the reduced
overpotential observed when operating under adiabatic conditions and above the
thermoneutral voltage is just one factor to consider when evaluating cell performance.
Operating conditions that lead to increased cell temperatures may also result in
thermal runaway failure.

These observations underscore the critical importance of temperature control
when operating the cell stack. In the absence of an effective method to monitor
temperature within the cell, analyzing the gas composition may serve as a valuable
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Figure 6.9. Temperature profiles in an adiabatic cell supplied with gas at 883 K and
operating at an applied voltage of 1.2 V| in the absence of rWGS reactions. The profiles
were recorded at distances of 10, 20, 40, 60, and 90 mm from the gas inlet section.

tool to determine if the electrochemical process is accompanied by chemical reactions,
which can release heat and influence the temperature profile. The next section will
indeed present the results of the experimental work conducted on the planar single
cell, along with an analysis of the gas composition data obtained across a wide range
of operating conditions.
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6.2 Experimental study on the effect of operating con-
ditions

This section presents the results of the first experimental campaign on the single
cell focused on the systematic variation of temperature and gas composition at
the hydrogen electrode (see Sec. . The objective of the study is to observe
how changes in temperature and concentration of water and carbon dioxide at the
hydrogen electrode affect the performance of the cell, including Ho production rate,
CO3 conversion and CO formation. Specifically, starting from the reference condition
10/20/20/50% Ha/H20/CO2 /N2, the molar fraction of water and carbon dioxide has
been varied one at the time ranging from 10% to 40%, according to the test matrix
detailed in Tab. All the tests under these different compositions were repeated
at 620, 650 and 680 °C. Higher temperatures can enhance gas molecule kinetics,
improving mass transport and reactant distribution within the inlet channels, and
decrease ohmic resistance, facilitating the electrolysis reaction. However, elevated
temperatures also impact secondary reactions, including the rWGS reaction, which
becomes more favorable at higher temperatures. The rWGS reaction is not only
influenced by temperature but also by the composition of the gases, particularly
high concentrations of CO2 and Hy. This means that controlling the production of
CO requires careful adjustment of both the temperature and the gas composition.
The fact that part of the hydrogen produced by electrolysis is converted into CO
represents an inefficiency in the process if the primary goal is hydrogen production.
However, the scenario changes if syngas production is the desired outcome, where
both hydrogen and CO are valuable products. Therefore, this study can help
understand how to optimize operating conditions to either minimize CO formation
for pure hydrogen production or maximize syngas yield.

Understanding the effects of both gas composition and temperature variations is
not straightforward and requires a thorough evaluation of their broader influence
on cell mechanisms. To achieve this, galvanostatic polarization and EIS measure-
ments have been performed to evaluate the electrochemical performance of the cell
under various operational conditions. Additionally, an in-depth analysis of the gas
composition at the hydrogen electrode has been carried out to better understand
the underlying reactions and their contributions to overall cell efficiency in Hs
production.

In the following sections, the results of the polarization curves and EIS measure-
ments will first be presented. Subsequently, the gas analysis data will be discussed
in light of the considerations raised before, offering a deeper understanding of the
interconnection between hydrogen production and CO formation.

6.2.1 Polarization curves and EIS

The experimental campaign lasted approximately 984 hours, during which the several
combinations of gas compositions and temperatures were tested. Given the prolonged
duration of the experiments and the challenging conditions imposed, it was crucial
to continuously monitor the electrochemical stability of the cell. To achieve this,
polarization curves and EIS spectra were recorded periodically under reference
conditions at 650 °C. As shown in Fig. no significant differences were detected
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Figure 6.10. Comparison of EIS spectra (left) and polarization curve (right) before and
after the experimental campaign. The electrochemical data were collected at 650 °C and
reference composition (10/20/20/50% Hs/H20/CO2/Ns).

between the initial and final moment of the experimentation, confirming the stability
of cell’s performance during the measurements, and validating the comparability of
the experimental data.

Temperature variations

Fig. illustrates the effect of temperature on both the EIS spectra (a)-(c)-(e)
and the polarization curves (b)-(d)-(f) at constant hydrogen electrode composition.
Examining the EIS spectra, it is evident that increasing temperature results in a
slight reduction in the internal resistance, Ry, and a more significant decrease in the
polarization resistance, I,,, as detailed in Tab. @ These observations indicate
improvements in both charge and mass transfer processes at higher temperatures.

Table 6.5. Internal resistance (Ry) and polarization resistance (Ry,;) of the EIS spectra
reported in Fig. @

H,0,/CO3/Hy /Ny 620 °C 650 °C 680 °C

Ry [Q- cm?] 0.44 0.41 0.38
Rpot [Q- em?] 2.7 2.4 2.3

Ry [Q- cm?] 0.45 0.40 0.36
Rpor [ em?] 2.5 2.3 2.1

Ry [Q- cm?] 0.44 0.40 0.35
Rpor [ em?] 2.5 2.2 2.1

20,/20,/10/50 %

40/20/10/30 %

20/40/10/30 %

A similar trend is observed in the polarization curves, where the cell voltage at
equivalent current densities decreases as the temperature increases. This behavior
is consistent across all tested compositions. The lower cell voltages at higher
temperatures suggest that operating under elevated temperature conditions enhances
the electrochemical efficiency of the cell, likely due to increased ionic mobility
and decreased internal resistance. Among the tested scenarios, the cell operates
most efficiently at 680 °C, achieving lower voltages at the same current densities
compared to the lower temperature conditions. These findings imply that MCEC
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Figure 6.11. EIS spectra at OCV and polarization curves at 620, 650, 680 °Cat different
hydrogen electrode composition HoO/COq/Hz/Ngy: (a)-(b) 20/20/10/50 %, (c)-(d)
40/20/10/30 %, and (e)-(£) 20/40/10/30 %.

performs better under elevated temperature conditions, supporting the hypothesis
that temperature is a critical factor influencing the efficiency of the cell.

However, it is important to note that the rWGS reaction is also more favorable
at higher temperatures, impacting the overall gas composition at the hydrogen
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electrode and, in turn, the hydrogen yield. Therefore, while the results in Fig.
suggest that molten carbonate electrolysis is favored at high temperatures, this must
be evaluated in conjunction with the gas chromatography results presented later.
These results will assess whether the lower potential observed at higher temperatures
also corresponds to an increased hydrogen production rate at equivalent current
densities.

Gas composition variations
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Figure 6.12. EIS spectra recorded at OCV and polarization curves for %HsO variation, at
620, 650 and 680 °C.

Figure [6.12] and [6.13] illustrate the effects of varying HoO and COsz content on
electrochemical performance, respectively. In general, both the EIS spectra and
polarization curves show that an increase in the molar fraction of either HoO or
COg, at a fixed temperature, leads to improved electrochemical performance of the
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Figure 6.13. EIS spectra recorded at OCV and polarization curves for %CO; variation, at
620, 650 and 680 °C.

cell in terms of polarization. This is reasonable, as both reactants are essential for
the electrolysis reaction.

Regarding the EIS results, the graphs show that variations in gas composition
do not appear to have a notable effect on the internal resistance, and thus do not
significantly influence the effective conductivity of the electrolyte. It is important to
note, however, that the EIS measurements were conducted on the full cell, making it
impossible to isolate the contributions of the individual electrodes in this case, unlike
the analysis performed on the button cell in Sec. @ In contrast, R, is significantly
affected by the gas composition. Specifically, the variation in CO2 content leads to a
larger range of R,y values compared to the variation in H20 content. For instance,
at 650 °C, R, ranges from 2.21 to 2.78 Q-cm? for different CO2 concentrations,
whereas at the same temperature, R,y varies from 2.25 to 2.61 Q-cm? for different
H50 concentrations. As seen in Fig. and this trend can be confirmed also
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at the other temperatures.

At low reactant concentrations, comparing 10% COy and 10% HO data at
constant temperature, a limited supply of COs results in a more pronounced dete-
rioration in performance. For instance, as shown in Figl6.13 at 650 °C, the OCV
value and R, are noticeably higher at 10% COs2, measuring 0.998 V and 2.8 Q-cm?,
respectively, compared to the other conditions tested at the same temperature, where
OCV ranges from 0.938 to 0.965 V and R,y varies from 2.39 to 2.21 Q-cm?. These
findings indicate that under the given operating conditions, the concentration of
COg is the limiting factor for the advancement of the electrochemical reaction in a
MCEC.

It is interesting to analyze what happens at high CO2 concentrations (30 — 40%).
Under these conditions, the water flow rate, corresponding to 20 mol% of the total, is
88 sccm. Since both CO5 and H2O are reactants in the hydrogen production reaction,
in this case, water becomes the limiting factor. Therefore, according to Faraday’s
law, the maximum current applicable to the cell is approximately 110 mA /cm?,
which corresponds to a 100% conversion of the available water. However, as shown
by the results in Fig. it is possible to apply even higher currents, reaching up to
150 mA /ecm? for cases with 40% COs. Thus, it is possible to achieve current densities
higher than those predicted by Faraday’s law and higher than those achievable in
the reverse scenario, where the water content is 40%. In this latter case, while it
is still possible to exceed the 110 mA /cm? limit (see Fig. , the slope of the
polarization curve increases significantly at higher current densities, indicating a
shortage of reactants in the cell.

This phenomenon can be explained by two possible mechanisms or a combination
of both: i) the hydrogen produced recombines with the excess carbon dioxide via
rWGS reaction, generating steam necessary to sustain the electrolysis reaction; ii)
COg electrolysis takes place alongside with water electrolysis, sustaining the cell’s
electrochemical performance,

2C03 +2¢~ — CO 4 COZ™ (6.31)

It is likely that the contribution from the rWGS reaction is the most significant
due to the favorable conditions of composition, temperature, and the presence of
nickel, which acts as a catalyst. Understanding whether CO5 electrolysis also occurs
is more complicated, as this reaction is inherently slow and occurs within a specific
potential range, typically above 1.3 V |16} (105, 117]. Furthermore, CO4 electrolysis is
favored under well-controlled conditions characterized by a high concentration of COq
and H5O, along with low concentrations of CO and Hs. However, the conditions
investigated in this study do not align precisely with these requirements. The
experimental results presented here are consistent with those reported by Audasso
et al. [105], who concluded that the phenomenon could be explained solely by the
rWGS reaction supplying additional water. However, their work does not support
this conclusion with experimental gas analysis data, which is an important aspect
addressed in this study. The most likely scenario is that both mechanisms contribute
simultaneously, with the rWGS reaction playing a predominant role. In the following
paragraph, gas chromatographic analysis data will be presented and discussed to
support these findings.
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6.2.2 Gas analysis results
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Figure 6.14. Gas composition on a dry basis of the hydrogen outlet stream measured at
OCV and 50 mA/cm? at three different temperatures: 620, 650, and 680 °C. The inlet
gas composition is HoO/COq/Hz /Ny 20/20/10/50 %. The nitrogen percentage is not
shown in the graphs to simplify the representation.
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Figure 6.15. Gas composition on a dry basis of the hydrogen outlet stream measured at
30 and 50 mA /cm? at three different temperatures: 620, 650, and 680 °C. The inlet
gas composition is HoO/CO2/Hz /N2 20/10/10/60 %. The nitrogen percentage is not
shown in the graphs to simplify the representation.

The gas composition of the hydrogen electrode outlet was evaluated through
gas chromatography analysis as detailed in Section [4.2.2 Gas chromatography
analysis was conducted on the hydrogen electrode outlet stream for all tested gas
compositions and temperatures at OCV and at 50 mA /cm?. In cases where both
H,O and COs concentrations exceeded 20%, the analysis was also performed at
100 mA /cm?. Additionally, for the cases with 40% COgz, the analysis was conducted
at 150 mA /cm?.

Fig. [6.14] shows the dry gas composition measured at 620, 650, and 680 °C for
the hydrogen outlet stream, with an inlet gas mixture of HoO/CO2/H2/Ny in a ratio
of 20/20/10/50%. For each temperature, the graphs compare the data obtained at
OCV with those at 50 mA /em?, corresponding to a conversion rate of 43% based on
Faraday’s law. The presence of CO in the outlet stream, even when no current is
applied to the cell, regardless of the temperature, confirms that the rWGS reaction
is occurring. Notably, the CO molar fraction increases with temperature, both at
OCV and during electrolysis operation, rising from 1.6% to 2.3% at OCV and from
2.5% to 3.5% during electrolysis. Conversely, the Hy molar fraction slightly decreases
as the temperature increases, indicating that hydrogen is participating in the rWGS



6.2 Experimental study on the effect of operating conditions 107

620°C 650 °C 680 °C
.,
50 50 50
I CO,
[co
40 40 40
30 30 30
20 20 20
10 10 10
0 0 0
50 mA/cm? 100 mA/cm? 50 mA/cm? 100 mA/cm? 50 mA/cm? 100 mA/cm?

Figure 6.16. Gas composition on a dry basis of the hydrogen outlet stream measured at
50 and 100 mA /ecm? at three different temperatures: 620, 650, and 680 °C. The inlet
gas composition is HoO/CO2/Hz /N2 40/20/10/30 %. The nitrogen percentage is not
shown in the graphs to simplify the representation.

reaction to produce CO.

In Fig. the results obtained by feeding the hydrogen electrode with a
lower COy content, specifically 10%, are presented. The graphs show the gas
composition at 30 and 50 mA /cm?. In both cases, CO is nearly absent, and the
hydrogen concentration is higher compared to the data in Fig. about 30%
as dry molar fraction, consistent with the earlier hypothesis regarding the rWGS
reaction. Interestingly, at 620 and 650 °C, when the cell operates at 50 mA /cm?,
the CO2 concentration drops to zero. This suggests that, under certain conditions,
all the CO» supplied to the hydrogen electrode can be converted to carbonate ions
and transported to the oxygen electrode. Consequently, the output at the hydrogen
electrode is a mixture of water and hydrogen. Since water can be easily separated
by condensation, the MCEC process not only facilitates CO4 sequestration at the
oxygen electrode but also allows for the production of pure hydrogen.

For the compositions containing 40% of HyO, gas analysis was performed also
at 100 mA /cm?, as depicted in Fig. |6.16{ where the data are presented alongside
those obtained at 50 mA /cm?. Once again, the CO molar dry fraction increases
with higher temperatures, reaching a maximum 1.4% at 680 °C and 100 mA /cm?. It
is evident that at fixed temperature and elevated current densities, the CO decreases
lower. Since the same trend is observed for COs, primarily due to the electrolysis
reaction, it is likely that under these conditions the rWGS reaction is no longer
favored, as CO4 is also consumed as a reactant in that process. Nevertheless, these
results are consistent with the findings presented before on hydrogen production
trends. In this case, the Hy dry fraction ranges between 49 and 55%, but still
decreases as temperature rises. By combining the gas analysis results with the
polarization curves and EIS spectra discussed earlier, it becomes clear that strong
electrochemical performance in terms of polarization does not necessarily correspond
to maximum hydrogen yield. Therefore, if the primary goal hydrogen production,
operating at 650 °C would be more advantageous, as it offers a compromise between
power consumption (linked to cell voltage) and effective hydrogen output.

Finally Fig. [6.17) presents the dry gas composition measured when the inlet gas to
the HE contained 40% of COs. As discussed in the previous paragraph, in this case
it was possible to apply current densities higher than 110 mA /cm?, corresponding
to the complete conversion of the inlet HyO, which constituted 20% of the total
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Figure 6.17. Gas composition on a dry basis of the hydrogen outlet stream measured at
50, 100 and 150 mA /cm? at three different temperatures: 620, 650, and 680 °C. The
inlet gas composition is HoO/CO3/Hy /N3 20/40/10/30 %. The nitrogen percentage is
not shown in the graphs to simplify the representation.

gas mixture. Hence, the data were collected also at 150 mA /cm?. From Fig. [6.1
increasing the current density from 100 to 150 mA /cm? leads to higher Hy content
and lower CO9 percentage, indicating that electrolysis is proceeding and additional
water is provided from rWGS reaction. This is further supported by the observed
CO trend, which reaches 12% at 680 °C under these conditions.

The considerations here outlined were numerically validated by calculating the
dry molar fractions under the assumption that both water electrolysis and the rWGS
reaction occur. The reaction rate for electrolysis was determined using Faraday’s
law,

1
Rel = —
T nF
The contribution of rtWGS, denoted as R,, was calculated using the least squares

method. The objective function is defined as:

(6.32)

2
O(R,) =Y (wf — =f) (6.33)
k
The goal is to resolve the following minimization problem:
2
min O(R,) = > (wf —af) =0 (6.34)

k

Here, 2§ represents the experimentally measured dry molar fraction of the k compo-
nent, while 2}, denotes the theoretical dry molar fraction, calculated as follows:

in R, —R
CcO l
TCOo, = ;‘gn _ERT ! (6.35)
TY
R
rco = 7F§" _TR (6.36)
Ty T
FIZ{Z +Rep — Rr
= : 6.37
- (6.38)
TNy, = Fin Rr .

dry
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Table 6.6. Reverse water gas shift reaction rate calculated solving the minimization problem
in Eq[6.34] The experimental data considered for the calculation were collected at 30
and 40% of COs, at 100 mA /cm? and at 620, 650 and 680 °C. The electrolysis reaction
rate, R, is equal to 76 sccm for all the cases.

T [°C] H,0/CO3/Ha /Ny %
20/30/10/40 20/40/10/30
R, O(R,) R, O(R,)
[scem] [scem]
620 117 25x1073 194 18x 1073
650 164 25x103 278 1.9x10°3

680 2256 2.4x107% 30.8 1.7x1073

100 mA/em” 30% CO, 100 mA/em” 40% CO,
60 60
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Figure 6.18. Comparison between the experimental and predicted molar fraction on dry
basis of Hy (sky blue), CO, (orange), CO (yellow), and Ny (green) at 100 mA /cm?. The
left graph shows the data obtained with 30% CO5, while the right graph represents the

40% CO4 case. Both graphs include values measured at 620 °C(circles), 650 °C(triangles),
and 680 °C(asterisks).

Table reports the solution of the minimization problem (Eq. for gas
chromatography results obtained at 100 mA /cm?, under two of the tested composi-
tions: HoO/CO2/Ha/N2% 20/30/10/40 and 20/40/10/30. The obtained value for
the minimization is on the order of 1073, which is considered acceptable for this
analysis. This order of magnitude remains consistent across all the cases examined.
At a fixed temperature, comparing the two compositions shows that larger R, values
are obtained when the inlet gas contains 40% COs. This is expected, as the higher
COg concentration shifts the rWGS equilibrium towards the production of more CO.
The reverse water gas shift reaction rate also increases with temperature, consistent
with the observed CO percentage trend in the graphs of Fig.[6.17] Fig.[6.18 shows the
comparison between the experimental and calculated molar fractions on a dry basis
considering the R, values reported in Tab. [6.6] and R.; according to the Faraday’s
law. The good agreement confirms the validity of the analysis. Obviously, with
a higher concentration of COg, the increased contribution of the rWGS reaction
reduces the effective hydrogen produced by the cell. This trend is confirmed by
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the data shown in the graph, where the hydrogen output is lower for the 40% CO,
composition compared to the 30% case. These results indicate that MCECs can
be effectively used for syngas production, with the Hy/CO ratio being adjustable
by modifying the inlet gas composition or operating temperature. This flexibility
could be especially advantageous for coupling MCEC technology with hard to abate
sectors, such as cement production or steel manufacturing. By integrating an MCEC
system with such processes, the CO5 produced could be efficiently converted into
valuable products, offering a promising solution for CO» utilization and emission
reduction.

Table 6.7. Reverse water gas shift reaction rate calculated solving the minimization problem
in Eq The experimental data considered for the calculation were collected at 40%
of CO4, at 150 mA /ecm? and at 620, 650 and 680 °C.

T [°C] H,0/CO,/Hy /Ny %
20/40/10/30
R, Ra O(R,)

[sccm]  [scem]

620 23.8 1057 5x1073
650 31.8 114.0 2.5x 1073
680 35.1 114.0 2x1073
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Figure 6.19. Comparison between the experimental and predicted molar fraction on dry
basis of Hy (sky blue), COy (orange), CO (yellow), and Ny (green) at 150 mA /cm?.
The graph shows the data obtained with 40% COs, and includes values measured at
620 °C(circles), 650 °C(triangles), and 680 °C(asterisks).

The same procedure was applied to analyze the gas compositions measured at
150 mA /cm? for the 40% COsq case. Table provides the numerical results for
each temperature. The low values of @(R,) indicate a good agreement between
experimental and estimated molar fractions. According to Faraday’s law, R.; should
be equal to 114 sccm, which implies that an additional amount of water equal to 26
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sccm is required for water electrolysis to occur. For the cases at 650 and 680 °C,
this additional water is supplied by the rWGS reaction, at the expense of hydrogen
production (see Fig. . However, at 620 °C, R, is 23 sccm, meaning that a
lower R was used for the calculations in this case. Examining the calculated
molar fractions at 620 °C (circles) in Fig. the predicted CO2% is overestimated
while the Hy fraction is underestimated. This discrepancy could be explained by
the fact that not all of the CO observed experimentally is produced by the rWGS
reaction, but also by COs, electrolysis. In fact, according to the stoichiometry of
the reaction (see Reaction , CO production via electrolysis would result in a
greater consumption of COsq, leading to an even lower COy concentration than the
calculated values in Fig. In this scenario, the Hy percentage would increase,
as the contribution from the rWGS reaction would be reduced. These observations
suggest that, under these conditions, CO» electrolysis may contribute to the overall
reaction, and it is an oversimplification to assume that it cannot occur.

Resume

A 2D model for an MCEC planar cell was developed using experimental polariza-
tion curves obtained under constant composition and temperatures ranging from
570 — 650 °C. The main assumptions were: (i) HE kinetic resistance is negligible
compared to that of the OE, (ii) the exchange current density is independent of
the gas composition within the electrode, (iii) the rWGS reaction occurs within
the HE channel and reaches equilibrium conditions, and (iv) the cell operates at
isothermal conditions. The model was validated using polarization curves and gas
chromatography data obtained from a cell operated under different conditions than
those used to fit the model parameters, demonstrating good predictive ability.

At this point, the model was modified to describe a cell operating under adiabatic
conditions, accounting for the thermal contribution of the electrochemical reaction,
the Joule effect, and the rWGS reaction. When the cell operates at a voltage
higher than the thermoneutral value, the temperature can rise considerably, while
at lower voltages, the endothermic contribution of the rWGS reaction causes the
temperature to decrease. Moreover, the overpotential increases under adiabatic
conditions compared to the isothermal case. It is due to the rWGS reaction that
consumes Hyo and CO,. These results highlight the importance of temperature
control for a cell operating under adiabatic conditions and the need to explore the
interdependence between electrochemical and chemical reactions.

As for this last point, the systematic experimental study conducted on the single
planar cell demonstrates higher operating temperatures improve electrochemical
behavior but also increase CO production and reduce Hz yield. Generally, an
increased supply of COy and HsO positively affects cell performance, resulting
in lower polarization. However, higher CO2 concentrations result in a substantial
amount of CO generation, attributed to both the rWGS reaction and COs electrolysis.
The contribution of the rWGS reaction was confirmed by operation at higher current
densities, facilitated by additional water production. In contrast, performance
declined when COs supply was limited, underscoring its crucial role in sustaining
the electrolysis process. Nonetheless, the gas analysis indicated that complete CO»
consumption is possible under these conditions, enabling pure hydrogen production.
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Correlating electrochemical data with gas analysis is therefore fundamental for
controlling MCEC operation and understanding how to maximize its efficiency,
whether for pure hydrogen production or syngas generation.
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Chapter 7

Integration of MCEC technology
in industrial processes

This chapter delves into both experimental and theoretical analyses to explore the
potential of integrating molten carbonate electrolysis with renewable energy systems
and hydrogen production processes. The chapter is divided into two sections: The
first part presents the results from the second phase of the experimental campaign
conducted on the single cell (see Sec. [£.2.2]). These tests were designed to assess
the feasibility of directly coupling an MCEC with a photovoltaic (PV) system,
analyzing its performance under variable load conditions. The second part provides
a preliminary theoretical analysis of a potential plant scheme integrating the molten
carbonate electrolyzer with the separation of the cathodic output to produce pure
hydrogen. The study builds on the findings obtained in Chapter @ on a 100 cm?
planar cell.

7.1 MCEC coupled with PV

This section presents the results of the second part of the experimental campaign
conducted on the single cell (see Sec. [4.2.2). The aim of these tests was to inves-
tigate the behavior of an MCEC directly coupled with a PV system, operating
under variable load conditions. In the experimental section the method for
identifying the twelve typical daily power profiles, one for each month, for a 1 kW
PV system has been explained. To correlate the PV power production profile with
the power experimentally delivered to the cell, a polarization curve under reference
conditions (i.e., 650 °C, 10/20/20/50% Ha/CO2/H20 /Ny at the hydrogen electrode
and 15/30/55% O2/CO2/Ny at the oxygen electrode) was used as a model.

Since the PV power profiles are based on a peak power of 1 kW, these were scaled
selecting a peak power value specific to match the laboratory cell requirements.
The peak power was determined based on the polarization curve obtained under
reference conditions (see Fig. , identifying an operating point in the ohmic region
(the linear section of the curve). Thus 13 W is determined to be the maximum
power deliverable by the MCEC single cell, which serves as the peak power for all
subsequent experiments. The right panel in Fig. shows the twelve PV power
profiles corresponding to 13 W as peak power, which were used to power the
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Figure 7.1. Polarization and power curves under reference conditions (left). Power profiles
from twelve typical PV days, scaled down with a maximum power of 13 W for the cell
(right).

single cell in electrolysis mode. In the following paragraphs, the results of the two
designed experimental campaigns will be presented and analyzed. Hereafter, the first
experimental campaign will be referred to as LTT1, and the second one as LTT2,
where LTT stands for Long Term Test.

7.1.1 Results

(a) (b)
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Figure 7.2. Comparison of the cell’s electrochemical performance: (a) EIS and (b)
polarization curves, before and after LTT1 and LTT2. Note that for the second campaign,
only data from before the COs shortage are reported.

The two experimental campaigns lasted overall for about 600 hours. Since
the extended duration of the experiments and the stressful conditions imposed, to
constantly monitor the electrochemical stability of the cell has been of primary
importance. For the purpose, polarization curves and EIS spectra were recorded
periodically when the no load was provided to the cell according to the simulation of
the PV profile. The comparison of EIS spectra and polarization curves taken at the
start and at the end of the two experimental campaigns is reported in Fig. [7-2} Note
that the end of LTT2 was considered just before the simulation of the November
and December load profile, due to a CO9 shortage that occurred during the test,
which compromised the cell’s performance. The open-circuit voltage and the voltage
recorded at 10 A are respectively 0.959 V and 1.238 V for the reference case, 0.960 V
and 1.240 V, and 0.961 V and 1.241 V, at the end of LTT1 and LTT2, respectively.
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Figure 7.3. Potential profiles corresponding to LTT1, where the power profiles depicted
in Fig. were applied to the cell. These curves illustrate the cell’s voltage response
under varying power input conditions throughout the experiment.

Referring to the EIS spectra, the internal resistance and total resistance were at
the beginning 0.43 Q-cm? — 2.17 Q-cm?, while the corresponding values for LTT1
and LTT2 were respectively 0.43 — 2.27 Q-cm? and 0.49 — 2.4 Q-cm?. Although a
slight increase in polarization resistance is observed from the EIS spectra, this does
not correspond to a significant degradation in cell performance during electrolysis,
as the voltage at 10 A remains practically unchanged. This suggests that the
electrochemical performance under operational conditions is stable and validates the
comparability of the experimental data.

1.25 12

10+

5 10 15 20
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Figure 7.4. Results of LTT2: a) voltage profiles and b) power profiles. Data for November
and December have not to be considered due to a shortage of CO5 occurred during that
period of testing.

Fig. depicts the voltage profiles obtained during LTT1 providing the cell
with the power profiles reported in Fig. [T.I] These results highlights minimal
deviation among the monthly profiles, suggesting robust electrochemical stability
under the tested conditions. This behavior is particularly notable in light of the
high operational demands, as it indicates that the cell can effectively manage load
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Table 7.1. The current I column shows the LTT1 results obtained for a typical day of
March. Using these current values, the reaction rate was determined based on Faraday’s
law. Assuming a 70% conversion efficiency, the corresponding molar flow rates were
then calculated and used as input for LTT2. When no current supply is expected,
the flow rate is maintained constant at 400 sccm with a composition of 10/20/20/50%
HQ/HQO/COQ/NQ

Time Results LTT1 Input LTT2

I Reaction rate th”é Fég; Flflgm Fﬁ;”

[A] [sccm] [sccm] [scem]  [scem]  [scem]
00:00 - - 80.00  80.00 200.00 40.00
01:00 - - 80.00  80.00 200.00 40.00
02:00 - - 80.00  80.00 200.00 40.00
03:00 - - 80.00  80.00 200.00 40.00
04:00 - - 80.00 80.00 200.00 40.00
05:00 - - 80.00  80.00 200.00 40.00
06:00 - - 80.00 80.00 200.00 40.00
07:00 2.77 21.09 30.13 30.13 7531  15.06
08:00 5.40 41.02 58.60  58.60 146.50 29.30
09:00 7.42 56.38 80.55  80.55 201.37 40.27
10:00 8.50 64.64 92.34 9234 230.86 46.17
11:00 9.12 69.36 99.09 99.09 247.72 49.54
12:00 8.77 66.69 95.28 95.28 238.19 47.64
13:00 8.42 64.02 91.45 91.45 228.63 45.73
14:00 7.21 54.77 78.25 7825 195.62 39.12
15:00 5.36 40.71 58.16 58.16 145.39 29.08
16:00 2.71 20.61 29.44 2944 73.60 14.72
17:00 - - 80.00 80.00 200.00 40.00
18:00 - - 80.00  80.00 200.00 40.00
19:00 - - 80.00  80.00 200.00 40.00
20:00 - - 80.00  80.00 200.00 40.00
21:00 - - 80.00  80.00 200.00 40.00
22:00 - - 80.00  80.00 200.00 40.00
23:00 - - 80.00  80.00 200.00 40.00

variations without significant degradation in performance over time.

As an example, the results for the month of March during LTT1 are presented in
Tab. The first column reports the current values, based on which the reaction
rate was calculated according to Faraday’s law. To carry out the second LTT at
fixed conversion value of 70%, the hydrogen electrode inlet flow rates were calculated
based on the reaction rates obtained from LTT1. During LTT2, the current and inlet
flow rates for each month were selected according to the current values obtained in
LTT1, while maintaining the theoretical conversion at 70%. The new flow rates were
chosen to ensure that the composition remained the same, with a constant flow rate
of 400 sccm when no current supply is expected, using the reference composition of
10/20/20/50% Ha/H2O/CO4/Na.
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Finally, Fig. shows the voltage profiles (a) and the corresponding power
values (b) obtained from LTT2. As previously mentioned, a CO2 shortage occurred
during the test in correspondence of the month of November, leading to an irreparable
decline in the cell performance. Even after restoring the COs supply, the cell
operation remained irreversibly compromised. For this reason, the data for November
and December are not reported in Fig.[7.4l Nevertheless, the voltage profiles followed
the expected behavior for the months from January to October, closely matching
the dynamic load applied throughout these months, demonstrating the feasibility of
operating under variable load and variable flow conditions.

7.1.2 Data Analysis

Despite comparing the results from LTT1 and LTT2, no immediately apparent
significant differences can be observed in the electrochemical performance of the cell.
However, subtle variations in performance over time may still be present, and these
could potentially be critical in understanding the long-term stability and degradation
processes of the cell. For this reason, the CUSUM (Cumulative Sum Control Chart)
technique was adopted [163]. CUSUM is particularly suited for detecting small shifts
in the data that might go unnoticed in a straightforward comparison. The CUSUM
is widely known for its capability to accurately detect anomalies in a control variable,
with respect to an expected value, while also having a faster response than other
methods such as the Shewhart individuals control chart. The CUSUM is used in
many sectors where a long time series of data has to be evaluated to be in control,
such as in industrial energy management applications [164].
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Figure 7.5. Expected efficiency of the cell as a function of the absorbed power, characterized
at beginning of life.

Specifically, the CUSUM used in this work takes the cell efficiency as control
variable and its definition is:

CUSUM(n) = Zn: <§M(8) - 1) (7.1)
=1 €xp

where n is the progressive measurement. &, is the expected efficiency and is a
function of the index 7, depending on the cell operating set-point. The &, values
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derive from the cell characterization at beginning of life, before the renewable-
following operation (Fig. . Specifically ez reads:

Iexp
LH
( 2;) v

P, exp

Eeap = (7.2)
where I, is the measured cell current before beginning the tests, LHV = 2.44 -
10° J/mol is the hydrogen lower heating value, and P, is the measured cell absorbed
power at beginning of the tests.

&pr is the measured cell efficiency and is defined as

(e

e (7.3)

where I is the measured cell current during the tests of the twelve typical days,
and Pps is the measured cell absorbed power during the tests. The sampling rate of
the measurements consists of two samples per minute. If the measured efficiency is
lower than the expected value, the CUSUM value will decrease (i.e. become more
negative), indicating some degradation happening.
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Figure 7.6. CUSUM chart obtained from the first LTT at constant flow rate.

The CUSUM was evaluated for both the long term tests carried out in this work.
Figure[7.0]illustrates the the chart obtained from LTT1, where the flow rate was kept
constant while changing the electric power supplied to the cell. The CUSUM exhibits
a progressively negative trend, indicating a reduction in cell efficiency relative to the
initial values. This steady decrease in efficiency suggests ongoing degradation over
time. In the first eight months, the reduction in efficiency is gradual, with a relatively
constant cumulative decline. However, in the last four months, the decline in the
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Figure 7.7. CUSUM chart obtained from the second LTT at fixed conversion. A shortage
of CO5 occurred during the test, in correspondence of the typical day of November, as
indicated by the spike in the graph.

CUSUM curve becomes more pronounced, with the efficiency loss during this period
being roughly equivalent to the entire drop recorded over the first eight months.
This suggests that while the degradation is initially slow and uniform, it accelerates
toward the end of the test. It is difficult to definitively justify this behavior, but
one possible explanation lies in the power profile associated with the months from
June to October, which represent the longest periods of continuous cell operation
with a consistent power supply (see Fig. |7.1). This extended power input may have
affected the system’s stability, leading to the more pronounced performance decline
observed in Fig. [7.6

The CUSUM chart obtained from LTT2 results is depicted in Fig. [7.7] The
chart clearly shows a progressive decrease in the CUSUM value as the test advances,
reflecting a consistent drop in efficiency. This trend continues until mid-November,
when the COs shortage occurred, significantly impacting the system’s performance.
The CUSUM value reaches a low of —400, indicating a much wider variation range
compared to the LTT1 results (see Fig. , where the CUSUM variation was limited
to a smaller range. The quadruple difference in the CUSUM range indicates that the
system during LTT2 faced more severe challenges in maintaining stable efficiency
over time. Qualitatively analyzing the trend of the CUSUM value in Fig. [7.7] from
January to May it exhibits a gradual decline, suggesting more stable conditions
during the initial phase of testing. However, starting in June, the degradation
accelerates more abruptly, indicating that the operational mode with variable inlet
flow rates had a progressively negative impact on performance.

In conclusion, this work demonstrates that the direct coupling of a PV plant
with the molten carbonate electrolyzer (MCE) is feasible, enabling the system to
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absorb energy dynamically in a load-following strategy. This integration allows for
optimal utilization of renewable energy sources. It has been observed that using a
fixed gas composition while varying the power input is the most effective approach
to maintain optimal cell efficiency over time. In contrast, employing a variable
gas flowrate in line with the variable power input can negatively impact the cell’s
efficiency. However, this strategy may yield positive results when considering the
entire Balance of Plant (BoP), as it could help balance other system components.
Looking ahead, future long-term tests should focus on maintaining the cell at its
thermoneutral voltage, applying the same variable power input as in previous long
term tests. It would be interesting to evaluate the operation at the thermoneutral
voltage because it represents the optimal operating point for an electrolysis cell,
where the endothermic and exothermic contributions of the electrolysis reaction
and the Joule effect balance each other out. Finally, continuous monitoring of the
gases produced during the tests is essential, as it could provide a more accurate
assessment of the cell’s efficiency and potential degradation over time in terms of
hydrogen yield.
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7.2 Process analysis

This section reports a preliminary analysis of a possible plant scheme integrating
the electrolysis process with the separation of the cathodic flowrate to produce pure
hydrogen, and the recycling of part of the anode outlet stream. Fig. [7.8 shows the

Hzo} coZ\ l

Heat recovery H,O
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0,, CO, H,0, H, co
CoO,, CO
An%dlc Cathdodlc WGS-MR
0,, CO, side side
H2

Figure 7.8. Block diagram of the analyzed process for the production of pure hydrogen by
molten carbonate electrolysis.

block diagram of the analyzed process. In molten carbonate cells, besides the primary
electrochemical reactions, the reverse rWGS reaction can also occur under typical
operating conditions. This means that CO can be produced alongside hydrogen at
the cathode. To ensure the production of pure hydrogen, it is necessary to separate
not only unreacted CO2 and HO, but also CO from the cathodic gas stream. The
proposed process addresses this by sending the cathode gas exiting the electrolyzer
to a water-gas shift membrane reactor (WGS-MR) to convert the CO present in the
cathode gas into CO9. Membrane reactors operate by selectively removing one of the
reaction products as the reaction progresses, thus shifting the chemical equilibrium to
favor product formation. These reactors typically use palladium-based membranes,
which offer high permeability and near-perfect selectivity for hydrogen [165| |166].
This setup provides the additional benefit of producing pure hydrogen downstream
of the membrane. The gas stream exiting the shift reactor can then be recycled
back to the electrolysis cell after being reconditioned to the desired temperature and
supplemented with CO9 and HO. In addition, a small amount of CO is introduced
into the cathode feed along with hydrogen to maintain a reducing environment at
the cathode. Meanwhile, the anodic outlet flowrate can be split into two streams:
one to be recirculated to the electrolyzer, and the other potentially directed to a
process for separating O and COs, or to an oxy-combustion process. However, the
treatment of the cathodic outlet flowrate is beyond the scope of the present study.

The process flowsheet was implemented using AVEVA PRO/II software in order
to identify suitable operating conditions to achieve pure hydrogen production while
minimizing external energy demand. Specifically, simulations have been carried out
by varying the operating potential of the electrolyzer. The implemented flowsheet is
shown in Fig. In the following two sections, the flowsheet will be explained in
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Table 7.2. Operating conditions of the molten carbonate electrolyzer.

Cathode inlet Anode inlet

T [°C] 590

P [atm] 3

F [kmol/h] 15 30
YCO, 0.4 0.67
yCo 0.01 -
YH, 0.19 -
YH>0 0.4 -
YO, - 0.33

detail. The first section will focus on the electrolysis process, while the second section
will address the treatment of the cathodic outlet stream, including the membrane
shift reactor, to produce pure hydrogen.

7.2.1 Electrolysis process

The molten carbonate electrolyzer has been modeled using a fixed conversion reactor
(R1 in Fig. to represent the electrolysis reaction, coupled with an equilibrium
Gibbs reactor (R2) to simulate the rWGS reaction that occurs on the cathode
side in practice. Table summarizes the operating conditions proposed for the
electrolyzer. The anode feed consists of a mixture of oxygen and carbon dioxide
in a 1:2 molar ratio, which corresponds to the ratio in which they are produced in
the anodic half-reaction. Thus, part of the anodic outlet flowrate can be directly
recycled to the electrolyzer. In reactor R1 the water conversion for the electrolysis
reaction has been fixed according to the Faraday law,

I

X =
Fnlio

(7.4)

For each operating potential considered in the simulations, the corresponding current
value I was evaluated through the 2D model described in Section [6.1.2] considering a
stack constituted by 140 cells of 8100 cm?. Fig. illustrates the polarization curve
generated by the model under the operating conditions outlined in Tab. It also
presents the potential values at which the simulations were conducted, along with
the respective conversion values for the electrolysis reaction, evaluated according to
Equation [7.4

Returning to the flowsheet in Fig. [7.10] the stream calculator SC1 functions as
the matrix that separates the anodic gas (F_AN in Fig. from the cathodic
gas (F__CAT). Additionally, the calculator evaluates the flow rates of CO2 and O,
in the cathodic outlet stream, based on the inlet water flow rate and the conversion
X, fixed in R1, on the basis of the following relationships

Xel

F§ = Fg;” + 5

: Fﬁ;g (7.5)

Féo, = F&S' + Xa - FT36, (7.6)
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Figure 7.9. Flowsheet developed using AVEVA PRO/II software to investigate pure
hydrogen production through molten carbonate electrolysis.
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Figure 7.10. Simulation in PRO/II of the electrolyzer, where R1 simulates the water
electrolysis reaction and R2 simulates the rWGS reaction occurring only on the cathodic

side.
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Figure 7.11. Simulated polarization curve under the operating conditions detailed in Table
obtained using the model described in Section [6.1.2] The table shows the potential
values at which the simulations were conducted and the respective conversion values
evaluated according to Equation @
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Table 7.3. Equilibrium conversion values for rWGS reaction evaluated through Gibbs
reactor (R2 in Fig.[7.10) in AVEVA/PROII software.

E [V] X.was
1.5 0.144
1.475 0.144
1.45 0.143
1.4 0.140
1.35 0.136
1.3 0.131

where the superscript a indicates the flowrate specifically at the anode, distinguishing
from the CO9 cathodic flowrate.

As explained before, part of the anode gas is recirculated to the electrolyzer
inlet, while the remaining portion is subjected to heat recovery. The other stream
exiting from SCI1, representing the cathode gas, is sent to a Gibbs reactor (R2),
which is designed to simulate the reverse water-gas shift reaction that, in practice,
takes place in the cathode gas channel of the electrolyzer. It is reasonable to assume
that under these conditions, the rWGS reaction reaches equilibrium. The resulting
stream, F__CAT, represents the cathode gas leaving the cell, and its composition
can be determined through the following mass balances:

F§, = Fl" + X - Fiio — Xewes - Féo, (7.7)
Féo, = F&o, — Xer - Fiity — Xewas - Féoy (7.8)
Ffi,o = Fiiyo — Xe - Fiiyo + Xowes - Foo, (7.9)

Féo = F&S + Xowes - F&o, (7.10)

where X, wag is defined as

in,c c
FCO — FCO
c,in

(7.11)
FC02

X,was =

Tab. [7.3] shows the equilibrium conversion values obtained for the different potential
values considered in the simulations.

7.2.2 WGS Membrane reactor

To recirculate the cathodic stream directly into the electrolyzer, it is necessary to
remove the produced carbon monoxide and recover the hydrogen. For this purpose,
the cathodic stream is sent to a water gas shift membrane reactor. This type of
reactor combines a chemical reaction with product separation, providing significant
advantages. The membrane enables very high conversions since the removal of one
product shifts the reaction equilibrium to the right, favoring further conversion.
Fig. [7.12] depicts the flow sheet section related to the WGS-MR, to which the
cathodic gas is fed after being cooled. Inside the reactor, the WGS reaction takes
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Figure 7.12. Part of the flow sheet related to treating of the cathodic stream for CO
conversion and hydrogen recovery through the membrane-based WGS process. S11 is
the stream recirculated to the electrolyzer, while OUT__MR, is the permeate stream
containing hydrogen.
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Figure 7.13. Part of the flow sheet related to the steam cycle, used as sweep gas into the
WGS-MR. OUT_MR is the permeate stream exiting the WGS-MR.

place, converting CO into CO,. Hydrogen is recovered within the reactor using
palladium-based membranes, which are capable of selectively removing Hy with high
efficiency. The reaction is simulated through another Gibbs reactor (R3 in Fig. ,
where the temperature is set to 350 °C. The output stream is then brought back
to the electrolyzer operating temperature, with water and carbon dioxide added to
compensate for the consumed reactants, and recirculated into cathode inlet. The
makeup streams of COy and H2O are assumed to be available at 25 °C and 3 atm.

The SC2 calculator functions as the membrane, separating hydrogen from the
rest of the mixture. It also regulates the flow rate of hydrogen to be removed (the S9
stream in the diagram) so that, at equilibrium, all the carbon monoxide previously
produced in the electrolyzer is converted. This allows the retentate stream from the
shift reactor (S11) to be recirculated to the cathode inlet of the electrolyzer without
reducing its performance due to the presence of CO. The total flow rate of pure
hydrogen that can be theoretically produced is therefore equal to

Fr, = Xer - FIEIT;O (712)

Steam has been selected as the sweep gas due to its easy separation from hydrogen
by condensation. Fig. illustrates the sweep gas cycle flow diagram. The stream
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OUT_MR, containing the hydrogen permeated through the membrane along with
the sweep gas, is cooled to 10 °C to condense the water. The condensed water is
then separated from the hydrogen via a flash drum, and after replenishment, it is
vaporized and recirculated back to the WGS-MR.

7.2.3 Results and discussion

Table 7.4. Data relative to gas flow when the elctrolyzer operates at 1.5 V.

Stream T Flowrate CO COy; HyO H, O
°Cl [kmol/b]  [%]  [%]  [%]  [%] (%]

F_IN_ CAT 590 15 1 40 40 19 -
F CAT 590 12.04 845 17.95 32.35 41.25 -
F_IN_ AN 590 30 - 66.67 - - 33.33
F AN 590 34.46 - 66.67 - - 33.33
S8 590 4.46 - 66.67 - - 33.33
F AN COLD 350 4.46 - 66.67 - - 33.33
C02_02 150 4.46 - 66.67 - - 33.33
S14 475 12.04 845 17.95 32.35 41.25 -
S15 419 12.04 845 17.95 32.35 41.25 -
F _CAT COLD 350 12.04 8.45 17.95 32.35 41.25 -
H20 25 2.98 - - 100 - -
S3 132 2.98 - - 100 - -
S22 137 2.98 - - 100 - -
CcO2 25 2.98 - 100 - - -
S1 259 2.98 - 100 - - -
S21 395 5.96 - 50 50 - -
S13 452 15 1 40 40 10 -
OUT_WGS 350 9.05 1.56 33.42 33.42 31.6 -
OUT_MR 248 5.04 - - 41 59 -
STEAM 130 2.07 - - 100 - -
H2 10 3 - - 1 99 -
S29 10 2.04 - - 100 - -
H20_R 25 3x1072 - - 100 - -

Figure[7.14] shows a simplified scheme of the entire process and the characteristics
of the main streams for the case at 1.5 V are detailed in Tab. Table [7.5| reports
the energy consumption of the electrolyzer, along with the hydrogen production rate
for each of the cases considered. Note that P,; represents the electric power required
by the electrolyzer, calculated as:

Pel = Tl./"'—‘EFI-I2 (7.13)

PEZRO I on the other hand, is the duty of the electrolyzer (R1) obtained from the
simulations, accounting for the fact that the electrolysis reaction is overall exothermic
(the considered potential values are above the thermoneutral point, i.e. about 1.28 V).
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Figure 7.14. Simplified flow sheet of the process. The blue-marked heat exchangers
represent the heat sources of the process (see Tab. .
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In the heat balance for the electrolyzer, the contribution of the rWGS reaction, which
is endothermic and occurs in the cathodic compartment, must also be considered.
This has been evaluated considering the duty of reactor R2. Therefore, the heat
balance for the electrolyzer can be expressed as follows:

AQ@Z = Pel - Pel?RO T QT‘WGS (714)

From the results in Tab. it can be observed that Q,wags decreases only
slightly with the reduction in voltage. Consequently, for lower values, such as 1.35 V
and 1.3 V, AQ.; becomes negative, meaning that additional heat must be supplied
to the electrolyzer to maintain a constant temperature.

Table 7.5. Energy consumption of the electrolyzer and corresponding hydrogen produc-
tion rate at different potentials. A positive or negative AQ,; indicates exothermic or
endothermic behavior, respectively, considering electrolysis and rWGS reactions, as well
as the Joule effect.

E Py PIROTN Quues  AQe Fy,
[V] kW] [kW] kW] kW [kmol /h]

1.50  239.28 204.31 8.69 26.28 2.98
1.475 219.96 191.14 8.69 20.13 2.78
1.45 199.52 175.83 8.64 15.05 2.57
1.40  168.14 153.25 8.42 6.47 2.24
1.35 136.06 128.53 8.14 —0.61 1.88
1.30 108.43 106.28 7.83 —5.68 1.56

Referring back to the diagram in Fig. [7.14] the heat exchangers marked in blue
represent the external heat source of the process: E2 compensates for the heat that
cannot be provided to the cathodic feed by thermal recovery, while the other two are
intended to complete the vaporization of water. E6 is necessary for the replenishment
intended for the electrolyzer, and E10 is required to generate the steam used as
sweep gas in the WGS-MR. It should be noted that heating the cathodic feed up to
590 °C will require the use of a furnace, an electric heat exchanger, or coupling the
process with a solar concentrating plant. The corresponding heat duties are listed
in Table [7.6] The table also reports the energy input required to cool the outlet
stream from the membrane reactor to achieve 99% pure hydrogen and the value of
AQ,; in the case where the electrolysis process is endothermic.

A brine refrigeration cycle has been hypothesized for thes cooling process. The
work required by the cycle was calculated using the coefficient of performance
(COP):

Q1 T
COP = T o T
where (1 is the heat adsorbed by the refrigeration cycle, L is the required work, T
is the outlet temperature (10 °C), and 75 is the inlet temperature (83 °C in this
case). The COP expression in Eq. refers to ideal conditions, and in this work,
an efficiency factor of 0.75 has been applied. ~ From the values reported in Tab. [7.5]
and it is possible to calculate the gross efficiency of the hydrogen production

(7.15)
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Table 7.6. Required power of the heat exchangers highlighted in Fig. power required
by the refrigeration cycle, and the amount of thermal energy required by the electrolyzer.

E E2 E6 E10 AQel Qtat L Qtot+ L
VI kW] kW) kW) kW) kW) kW] kW]
1.50 2397 22.34 23.56 - 69.86 14.52 84.38
1.475 2247 20.97 22.00 - 65.44 13.58 79.02
1.45  20.72 19.22 20.33 - 60.28 12.51 72.79
1.40 18.08 16.83 17.78 - 52.69 10.93 63.62

1.35 1525 14.14 1492 0.61 4492 9.18 54.09
1.30 12.67 11.72 12.33 5.68 4240 7.56 50.00

process:
Fu, HHV

€ Qtot + L+ Pel
where HHYV is the higher heating value of Ha, equal to 283.4 MJ/kmol. Similarly,
it is possible to evaluate a thermodinamic efficiency, considering the higher value of
electricity compared to thermal energy, assuming an electrical efficiency &, of 40%:

Fu, HHV
I
Ee

Finally, Tab. and Fig. shows the values of the efficiencies calculated at
different operating voltages with the corresponding hydrogen production rate.

(7.16)

§te = (7.17)

Qiot + L +

Table 7.7. Gross and thermodynamic efficiencies evaluated according to Eq. and

E § Ste Fy,
VI [%] [%] [kmol/h]
1.50 72.4 34.3 2.98
1.475 73.3 34.9 2.78
1.45 74.1 35.3 2.57
1.40 76.1 36.5 2.24
1.35 779 37.6 1.88
1.30 77.3 38.2 1.56

The results shown demonstrate that the gross efficiency of the hydrogen produc-
tion process increases as the operating voltage decreases. This trend is primarily due
to the reduced electrical input required at lower voltages, which directly impacts the
overall energy consumption of the process. However, the thermodynamic efficiency
exhibits a slightly different behavior. While it also increases with decreasing voltage,
the difference between the gross efficiency and the thermodynamic efficiency becomes
more pronounced. This is because the contribution of electricity, which is considered
more valuable than thermal energy, becomes more significant at lower voltages.

This analysis highlights the importance of carefully balancing the electrical nd
thermal inputs to maximize efficiency in hydrogen production processes. Operating
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at lower voltages can improve both gross and thermodynamic efficiencies, though
additional heat must be supplied to maintain the electrolyzer’s temperature, as
evidenced by the endothermic behavior at 1.35 V and below. A potential optimal
choice could be to find a compromise between achieving high efficiency and the ability
to operate the electrolyzer isothermally, thereby simplifying the overall process. This
balance could help reduce operational complexities and enhance the sustainability

of hydrogen production.
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Chapter 8

Fuel-assisted electrolysis in
molten carbonate cells: first
attempts

In this chapter, the results of the experimental campaign conducted at the Royal
Institute of Technology (Stockholm) will be presented. The campaign aimed to
investigate the concept of fuel-assisted electrolysis in molten carbonate cells, a
mechanism that, to date, has only been demonstrated in solid oxide electrolysis cells.
The first section will introduce and explain the principle of fuel-assisted electrolysis
in detail. Following this, a brief description of the experimental setup and the
campaign itself will be provided. Finally, the results will be presented and analyzed,
offering insights into the potential of this approach for MCECs.

8.1 Introduction to fuel-assisted electrolysis

Water is best electrolyzed at high temperatures (700 — 900 °C) where the chemical
potential necessary to separate the water into hydrogen and oxygen is lower. In
addition, the high temperature accelerates the reaction kinetics, reducing the energy
loss due to electrode polarization and increasing the overall system efficiency. How-
ever, despite these advantages, the cost of electricity remains a significant challenge.
Around 50 — 70% of the total cost of hydrogen production via electrolysis comes from
electricity [167]. To make electrolytic hydrogen competitive with steam methane
reforming process, it is crucial to reduce the electrolyzer power consumption. Unfor-
tunately, this is limited by the thermodynamics of water decomposition, which sets
a high baseline for the energy required in the process. As a result, innovations or
alternative solutions are needed to address this constraint.

In conventional SOECs, the cathode side, where water is decomposed, is typically
fed with a steam-hydrogen mixture, while the anode side is supplied with air. At
zero current, the system reaches an open-circuit voltage of approximately 0.8 —0.9 V,
though this value can vary based on the hydrogen-to-steam ratio and the operating
temperature. To initiate electrolysis, a voltage greater than the open-circuit voltage
must be applied to pump the oxygen from the steam side (cathode) to the oxygen
side (anode). A significant portion of the electrical power is consumed in overcoming
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the high chemical potential gradient for oxygen. Reducing power requirement is,
therefore, a key challenge for improving process efficiency.

One strategy to reduce the open-circuit voltage and, consequently, the electricity
consumption, is to circulate natural gas on the anode side. The reducing properties
of natural gas lower the chemical potential difference between the two sides of the
electrolyzer, thus decreasing the energy needed to drive the reaction. Considering a
solid oxide electrolyzer, the half cell reaction in the cathode side in both conventional
and fuel-assisted (FA) electrolysis process is:

Hy0 +2¢~ — Hy + 0% (8.1)
The half cell reaction in anode of SOEC is:
2 1 -
0" = J0a + 20 (8.2)

As for FA electrolysis operation using CH, as assisting-fuel, the half cell reaction
in anode (when fully oxidized) is:

1 1 1
4 CHa + 0 — 7002+ SH0 + 2 (8.3)
While if considering the partial oxidation,

CHy 4+ 0%~ — CO + 2Hy + 2¢~ (8.4)

It is necessary to point out that any other fuel or compound that can be oxidized
can be envisaged, including no hydrogen-containing gas such as CO or NHs.

The introduction of fuel to the anode of solid oxide electrolysis cells (SOECs) was
pioneered by Pham et al. [168], who demonstrated that methane as a reducing gas
could reduce the operating potential by nearly 50%. Subsequent experiments showed
even larger reductions, with decreases in operating potential reported to reach up
to one order of magnitude. Additionally, these studies uncovered the potential for
co-generation of hydrogen and electricity, or even synthesis gas, further highlighting
the versatility of FASOECs [169, |170].

The stability and performance of different electrode materials have been exten-
sively studied under various reducing gases, including hydrogen, carbon monoxide,
and methane. Control over fuel supply has emerged as a key factor for optimizing
performance. For instance, in hydrogen-assisted systems, an insufficient fuel supply
can negate the advantages of fuel-assisted operation, while in methane-assisted
electrolysis, the electro-oxidation of hydrogen governs at high methane conversion
ratios, and direct methane oxidation dominates at lower ratios [171]. In a study by
Cui et al. [172], gas composition measurements showed that methane conversion at
temperatures between 750 °C and 850 °C remained relatively low, around 5%, even
at high current densities. Interestingly, the study revealed that at a low electrolysis
current density of 250 mA /cm?, significant hydrogen was produced due to methane
cracking reactions. However, as the electrolysis current density increased above 1000
mA /em?, CO3 began to dominate in the anode effluent, indicating a shift in reaction
pathways.
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Figure 8.1. Cross-sectional view of the button MCEC (left), used in the experimental
campaign at KTH, adapted from [65]. This is the same cell employed in the tests at
ENEA, with the only modification being the addition of a probe to the current collectors,
as shown in the photograph on the right.

While these findings have laid the groundwork for the development of FA-
SOECs, there remains a lack of understanding about how the specific reaction
pathways—whether electrochemical or chemical—impact the performance limits
of these systems. Moreover, the majority of these experiments have been carried
out on single-component, radial button cells, raising concerns about the scalability
and relevance of the results to larger FASOEC stacks or systems operating with
multi-component fuel mixtures.

Although significant research has been conducted on fuel-assisted electrolysis in
SOECs, this approach has never been tested in MCECs. A key distinction between
the two systems is the presence of molten carbonates, which require a supply of COq
to maintain stable operation. Additionally, MCECs operate at lower temperatures,
typically below 700 °C, to avoid excessive volatility of the electrolyte, in contrast to
the higher operating temperatures in SOECs. These factors introduce challenges
when applying the fuel-assisted concept to molten carbonate cells. Nonetheless, in
this study it has been hypothesized that introducing a fuel at the anode could similarly
reduce the operating potential, as observed in SOECs, potentially increasing the
efficiency of MCECs in hydrogen production. To address this gap in the literature, an
experimental investigation was carried out to assess the feasibility of FA electrolysis
in molten carbonate cells. The following section will provide an overview of the
experimental setup and describe the testing conditions employed in this study.

8.2 Experimental

The experimental study was performed on a 3 cm? molten carbonate button cell.
The cell was assembled with the state-of-the-art materials detailed in Chapter [4]
(see Tab. . The experimental set-up was also the same as that used for the
campaign at the ENEA laboratories, as described in Chapter [4] although some slight
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Table 8.1. Inlet anode gas composition in mol%.

O, Ny CO; H; CHy
Std 15 55 30 - -

- 100 - - -
- 90 - 10 -
- 95 5 - -
- 90 ) - S

differences were present between the two. Notably, the current collectors used in
this experimental campaign were equipped with probes, allowing for more accurate
electrochemical measurements compared to the ENEA set-up. Additionally, unlike
the previous set-up where water was supplied via a controlled evaporator mixer
(CEM), in this campaign a humidifier is employed to control water vapor content.
Fig. presents a simplified schematic of the KTH set-up, along with a picture of
one of the current collector used.

In this experimental campaign, the cathode (Ni electrode) gas composition was
kept constant for all tests, with a mixture of 25/25/25/25% H20/CO2/Ny/Hs. In
contrast,the gas composition at the anode (NiO electrode) was varied throughout the
experiments. The standard anode gas mixture consisted of 55/30/15% N3 /CO2/Oa.
All tests were conducted with a total flow rate of 200 ml/min and at a constant
operating temperature of 650 °C, which has been identified as the optimal operating
temperature for molten carbonate cells [173].

The anode gas compositions tested for electrolysis operations are summarized in
Tab. To evaluate the feasibility of fuel-assisted electrolysis in MCECs, the first
step involved verifying that such an approach could be implemented by supplying
a 90/10 mol% Ny /Hy mixture to the anode, using Hy as the fuel. While this test
served to demonstrate the feasibility of the process, it is ultimately impractical from
a real-world perspective, as it would be quite meaningless to use pure hydrogen in
FA electrolysis in practice. Therefore, subsequent tests were conducted to assess
the viability of using CHy as the fuel. The flow rate was maintained at 200 ml/min
throughout the tests, with the composition adjusted in steps to assess the contribution
of each component added. Initially, the cell was fed with pure nitrogen (100% Na).
Next, a mixture of nitrogen and COz (95/5% N2/COz2) was introduced, and finally,
methane was added, resulting in a 90/5/5% N3/CO2/CH, mixture, as summarized
in Tab. 81l

This stepwise approach was chosen to evaluate the impact of each component on
the cell performance and to determine whether the presence of methane improved
performance. Unlike SOECs, fuel-assisted operation in MCECs poses additional
challenges, primarily due to the need to maintain a minimum amount of COs in the
atmosphere to preserve the stability of the carbonate electrolyte. It is governed by

the following equilibrium reaction:
M5COj3 «» 2M ™' + CO3~ ©5)
CO3™ +» COp + 0% '

where M stands for either Na, Li or K. If insufficient COs is supplied, the equilibrium
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Figure 8.2. Electrochemical data for the cell at the start and end of the experimental
campaign obtained at 650 °C under standard composition: a) EIS at 100 mA /cm?; b)
polarization curves.

shifts to the right leading to the decomposition of the molten salts. This not only
destabilizes the electrolyte but also increases the volatility of the molten carbonates,
potentially resulting in electrolyte loss over time. Furthermore, COg is crucial
for preventing the reduction of the NiO anode, which could occur under certain
conditions (see Sec. [2.2.4)).

The amount of methane was selected based on calculations indicating that,
theoretically, it would be fully oxidized at a current density of about 400 mA /cm?,
referred to as the current density turning point. This value is significantly higher
than the current densities typically achievable with button MCECs. Consequently,
under these conditions, all the O%~ ions generated from the electrolysis reaction
should, in theory, react completely with methane, preventing any excess oxygen from
being produced at the anode. In this scenario, methane would act as the primary
oxidizable species, ensuring that the electrochemical oxidation reaction consumes all
available O?~ ions, rather than them contributing to oxygen evolution.

For each gas composition, as detailed in Tab. the electrochemical performance
of the cell was evaluated by measuring EIS and polarization curves. EIS are recorded
from 1 MHz to 0.01 Hz at 100 mA /cm?. These measurements were conducted using
the potentiostat-frequency response analyzer Zahner ZENNIUM X.

8.3 Results and discussion

Fig. shows the impedance spectra at 100 mA /cm? and the polarization curves
obtained under the standard anodic composition at both the beginning and the
end of the experimental campaign. There are no significant differences between
the measurements. As for the EIS data, the red curve (representing the end of
the experimental campaign) has the same shape as the initial curve but is slightly
shifted. This indicates that while the cell polarization remained consistent, there
was a slight increase in internal resistance. As for the polarization curves, they
overlap, showing no significant differences. These results confirm that during the
fuel-assisted electrolysis tests, the cell did not experience any drastic modifications
or performance deterioration.

Fig. [8:3] summarizes the polarization curves obtained under the other anodic gas
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Figure 8.3. Cell polarization curves as a function of anodic composition at 650 °C. Gas
composition detailed in Tab.

compositions tested. In all cases, the absence of Oy causes the OCV to be very low
than the standard 0.9 — 1 V, even negative for the case with 10% hydrogen. The
negative OCV suggests that electrolysis occurs spontaneously with the assistance
of hydrogen oxidation in the anode. For the hydrogen case the comparison with
the curve in Fig. shows that a much lower voltage is required to produce the
same amount of electrolysis current. For instance, while the conventional process
requires 1.15 V to achieve a current density of 100 mA /cm?, this voltage drops by
nearly an order of magnitude to 0.1 V when the cell operates in FA mode using Hs.
The fact that the voltage remains consistently low up to 200 mA /cm? indicates that
all O%~ ions are oxidized by the available hydrogen, preventing any gaseous oxygen
production.

Aside from the OCV values, the curves at 100% Ny and 95/5% N2 /CO4 show a
similar trend. Under these conditions the reaction taking place at the anode is the
standard oxygen evolution from the oxidation of the carbonate ions. The voltage
increases almost linearly from OCV to about 1 V, likely due to a large concentration
overpotential. In contrast to typical MCEC operation, this overpotential becomes
relevant even at low current densities due to the small amount of COs and the
absence of Oy. Once the potential approaches 1 V, the slope of the curves decreases
significantly. At this point, CO5 and O are present in sufficient amounts to stabilize
cell operation and lower the concentration overpotential. Notably, at high current
densities, these two oxygen-deficient compositions exhibit voltage behavior similar
to that of the cell under standard conditions. Comparing these results with Fig. [8.2
the potential required to achieve a current density of 200 mA /cm? is 1.25 V for both
the standard composition and the 100% Ny and 95/5% No/COg mixtures.

When methane is introduced, the open circuit voltage (OCV) remains very low,
around 0.1 V, and the polarization curve can be divided into two regions with
different slopes: one at low potential and another at higher overpotential. The
shape of the curve suggests a transition between two regimes. Up to a current
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Figure 8.4. Impedance spectra in electrolysis mode at 100 mA /cm? at different anodic
composition at 650 °C. Cathodic composition: 25/25/25/25% Hy0/CO5/Ny/Ha.

density of 60 mA /cm?, the electrochemical oxidation of methane seems to occur,
lowering the operating voltage. However, as the current density increases beyond
100 mA /cm?, the system begins to produce oxygen, similar to standard MCEC
operation. Interestingly, at higher current densities, the polarization curve (blue
squares in Fig. converges with the other curves obtained without methane.
This suggests that methane conversion decreases as the current density increases.
Given the amount of methane fed to the anode, i.e. 10 ml/min, the cell should
theoretically have been able to operate in fuel-assisted mode up to current densities
of 400 mA /cm?. However, this transition does not occur as expected, and several
potential explanations can be considered. While methane electrochemical oxidation
appears to occur up to a certain current density, the oxygen evolution reaction takes
over beyond that point. This indicates that the kinetics of methane oxidation may
become slower compared to oxygen production at higher current densities. The gas
composition could play a crucial role, for instance, the COs concentration changes
due to ongoing reactions, potentially affecting the rates of these processes. Multiple
chemical reactions, including but not limited to the partial oxidation of methane
(CH4 + 0%~ — CO + 2H,), complete oxidation of methane (CHy + 402~ — CO»
+ 2H20), methane decomposition (CHy — C + 2Hj), and the reverse water-gas
shift reaction (COy + Hy — CO + H30), may contribute to the equilibrium gas
composition, further influencing reaction kinetics.

Finally, Fig. displays the impedance spectra measurements performed at
different gas compositions. The curve at 100% Ny shows the highest polarization,
nearly double that of the standard composition. The spectra for 100% N9 and 95/5%
N3/COq present the same trend up to medium frequencies, but the polarization for
pure Nao becomes noticeably higher at low frequencies. This confirms the previously
discussed concentration overpotential effect, which becomes significant compared
to the standard composition due to the substantial reduction in COs. Additionally,
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this result confirms that mass transfer limitations also become relevant under these
conditions. The spectrum for the 90/5/5% Ny/COy/CHy composition shows a
different shape. Generally, both the height and width of this spectrum are smaller
compared to the spectra without oxygen but larger than that of the standard
composition. This intermediate level of polarization suggests that the methane
oxidation reaction is occurring to some extent, influencing the impedance response.
The results indicate that while methane oxidation may contribute to the overall
polarization, its effect is not as pronounced as the standard operation but still
noteworthy.

In conclusion, the experimental investigation of fuel-assisted electrolysis in molten
carbonate cells presented in this chapter is a pioneering effort in exploring this novel
approach. The results obtained provide valuable insights into the behavior of the
system under various anodic gas compositions, with a notable emphasis on methane
and its interactions with the electrochemical processes. Given that this is one of the
first attempts to investigate fuel-assisted electrolysis in this context, it is crucial to
continue expanding this research. Future studies should focus on testing additional
gas compositions and fuels, such as carbon monoxide, to further understand their
impact on the electrochemical performance. Additionally, conducting experiments
with larger cells could provide a more comprehensive analysis of gas behavior
and utilization factors. Exploring the effects of different electrode materials and
temperatures will also be essential to optimize performance and gain a deeper
understanding of the underlying mechanisms. Moreover, fuel-assisted electrolysis
holds significant potential for energy savings and process efficiency. It can be
particularly advantageous in upgrading syngas from gasification processes or exhaust
streams, contributing to more sustainable energy solutions. This work provides
a basis for further research and development, suggesting the need for continued
exploration in this promising field.
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Chapter 9

Conclusions

This thesis aims to contribute understanding the operation of Molten Carbonate
Electrolysis Cells as a viable solution for hydrogen production and CO4 utilization.
It helps to clarify the dependency of key mechanisms on operational conditions,
pointing out specific areas that require further investigation to optimize performance
and stability. The research presented addresses both theoretical and applied aspects
of MCEC technology, from experimental investigations to numerical modeling and
process integration.

The analysis of electrochemical data obtained from the button cell demonstrates
that, under electrolysis conditions, the polarization associated with the Ni electrode
has a greater impact than in fuel cell mode and, therefore, it cannot be considered
negligible in studying the electrochemical mechanisms of an MCEC. This analysis
confirms findings reported in the literature, showing that kinetic and mass transport
mechanisms control hydrogen production reaction at the Ni electrode.

The study performed on the polarization curves revealed that the advancement of
the rtWGS reaction, dependent on operating conditions, affects the overpotentials at
high current densities. By examining the exchange current density values estimated
from the Allen-Hickling plots, higher HoO concentrations result in increased exchange
current densities compared to variations in COs. However, a significant decrease in
the exchange current density at elevated temperatures and elevated HoO% suggests
that smaller pores flooding may impede reactant access at the three-phase boundary.
Overall, these findings highlight the dominant influence of CO2 on Ni electrode
kinetics, affecting both electrochemical and chemical reactions.

The DRT analysis performed on the EIS spectra aligns with the results from
the polarization curves. Among the four polarization loss mechanisms identified at
the hydrogen electrode, the peak at approximately 10 Hz accounts for the majority
of the hydrogen electrode polarization, influenced by variations in CO2 and HyO
concentrations. From the deconvolution of the EIS spectra, it can be inferred that
the crucial mechanism for the reaction rate-determining step is the mass transfer of
reactants at the triple-phase boundary, where the water reduction reaction occurs.
Results obtained from the oxygen electrode confirm this assumption. Notably, this
research represents a pioneering application of DRT to MCEC impedance spectra.

The experimental campaign carried out on the single cell validates the COq
essential role in sustaining the electrolysis process. Notably, variations in COq
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concentration lead to more pronounced changes in overpotentials compared to
alterations in HoO content. Gas analysis at the hydrogen electrode outlet reveals
that CO production increases with elevated temperatures, while Hy level decreases.
Furthermore, with higher CO» inlet concentrations, the cell achieves greater current
densities, significantly increasing CO generation (approximately 12% on a dry molar
basis). This effect is driven by the rWGS reaction and COs electrolysis, with the
former producing additional water that further supports electrolysis. Conversely,
it was observed that, at low temperatures and high water content, complete COq
consumption is possible, enabling pure hydrogen production from the MCEC. This
experimental work thus demonstrates the importance of correlating electrochemical
data with gas analysis to maximize efficiency, whether for pure hydrogen production
or syngas generation.

The 2D model developed for the planar single cell enabled the prediction of
the thermal effects on the electrolyzer operating in adiabatic conditions, which are
close to the conditions experienced by the cell when operating within a stack. The
results indicate that in the absence of proper control, the cell temperature could
increase significantly at voltages higher than the thermoneutral point, due to the
Joule effect overcoming the endothermic contribution of electrochemical and rWGS
reaction. Besides, the latter is enhanced by high temperature and elevated hydrogen
content. Thus, the model results emphasize the need to control the chemical reaction
progression, which can hinder the faradaic cell efficiency.

The process study, developed using AVEVA PRO/II based on single-cell results,
indicates that operating at lower voltages improves both the gross and thermodynamic
efficiencies, albeit at the expense of hydrogen production. For this analysis, the
cathode gas exiting the electrolyzer is sent to a water-gas shift membrane reactor,
which converts the CO present into CO while separating the produced hydrogen.
The heat sources identified in the process are the heat exchangers required to vaporize
the inlet water stream and to raise the retentate stream temperature exiting the
membrane reactor to the electrolyzer operating temperature. However, the majority
of the power required by the process is the electricity needed to operate the MCEC.
Additionally, the thermal balance analysis of the electrolyzer has shown that the
rWGS reaction increases the thermoneutral voltage compared to the theoretically
predicted value. By comparing the process efficiency at different operating voltages,
it can be inferred that a good compromise between hydrogen production and low
energy consumption would be to operate slightly above the effective thermoneutral
voltage, identified under the analyzed conditions as 1.35 V.

The investigation of MCEC coupled with a photovoltaic system demonstrates that
operating an MCEC with a load-following strategy is feasible. The CUSUM approach
applied to analyze the experimental results, suggests that maintaining a fixed gas
flow rate while varying the power input is more efficient than operating the cell at a
fixed conversion rate, which involves modulating both the power input and the inlet
flow rates. Although the latter operation mode results in a more pronounced decline
in cell efficiency, it could help to operate the other system components efficiently,
yielding positive outcomes when considering the entire Balance of Plant.

Finally, the exploration of the fuel-assisted operation mode on the button cell
has yielded promising results. First, the negative open-circuit voltage, along with a
close to zero operating voltage at 100 mA /cm?, assesses the feasibility of sending a
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fuel to the oxygen electrode to reduce the cell voltage. Substituting hydrogen with
methane led to a lower voltage than normal operation but not to the same extent as
the one observed using hydrogen, suggesting a slower decomposition rate of methane.
The positive results obtained from these initial attempts to investigate fuel-assisted
electrolysis in MCEC pave the way for testing different gas compositions and fuels,
such as carbon monoxide, to gain insights into their impact on electrochemical
performance. Moreover, conducting experiments with larger cells could facilitate a
more comprehensive analysis of gas behavior, enabling the evaluation of conversion
rates and providing insights into the underlying reactions.

In conclusion, this thesis offers a foundation for further delving into MCECs
operation, clarifying the dependency of key mechanisms on operational conditions and
highlighting specific areas that require further investigation to optimize performance
and stability.
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Appendix A

Parameters from 1D model

For a preliminary analysis of the system a 1D model was initially developed, ac-
counting only for gradients in the z direction [174]. The model domains and main
equations are those reported in Sec. Regarding the gas composition, which
affects the rate of the electrochemical reactions, the outlet concentrations were used.
These values were evaluated from mass balances considering the inlet flow rate of
each component and the rate of production deriving from the measured current
density. For instance, the rate of hydrogen production from the electrochemical
reaction was evaluated as ”
i
Fg = 57 (A1)
where S is the surface area of the electrode. The experimental data reported in
Tabl6.3] where analyzed with the 1D model. The data at each temperature was
analyzed separately.
The bulk conductivity of the liquid electrolyte was taken from the literature [38].

The effective conductivity was taken from a Bruggemantype equation
mﬂa}f = el (A.2)

where ¢; is the matrix porosity, equal to 0.5, and the exponent d was found by
fitting the experimental data to be equal to 4.7, regardless of the temperature. The
effective ionic conductivity in the two porous electrodes was instead evaluated by
introducing the corrective factors, f; and f, for the cathode and anode, respectively

Ii{lgcf = fnK; (A.3)
Hl(,)gff = fo’il (A4)

The corrective factors were found to be independent of temperature and equal to
0.91 for the cathode and 0.37 for the anode. Finally, the exchange current density
at the anode was also determined by fitting the experimental data.

The final parameters that were obtained are those reported in Tab. Fig.
shows a comparison between the experimental and calculated polarization curves,
obtained from the above-described correlation after having corrected the open circuit
potential. The comparison between experimental and modeling results is very good,
and suggests that the assumption of negligible cathodic activation overpotential
enforced is in fact valid. The model parameters obtained were therefore employed in
the subsequent 2D model.
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Figure A.1. Comparison between experimental (points) and calculated (solid lines)
polarization curves obtained from the 1D model with parameter fitting.
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B

Nomenclature

Latin Symbols

0D
1D
2D

COP
CUSUM

&

~ N

HHV

Zero-dimensional
One-dimensional
Two-dimensional

Coefficient of performance
Cumulative Sum Control Chart

Binary diffusion coefficient
Pore diameter

Electric potential
Molar flowrate
Faraday constant

Frequency

Higher heating value of hydrogen
Gas channel length

Current
Current density

Diffusive flux vector
Equilibrium constant

Refrigeration cycle work
Lower heating value of hydrogen

Molar flux
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n number of electrons
P Electric power
P Partial pressure
Heat
R Production molar rate
Ry Internal resistance
Rpor Polarization resistance
s Gas channel width
T Temperature
Ug Inlet gas velocity
u Velocity vector
X Conversion
x Dry molar fraction
Y Molar fraction
Z Impedance
Greeks
«  Transfer coefficient
~  Distribution function
€ Volumetric porosity
n  Overpotential
0  Contact angle
©  Objective function
k  Conductivity
& Process efficiency
p  Density
o Superficial tension



Subscripts 149

7  Time constant
¢  Local potential
x  Reactive sites coverage

wr  Mass fraction
w  Frequency

Subscripts

el Electolysis reaction
erp Expected

g Gas
l Liquid
M Measured

rWGS Reverse water gas shift reaction

s Solid

Superscripts

a anode
¢ cathode
e Experimental

t  Theoretical
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