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ABSTRACT

Molten Carbonate Fuel Cells (MCFCs) have a great potential to help facing the global
warming problem caused mainly by the increase in carbon dioxide. MCFCs have the char-
acteristics that can be used as a fuel cell to produce electricity, can be used as a carbon
capture and sequestration device helping to manage the carbon dioxide emissions, as well as

an electrolyzer to produce hydrogen or synthesis gas using carbon dioxide and water as fuels.

The scope of this thesis is to test experimentally and predict numerically the performance
of a single Molten Carbonate Fuel Cell working in reversible mode, i.e., the cell operates
switching between fuel cell mode (Molten Carbonate Fuel Cell, MCFC) and electrolysis mode
(Molten Carbonate Electrolysis Cell, MCEC), in order to obtain more knowledge for the

conditions that increase the electrical power or hydrogen production, respectively.

Therefore, three experimental campaigns were carried out in order to study the perfor-
mance of a single cell operating: 1) in fuel cell mode, 2) in reversible mode, switching between
fuel cell and electrolysis mode, and 3) in electrolysis mode through a long-term test. The
single cell tested has an electrode-electrolyte interface area of 80 cm?

was an eutectic mixture of (Li/K),CO3 (62/38 mol %).

. The electrolyte used

In the first experimental campaign, the hydrogen content in the fuel electrode, the carbon
dioxide content in the oxygen electrode and the cell temperature were varied to collect data,
which help to compare the cell performance with five different zero-dimensional models. Then,

one model was selected in order to fit with the experimental data in fuel cell mode.

During the second experimental campaign, the composition in the fuel electrode, the
composition in the oxygen electrode, the electrodes flow ratio and the cell temperature were
varied in reversible mode to collect data in both operative modes. The fitted model was then
compared in electrolysis mode with the data acquired on the cell running in reversible mode.
Some equations that determine the concentration overpotentials were included in order to
improve the prediction of the limiting current density in electrolysis mode. The program

code was written in Anaconda Python 3.7.

Finally, in the third experimental campaign, the cell was tested in electrolysis mode
for almost 1000h with the aim of studying the potential to operate the single cell as an

electrolyzer.
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"Strength does not come from winning. Your struggles develop your strengths.
When you go through hardships and decide not to surrender, that is strength.”
—Mahatma Gandhi
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Introduction

1.1. Global warming and future scenarios

Our planet is going through important alterations caused by the big increase in greenhouse
gas (GHG) emissions produced by the increase in population as well as the excessive use of
fossil fuels to maintain our current lifestyle. Carbon dioxide (COj) represents about 95 %
of the energy-related emissions, and around 80% of global anthropogenic GHG emissions
[1]. CO4 concentration has been increasing compared to the rather steady level of the pre-
industrial era (about 280 ppm) up to concentrations of 413.5ppm in 2019 [1,2], as Figure
1.1 shows. One of the most evident effects of this CO5 rise in the atmosphere is the global
temperature anomaly (GTA) in comparison to the pre-industrial era, which nowadays GTA
is 0.93°C [2,3]. Figure 1.2 shows the trend in GTA since pre-industrial era. GTA affects
tremendously the equilibrium in our planet and it is related with diverse projected risks like

forest fires, heat-related health impacts and extreme weather events [4].
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Figure 1.1. Carbon dioxide concentration in the atmosphere [2,5].
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Figure 1.2. Global Temperature Anomaly [2,3].

Four projections of the GTA are shown in Figure 1.3 and described below:

a) without any plan following the actual trend with a final GTA of 4.2°C.

b) with the implementation of the national plans agreed in the Paris 2015 Agreement and
the Sustainable Development Goals with a final GTA of 3.3°C.

c) new strategies to decrease the GHG emissions with a final GTA of 1.8°C.

d) the most favorable scenario with a total decrease of the GHG emissions with a final
GTA of 1.5°C.

Nonetheless, it is still time to face this global ploblem mainly by the decrease of the
global GHG emissions which will help to mitigate global warming by achieving large-scale
reforestation, enhance energy efficiency, use of renewable energies, reduce industrial and agri-
cultural emissions, and compensate the continuous CO; emissions by the development and

implementation of economical CO, capture and storage technologies [6,7].
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Figure 1.3. National Climate Plans and Additional Scenarios |2, 8].
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Most of these features can be integrated in smart or future energy networks that allow
higher levels of interactions between the electrical, thermal and fuel grid. Besides, it is
expected that the energy carrier for fuel grid in the future energy network is going to be
hydrogen, which is produced from water via electrolyzers by consuming electricity. The
electricity is supplied using renewable energy sources, however, it is difficult to integrate these
in the electrical grid due to the intermittence and fluctuation of renewable energy resources,
e.g. solar and wind [9]. Figure 1.4 shows a possible solution where an electrolyzer is used
between the electrical grid and fuel grid to balance the demand and generation of electricity.
The electricity from the renewable sources is sent to electrolyze water into hydrogen and

oxygen [9].
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Figure 1.4. The electrical, thermal and fuel grid for future energy network (taken from [9]).

Alternatively, Carbon Capture and Sequestration/Storage (CCS) technologies represent
an alternative to control the high CO, levels in the atmosphere. CCS technologies capture
the COy from large point sources, such as power plants, and it can be injected into geologic
formations, such as depleted oil and gas fields, saline formations, and unmineable coal seams.
This approach would lock up (sequester) the COs for thousands of years [10,11]. Nonetheless,
COy can be utilized in a methanation process to produce CHy that can be utilized further

for thermal and power applications [12,13] as Figure 1.4 and Figure 1.5 show. In this sense,
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fuel cells and electrolyzers are an important part in the design of future networks.

Electricity

Fuel

. ::-

Electricity

Carbon

Electricity

for auxiliares Capture facility

and material

Electricity for consumption

CO; capture

Figure 1.5. Power-to-Gas system with COq from electricity production with CO9 capture
(adapted from [13]).

1.2. Fuel cell technology

The fuel cell was invented in 1839 by William Grove. Since Grove’s invention, scientist,
engineers, and businessmen have been working together to convert fuel cells into an affordable,
low cost and clean energy device. However, the development of other technologies has delayed
its market introduction, e.g. the internal combustion engine whose development attracts
scientific interest. The first fuel cell used in a practical application was the alkaline fuel cell
(AFC) developed by British scientist Sir Francis Bacon. Bacon’s AFC technology was licensed
by a US company, which developed it as the source of onboard power and drinking water for
its Apollo lunar missions in 1962. A number of companies, in the United States and Europe,
sprang into action and began developing terrestrial applications of AFCs. They produced
a number of prototype AFC products, but were unable to bring them to the commercial
market. They found AFCs to be unsuitable for terrestrial applications. Many companies
abandoned AFC development by the 1970s [14].

In the mid-1970s, phosphoric acid fuel cells (PAFCs) became recognized as better suited
for stationary, terrestrial applications. A number of US companies launched R&D of PAFCs

after the US Government started to assist those companies by funding their R&D and demon-

4



strations. By the mid-1980s, attention focused on molten carbonate fuel cells (MCFCs) and
by the 1990s on solid oxide fuel cells (SOFCs). Besides, in the mid-1990s scientific interest
focused on proton exchange membrane fuel cells (PEMFCs) managing to build an automobile
powered by hydrogen-fueled PEMFCs [14].

PAFCs entered the market in the early 1990s as the " fist generation” of fuel cell technology
to be commercialized, however, a few hundred power plants were installed, but sales of most of
them were completed with government and public subsidies. Subsequently, MCFCs arrived
to the market as ”"second generation” fuel cells in the early 2000. Similar to PAFCs, a
small number of stationary power generation systems have been sold, also with subsidies.
PEMFCs have been put on the commercial market recently covering applications as small
stationary power plants, power source for material handling vehicles and emergency backup
power systems. However, fuel cell researchers and developers are still struggling to develop
reliable, durable, and inexpensive fuel cells that are competitive with conventional power

generation technologies [14].

1.2.1. Fuel cell classification

According to the classification of fuel cells, these can be divided by the type of electrolyte
used in the cell. The electrolyte can be aqueous, solid, or molten; alkaline, neutral, or acid;
or polymer, chemical substance, or ceramic. The choice of the electrolyte determines the
temperature range in which the fuel cell operates, aside from the type of material used in the
fuel cell. Low temperature fuel cells usually have slow chemical reactions and require rare and
precious metal platinum catalyst at the fuel electrode or the oxygen electrode or both to speed
up the reaction. Higher temperatures typically promote faster reactions, and requirements for
catalysis are lessened. The operating temperatures also impact the type of fuel that is used.
In low temperature fuel cells, gaseous fuel must be converted to hydrogen prior to entering
the fuel cell. In high temperature fuel cells, hydrocarbon fuels can be internally converted to
hydrogen or even directly oxidized electrochemically [14]. There are five types of fuel cells

currently under development including;:

Proton exchange membrane fuel cells (PEMFCs)
Alkaline fuel cells (AFCs)

Phosphoric acid fuel cells (PAFCs)

Molten carbonate fuel cells (MCFCs)

Solid oxide fuel cels (SOFCs)

AR

Table 1.1 provides a summary of the characteristics of the different types of fuel cells.
[14-16]




Table 1.1. Comparison of Fuel Cell Technologies [14,15].

Fuel cell Common Operating Typical Efficiency = Applications Advantages Disadvantages
type electrolyte temperature stack size
Polymer Porfluoro sul- <120°C, typi- <1kW to 60% direct a) Backup a) Solid elec- a) Expensive
electrolyte  fonic acid cally 80°C 100 kW Hy ; 40 % re- power; b) trolyte reduces catalyst; b)
membrane formed fuel  Portable power; corrosion and Sensitive to
(PEM) c) Distributed electrolyte fuel impurities;
generation; d) management c¢) Low tem-
Transportation;  problems; b) perature waste
e) Specialty Low  tempera- heat
vehicles ture; c¢) Quick
start-up and
load following
Alkaline Aqueous <100°C 1kW to 60% a) Military; a) Oxygen elec- a) Sensitive to
(AFC) solution of 100kW b) Space; ¢) trode reaction COy in  fuel
potassium Backup power; faster in alka- and air; b)
hydroxide d) Transporta- line electrolyte, Electrolyte
soaked in a tion leads to high management
matrix, or al- performance; (aqueous); c)
kaline polymer b) Low cost Electrolyte
membrane components; c¢) conductivity

Quick start-up

(polymer)




Phosphoric ~ Phosphoric 150°C to H5kW to  40% a) Distributed a) Suitable a) Expensive
acid acid soaked 200°C 400 kW, generation for  Combined catalyst; b)
(PAFC) in a matrix 100kW  mod- Heat and Power Long  start-up
or imbibed ule (lig- (CHP); b) time; «¢) Low
in a polymer uid  PAFC); Increased  tol- current and
membrane <10kW (polymer erance to fuel power; d) Sulfur
membrane) impurities sensitivity
Molten Molten 600 °C to  300kW - 50% a) Electric a) High effi- a) High temper-
Carbonate  lithium, 700°C 3MW, 300 kW utility; b) ciency; b) Fuel ature corrosion
(MCFCQ) sodium, module Distributed flexibility; c¢) and breakdown
and/or potas- generation Can use a vari- of cell compo-
sium carbon- ety of catalysts; mnents; b) Long
ates,  soaked d) Suitable for start-up time; c)
in a porous CHP; e) Hy- Low power den-
matrix brid/gas turbine sity
cycle
Solid oxide Ytria  stabi- 500°C to 1kW to 2MW 60% a) Auxiliary a) High effi- a) High temper-

(SOFC)

lized zirconia

1000 °C

power; b) Elec-
tric utility; c¢)
Distributed

generation

ciency; b) Fuel
flexibility; c)
Solid electrolyte;
d) Suitable for
CHP & CHHP;
e) Hybrid / gas

turbine cycle

ature corrosion
and breakdown
of cell compo-
nents; b) Long
start-up time; c)
Limited number

of shut downs




1.3. Molten Carbonate Fuel Cell overview

The concept of MCFCs dates back to the 1950s when Dutch scientists G. H. J. Broers and
J. A. A. Ketelaar began their fuel cell research at the University of Amsterdam. They reported
that their first MCFC prototype operated continuously for 6 months with an electrolyte
made of an alkali metal carbonate impregnated in a disk of magnesium oxide. Nevertheless,
Broers and Ketelaar’s work was stopped in 1969 because the industry lacked interest and the
technology competed poorly with conventional power and nuclear power. However, impressed
with the Dutch research, the US Army funded MCFC development from the mid-1960s to
the late 1960s, finalizing the support by the lack of positive results. After that, the US
Department of Energy started showing interest in MCFC technology in the mid-1970s and
funded the development and demonstration of MCFC power plants. US funding for MCFC
development continued for nearly 25 years until 2000 [14, 17-20]

Along with the United States, Japan became the most active player in MCFC develop-
ment. In 1981, Japan’s Ministry of Economy, Trade, and Industry (METI) implemented a
24-year, MCFC development program under the Moonlight Project that continued until 2004,
with a total budget of about $470 million. The ultimate goal of the program was to develop
large-scale MCFC power plants that could be fueled by coal gas and replace coal-burning
thermal power plants [14]. European countries revived their interest in MCFC technology in
the mid- to late 1980s. The Netherlands and Italy started their MCFC development efforts in
1986, and Germany in 1988. However, the European efforts were of lesser intensity compared
to those of the United States and Japan. Nonetheless, the European Union (EU) also played
a major role in supporting MCFC development and demonstration efforts. Elsewhere in the
world, the only other major actor was South Korea, which started its MCFC development in
1993. Again, the government was more interested in acquiring global state-of-the-art technol-
ogy via licensing and corporate participating with the global MCFC leader, Fuel Cell Energy
(FCE) of the United States [14].

MCEFCs still have a number of serious technical challenges. In particular, MCFCs suffer
from short service life and high costs. The main challenge for MCFCs stems from the very
corrosive and mobile electrolyte, which requires use of nickel and high-grade stainless steel for
the cell components [21-23]. Besides, the higher temperatures promote material problems,
impacting mechanical stability and stack life. In addition, throughout the lifetime of MCFCs,
a slow but steady loss of electrolyte occurs, which tends to cause gradual performance de-
cay [24]. Dissolution of the oxygen electrode also is the primary life-limiting constraint of
MCFCs. The current state-of-the-art oxgyen electrode, nickel oxide (NiO), slowly dissolves
into the electrolyte, creating metal particles that precipitate across the electrolyte tile, a

porous form of lithium aluminate filled with a molten carbonate electrolyte, eventually lead-




ing to fuel electrode - oxygen electrode shorting. The mechanism by which NiO dissolves
into the electrolyte is not fully understood. Furthermore, a source of COy is required at
the oxygen electrode to form the carbonate ion, which requires additional Balance of Plant
(BoP) components. To be commercially successful, MCFCs need to meet longevity require-
ments of at least 40000 h as well as cost reduction. Since the mid-1970s, the materials for

the electrodes and electrolyte have remained essentially unchanged [14,17].

1.4. Integration of Fuel Cells in Power-to-Gas systems

Renewable energies (e.g. wind) have the characteristic to be intermittent because they
are dependent on weather conditions. This makes integration with current power networks
a challenge in terms of matching fuel/energy source, generation, transmission, distribution
and customer-side requirements. To cover these requirements some Energy Storage Systems
(ESS) have been proposed, which include pumped hydro storage, compressed-air storage,
battery energy storage, superconducting magnetic energy storage, thermal energy storage and
chemical energy storage technologies [25]. A review of the different energy storage technologies
and information on the real life applications, their differences and unique features helping in

determining the best energy storage technology are given by Aneke and Wang [25].

Concerning chemical energy storage technology, fuel cells working in electrolysis mode
play an important role because they can be integrated in a Power-to-Gas (PtG) system to
convert surplus electricity coming from a renewable source into gaseous energy carriers, mainly
hydrogen and methane that can be transformed back into electricity [9,13,26]. Robinus et
al. [27] analyze the potential use of a PtG system using an alkaline electrolyzer in the electrical
distribution grid as an alternative to a network expansion with cables, focusing on determining
the size of the electrolyzer to cover a specific demand, the effect on the voltage grid by the
installation of the electrolyzer and the economic feasibility of the system. The results indicate
that laying a cable represents around 30 % of the investment and the rest, the electrolyzer
cost. In the case that a PtG system is dedicated mainly to the production of hydrogen,
this should meet the requirements of the potential consumers. The pressure level and the
purity of hydrogen are substantial elements to achieve this goal, where auxiliary equipment
is needed to increase the pressure of the gases and clean the hydrogen to desired levels.
Bensmann et al. [28] study numerically two configurations of a PtG system using a Proton
Exchange Membrane (PEM) electrolyzer unit with auxiliary devices including a multistage
compressor, two cooler units and a dryer unit. The hydrogen delivery pressure analyzed
was between 1bar to 100 bar, presenting the energy demand by the process depending on
the electrolyzer pressure for different delivery pressures. The results show that the energy

demand for drying dominates the total energy balance at low delivery pressure, besides, higher




electrolyzer pressures increase the losses due to hydrogen crossover.

PtG is a promising technology, nevertheless, it has many system variations, and their en-
vironmental performance needs to be evaluated and compared with conventional technologies.
Zhang et al. [13] investigate the environmental performance of a PtG system using Life Cycle
Assessment (LCA), covering aspects including supply of electricity, product gases (hydrogen
and methane), the use of COy Capture and Utilization (CCU) obtained by different sources,
the comparison with conventional technologies, and the investigation of further environmen-
tal impacts of PtG in addition to the impact of global warming potential. The analysis varies
the used electrolyzer considering an alkaline electrolyzer and a PEM electrolyzer. The results
of system variations show that PtG can, depending on electricity supply and CO, source,

reduce GHG emission compared to conventional gas production technologies.

Among electrolyzers, the most mature and commercial is the Alkaline electrolyzer [29,30],
followed by the Proton Exchange Membrane (PEM) electrolyzer [29]. The capital costs for
alkaline and PEM electrolyzer systems are presented in [27,31]. Solid Oxide Electrolyzers
(SOECs) are in laboratory stage, however, they have been greatly advanced in the last years
related to experimental and numerical aspects. Menon et al. [32] carried out a parametric
analysis of the principal variables affecting the performance of a SOEC using a quasi-two-
dimensional model. The thermoneutral voltage has been found using an isothermal analysis.
This result is important in order to maximize efficiency, via conscious choice of optimum
design for steam electrolysis systems. Klotz et al. [33] use a zero-dimensional model, previ-
ously developed by Leonide et al. [34] to predict the performance of Solid Oxide Fuel Cells
(SOFC), to simulate the behavior of small and large area cells in SOFC and SOEC mode.
Ferrero et al. [35] studied experimentally and numerically reversible solid oxide cells. Two
commercial nickel/zirconia cermet (Ni/YSZ) supported planar solid oxide cells with the air
electrode made by either lanthanum strontium manganite/zirconia (LSM/YSZ) or lanthanum
strontium cobalt ferrite (LSCF) were characterized. The numerical model was divided into
two parts: the first one characterizes the electrochemical process and mass transport of
gaseous species at the electrodes, the second one takes results from the previous calculations
to determine the heat transfer in the system. Kazempoor and Braun [36] performed a para-
metric analysis to investigate the effect of various operating parameters related to SOEC
electrochemical performance, as well as hydrogen and syngas production. Some of the results
indicate that carbon dioxide plays an important role increasing the electrochemical losses
at higher COy concentrations. Luo et al. [37] carried out an exergy analysis to compare
three methane production systems including 1) water electrolysis + Sabatier reactor, 2) wa-
ter/carbon dioxide co-electrolysis + methanation reactor (MR) , and 3) a single SOEC-MR.
Moreover, a comparison of SOEC, proton exchange membrane electrolysis cell and an alkaline

electrolysis cell is performed. The results obtained show that SOEC presents a higher effi-

10



ciency. Besides, according to the methane production systems the single SOEC-MR presents
the highest efficiency. Mehran et al. [38] tested a fabricated solid oxide cell at various high-
pressure conditions to determine the electrochemical and syngas production characteristics.
The cell was operated between 1bar and 8 bar at 800 °C in both fuel cell and co-electrolysis
mode. The results show that increasing the pressure a higher performance can be obtained;
the ohmic and activation polarizations are slightly lower in electrolysis mode and increasing

the pressure these polarizations are diminished.

Molten Carbonate Fuel Cells (MCFCs) as well as Solid Oxide Fuel Cells (SOFCs), are
high-temperature technologies that can operate in reversible mode to convert surplus electric-
ity into a gas rich in hydrogen, and when required back into electricity. Additionally, working
in fuel cell mode, MCFCs can be used to separate and re-use COy [39-41], this fact results
interesting because they can be coupled to future energy networks and PtG technologies

helping to decrease the GHG emissions, Figure 1.4 and Figure 1.5, respectively,.

However, Molten Carbonate Electrolysis Cells (MCECs), unlike SOECs, have been little
studied, and these studies have been conducted only at small-size level, i.e., limited only to
lab-scale experiments using button cells like Hu et al. [42-46]. In [42], they carried out an
experimental investigation on the performance of molten carbonate cells in both fuel cell and
electrolysis mode reporting polarization curves and electrochemical impedance spectroscopy
using button cells with a geometrical electrode area of 3 cm?. Standard mixtures consisting of
64/16/20% Hy/CO3/H,0 mole fraction and 15/30/55% O2/COy /N2 mole fraction were used
for the fuel electrode and the oxygen electrode, respectively, in order to study different oper-
ating conditions. The results show that the cell exhibited better electrochemical performance
in MCEC mode than in MCFC mode; besides the fuel electrode showed higher polarization
loss in electrolysis cell mode than in fuel cell mode. The electrode kinetics of the Ni and NiO
porous electrode for hydrogen production in a MCEC were studied in [43] and [44], respec-
tively, obtaining a dependency of the exchange current density on hydrogen, carbon dioxide
and water partial pressures for the fuel electrode, besides, the exchange current density on
oxygen and carbon dioxide partial pressure for the oxygen electrode. Another work involved
the evaluation of the performance of the nickel electrode with hydrogen-lean gases in MCEC
mode, i.e. 1% [45], indicating that charge-transfer polarization increased compared to the
reference condition. Finally, performance and durability tests of the MCEC and the reversible
MCFC were performed for 2165h and 1019 h, respectively [46]. The cells presented a small
degradation at the end of the durability test of the MCEC, contrary for the case of reversible
MCEFC that present an improvement at the end of the test.

Thus, it is necessary to increase the knowledge in the reversible operation mode of molten

carbonate cell, focused more on electrolysis mode that has been poorly investigated.
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1.5. Hypothesis

The operation of an MCFC in reversible mode could help to increase the operative life of
this kind of cells by delaying the electrolyte loss and operating an MCFC in reverse mode to

produce hydrogen could be technically feasible as other hydrogen production technologies.

1.6. Aim of the thesis

The aim of this thesis is to test experimentally and predict numerically the performance
of a single Molten Carbonate Fuel Cell working in reversible mode, i.e., the cell operates
switching between fuel cell mode (Molten Carbonate Fuel Cell, MCFC) and electrolysis mode
(Molten Carbonate Electrolysis Cell, MCEC), in order to obtain more knowledge for the

conditions that increase the electrical power or hydrogen production, respectively.

There are some specific objectives which are described below that are being proposed to

reach the aim of this work.

1. To test experimentally a single MCFC cell operating only in fuel cell mode in order to
obtain experimental data which allow the evaluation and comparison of some MCFC
zero-dimensional models as well as to identify the model that fits better with the ex-
perimental data and then evaluate its applicability in electrolysis mode.

2. To test experimentally a single MCFC cell operating in reversible mode in order to study
the effect of different operative parameters on the cell performance when it changes
between fuel cell and electrolysis mode.

3. To validate the zero-dimensional model of the cell operating in reversible mode with
the experimental data acquired from the single MCFC tested.

4. To evaluate numerically and experimentally the effect of water and carbon dioxide
reduction on the performance of the cell operating in reverse mode.

5. To carry out an endurance performance test of a single MCFC operating in reverse
mode in order to determine its feasibility to produce hydrogen as well as its stability

operating as electrolyzer.
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Molten Carbonate Fuel Cell Features

2.1. Main components

MCEFC is the only one, among all the hydrogen-oxygen fuel cells, which employs a molten
salt electrolyte, compound of lithium, sodium and/or potassium, that decreases the contact
resistance and improves the gas sealing [47], also is the one with the thickest electrolyte,
this fact helps to decrease the NiO dissolution phenomena [47-49], besides, improving the
structural resistance. Figure 2.1 shows the thickness of electrode and electrolytes for various

fuel cells. To melt the electrolyte the cell requires to operate over 500 °C, commonly between

600°C and 700°C [47,48].

TSOFC PAFC
N I 3-0-4 mom
I
0.5- 1.5 mm
0.2-1.5 mm KRN

PEMFC ITSOFC (self supported) ITSOFC (anode supported)

200 um 50 um m 50 um
30 150200 um o um
200 um 50 um [-1.5 mm

Figure 2.1. Thickness of electrodes and electrolytes for various fuel cells [47].

A Molten Carbonate Fuel Cell operated in reverse mode to produce fuel gas, e.g., hydro-
gen or syngas, is named Molten Carbonate Electrolysis Cell (MCEC). The only difference
between MCEC and MCFC is the direction of current, since the principle of operation for the
electrolyzer is the inverse of fuel cell [50]. An electrolyzer is a device that produces hydrogen

by water splitting that requires the addition of electricity and depending of the operation the
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addition of heat, and represents a crucial link towards achieving a hydrogen economy. Its
principal components are fuel electrode, oxygen electrode, electrolyte and current collectors.
Regarding MCEC, its components are made of the same materials as those used to manu-
facture an MCFC, where the fuel electrode is fabricated of porous nickel and alloyed with
Cr and/or Al, whereas the oxygen electrode is fabricated of porous lithiated nickel oxide.
The electrolyte in the MCFC consists of an eutectic mixture of the combination of lithium,
potassium and/or sodium carbonate, which remains liquid at the operating temperature. A
porous matrix, commonly fabricated of v — LiAlOs, is used to retain the electrolyte, besides,
conducting the carbonate ions between the electrodes as well as separating the fuel and oxi-
dant gases [47,49]. Below, there are presented some requirements that fuel electrode, oxygen

electrode and current collector should have to support the operating conditions in an MCFC.

1. Fuel electrode. The fuel electrode is required to have high corrosion resistance for
melted carbonate under the fuel gas atmosphere. It also should be stable under steam
and CO, generated at the fuel electrode. Besides, the fuel electrode should be resistant
to the interstitial action of hydrogen. Moreover, chrome and aluminum, etc., are usually
added for the improvement of creep resistivity at high temperatures [51,52].

2. Oxygen electrode. The oxygen electrode is operated under severe conditions of an
oxidative atmosphere, and thus the metallic oxide is used. Typically, the porous media
made of oxidized nickel particles is used. Nickel oxide does not have sufficient electric
conductivity; however, the electric conductivity is given by lithium in molten carbonate
being doped in the oxygen electrode [51,52].

3. Current collector. The current collector is placed within the gas flow channel for

improvement of the electric contact. Perforated metal plates are generally used [51].

2.2. Reactions involved in Molten Carbonate Fuel Cells

The electrochemical reactions occurring in MCFCs electrodes are the oxidation and re-

duction reactions, as is shown in Figure 2.2.

The reduction reaction occurs at the oxygen electrode. In this case, the carbon dioxide
and oxygen are reduced forming the carbonate ions. The formed ions travel through the

electrolyte to the fuel electrode. The reaction is defined as:

1
COQ + 5 02 +2e — CO?{ (2.1)

On the other hand, the oxidation reaction occurs in the fuel electrode. If the fuel is

hydrogen, it reacts with the carbonate ions coming from the oxygen electrode to form steam
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and carbon dioxide as products. The oxidation reaction is defined as:

Hy + CO;™ —— HyO + COy + 2¢ (2.2)

However, carbon monoxide can oxidize if it is present in the fuel electrode as shown in
the following reaction in Eq. (2.3) [53]:

CO+CO3™ — 2C0, +2e~ (2.3)

Nevertheless, in literature it is claimed that the most likely way for carbon monoxide to
be utilized is through the shift reaction [54].

C.V. / Q
Water Gas Shift CO + Hy0 «—— Hy +COy
Hy H,0
_ .
] COy
Fuel electrode, Ni Hy + CO3>™ —— HyO + COy + 26~
Matrix, Electrolyte COs% 1
Oxygen electrode, NiO %Og +COy +2e~ — CO52~ :
027 N2 Air
COq i : COq

Figure 2.2. Reactions occurring inside an MCFC.

The electrons are discharged from the fuel electrode and taken into the oxygen electrode
through an external circuit in a series of reaction. Moreover, power and heat generation by
the fuel cell are achieved by the reactions involved and electrons flowing. Thus, the global
reaction is

Hy + % Oz 4+ COg2 e — HoO + COy e (2.4)

showing that carbon dioxide is being produced in the fuel electrode.

If steam reforming takes place in the fuel electrode, two more reactions need to be con-
sidered:

a) steam reforming occurs when methane reacts with water to form hydrogen and carbon
monoxide.

CH, + H,0 ——~ CO + 3H, (2.5)
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b) water gas shift reaction occurs when carbon monoxide reacts with water to form hy-

drogen and carbon dioxide.

CO + HyO —— CO, + H, (2.6)

2.3. Reactions involved in Molten Carbonate Electrolysis Cell

Figure 2.3 presents the primary components and reactions occurring inside an MCEC.

C.V. / Q
Reverse Water Gas Shift H; + COy —— CO + H,O
H,O
-_—
COy
Fuel electrode, Ni HyO + COy +2¢~ —— Hy + CO3%~
Matrix, Electrolyte COs% |
Oxygen electrode, NiO CO3*> —= 10, +COy +2¢
027 N2 Air
< G
COq i : COy

Figure 2.3. Reactions occurring inside an MCEC.

Water, carbon dioxide, heat and electricity are required to perform the reduction reaction
in the fuel electrode, producing Hy and carbonate ions (CO3 ). The reduction reaction is

expressed as:
Hy0 + COy +2e7 —— Hy + CO;~ (2.7)

The carbonate ions are conducted through the electrolyte to be oxidized at the oxygen
electrode, producing carbon dioxide and oxygen. No flow is strictly required at the oxygen
electrode inlet; nevertheless, some flow, air mixed with a little amount of carbon dioxide, is
supplied to sweep out the formed gases, besides, avoiding degradation of the electrode. The

oxidation reaction is stated as:

1
CO? B COQ + 5 02 +2e” (28)

Contrary to a fuel cell, electricity and heat are required to split the water and/or CO, in
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the fuel electrode. Thus, the global reaction is

1
H,O + C027fe — Hy + 5 Oy + COQ’Oe (29)

The molar flow-rate of hydrogen produced by Eq. (2.7) is determined by the reaction rate
of the cell. It depends on the current demanded and the number of electrons involved in the

reaction, n., as Eq. (2.10) shows.

I
i, = 2.10
1 n.F ( )

2.4. Voltage in the Molten Carbonate Cells operating in re-
versible mode

The electrical power in the system is a function of voltage and current. The voltage
depends on the composition of the gases, the current density, the operating temperature and
pressure. Thus, operating the system under a certain electric current, the voltage would
change depending on the electrical overpotentials present in the system that include ohmic,
activation and concentration losses, all of them described in detail in section 2.5. Hence, the
system voltage is predicted, adding (in electrolysis mode) or subtracting (in fuel cell mode)

the electrical overpotentials from the ideal voltage, also named Nernst voltage, Eq. (2.11).

Vm = VNernst :l:j (Rohm + Ract,oe + Ract,fe + Rconc,f@ + Rconc,oe) (211)

The Nernst voltage is a function of temperature, pressure, and molar fractions of gases,
evaluated at equilibrium. Since no specific mode of operation is occurring at open circuit,
the Nernst voltage is determined indistinctly for fuel cell or electrolyzer mode as Eq. (2.12)
states [55, 56].

RT . e (Pres\"?
Viernst = B® = —In | 120l J00n.! (p f) (2.12)
Ne YH,, teYO3, 0e YCc0s,0e P

Where the standard voltage, E°, can be determined as a function of the standard Gibbs
free energy variation of the global electrochemical reaction at the cell operating temperature
[55].

_ A7
- nJF

E° (2.13)
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If the Nernst potential is evaluated using the feeding gas molar fractions, the actual Nernst
voltage in Eq. (2.11) has to be penalized also taking into account the losses due to the gas
conversion which occurs inside the cell and changes the gas composition. Figure 2.4 shows

the voltage losses of a cell operating in reversible mode.

Voltage

Cell Voltage, Ve

Activatiop
Overpotentials Open Circuit Voltage, Voo

} Gas conversion
} Ohmic losses

Concentration Nernst Voltage, Vi

Overpotentials

Activation
Overpotentials Polarization
losses

Nernst Voltage, Vv

Cell Voltage, V.o Concentration
' Overpotentials

—j Current density +J

Figure 2.4. Voltage losses of a cell working in reversible mode.

2.5. Zero-dimensional models to determine voltage losses in
MCFC

There are some zero-dimensional models which have been proposed to determine the

voltage losses shown in Eq. (2.11), which are presented and explained in detail in this section.

2.5.1. Model 1

This model was proposed and developed by the Central Research Institute of Electric
Power Industry (CRIEPT) research group in Japan using single cells [57]. This electrochemi-
cal model considers that simultaneous diffusion of superoxide (O~ ) and COs is the dominant
feature of mass transport associated with oxygen reduction. The model was continuously
improved by the research group; thus, four sub-models are presented. In general, the overpo-
tentials prediction for this model in the fuel electrode is only a function of temperature and
partial pressure of hydrogen. Besides, the overpotentials in the oxygen electrode depend on

temperature, and oxygen, carbon dioxide and steam content.
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2.5.1.1. Model 1A

This first model was developed using single cells under oxygen electrode gas conditions.
The electrolyte used during the test consists of a mixture of (Li/K),CO3 or (Li/Na),CO3 [58].
The overpotentials are divided in ohmic, fuel electrode activation, and oxygen electrode acti-
vation. This model has been applied in analyses of single cells calculating the overpotentials
depending on the electrolyte used [59] and also in stacks to evaluate the performance using
three-dimensional analysis to get the voltage, temperature, and current profiles [60]. The
equations to determine the ohmic and activation losses are expressed in terms of specific

electrical resistances stated as [59]:

Ohmic resistance

Ah,
Ropm = Ajr exp ( R@lj) (2.14)

Fuel electrode activation resistance

Ah,
Ract,fe = Aan;[gﬁ €xXp < RT> (215)

Oxygen electrode activation resistance

_ Ahg, Ahe,\ _
Ractoe = AclTpOg'75p%g2 exp ( RT ) + A., T exp ( RT ) ?/0(1)2 (2.16)

The values of the coefficients for the previous equations are given in Table 2.1 for a
(Li/K)2CO3 (62/38 mol %) electrolyte.

Table 2.1. Coefficients for Model 1A equations using (Li/K)2COs3 (62/38 mol %) electrolyte [59].

Parameters Value Units Equation
Ay 1.28 x 1076 Qm? (2.14)
Ah;, 25200 kJ/kmol (2.14)
Aqg 1.39 x 10718 Qm? atm®> K1 (2.15)
Ah, 77800 kJ /kmol (2.15)
A, 1.97 x 10713 Qm?atm®?K-!  (2.16)
Ahe, 83400 kJ /kmol (2.16)
A, 22x 10719 Qm2K™! (2.16)
Ahe, 22 800 kJ/kmol (2.16)

2.5.1.2. Model 1B

This model is an improvement of model 1A, adding now the effect of steam on the oxygen

electrode. The water dissolved in the electrolyte generates hydroxide ions which can affect the
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oxygen electrode overpotentials similar to carbon dioxide [57]. The ohmic resistance remain

without any modification. Thus, the activation resistances are defined as [57]:

Fuel electrode activation resistance

_ Ah,
Ract,f@ - AapHg.S exXp ( RT ) (217)

Oxygen electrode activation resistance

_ Ahg, Ah,, _
Ract,oe - quogjsp%gz €xXp ( RT ) + ACQ exXp ( RT ) (AcngQO + yCOg) ! (218)
2.5.1.3. Model 1C

This model has been developed using single cells by applying a (Li/Na),COj3 (60/40 mol %)

mixture of electrolyte [61]. The activation resistance for the fuel electrode and the oxygen

electrode are defined as:

Fuel electrode activation resistance

Ah,
Ract,fe = Aanﬁgﬁ €exXp ( RT> (219)

Oxygen electrode activation resistance

_ Ah,
Ract,oe == Acl Tpog'75p%%2 exp ( RTl)

Ah Ah - (2:20)
+ A, T exp < RJC“Q) {A%szo exp (R—;) + ycoz]

2.5.1.4. Model 1D

This model is a kind of combination between model 1B and model 1C. This model has
been applied to evaluate stacks containing a (Li/Na),CO3 (60/40mol %) electrolyte [62].
The activation resistance equation in the fuel electrode is the same as Eq. (2.17). Besides,
the oxygen electrode activation resistance equation combines Eq. (2.18) and Eq. (2.20) in

order to consider the effect of steam and temperature, respectively. The resulting equation
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is presented as [62]:

RT

Ah,, Ah, -
+ A, exp ( RT ) |:A03yH20 exp (R—TB) + y002:|

Ah,
Ract,oe == quog 7519%%2 exp ( - )
(2.21)

2.5.2. Model 2

This model was proposed and developed by Yuh and Selman [63] using button cells and
a (Li/K)2COj3 (62/38mol %) electrolyte. The voltage losses are determined evaluating the
ohmic and activation energy overpotentials. In most of the cases, the ohmic resistance is
calculated using Eq. (2.22) [64], but, this value depends on the set-up. This model considers
the fuel electrode activation losses as a function of temperature and partial pressures of
hydrogen, carbon dioxide and steam, Eq. (2.23) [63], unlike the previous model that only
considered the hydrogen effect. Therefore, this model does not consider steam content in the
oxygen electrode activation losses, Eq. (2.24) [63]. At high current densities the concentration
losses can become significant, so this term is included as a function of the limiting current

density in the fuel cell. Concentration losses are expressed in Eq. (2.25) [65,66].

Ohmic resistance

1 1

ohm = 0.5 x 1074 16 (= — — 2.22
R, 0.5 x 10 exp{SO 6<T 923>] ( )

Fuel electrode activation resistanceosses

6,435
Raet pe = 2.27 x 10 p>pc g pipto exp (T) (2.23)
Oxygen electrode activation resistance
_ _ 9,289

Ractoe = 7.505 x 107 p 0 p Y exp (T) (2.24)

Concentration losses

RT /T —273.15
Vrconc - neF ( > ka In (1 - _> (225)

ref
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2.5.3. Model 3

This model has been developed by the University of Genoa in collaboration with Ansaldo
using single cells and a (Li/K)2COj electrolyte. In this model, the electrical resistance equa-
tions neglect the fuel electrode resistance. Only the ohmic resistance is considered, one
resistance associated with the content of electrolyte in the matrix, and the oxygen electrode
resistance. These resistances are expressed in Eq.(2.26) to Eq. (2.28) [67], respectively, and
the constants are presented in Table 2.2. Initially the model does not consider the effect of
concentration losses and the model was improved to consider it in terms of the limiting cur-
rent density associated with hydrogen in the fuel electrode and carbon dioxide in the oxygen
electrode, which is expressed in Eq. (2.29) [68,69].

Table 2.2. Coefficients for Model 3 equations [67].

Coefficient Value Units
A 1.38 x 1077  Qm?Pal67
B 11400 K
D 4.8 x 1078 Qm?
F 6596 K
I} 0.67 -
Cir 0.348 x 1074 Qm?
Rcontact = Cir (226)
F
Relectrolyte =D exXp ? (227)

Aexp (?)

Reiectrode = T a (228)
[I»"
A‘/conc = |:ln (1 - ] ) "‘ . j + ln (1 - j ) + B j :| (229)
e JLH, JL,H JL,CO2 JL,COs

2.5.4. Model 4

This model is proposed by Milewski et al. [70] considering only the electric phenomena
involved in the fuel cell, i.e., the flow of ions and electrons, reducing the cell voltage calculation
to fewer factors. The aim is to combine all cell working conditions in a number of factors as
low as possible and having the factors relatively easy to determine. These factors include: the

maximum voltage under isothermal conditions, V;,4.; the maximum current density, J,q.z; the
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fuel utilization factor, n¢; the area specific internal ionic resistance defined by the permeability
of the electrolyte for carbonate ions, r; and the area specific internal electronic resistance,
defined by the electric conductance of the molten electrolyte, ro. The equation for the cell

voltage is stated as [70]:
Vmaz - nfjmazrl

Da—ny+1
)

V= (2.30)

2.5.5. Model 5

This is a model that has been developed using single cells and a (Li/K),CO3 (62/38 mol %)
electrolyte. The model is based mainly on the polarization effect of the diffusion phenomena.
The diffusion in the oxygen electrode considers two mechanisms, the Superoxide Path (SOP)
and Peroxide Path (POP), however, the results indicate that POP shows a better agreement
with experimental data [71]. Thus, POP was chosen for the kinetic formulation. Besides,
the activation phenomenon is not considered because it is almost negligible for this kind
of fuel cell [71]. Nevertheless, the model was improved and validated in a wide range of
operation including steam in the oxygen electrode and carbon capture conditions [72-74].
The ohmic resistance is determined with experimental values following the Arrhenius type
equation, Eq. (2.31). The polarization losses are divided for each electrode, in the case of the
oxygen electrode the polarization resistance is expressed in terms of temperature, operational
pressure, and the content of carbon dioxide, oxygen and water, Eq. (2.32) and Eq. (2.33).
Thus, the fuel electrode resistance depends on temperature, operational pressure and the
content of hydrogen, Eq. (2.34). The values of the parameters are given in Table 2.3.

Ohmic resistance

Py

Ropm = Py exp (T) (2.31)

Oxygen electrode polarization resistance

P,
P3T exp <T4>

1.5 !
pln {1 — (1+—19> (Yco, + ﬁszo)}

P
ROQ,COQ = P5T exXp (%) p_0.25y620‘75y%g2 (233)

Rco, 1.0 = (2.32)
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Fuel electrode polarization resistance

P
P T exp (%)
Ry = 2.34
" pIn (14 ym,) (234)

Table 2.3. Coefficients for Model 5 equations [73].

Coefficients Value Units
P, 1.6461 x 1072  Qcm?
P, 3054 K
Py 32x107% Qem?K latm
Py 2743 K
P 45x107? Qem?K!atm®?
P 10036 K
Py 34x1077 Qecm?Klatm
P 9362 K
V 0.16 -

The voltage prediction of every model as a function of the current density is compared
with data obtained from an experimental campaign only for the reference dry condition.
Then, the model with the closer approach with the experimental curves is selected with
the aim of subsequently being tested in electrolysis mode. The experimental campaigns are
presented in chapter 3. Details of the numerical model are described in chapter 4. Finally,

the experimental and numerical results are presented in chapter 5.
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Experimental Set-up and Analysis Techniques

The experimental campaign was carried out to measure the performance of a single molten
carbonate cell operating in reversible mode, i.e., switching between fuel cell mode and elec-

trolysis mode.

3.1. Materials and cell assembly

The single cell tested has an electrode-electrolyte interface area of 80cm?. The elec-
trodes of the cell consist of Ni alloy and lithiated NiO, corresponding to fuel electrode and
oxygen electrode, respectively. The electrolyte used was an eutectic mixture of (Li/K)CO3
(62/38mol %). A porous LiAlOs matrix is used to contain the electrolyte and give support
to the cell. The current collectors used on each electrode are made of stainless steel SS-
316L. Figure 3.1 shows the components of the single cell. Some specifications of standard
components used in the tested MCFC are described in Table 3.1.

The cell is assembled from bottom to top following the next order (see Figure 3.2):

Fuel electrode cell frame.

Fuel electrode current collector.
Fuel electrode.

Matrix.

Oxygen electrode.

Oxygen electrode current collector.

S e

Oxygen electrode cell frame.
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Oxygen electrode
current collector

Oxygen electrode

Matrix

Fuel electrode
current collector

Figure 3.1. Molten carbonate single cell components.

Table 3.1. Characteristics of cell components used in the set-up [50, 75, 76].

Fuel electrode

Material Ni+5% wt Al or Ni+5% wt Cr
Thickness, mm 0.6 - 0.7
Porosity, % 52 - 65

Ozygen electrode

Material Lithiated NiO

Thickness, mm 0.6 - 0.7

Porosity, % 60 - 77
Electrolyte

Material, mol % LiQCO3/KQCO3, 62/38

Matriz

Material v-LiAlOq

Current collector

Material SUS-316L
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Oxygen electrode
cell frame

Oxygen electrode
current collector

Matrix Oxygen electrode

Fuel electrode

Fuel electrode
current collector

Fuel electrode
cell frame

Figure 3.2. Molten carbonate single cell assembly.

The electrolyte is added and spread over the oxygen electrode current collector. During
the cell heating, when the melting point of the electrolyte is reached, it converts into liquid
and goes down by gravity, filling in this way the oxygen electrode, matrix and fuel electrode
as shown in Figure 3.3. The filling degree depends of the capillarity forces acting in every

component [47].

, % I I W N Porous oxygen electrode
«— Matrix
Three phase region
Electrolyte
/\[ a A /" W& —— Porous fuel electrode

Figure 3.3. Distribution of molten carbonate electrolyte in porous electrodes of MCFC as a
result of balance in capillary pressure (adpated from [47]).

3.2. Single cell test station

The single cell was tested in the test bench shown in Figure 3.4. The test bench is equipped
with Bronkhorst® gas flow meters for all the gases except water which was supplied to the
mixture using a Controlled Evaporation and Mixing system (CEM). Five K thermocouples

are used to monitor the thermal behavior of the system, two thermocouples are placed in
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the lines supplying the gases (fuel and oxygen line), another one at the exit of the fuel
electrode. The aim of these is to control the temperature of the gases by line-heaters to
ensure that water present in the lines remains in gaseous state avoiding stagnation points,
that lead to erroneous data. The last two thermocouples are in the furnace and the fuel
electrode housing. A sealing pressure of ~0.2 MPa [77] is maintained by a mechanical load
that compresses axially the cell, to ensure a good contact among the cell components and a
good gas seal on the wet seal area. All these components and parameters are controlled and

monitored by a LabView custom-made software.

Figure 3.4. Molten carbonate single cell test bench.

Besides, auxiliary equipment to test and monitor the electrochemical performance was
used, including an Agilent® N5743A DC power supply and an Agilent® N3300A DC elec-
tronic load to supply and extract a specific current, respectively, letting the cell to operate
reversibly and obtaining polarization curves. Besides, a Solartron Interface SI-1287 was used
to carry out Electrochemical Impedance Spectroscopy (EIS). EIS and polarization curves were
used to characterize the performance of the cell. EIS measurements were performed at OCV,
cell mode and electrolyzer mode. Concerning OCV, a potentiostatic perturbation of 10 mV
was chosen. In order to ensure cell and electrolyzer mode, an electrical current of 1 A was
extracted from (4) or supplied to (-) the system, respectively, with a galvanostatic pertur-
bation of 0.8 A. Regarding polarization curves, these were obtained extracting or supplying
current to simulate fuel cell and electrolysis mode, respectively. The current was varied with

increments of 10 mA /cm?, until getting close to the limiting current.
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3.3. Experimental Campaign

After the start-up procedure, the single cell was operated galvanostatically for a short
time, until steady state in terms of voltage and internal resistance was reached. Once the

performance of the cell was steady the experimental campaign started.

The experimental work is divided into two steps: firstly, the cell is operated only in cell
mode to study the effect of different operating parameters on the cell performance in order
to compare the available electrochemical models already used in other works, to determine
the model that best fits with the experimental results; then, this model is calibrated to fit
with data obtained during the experimental campaign. Table 3.2 shows the tested conditions.

Run 1 indicates the reference condition for this campaign.

Table 3.2. Conditions tested for fuel cell model validation.

Composition, Vol %

Fuel electrode Oxygen electrode

Type Run COQ/HQO/HQ/NQ COQ/OQ/NQ T, °C

Ref 1 18/11/71/0 6/12/82 650

. 2 20/0/70/10 6/12/82 650

2l g 20/0/60/20 6/12/82 650
effect

20/0/50/30 6/12/82 650

. 5 18/11/71/0 20/12/68 650

2e g 18/11/71/0 10/12/78 650
effect

7 18/11/71/0 4/12/84 650

Tout 8 18/11/71/0 6/12/82 680

effect 9 18/11/71/0 6,/12/82 620

Secondly, an experimental step was performed to test the cell working in reversible mode,
although the aim is to understand the performance of the cell working in reverse mode, i.e.,
electrolysis mode. To get a better comprehension of the phenomena occurring in the cell,
gas compositions and flow rates fed to fuel and oxygen electrodes were varied along with cell
temperature. Particular importance was dedicated to the ratio between flow rates of oxygen
and fuel electrodes respectively (Electrodes Flow Ratio, EFR). This was tested to get the
minimum flow rate required in the oxygen electrode since no flow seems to be required when
the cell works in electrolysis mode, as Eq. (2.1) indicates. The conditions tested in this
second experimental part are listed in Table 3.3. Run 2 was chosen as the reference condition

in reversible mode: the components entering on each electrode which are participating in the
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reactions have the same proportion, allowing to compare the variations of inlet compositions

and monitor the cell degradation.

Table 3.3. Experimental conditions tested for reversible mode in the second experimental cam-
paign.

Composition, Vol %

Fuel electrode Oxygen electrode

Run COQ/HQO/HQ/NQ COQ/OQ/NQ p02/pc()2 EFR T, °C

1 25/25/25/25 25/25/50 1 1 650
5 2 25/25/25/25 25/25/50 1 2 650
H 3 25/25/25/25 25/25/50 1 3 650
4 25/25/25/25 25/25/50 1 4 650
5 30/25/25/20 25/25/50 1 2 650
. 6 40/25/25/10 25/25/50 1 2 650
3 g 7 50/25/25/0 25/25/50 1 2 650
E *§ 8 25/30/25/20 25/25/50 1 2 650
< g 9 25/40/25/10 25/25/50 1 2 650
£ ° 10 25/50/25/0 25/25/50 1 2 650
11 25/25/15/35 25/25/50 1 2 650
12 25/25/5/45 25/25/50 1 2 650
13 25/25/25/25 20/25/55 1.25 2 650
%; _ 14 25/25/25/25 15/25/60 1.67 2 650
£8 15 25/25/25/25 10/25/65 2.5 2 650
< Z 16 25/25/25/25 5/25/70 5 2 650
g g 17 25/25/25/25 25/20/55 0.8 2 650
 © 18 25/25/25/25 25/15/60 0.6 2 650
© 19 25/25/25/25  25/10/65 0.4 2 650
20 25/25/25/25 25/5/70 0.2 2 650
21 25/25/25/25 25/25/50 1 2 630
@ 22 25/25/25/25 25/25/50 1 2 610
= 23 25/25/25/25 25/25/50 1 2 590
24 25/25/25/25 25/25/50 1 2 570

3.4. Long-term operation

Finally, the third experimental campaign was carried out to study the degradation rate of

a Molten Carbonate Electrolysis Single Cell with a gas composition trying to simulate a real
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operating condition with a low amount of hydrogen and carbon dioxide in the fuel electrode
and oxygen electrode, respectively. In the fuel electrode a high content of water and carbon
dioxide was supplied to promote the reaction (2.7). Besides, in the oxygen electrode air was
supplied with a low content of carbon dioxide, i.e., 5% to avoid an increase in overpotentials
in electrolysis mode and avoid problems associated to corrosion [78]. Table 3.4 shows the

conditions set in the long-term test of the single MCEC.

Table 3.4. Conditions tested for the long-term test during the third experimental campaign.

Fuel electrode Oxygen electrode
Composition, Vol % Flow Composition, Vol % Flow T
COQ/HQO/HQ/NQ NmL/mln COQ/OQ/NQ NmL/mln °C
47.5/47.5/5/0 330 5/20/75 1320 650

The results of the three experimental campaigns, aside from a numerical and experimental
comparison, are presented in chapter 5.
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Zero-Dimensional Thermodynamic Analysis

In this chapter the thermodynamic concepts to analyze the chemical reactions occurring
in the fuel electrode and the oxygen electrode are presented. Besides, the equations needed to
determine the concentration overpotentials are shown. Finally, a section is included to present
the expressions to determine the heat losses, the thermal efficiency and the thermo-neutral

voltage.

4.1. Chemical reactions in equilibrium

4.1.1. Molten Carbonate Fuel Cell reactions

In a Molten Carbonate Fuel Cell, hydrogen is the main reactant that oxidizes to produce
electricity according to reaction in Eq. (2.2). MCFCs can operate using hydrocarbon fuels,
reforming them by reaction in Eq. (2.5), to produce hydrogen and carbon monoxide. Besides,
the carbon monoxide reacts chemically by Water Gas Shift, reaction in Eq. (2.6), producing

hydrogen and carbon dioxide.

It is considered that steam reforming (SR) and water gas shift (WGS) reactions are
occurring inside the fuel electrode in the presence of Ni catalyst. Besides, the cell is considered
to operate in steady state condition and the gas mixtures are treated as ideal gases. Thus,
the equilibrium constants of the reactions are function only of temperature, and the partial

pressure of the gases at the outlet as [65,79]:

3

Keq,SR = P, Pco (41)
PcH4PH,0
Pco,PH

Keq,WGS =22 (42)
PcoPH,0
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The equilibrium constants as a function of temperature, K.,; (T), can be determined

knowing the standard Gibbs free energy change for the reaction involved, stated as [55]:

~ AGER or was (4.3)

In Keq,SR or WGS (T> = RT

In this way, taking into consideration all the reactions involved in the fuel electrode during
DIR, three simultaneous reactions should be solved to determine the amount of hydrogen,
methane and carbon monoxide which are reacting in each reaction. These are indicated with

a superscript 7 in the next reactions [79,80]:

T

P . - ,
Hy, +CO57 — HoO + COy+2e”  Electrochemical (4.4a)
PN
CH, +H,O — CO + 3 H, SR (4.4b)
PNy

The molar flow rate of hydrogen, methane and carbon monoxide reacting in each reaction
are defined as ny,, ney, and ngg, respectively. The chemical equilibrium is considered to
occur at the exit of the fuel electrode. Hence, a mole balance at the exit of the fuel electrode
is performed to determine the amount of these species. The total molar flow rate balance is
stated as [80]:

new, = hian4 — N, (4.5a)
n&o = Ndo + Mom, — Nco (4.5b)
N80, = M60, + M, + 100 (4.5¢)
M0 = Mo + i, — NoH, — Meo (4.5d)
M1, = N, — N1, + 300w, + 0o (4.5e)
h?e: n}’; + ny, + 2ncy, (4.5f)

The molar flow-rate of hydrogen consumed by the cell, Eq. (2.2), is determined by the
reaction rate of the cell. It depends of the current demanded, I, and the number of electrons

involved in the reaction, n. [65].
I

n.F

(4.6)

. o
nH2 =
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Meanwhile, the molar flow rates of methane and carbon monoxide reacting in the SR
and WGS reaction, respectively, are determined calculating the partial pressures of every
component as p; = p(ns/ h?e), and replaced in the equilibrium constant previously defined in
Eq. (4.1) and Eq. (4.2) [79,80].

. . 3
hzcno + New, — Neo Ny, — Ny, + 3ncn, + 1co ( p )2
Ne + Ny, + 2100y, W A Ny, + 200, Dref

Keq SR in r 'r - 'r (47)
ncH, — "oy 0 + M, — Mew, — Moo
e + N, + 200w, e + N, + 200w,
hiéloz + g, + Nco i, — M, + 3¢, + Moo
nfe + nH2 + 2”01{4 nfe + nH2 + 2”01{4 (48)

Keqwas = . - ) . . .
nco + Nnep, — Nco o + M, — Nom, — 1o
e + N, + 2Ncy, e + My, + 200,

Knowing the amount of hydrogen reacting, nj,, the molar flow rate of methane and
carbon monoxide are determined solving simultaneously Eq. (4.7) and Eq. (4.8), where the

classical Newton-Raphson method can be used.

4.1.2. Molten Carbonate Electrolysis Cell reactions

Contrary to the MCFC, the electrochemical reactions involved in an MCEC are the re-
duction of water and carbon dioxide in the fuel electrode, and the oxidation of the carbonate
ion in the oxygen electrode, as shown in Figure 2.3. The main electrochemical reaction occur-
ring in the fuel electrode for hydrogen production is the simultaneous reduction of water and
carbon dioxide stated in Eq. (2.7) [43]. Besides, there is the possibility that carbon dioxide

reacts electrochemically to produce carbon monoxide through the following reaction [43]:

2C0; +2e~ — CO 4 CO3~ (4.9)

However, in this study, only Eq. (2.7) is assumed to be occurring in the fuel electrode
because the carbon dioxide electrolysis generating carbon monoxide is considered slower than
hydrogen production in Eq. (2.7). Thus, the carbon monoxide present in the cell is generated

through the reversed water-gas shift reaction [43].

4.1.2.1. Reversed water-gas shift reaction
At high temperatures, above 500°C, and in presence of a Ni catalyst, there is consid-
ered that the reversed water-gas shift (RWGS) reaction, Eq.(4.10), will very rapidly reach
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equilibrium [43].
Hy; + COy — H,0 + CO (4.10)

The equilibrium constant for RWGS is expressed as:

PcoPH,0

(4.11)
Pco.PH,

Keq,RWGS =

The equilibrium constant value, K., pwas, can be determined by Eq. (4.3). Taking
into consideration the reactions involved in the fuel electrode during electrolysis mode, two
simultaneous reactions should be solved to determine the amount of water and carbon dioxide
which is reacting in each reaction. These are indicated with a superscript r in the next

reactions:

T

A=

H,O+COq9 +2¢ — Hy + CO?{ Electrochemical (4.12a)
A
CO,+Hy — H,O + CO RWGS (4.12b)

The molar flow rate of water and carbon dioxide reacting in each reaction is defined as
N0 and ngg,, respectively. Alike MCFC, the chemical equilibrium is considered to occur
at the exit of the fuel electrode. Hence, a mole balance at the exit of the fuel electrode is
performed to determine the amount of these species. Contrary to MCFC, in electrolysis mode,
the methane is not supplied and it can be only formed at high pressures [12]. Nevertheless, it
is not considered to be involved in the reactions of the fuel electrode since the cell is operated

at atmospheric pressure.

ngo = do + Neo, (4.13a)
G0, = 10, — M0 ~ MCo, (4.13b)
M1,0 = Mo — M0 + 1o, (4.13c)
N1, = i, + M0 — MCo, (4.13d)
o= e = Nig,0 (4.13e)

The molar flow rate of water consumed by Eq. (2.7) to be electro-oxidized depends on the
current demanded, I, and the number of electrons involved in the reaction, n.. The molar
flow rate of carbon dioxide that is being electro-oxidazed is equal to the amount of water

that is involved in the same reaction. These molar flow rates consumed are determined by

35



the Faraday equation:
o I
TH,0 = g (4.14)

Meanwhile, the molar flow rate of carbon dioxide reacting in the RWGS reaction is de-
termined solving Eq. (4.11). Thus, ng,, is obtained substituting the partial pressures in Eq.
(4.11) and solving Eq. (4.15)

Koy mwes = e (7o + 1Go,) (Mo — Mo + 10o,) (4.15)

in T g - in ST T
N0, — M0 — 100,) (M, T M0 — 100,)

4.2. Mass balance

Electrochemical devices are subject to reacting mixtures that convert the chemical energy
content in the fuel and produce new species. However, a mass balance should be performed
to verify that mass conservation is occurring in the chemical process. Mass conservation

equation in steady state is defined as [55]:

—y (4.16)

where m;, and m,. are the net mass flow rates entering and exiting the fuel electrode and

oxygen electrode, respectively.

mfe,in + moe,in - mfe,e + moe’e (417)

The calculation of the total mass flow rate at the exit of any electrode is determined
considering the addition of the source term of each specie involved in the electrochemical

reactions as:

J
mfe,e = mfe,in + Z Sj (418)
j=1
J
moe,e - mae,in + Z Sj (419)
j=1

The mass source term for any component is defined as [66,81-83]:

_ 1y M;

S,
/ nF

(4.20)

S; is determined considering the stoichiometric coefficients v; for the reactions in the fuel
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electrode or the oxygen electrode. The sign for v; is considered positive if the specie involved
is a product and negative if the specie involved is a reactant. Once the composition leaving
each electrode is determined and the mass balance has been verified, voltage losses can be

calculated.

4.3. Voltage losses

The voltage of the cell is a function of the operating conditions as temperature, compo-
sition of the gases and current density as Eq. (2.12) indicates. When a fuel cell is operated
with a certain electric current, the cell voltage drops below the thermodynamically predicted
value. This is due mainly by three major types of fuel cell losses: activation, ohmic and
concentration. If the system is operating in fuel cell mode or electrolysis mode, the voltage
losses are going to be subtracted or added to the open circuit voltage, respectively, in order

to obtain the actual voltage, as presented in Figure 2.4 and Eq. (2.11).

Concerning the voltage losses presented in Eq. (2.11), five semi-empirical electro-kinetic
models already published have been considered to determine the ohmic, activation and con-
centration voltage losses. These models and their particularities are presented in section 2.5.
Thus, Table 4.1 summarizes what voltage losses are taken into account by Model 1 [57-59],
Model 2 [63,65], Model 3 [67-69], Model 4 [70], and Model 5 [71-74], as well as the size
of the cell used to validate the models. It is worth to be noticed that Model 4 calculates
the actual voltage in terms of other parameters, so that the values of ohmic, activation and

concentration overpotentials are not calculated directly.

Table 4.1. Zero-dimensional models comparison.

Overpotential Model 1 Model 2 Model 3 Model 4 Model 5
Ohmic v 4 v X v
Activation fuel electrode v v X X X
Activation oxygen electrode v 4 v X X
Concentration X v v X v
Obtained by SC BC SC SC SC

SC: Single cell
BC: Button cell

In [78], it is presented that Model 5 gives a closer prediction of the voltage than the
other 4 models. However, a fitting was required in order to approach the model to the
experimental data of the first experimental campaign. Thus, Model 5 was adjusted with
these experimental data, giving a good correlation between the numerical and experimental
voltage in fuel cell mode. However, the correlation between the numerical and experimental

voltage in electrolysis mode was not totally good as in fuel cell mode. It was mainly reflected
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when the estimated voltage was obtained close to the limiting current density, the adjusted
model was not able to predict correctly this region. Hence, it was required to improve the

concentration overpotentials prediction.

4.3.1. Concentration voltage losses

The way in which concentration affects Nernst voltage is because the real reversible ther-
modynamic voltage of a fuel cell is determined by the reactant and product concentration at
the reaction sites. The limiting case for mass transport is when the reactant concentration
in the catalyst layer drops all the way to zero. Thus, the fuel cell can never sustain a higher
current density than that which causes the reactant concentration to fall to zero. It is the
limiting current density of the fuel cell or electrolyzer. Therefore, the limiting current density

is calculated by Fick’s law and expressed in Eq. (4.21).

0
jr = neFDeff%R (4.21)

Fuel cell mass transport design strategies focus on increasing the limiting current density.

These design strategies include the following:

a) Ensuring a high ¢%, by designing good flow structures that evenly distribute reactants.
b) Ensuring that D/ is larger and § is small, by carefully optimizing fuel cell operating

conditions, electrode structure, and diffusion layer thickness.

A fuel cell will never be able to produce a higher current density than that determined by
its limiting current density. However, the other fuel cell losses, ohmic and activation losses,

may reduce the fuel cell voltage to zero well before the limiting current density is ever reached.

There are several components in a gas mixture, thus, the effective diffusion coefficient
Df{,{ for a component 7 in the mixture depends on the molecular interaction of specie 7 with

the other components in the mixture as stated in [84]:

1 — .
eff Yi
Di,m = U (4.22)
eff
1,jFL i

In porous structures, the gas molecules tend to be impeded by the pore walls as they
diffuse. The diffusion flux should therefore be corrected to account for the effects of such
blockage. Because the pores are not straight, the diffusion effectively takes place over a

longer distance than it would in a homogeneous material. The effects of longer pores and
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smaller areas are often lumped together in an effective diffusion as [16,85]:

e €
Dyl = —Dy; (4.23)

Based on the kinetic gas theory, the binary diffusion coefficient is calculated as [86]:

M, +Mj)°'5

0.0017+™ (
M;M;
= J (4.24)

2
()

D

The limiting current density expression in Eq. (4.21) requires determination of the bulk
concentration ¢, which can be obtained using the ideal gas law, taking into account the
partial pressure of the specie of interest, stated as [16]:

p

0 — 4.2
%= RT (4.25)

Thus, the limiting current density, j;, is stated as:

i = nFDIT yp
L 5 RT

(4.26)

Once the limiting current density calculation is evaluated, the concentration losses for
the fuel electrode and oxygen electrode in both operating modes can be defined. The way
in which concentration affects Nernst voltage is because the real reversible thermodynamic
voltage of a fuel cell is determined by the reactant and product concentrations at the reaction
sites. The calculation of the change in the Nernst potential considering the difference in
concentration between the bulk, ¢, and the catalyst layer, ¢*, is defined as [16]:

0\ vi
i}_{ Zln <z—> (4.27)
i

(2

Neone =

The ratio ’/c* can be written as [16]:

)

; JL.i
G JrLi —J

Substituting Eq. (4.28) into Eq. (4.27), the concentration overpotentials can be expressed
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in terms of the limiting current density as:

RT

JLi i
4.29
(]Lz _]) ( )

Thus, the concentration losses in terms of the limiting current densitiesor each electrode

Neone =

in both operating modes are presented.

a) Concentration losses in the fuel electrode in fuel cell mode.

RT . ) . . .
Teone.fe = 1 K . JL,Hs ) (]L,H2O J) (JL,gog J)] (4.30)
”F JLH, — ] JLH20 JL,CO;

b) Concentration losses in the oxygen electrode in fuel cell mode.

. 1/2 .
( ‘ JL,0o ) ( 4 JL,CO, ) (4.31)
JL,0, —J JL,co, —J

c¢) Concentration losses in the fuel electrode in electrolysis mode.

RT . Y . .
Toone, fe = In K\ JL,H? | —1J |) ( ‘ | jrm0 | ‘ ) ( ‘ | jr,cos | ‘ )} (4.32)
nF , |Jemo | =131/ \lJjrco, [ =17

d) Concentration losses in the oxygen electrode in electrolysis mode.

(\jL,o2r—|j|)”2<|jL,co2r—|j|) (433)
L, | jr.cos |

_RT
Neonc,oe = nF

_RT
Neonc,oe = nF

4.4. Energy balance

Once the chemical reactions occurring inside the cell and the electrical losses have been
calculated, it is possible to perform an energy balance in the cell. The conservation of energy
principle remains valid even when a chemical reaction occurs within the system. Thus, it
is necessary to evaluate the enthalpies of the gases flowing to or from the cell. In the case
of a mixture, the specific enthalpy for a compound in the mixture at a state other than the
reference is found by adding the specific enthalpy change between the reference state and the

one of insterest, plus the enthalpy of formation, expressed as [55,87]:

hi = h$; + (hi = hyey) (4.34)
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The energy balance for a reacting system is defined in Eq. (4.35) [55,87]. For this study,
the isothermal condition is considered in the thermal analysis, assuming the cell temperature
constant for all the components along the cell. Figure 2.2 and Figure 2.3 show the control
volume for the fuel cell and electrolyzer, respectively, where the energy balance is going to
be applied.

QCV - W(JV = Z m;h; — Z m;h; (4.35)

where Wey is the power produced by the cell, and Qcy is the heat transfer rate to the cell.

The sign convection for heat and work is [55]:

e Heat
QCV > (: heat transferred to the system.
ch < 0: heat transferred from the system.
o Work
Wey > 0: work done by the system.
WCV < 0: work done on the system.

The heat transfer rate is an energy non-available by the cell to produce power. According
to the Gouy-Stodola theorem, the loss of work is equal to the irreversibilities within the
system. These are determined by the rate of entropy production multiplied by a reference
temperature [88].

Qov = Wi = To6 (4.36)

The production of entropy is determined applying a balance of entropy on the cell, which
is stated as [55,87]:

e mn J J

The term Qj represents the heat transfer rate at the location on the boundary where the
instantaneous temperature is 7j. This term is determined by the losses of voltage multiplied
by the current, which represents a heat production [32]. To maintain an agreement with the
sign convection, the heat is multiplied by a minus, indicating that heat is transferred from
the system.

Qj =1 (VNernst - V) (438)

The ideal first-law efficiency 7, ; of a fuel cell at temperature 7" is the ratio of the useful

energy to the total energy, expressed as [16,87]:

useful energy  Ag

Neh,1 = (4.39)

total energy Ah
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The second-law efficiency n, ;7 of a fuel cell and an electrolyzer at temperature 1" are

expressed in Eq. (4.40) and Eq. (4.41), respectively [89].

V
Mth, 1T = Voo (4.40)
V erns
Nth,11 = NV ! (4.41)

The experimental and numerical results of the single MCFC operating in reversible mode

are presented in chapter 5.
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Results and Discussion

In this chapter the results are presented in three parts. The first part is related to the
experimental results focused on the reversible operation of the molten carbonate cell; in the
second one the modeling results are presented; finally, in the third one the experimental
results of the long-term test of the cell operating in electrolysis mode are presented. Two
experimental campaigns were carried out in order to study the parameters that affect the most
the performance of reversible molten carbonate cells. The first campaign, Table 3.2, had the
objective to collect data of a MCFC to compare numerically five MCFC models available in
literature. Then, the selection of one model is performed with the aim of fitting it with the
experimental data. Finally, a comparison of the fitted model is carried out with data of the
second campaign where the cell works in reversible mode. Therefore, the discussion of this

first campaign is presented in section 5.2, where the model fitting is presented.

5.1. Experimental results of the MCFC operating in reversible
mode.

Figure 5.1 summarizes the evolution of the internal resistance during the first and second
experimental campaign divided into two zones: 1) fuel cell mode, and 2) reversible mode.
The first zone related to cell mode, from 0Oh to 650 h, does not present significant changes
in the internal resistance. Contrary for the second zone where reversible mode was tested,
from 650h to 800 h, presents a significant rise in the internal resistance at a rate of about
4.2 x 1075 Q/h, possible hypotheses are given in the end of the section. However, the internal
resistance remains basically constant during the period from 650 h to 800 h, making it possible
to perform a reliable comparison between experimental and numerical data for this period.

To perform a better comparison between experimental data during the second campaign,
the reference condition, run 2, i.e. a 25/25/25/25% CO4/Hy0/Hy/Ny fuel electrode gas

43



composition and a 25/25/50% CO5/04 /Ny oxygen electrode gas composition at 650 °C, was
tested before every set of parameters presented in Table 3.3, in order to track the cell internal
resistance. If there is some degradation present, it will be possible to perform at least a

qualitative comparison for the cases where the degradation was higher.
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Figure 5.1. Evolution of the internal resistance in MCFC reversible operation.

One way to compare the modes of operation is by using the EIS technique. Figure 5.2
shows an example of the electrochemical impedance spectra comparison of the single cell
in OCV, in cell and electrolysis mode with the conditions of Run 12, i.e. a 25/5/25/45%
CO2/Hy0/Hz /Ny fuel electrode gas composition and a 25/25/50% CO4/0O4/Ny oxygen elec-
trode gas composition at 650 °C. The results indicate a larger impedance in cell mode than in
OCYV and electrolysis mode, indicating that the cell shows a higher polarization for hydrogen
oxidation. Also, the region of high frequency related to charge transfer shows minimal differ-
ences. Thus, electrolysis mode seems to be a good mode of operation to decrease polarization
losses because the production of hydrogen decreases the polarization losses. This result is
similar with the ones reported by Lu et al. [46], which have been obtained by testing button

cells.

5.1.1. Cell temperature effect.

Analyzing the effect of temperature, presented in Figure 5.3, it can be observed that the
performance is better at higher temperatures for both modes of operation, in this case at
650 °C. The decrease of performance could be explained by the increase in the internal resis-
tance and activation overpotentials, which are inversely dependent on temperature. Figure
5.4 shows that internal resistance grows when cell temperature is reduced which is expected
because the ionic resistivity rises as temperature decreases, opposing the flow of carbonate
ions. Besides, an increment in the concentration polarization and transfer resistance, related

with low and high frequency regions, respectively, are associated with low cell temperatures.
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Figure 5.2. Electrochemical impedance spectra of the single cell in electrolysis mode, cell mode
and OCV with the fuel electrode gas composition of 25/5/25/45%, CO2/H20/Hz /N2 at 650 °C.
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Figure 5.3. Experimental temperature effect during MCFC reversible operation.

0.04

0.02

0.00

—0.02

—0.04

0.00

O Electrolysis cell mode, OCV-1A
O Cell mode, OCV+1A
VvV ocCv

0.02

0.04 0.06 0.08

Re(2) 1 Q

1.6 :
AQ : O 650°C
OE%O ! O 630°C
1al o 8 i vV 610°C
og § ! A 590°C
o % i o 570°C
o i
12f é% !
%é : MCFC R
1.0f gé
|
0.8+ i ggo
- MCEC i go
- i go
! o
0.6 - ! Zgo
i Xgo
04 1 1 L 1 1 1 1
=200 —-150 -100 -50 0 50 100 150 200

Current density / mA cm~™

2




0.02
0.00r
c
N —0.02}
S
[
&!
_oodf 5
Sy
v O 650°C
A O 630°C
L & VvV 610°C
—0.06 4 A 590°C
\Y% { 570°C
0.00 0.02 0.04 0.06 0.08 0.10

Re(2) /1 Q

Figure 5.4. Electrochemical impedance spectra of the cell temperature effect in OCV.

5.1.2. Electrode flow ratio effect.

Figure 5.5 shows the experimental voltage under fuel cell and electrolysis operation at
different Electrodes Flow Ratio (EFR, oxygen-to-fuel) with fuel and oxidant composition of
25/25/25/25%, COy/H20/Ha /Ny and 25/25/50%, CO2/0O4/Ng, respectively. It can be ob-
served a higher influence in electrolysis cell mode, having a decrease in polarization resistance
when increasing the EFR up to 3. In previous studies [42-46], the electrode flow rate was
equal to 1, nevertheless, a cooling effect and diffusion could be favored increasing the EFR.
In the polarization curves presented in Figure 5.5, there is a symmetric effect of limiting cur-
rent density that can be observed, since both modes of operation show the limiting current
density in almost the same point, around 130 mA /cm? and —130mA /cm?, for fuel cell and
electrolysis mode, respectively. The limiting current density should be avoided in practice
because of reactants starvation. Figure 5.6 shows the electrochemical impedance spectra in
OCV related to changes in EFR, in this case an EFR of 4 increases the polarization losses,

indicating that higher EFR does not necessarily give a better performance.
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Figure 5.5. Experimental Electrodes Flow Ratio (EFR) effect in reversible MCFC operation.
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Figure 5.6. Electrochemical impedance spectra of the EFR effect in OCV at 650 °C.

47



5.1.3. Fuel electrode gas composition effect.
The effect of composition variations in the stream supplied to the fuel electrode is pre-
sented from Figure 5.7 to Figure 5.12, which are related to carbon dioxide, water and hydrogen

effect, respectively, during MCFC reversible operation.

Figure 5.7 shows the effect of CO, composition in the fuel electrode. Results show that
higher CO, concentration in the fuel electrode working in electrolysis mode improves the
performance. According to Eq. (2.4), carbon dioxide and water react in the same ratio to
produce hydrogen in the electrolysis process. However, Figure 5.7 shows that, although water
has been consumed, carbon dioxide seems to continue reacting. This fact can be explained
because carbon dioxide can react with hydrogen in the RWGS reaction, Eq. (4.10), forming
water and carbon monoxide, then the water formed reacts with the remaining carbon dioxide
to produce again hydrogen, Eq. (2.7). Contrary, in the MCFC region the performance of
the cell is diminished when the amount of carbon dioxide in the fuel electrode is raised. The
explanation for this decrease is that increasing the CO4 content in the fuel electrode, hydrogen
reacts with this in the reverse water gas shift reaction provoking a faster consumption of

hydrogen and, consequently, higher overpotentials.

15 ,
i O 25%CO,
i O 30% CO,
: V  40% CO,
1.3§AAAAV§OO E A 50% CO,
LYo :
X%Q |
> 11F E%% i MCFC
P §§§§ | ”
g 29
S 09} ! §§§§
| gﬁ%g
0.7 L MCEC i ggg
| "
0200 " —150  —100 250 (l) 50 100 150 200

Current density / mA cm™2

Figure 5.7. Experimental CO3 concentration effect in the fuel electrode during
MCEFC reversible operation.

Electrochemical impedance spectra of the CO4 effect in the fuel electrode are presented
in Figure 5.8. There are no changes in the high frequency region and internal resistance,
however, in the low frequency region associated to the concentration polarization, the radii of
the semicircles tend to increase when the content of COy decreases, which was also confirmed

by the polarization curves.
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Figure 5.8. Electrochemical impedance spectra of the CO2 concentration effect in the
fuel electrode in OCV at 650 °C.

Regarding water concentration in the fuel electrode, the polarization curves shown in
Figure 5.9 indicate a small effect on the cell voltage when working in electrolysis mode.
Hydrogen and carbon dioxide concentration in the fuel electrode were kept constant, thus,
according to the reduction reaction of water and carbon dioxide in Eq. (2.2), the reaction
is limited by the smallest amount between these compounds. Besides, contrary to carbon
dioxide, water can not react unless CO, is present. This is one reason that the polarization

curves in Figure 5.7 and Figure 5.9 show small changes for all the cases.

Analyzing the electrochemical impedance spectra for water effect in the fuel electrode
in electrolysis mode shown in Figure 5.10, there is an increase in the internal resistance, a
growth in the high frequency region and an increase in the low frequency region, all of this

when the water content is increased.

Concerning hydrogen content, it is necessary to avoid provoking fast degradation in the
cell by a too lean hydrogen supply. Nonetheless, in fuel cell mode, the hydrogen is elemental
to perform the oxidation reaction, and its lack is reflected in a bad performance as Figure 5.11

shows. When the cell is operated with 5% of hydrogen, it is depleted faster at lower current
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Figure 5.9. Experimental HyO concentration effect in the fuel electrode during MCFC reversible
operation.
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Figure 5.10. Electrochemical impedance spectra of the HoO concentration effect in the fuel
electrode in electrolysis mode at 650 °C.
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densities causing limiting conditions to be reached at lower loads when compared with cases
of higher Hy concentration. In electrolysis mode, the objective is hydrogen production. It
is desired to minimize the amount required of hydrogen in electrolysis mode if its possible
to zero. In electrolysis mode, the performance improves with lower Hs, concentration at
lower current densities, converging at one point, approximately at 120 mA/cm?, where the
differences are minimum, rising again at higher current densities. As can be seen in Figure
5.12, the presence of Hy helps to reduce concentration losses. In the polarization curves can
be observed that increasing the hydrogen concentration in fuel cell mode the performance
is improved. In electrolysis mode, increasing the current density, the hydrogen content rises
decreasing the overpotentials. The hydrogen effect can be observed in the electrochemical
impedance spectroscopy curves in OCV presented in Figure 5.12, where there is an evident
difference in the increase in the polarization losses caused by the lack of hydrogen. There is
an increase in the polarization losses between 15% and 5% of Hy concentration of around

1.93 x 10724, representing an increment of approximately 52.3 % respect to a 15% of H,

concentration.
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Figure 5.11. Experimental Hy concentration effect in the fuel electrode during MCFC reversible
operation.

5.1.4. Oxygen electrode gas composition effect.

Now, the effect of carbon dioxide and oxygen variations in the oxygen electrode when
the cell operates in reversible mode are presented from Figure 5.13 to Figure 5.16. However,
these gases are supplied to the oxygen electrode to deplete the gases formed by oxidation of

the carbonate ions, as Eq. (2.1) states.
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Figure 5.12. Electrochemical impedance spectra of the Ho concentration effect in the fuel
electrode in electrolysis mode at 650 °C.

Regarding the effect of carbon dioxide in the oxygen electrode, it is more evident in fuel
cell mode where a lean gas mixture in carbon dioxide highly increase the overpotentials, thus,
a limiting point is reached at lower current densities, as shown in Figure 5.13. Contrarily to
fuel cell mode, in electrolysis mode a lower content of carbon dioxide gives a better perfor-
mance that is maintained up to around —100 mA /cm?, after that current density, the effect is
inverted and the higher amount of carbon dioxide gives a better performance. Besides, after
this current density, it seems that current limitation starts because the overpotentials begin
to increase faster. The effect of decreasing the CO;y content in the flow entering the oxygen
electrode is more perceptible in Figure 5.14. For this parameter, its effect is noticeable in
the low frequency region where concentration losses are increased with lower CO, content.
However, in almost all the cases, the shape of the spectra remains basically constant. The
increase in polarization losses caused by the reduction in carbon dioxide content is approxi-
mately 5.6 x 1072 Q, representing an increment of 16 % between the maximum and minimum

CO, tested concentration.

On the other hand, Figure 5.15 shows the effect of oxygen concentration in the oxygen

electrode. This specie causes in fuel cell mode a reduction of performance when its concen-
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Figure 5.13. Experimental COs concentration effect in the oxygen electrode during MCFC
reversible operation.
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Figure 5.14. Electrochemical impedance spectra of the COy concentration effect in the oxygen
electrode in OCV at 650 °C.
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tration is decreased, similarly to what carbon dioxide causes. In electrolysis mode, the higher
amount of oxygen causes an improvement in the performance being more evident at high

current densities.
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Figure 5.15. Experimental O2 concentration effect in the oxygen electrode during MCFC
reversible operation.

Figure 5.16 shows the electrochemical impedance spectra of oxygen content variations in
the oxygen electrode. The internal resistance presents a slight increment in the analyzed
cases, contrary to the polarization resistance that is highly increased when the content of
oxygen is reduced. Referring to run 20 where the content of oxygen and carbon dioxide were
5% and 25 %, respectively, corresponding to a pressure ratio (po,/pco,) of 0.2, shows that
the polarization zone is almost merged with the electronic charge zone, i.e. low and high
frequency regions, respectively; besides, electronic charge phenomena show a growing effect
when decreasing the content of oxygen. The increase in polarization losses between the max-
imum and minimum amount of oxygen tested, 25 % and 5%, respectively, is approximately
2.27 x 1072 Q, corresponding to 46.23 %.

5.1.5. Cell degradation and refilling.

The tested cases in the second campaign were carried out varying a po,/pco, ratio in the
oxygen electrode from 0.2 to 5. According to literature, a high partial pressure of carbon
dioxide in the oxygen electrode accelerates NiO dissolution, promoting Ni short circuits [24].
Morita et al. [24] performed accelerated tests on MCFC to study Ni short circuits by setting
a high partial pressure of carbon dioxide, a po,/pco, ratio of 0.176, close to the value in run

20, showing that it is better to supply the minimum possible amount of carbon dioxide to
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Figure 5.16. Electrochemical impedance spectra of the Oy concentration effect in the oxygen
electrode in OCV at 650 °C.

the oxygen electrode. Figure 5.17 shows the evolution of the reference condition, the time
being counted from the point where the reversible operation started. There is a higher loss
of performance during the last hours when lower partial pressures of carbon dioxide were
tested. In general, fast degradation seems to occur with the low amounts of carbon dioxide
present in the oxygen electrode during the second experimental campaign. The results of
the second experimental campaign, the ones related to the reverse molten carbonate cell
operation, seem to be contrary to the results of Hu et al. who tested button cells [46]. This
could be explained because in a button cell, the phenomena occurring are approximately
ideal, and uniform, contrary to single cells where the phenomena are influenced by the size,

the geometry, surface distribution and higher polarization phenomena.

Moreover, it is important to consider that in electrolysis mode the amount of carbon
dioxide and oxygen generated at the oxygen electrode increases with demand, and the amount
of carbon dioxide double that of oxygen, as Eq. (2.1) indicates. Most industrial applications
supply air to ensure sufficient content of oxygen when it is required in the process, hence,

in the case of electrolysis mode, the amount of air should be adjusted to demand, ensuring

95



a low partial pressure of carbon dioxide, or a high po,/pco, ratio at the oxygen electrode.
Based on that, it is recommended to supply a gas mixture of air with around 5% of carbon
dioxide, having a po,/pco, ratio close to 4, regulating this amount at high current densities

where more carbon dioxide is going to be forming.
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Figure 5.17. Experimental evolution of the reference condition in reversible mode of operation.

To compensate the effect of loss of electrolyte, in-operation refilling has been attempted at
the end of the second experimental campaign. To do this a joint was connected to the inlet of
the oxygen electrode to supply electrolyte during the operation. The first attempt consisted in
adding electrolyte periodically by amounts of 2 g to 4 g in OCV waiting until a steady voltage
was reached. Expecting an increase in the OCV, in total 20 g of electrolyte were supplied,
however, the improvement was minimal, as can be observed in Figure 5.18 by curve C5, where
the low frequency semicircle related with the diffusive phenomena is forming again. At that
moment, the amount of electrolyte added was relatively high, approximately twice the initial
amount used in the set-up, and it was presumed that the extra electrolyte was flowing out
from the cell carried by the gases or accumulated without reaching the cell. Therefore, the cell
was left under a low current of 0.8 A for 24 h allowing the electrolyte to reach the active site.
Nevertheless, this resulted in a small decrease in the internal resistance like curve C); shows.
In the third attempt, 7g of electrolyte were added under a load of 0.8 A, then the cell was
left under 2.4 A for 24 h, curve C5 shows how the internal resistance and the high frequency
region were brought back close to the initial condition. The internal resistance presented a
decrease and the difference with curve O] is only 1.3 x 1072 Q, representing a difference of
only 20.63 %, which means a recovery of 144.1 % of the internal resistance. The last attempt

was carried out adding 4 g more of electrolyte expecting to reduce the low frequency region,
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nevertheless, the cell was flooded with electrolyte, that reduces the internal resistance and
increases the concentration polarization region as Cls shows. When the cell was unassembled,
22.5¢ of electrolyte was stacked inside the cell, i.e. 68.2% of the total supplied. An undesired
effect of the agglomerated electrolyte was the high level of corrosion encountered, visible with

the naked eye in the current collectors, mainly the oxygen electrode current collector.
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Figure 5.18. EIS showing the effect of electrolyte refilling in operation.

5.2. Experimental and numerical results in fuel cell mode

5.2.1. Experimental results in fuel cell mode.

The experimental campaign described in Table 3.2 consisted of getting data that is used
in the fitting of a numerical model. The parameters that have been tested are temperature,
hydrogen content in the fuel electrode, and carbon dioxide in the oxygen electrode, whose

results are presented in Figure 5.19a, Figure 5.19b and Figure 5.19¢c, respectively.

Figure 5.19a shows the polarization curve of the cell as a function of temperature, these re-

sults show that when the cell increases the temperature it has a better performance. This fact
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is due to the decrease of activation voltage losses when temperature is increased. However,
the increment in the cell temperature could not be totally beneficial because at higher tem-
peratures, the corrosion in the cell is increased and the operational time could be decreased
significantly. Thus, Figure 5.19a shows a few differences between 650 °C and 680 °C, where
the curves are almost overlaid, in contrast with a higher gap present between polarization

curves at cell operating temperatures of 650 °C and 620 °C .

The hydrogen content was tested from 50 % to 70 %, however, the polarization curves do
not show a significant difference between them as Figure 5.19b shows. Thus, the difference
in voltage at 100mA /cm?, between 50 % and 70 % of hydrogen, corresponds to 0.027 V.

Besides, carbon dioxide was tested from 4% to 20 % in the oxygen electrode side. The
results indicate a higher adverse effect on the performance when it is decreasing, as Figure
5.19¢ shows. Thus, a lack of carbon dioxide in the oxygen electrode causes a drop of voltage
produced by the increase in polarization losses. It can be observed evaluating the difference
in voltage at 100 mA /cm?, between 4% and 20 % of carbon dioxide concentration, which
corresponds to 0.188 V.

It is well known that internal electrical resistance is a function of temperature. Figure
5.20 shows the Electrochemical Impedance Spectra (EIS) of the cell operated at the reference
composition and at different operating temperatures. The intersection of the small semicircle
in the curve with the horizontal axis represents the internal resistance of the cell. The internal
resistance tends to decrease with the rise in temperature, it is because the resistance of mate-
rials to the flow of electrical current is inversely proportional to the increase in temperature.

This performance can be observed graphically in Figure 5.20 and numerically in Table 5.1.

Table 5.1. Internal electrical resistance of the cell as a function of temperature.

Temperature R; R”;
[°C| Q] [Qcm?]
620 6.068 x 1072  4.854 x 1071
650 5.829 x 1072  4.663 x 10!
680 4.988 x 1072 3.991 x 107!

5.2.2. Zero-dimensional MCFC models comparison

In this section, a comparison between the experimental results and five zero-dimensional
models found in literature to calculate the overpotentials in MCFC is carried out. The main
characteristics of the models and the equations description to determine the overpotentials
have been given in section 2.5. Figure 5.21 shows the comparison of polarization curves of the

models respect to the experimental data of run 1 from Table 5.2, i.e. the reference condition
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Figure 5.19. Polarization curve as a function of: a) cell temperature at the reference
composition, b) hydrogen content in the fuel electrode at 650 °C and c¢) carbon dioxide content in
the oxygen electrode at 650 °C.

for the first experimental campaign; in general, all the models present a high deviation with

respect to the experimental data.

The models were evaluated considering isothermal conditions. This difference is higher
for Model 1, Model 2 and Model 4. Besides, Model 3 and Model 5 show a closer performance
to the experimental curve. In Table 5.2, the voltage for experimental and numerical values
using reference composition at 100 mA /cm? is shown. Thus, Model 5 is the one that best
fits with experimental data at low and intermediate current densities considering the effect
of the most important species involved in the performance of the cell, including: H,, H5O,
COs and Oy. On the other hand, Model 2 and Model 3 tend to predict the effect of limiting
current density, because in these models this effect has been considered. Moreover, Model 5
was selected to be adjusted with experimental data based on its development [71], where few
equations are required to correlate the performance of the cell, besides, its proximity with

the experimental data.
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Figure 5.20. Electrochemical Impedance Spectrum as a function of the cell temperature at the
reference composition. 18/11/7/0% CO3/H20/Ha /Ny in the fuel electrode, 6/12/82% CO2/02/No
in the oxygen electrode.

Table 5.2. Experimental and numerical voltage using reference composition at 100 mA /cm?.

Voltage
Vi

Experimental  0.747
Model 1 0.8796
Model 2 0.8721
Model 3 0.8418
Model 4 0.8652
Model 5 0.8322

5.2.3. Parameter identification and model validation in fuel cell mode

The numerical polarization curve of Model 5 in Figure 5.21 was obtained evaluating the
Nernst voltage and subtracting the overpotentials which are calculated at different current
densities. The overpotentials include the ohmic, activation and concentration losses. Thus,
the constants of Model 5, section 2.5.5, should be checked with the experimental data of

the overpotentials and decide which ones should be recalculated. Below are presented the
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Figure 5.21. Polarization curve comparing the experimental data with the numerical models at
the reference condition. 18/11/7/0% CO2/H20/H2 /Ny in the fuel electrode, 6/12/82%
CO2/02 /N3 in the oxygen electrode at 650 °C.

experimental overpotentials as well as the recalculated constants that adjust Model 5 with

the experimental data.

The experimental trend of the total overpotentials as a function of current density are
shown in Figure 5.22a, Figure 5.22b and Figure 5.22¢ for the cell temperature, hydrogen
content effect in the fuel electrode and carbon dioxide content effect in the oxygen electrode,
respectively. These overpotentials represent the voltage difference between the Nernst voltage,

considering the experimental voltage at OCV, and the experimental voltage measured at any
other current density value.
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Figure 5.22. Total overpotentials as a function of: a) cell temperature at the reference
composition, b) hydrogen content in the fuel electrode at 650 °C and c¢) carbon dioxide content in
the oxygen electrode at 650 °C.

Numerical and experimental ohmic losses have been checked comparing the results of Eq.
(2.31) with data of Table 5.1. The results show a good agreement between them. Thus,
constants of Eq. (2.31) are left as defined. Then, ohmic losses are removed from the overall
overpotentials to get only the ones related to polarization losses. Thus, it is assumed that Eq.
(2.32), Eq. (2.33) and Eq. (2.34) correlate the activation losses and the equations presented
in section 4.3.1 are added to consider the concentration losses. The experimental corrected
overpotentials, i.e without the ohmic losses, are presented in Figure 5.23a, Figure 5.23b and
Figure 5.23c as function of cell temperature, hydrogen content effect in the fuel electrode and

carbon dioxide content effect in the oxygen electrode, respectively.
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Figure 5.23. Polarization overpotentials as a function of: a) cell temperature at the reference
composition, b) hydrogen content in the fuel electrode at 650 °C and c¢) carbon dioxide content in
the oxygen electrode at 650 °C.

The recalculated constants were Ps, Ps and P from Model 5 because these parameters are
associated to polarization losses, which could characterize the different hardware and compo-
nents used in this study compared to [73]. The polarization losses presented in Figure 5.23
were initially assigned to the voltage losses expressed in Model 5 for both the fuel electrode
and oxygen electrode involved in these constants. These parameters are a good prediction for
the activation overpotentials, however do not represent completely the concentration losses.
In order to improve the fitting, the experimental polarization values were replaced in a set
of equations including Eq. (2.32), Eq. (2.33), Eq. (2.34), Eq. (4.30) and Eq. (4.31), all of
them reflecting the polarization voltage losses, resulting in a set of equations that was solved

simultaneously in order to know the value of the constants.

The new values obtained for the constants are presented in Table 5.3. The results indicate
that there is an increment of almost 50 %, 100 %, and 37 % for P3;, Ps and Ps, respectively,
compared with those presented in [73]. This increment could be caused by differences in
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materials, geometry, flow pattern, etc. Figure 5.24 shows the polarization curves comparing
the experimental data with the numerical models including the fitted model at the reference
condition of fuel cell mode. The results show a good agreement with the experimental results,
besides, there is a good prediction of the limiting current density..

Table 5.3. Coefficients adjusted for Model 5.

Coeflicient Value Units
Py 4.8918 x 1076 Qem?K—!atm
P 9.0366 x 1072 Qem?K—1atm®?
Py 4.6827 x 1072 Qcm?K~latm

Voltage / V

= Model 4
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0.4F O Exp. wet ref. at 650°C
- Fitted Model 5

1

0 50 100 150 200
Current density / mA cm~—2

Figure 5.24. Polarization curves comparing the experimental data with the numerical models
including the fitted model at the reference condition, whose composition in the fuel electrode is
18/11/71/0% CO2/H20/Ha/Na, 6/12/82% in CO2/02/N2 in the oxygen electrode at 650 °C.

Figure 5.25 presents a complete comparison between the data of the first experimental
campaign (Table 3.2), Model 5, and fitted Model 5. The results show a good correlation
between the experimental curves and the numerical curves of fitted Model 5, including the
limiting current densities, getting and average percentage error of 0.97 % between the mea-
sured and simulated data. These results give some reliability on the use of the fitted Model

5 in conditions that have not been considered in the development, i.e. electrolysis mode.
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Figure 5.25. Polarization curves comparing the experimental data of the first experimental
campaign and the fitted Model 5 for: a) temperature effect, b) hydrogen content in the fuel
electrode, and c¢) carbon dioxide content in the oxygen electrode.

5.3. Numerical results in reversible cell mode

In this section the conditions of the reversible MCFC operation are evaluated numeri-
cally. Thus, the fitted Model 5 is applied to both fuel cell and electrolysis mode to predict
numerically the performance of the cell operating in reversible mode. The program code was
written in Anaconda Python 3.7. The code is presented in appendix B

The experimental results presented in section 5.1 indicate that there is some degradation
in the cell during the reversible operation. Thus, a numerical and experimental representative
comparison of only four cases is carried out. These cases were selected because they were
performed in the first hours of single cell operation and it is probably that they present a
small amount of degradation letting make a better comparison. The comparison is presented
in Figure 5.26 which represents the cases 2, 7, 10 and 12, related to the fuel electrode com-
position of 25/25/25/25% COy/H20/Hy/Na, 50/25/25/0% COy/HoO/Hs /Ny, 25/50/25/0%
COy/H20/Hy /Ny, and 25/25/5/45% CO4/H20/Ha /Ny, respectively. Figure 5.26 shows that
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in fuel cell mode almost all the cases are well predicted, nevertheless at high current den-
sities the difference is increased. In electrolysis mode the prediction of the performance is
considered acceptable. It is important to mention that the numerical prediction of the cell,
where several coupled phenomena are occurring at the same time, is being calculated using a
zero-dimensional model at isothermal conditions giving in general a good correlation with the
experimental results. The numerical results for the MCFC single cell operating in reversible

mode are presented below.

1.4

¢ 8 i O MCEC reference / exp A 50% H,0 / exp
' { | —— MCEC reference /num  ---- 50% H,0 / num
]\'E! ': i O 50% CO; / exp O 5% H,/exp
g Lo | == 50%CO;/num e 5% Hy / num
\ i
1.2+ i \2
>
-~ 1.0
]
o)
3
o
>
0.8
0.6
-200 -150 -100 -50 0 50 100 150

Current density / mA cm~2

Figure 5.26. Experimental and numerical comparison of the single cell operating in reversible
mode.

5.3.1. Effect of cell temperature

Figure 5.27 shows the cell temperature effect from 570°C to 650 °C, at reference con-
dition for reversible operation mode. In this case, the cell performance, in both operative
modes, is getting worse when the cell temperature decreases causing an increment in the
cell overpotentials. The numerical polarization curves have the same trend with the exper-
imental curves, although the experimental results were affected by the degradation of the
cell presenting higher voltage losses. Besides, from the numerical curves a common limiting
current density point for fuel cell mode and one for electrolysis mode is observed. This can
be explained because the limiting current density depends on the amount of species in every
electrode, and since there are no changes in fed composition for any current, these are going
to have the same limiting point for every case. In these cases the polarization curves present
a symmetrical point, close to 140 mA /cm?.
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Figure 5.27. Numerical prediction of cell temperature on the single cell voltage operating in
reversible mode.

5.3.2. Effect of Electrodes flow ratio

The effect of electrodes flow ratio has a negligible numerical effect in the performance of
the cell as Figure 5.28 shows. This negligible effect on the cell performance is due to the fact
that the model considers the reactions and overpotentials at isothermal conditions. That did
not happen in the experimental results shown in Figure 5.5, where increasing the EFR causes

a small rise in the performance due to a cooling effect on the cell.

5.3.3. Effect of fuel electrode gas composition
The effect of carbon dioxide, water and hydrogen concentration in the fuel electrode is

presented in Figure 5.29, Figure 5.30 and Figure 5.31, respectively.

Firstly, in electrolysis mode diminishing the content of carbon dioxide causes an increment
in the overpotentials, reducing significantly the limiting current as Figure 5.29 shows, affecting
in this way the performance of the cell. However, the performance in fuel cell mode tends
to improve when carbon dioxide content is reduced, though the effect is less evident than in

electrolysis mode.

Analyzing the effect of water in the fuel electrode, shown in Figure 5.30, it is found that
when it is reduced in electrolysis mode the performance gets worse, though not so much like
in the case of carbon dioxide where the limiting current density changed noticeably. In fuel
cell mode the water effect on the performance is similar like the one caused by carbon dioxide,

it was improved when the content of water was reduced. Since carbon dioxide and water are
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Figure 5.28. Numerical prediction of EFR effect on the single cell voltage operating in reversible
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Figure 5.29. Numerical prediction of carbon dioxide effect in the fuel electrode on the cell
voltage operating in reversible mode.

the reactant species involved in the electrochemical process in electrolysis mode, the amount
of these species determines the limiting current densities, as can be seen in Figure 5.29 and
Figure 5.30. The opposite happens in fuel cell mode where these species are the products of
the electrochemical reaction, thus the limiting current density it is not affected by changes in

composition of these species.

Finally, the effect of hydrogen content in the fuel electrode is presented in Figure 5.31.
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In this case, when the content of hydrogen is reduced in electrolysis mode, the three cases
converge to the same limiting current density because in this operative mode carbon dioxide
and water are the species limiting the performance of the cell. Therefore, the hydrogen content
in the mixture affects only the open circuit voltage, decreasing its value with the hydrogen
concentration reduction. However, in fuel cell mode where the cell consumes hydrogen to

operate, if hydrogen content is reduced, the limiting current density reduces dramatically.
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Figure 5.30. Numerical prediction of water effect in the fuel electrode on the cell voltage
operating in reversible mode.
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Figure 5.31. Numerical prediction of hydrogen effect in the fuel electrode on the cell voltage
operating in reversible mode.
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The numerical results of the carbon dioxide, water and hydrogen content in the fuel
electrode can be compared with the experimental results presented in Figure 5.7, Figure 5.9
and Figure 5.11, respectively. It can be observed that in all the cases the tendency is similar
with the experimental results and the performance of the cell can be predicted, even when
the equation for the overpotentials in the fuel electrode considers only the effect of hydrogen,
Eq. (2.34). The effect of carbon dioxide and water are considered chemically in Eq. (4.5)
and Eq. (4.13) for fuel cell and electrolysis mode, respectively.

5.3.4. Effect of oxygen electrode gas composition

The effect of carbon dioxide and oxygen content in the oxygen electrode is presented in
Figure 5.32 and Figure 5.33, respectively.

The increase in carbon dioxide content in the oxygen electrode in electrolysis mode de-
creases the performance as Figure 5.32 shows. However, at high current densities when carbon
dioxide increases in the oxygen electrode, the effect is diminished. Contrary, in fuel cell mode,
when the content of carbon dioxide decreases in the oxygen electrode, it causes the perfor-
mance to get worse by diminishing dramatically the limiting current density, as well as an
increase in the voltage losses.
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Figure 5.32. Numerical prediction of carbon dioxide effect in the oxygen electrode on the cell
voltage operating in reversible mode.

Figure 5.33 shows the effect of oxygen content in the oxygen electrode. The effect of
increase the oxygen content in electrolysis mode causes an improvement on the performance

as well as in fuel cell mode. Reducing the oxygen content in fuel cell mode, decreases the
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limiting current density as well as the performance. As in the case of the fuel electrode,
the reduction in the reagent species causes a reduction in the limiting current density. This
tendency can be observed for the oxygen electrode in fuel cell mode where oxygen and carbon
dioxide are reactants in the electrochemical reaction. Contrary, the limiting current density

is not affected by changes of this species in electrolysis mode where the species is a product.
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Figure 5.33. Numerical prediction of oxygen effect in the oxygen electrode on the cell voltage
operating in reversible mode.

The numerical effect of carbon dioxide and oxygen can be compared with the experimental
results presented in Figure 5.13 and Figure 5.15, respectively. In both cases the general
performance on the oxygen electrode is predicted giving a comprehension of what effect is

expected when composition is varied.

Below, the numerical results of the reference case for the cell operating in reversible mode
to analyze the changes in voltage losses, heat transfer, efficiency and species consumption, is
presented.

5.3.5. Voltage losses

Figure 5.34 shows the ohmic, activation and concentration losses in all the operation
range of the cell at the reference condition. Ohmic losses are calculated using Eq. (2.31)
and considering that internal resistance does not change in all the operative range, that is
because the model is at constant cell temperature without degradation effect. It is possible to
notice a symmetric effect of the ohmic overpotentials. Activation losses are calculated using
Eq. (2.32) and Eq. (2.33) for oxygen electrode and Eq. (2.34) for fuel electrode, considering

that these equations apply for both operation modes, it is assumed that activation energy
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remains constant in both operation modes. However, concentration losses do not present a
quantitative symmetric shape because different species are being consumed, i.e., hydrogen in
fuel cell mode and water and carbon dioxide in electrolysis mode, affecting in this way the

diffusion of species which causes different overpotentials.
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Figure 5.34. Numerical prediction of voltage losses of the cell operating in reversible mode at
reference condition. Fuel electrode gas composition of 25/25/25/25% CO2/H20/Hs/Na, oxygen
electrode gas composition of 25/25/50% CO2/02/Na, at 650 °C.

5.3.6. Thermo-neutral voltage

Thermo-neutral voltage is an important operative point in steam electrolyzers because
it could avoid the waste of energy, and represents a point in electrolysis mode that does
not require to add or remove heat. If the operation of an electrolyzer passes the thermo-
neutral voltage, the heat produced by electric heating is going to be greater than the heat
required by the reaction, causing a rise in the temperature if the heat is not removed from the
system. On the contrary, if the electrolyzer is operated below the thermo-neutral voltage, the
heat produced by electric heating is smaller than the heat required by the reaction causing a
decrease in the temperature of the cell if the heat required by the system is not supplied. This
effect can be noticed experimentally if the cell temperature is tracked during the operation.
When the electrolyzer operates between open circuit voltage and the thermo-neutral voltage,
the cell temperature tends to decrease because the cell requires more heat than the one being

supplied. Contrary, the temperature begins to rise once the thermo-neutral voltage is passed.

The thermo-neutral voltage can be determined numerically by a heat transfer diagram,
localizing the intersection of the net heat transfer rate with the horizontal axis as Figure

5.35 shows. Besides, Figure 5.36 shows the relationship between cell temperature and heat
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transfer rate in the reversible mode of operation, moreover indicating that the thermo-neutral

voltage can be related experimentally with the cell temperature.
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Figure 5.35. Numerical heat transfer rate of the cell operating in reversible mode at reference
condition. Fuel electrode gas composition of 25/25/25/25% CO2/H20/Hy /N, oxygen electrode
gas composition of 25/25/50% CO2/02/Na, at 650 °C.

7 646.0
R | | o Tea
1645.9
6 L
= .
k) ] °
© af 645.8 ¢
o E
“ﬁ [
[ Q
S 5l S
= 1645.7 8
© =
[J] (O]
T O
MCEC
0 __________________
1645.6
_2 L
—200 —150 —100 —50 0 50 100 150 645.5

Current density / mA-cm—2

Figure 5.36. Relationship between cell temperature and net heat transfer rate in reversible mode
operation, with the fuel electrode gas composition of 25/25/25/25% CO2/H20/Ha/Na, oxygen
electrode gas composition of 25/25/50% CO2/02/N32, and EFR ratio of 4 at 650 °C.

Figure 5.35 shows the heat transfer rate diagram including: a) the heat transfer rate
involved in the reaction (an), b) the heat transfer rate associated to the voltage losses (Qj),
and c) the net heat transfer rate (Qne;). The heat transfer rate involved in the reactions is
calculated using Eq. (4.36) and Eq. (4.37), omitting @; which is associated to heat transfer
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due to voltage losses. Thus, the heat transfer rate involved in the reaction represents the rate
of entropy generated in the process that is being converted into heat. The negative sign of
this heat indicates that in fuel cell is exothermic, contrary to the electrolysis process that is

endothermic.

On the other hand, the heat transfer rate associated to the voltage losses, calculated using
Eq. (4.38), represents the conversion into heat of the ohmic, activation and concentration
overpotentials, being negative for all the operative range. The net amount of heat transfer
indicates the quantity required to be supplied or to be removed to or from the system, in

order to maintain the cell temperature constant.

5.3.7. Efficiency

In this part the thermal efficiency using the second law of thermodynamics is calculated
and presented in Figure 5.37. It is not convenient to express the thermal efficiency of the cell in
terms of the first law because it does not provide a true criteria to measure the irreversibilities
within the system, since not all of the energy released by the reaction within the cell may be
converted to useful work without violating the second law of thermodynamcis. Furthermore,
the thermal efficiency in terms of the first law can be greater than 100 % in cases where the
entropy change for the overall reaction occurring within the cell is positive [89]. Thus, the

first law efficiency of the cell is not considering in this work.
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Figure 5.37. Numerical second law efficiency of the cell operating in reversible mode at reference
condition. Fuel electrode gas composition of 25/25/25/25% COy/H20/Ha/Ng, oxygen electrode
gas composition of 25/25/50% CO2/02 /N3, at 650 °C.

The second-law efficiency can reach 100 % only in the limit of a reversible process and it

will always be <100% whether the entropy change for the reaction is positive or negative.
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Furthermore, it accounts for the quality of thermal energy added to or removed from the
system, thus, it provides a more consistent way of comparing different types of electrochemical
devices [89]. Figure 5.37 shows the second-law efficiency in fuel cell and electrolysis mode, it
can be observed that in both cases the efficiency is lower than 100 %. The lowest calculated
efficiencies in electrolysis mode and fuel cell mode are 75 % and 58 %, respecetively. These
are common values in electrochemical devices [87]. Moreover, it shows that the cell operates
more efficiently in electrolysis mode that in fuel cell mode. In addition, it is suggested to use

the second-law efficiency to compare the performance of the cell.

5.3.8. Water Gas-Shift Reaction effect

Figure 5.38 shows the carbon monoxide molar rate of reaction in the WGS reaction, n¢,
at reference condition in fuel cell mode and electrolysis mode, related to Eq. (2.6) and Eq.
(4.10), respectively. In this case ng is negative in both operative modes, it indicates that
water gas-shift reaction is proceeding as Eq. (4.10) states, i.e. consuming hydrogen and
carbon dioxide to produce water and carbon monoxide. In electrolysis mode this reaction
is not totally desired when the objective of an electrolyzer is to produce hydrogen. Thus,
special care should be given in the gas mixture supplied to promote a consumption of carbon
monoxide in the water gas-shift reaction instead of consuming hydrogen to produce carbon
monoxide. However, the results indicate that in all the range of operation in fuel cell mode,

the reaction occurring is the reversed water gas-shift reaction, even in OCV.
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Figure 5.38. Numerical prediction of the rate of carbon monoxide reacting in the water gas shift
reaction of the cell operating in reversible mode at reference condition. Fuel electrode gas
composition of 25/25/25/25% COy/H20/Hy /Ny, oxygen electrode gas composition of 25/25/50%
COQ/OQ/NQ, at 650 °C.
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5.3.9. Gas composition evolution

Figure 5.39 and Figure 5.40 show the species mole fraction when the cell operates in
reversible mode for the fuel electrode and the oxygen electrode, respectively. The species
progress in the fuel electrode is shown in Figure 5.39, which indicates that carbon monoxide
is present even in OCV. Besides, in fuel cell mode, water and carbon dioxide mole fraction
increase as current density increases while hydrogen is consumed as expected. Related to
the content of carbon monoxide, in fuel cell mode, it is strongly influenced by the content
of hydrogen, decreasing when hydrogen is consumed. However, in electrolysis mode, carbon
monoxide composition is more influenced by the content of hydrogen and water, in this case
the carbon monoxide content increases while hydrogen content increase until intersecting with
the water slope, as Figure 5.39 shows; then the content of carbon monoxide starts to decrease
with the decrease of water. Contrary, hydrogen is being formed in electrolysis mode while
water and carbon dioxide is consumed as the magnitude of the current density increases. The
species progress in the oxygen electrode is shown in Figure 5.40, where the species behave as
expected, i.e, carbon dioxide and oxygen are consumed in fuel cell mode and they are formed

in electrolysis mode.
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Figure 5.39. Numerical prediction of gas composition in the fuel electrode of the cell operating in
reversible mode at reference condition. Fuel electrode gas composition of 25/25/25/25%
CO2/H20/Hs /N, oxygen electrode gas composition of 25/25/50% CO2/02/Ny, at 650 °C.

A numerical and experimental comparison of the species in electrolysis mode at -100
mA /em? working with reference composition, fuel electrode gas composition of 25/25/25/25%
CO4/H50/Hy /Ny, oxygen electrode gas composition of 25/25/50% COy/0y /Ny, at 650 °C, is
shown in Figure 5.41. The comparison is carried out using a gas mixture in a wet basis. The

results indicate that the bigger difference is for water and nitrogen. The experimental water
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percentage is lower than the numerical, this is because to ensure a good measurement of the
water, it is necessary to maintain a temperature high enough to ensure that water is entering
the gas chromatographer in gas phase, otherwise, it can condensate and the measurement
of water is going to be less than the one which flows out the cell. The nitrogen difference
is explained because nitrogen was also used to purge the gas bags that were used to collect
the gas samples in the cell, and probably some traces of nitrogen remain between samples.
Anyway, water and nitrogen measurement error have almost compensated each other, which

allowed to get a good correlation for the other components.
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Figure 5.40. Numerical prediction of gas composition in the oxygen electrode of the cell operating
in reversible mode at reference condition. Fuel electrode gas composition of 25/25/25/25%
CO2/H20/Hs /N9, oxygen electrode gas composition of 25/25/50% CO2/02/Ny, at 650 °C.
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Figure 5.41. Experimental and numerical gas composition comparison in electrolysis mode at
reference condition: MCEC wet basis gas composition at —100 mA /cm?,

Finally, Table 5.4 shows some numerical results including hydrogen production, compo-

sition flowing out the fuel electrode, power consumption, current density and magnitude of
the thermo-neutral voltage for every run of the second experimental campaign (Table 3.3,n

order to evaluate the performance of the cell operating in electrolysis mode.
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Table 5.4. Numerical hydrogen production and other conditions of the cell at the thermo-neutral
condition for the cases of the cell operating in electrolysis mode, Table 3.3.

run V ] W Yco Yco, YHo YH20 YNy mHg,prOd
vl [mAfem?] W] %] (%] (%] (%] (%] [kg/s] x 107

1 1.208 -116.02 —-11.22 3.8 1.2 545 88 31.7 8.322
2 1.211 —-116.42  —-11.28 3.7 1.2 547 87 317 8.374
3 1.212  -116.58 —-11.30 3.7 1.2 548 86 31.7 8.395
4 1.213 -116.66 —-11.32 3.7 1.2 548 86 31.7 8.406
) 1.221 —133.15 —13.01 6.2 1.6 586 7.3 264 8.974
6 1.243 -162.35 —16.15 125 25 646 6.2 14.2 9.499
7 1.265 —187.90 —-19.01 203 39 693 6.5 0.0 9.543
8 1.207  —120.11 —-11.60 2.8 1.3 570 133 256 9.032
9 1.206  —-124.77 -12.04 1.7 1.4 599 241 129 9.827
10 1208 —127.65 —12.33 1.1 1.3 615 36.0 0.0 10.279
1 1193 -116.37v —11.11 3.5 14 422 85 444 8.450
12 1160 —-115.39 —-10.71 3.3 19 295 84 569 8.456
13 1.207 —-117.27 —-11.33 3.6 1.1 551 84 318 8.486
14 1203 —-11799 —-11.36 3.5 1.1 555 81 318 8.581
15 1198  —118.42 —-11.3 3.5 1.0 557 80 318 8.638
16 1187 —-118.33 —11.24 3.5 1.0 557 80 318 8.627
17 1.213 —-11548 —-11.21 3.8 1.3 543 9.0 316 8.252
18 1216 —113.79 —-11.07 4.0 1.5 535 9.5 315 8.034
19 1223 -110.24 —-10.79 44 1.9 51.8 10.7 31.2 7.587
20 1.240 -101.13 —-10.03 5.2 3.0 479 134 30.6 6.495
21 1225 —-111.36 —10.92 4.2 1.8 524 102 31.3 7.768
22 1.246 —102.55  —10.22 438 3.1 488 12.6 30.7 6.784
23 1.269 —91.06 —-9.24 5.2 5.0 446 153 299 5.625
24 1.292 —78.39 —-8.10 5.2 73 405 178 29.1 4.481

The results shown in Table 5.4 help to understand better the behavior of the cell operating
in electrolysis mode. In the case of the thermo-neutral voltage, it is observed that it localizes
around 1.22V 4+ 0.60V for all the runs. For the case of the current density at the thermo-
neutral point it is more related with the species content, being carbon dioxide the species that
causes it to grow most significantly. This rise in the current density results in the increment of
the power demanded which could cause an increment in the price of hydrogen. Related to the
hydrogen production, the electrode flow ratio effect and the hydrogen content reduction in the
fuel electrode do not represent a significant parameter to increase the hydrogen production.
The parameters that help to increase the hydrogen production are: 1) increase in the carbon

dioxide content in the fuel electrode, 2) increase in the water content in the fuel electrode, and
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3) reduction in the content of carbon dioxide in the oxygen electrode, of these being the most
significant the rise in the content of water in the fuel electrode. Contrary, the parameters
that cause a reduction in the hydrogen production are: 1) oxygen reduction in the oxygen

electrode, and 2) decrease in the cell temperature, the latter this the most penalizing.

According to Table 5.4, run 10 represents the best case of the experimental campaign.
Run 10 represents a composition of 25/50/25/0% COs/H20/Hy /N, and a composition in the
oxygen electrode of 25/50/25% of Oy /Ny /CO,. The electricity utility to hydrogen production
at the thermo-neutral condition for run 10 is 33.33kW h/kg of Hy, i.e., 2.79 kW h/m? of Hy,
that is in the range of published data [90,91]. The molar flow rate of hydrogen considered
in the calculation for electricity utility is the Hy flow content in the total flow leaving the

electrolyzer.

5.4. Long-term test

A long-term test was carried out in a Molten Carbonate Electrolysis Single Cell using a gas
composition trying to simulate a real operating condition in order to increase the knowledge
of a MCFC operating as electrolyzer. The flow rate in the fuel and oxygen electrodes was
fixed to 330 mL/min and 660 mL/min, respectively, with the fuel electrode gas composition
of 47.5/47.5/5% CO4/H,0/Hs,, and the oxygen electrode gas composition of 20/75/5% of
O3/N3/CO,. The performance of the cell during the long-term test is presented from Figure
5.42 to Figure 5.46. The voltage evolution during the different stages is shown if Figure 5.42.

During the long-term test, three different current densities were applied to the cell,
50mA /cm?, 100mA /cm? and 150 mA/cm?, corresponding to the periods Oh to 25h, 25h
to 620 h, and 620h to 1003 h, respectively. In the first 25 hours, a small current density of
50mA /cm? was applied to the cell aiming to activate the electrochemical processes of elec-
trolysis and stabilize thermally the cell. In the second stage of the experiment, 25h to 620 h,
the cell was operated using a current density of 100 mA/cm? in order to increase the uti-
lization factor of water and carbon dioxide, from 10.67 % to 26.10 % and 27.51 % to 50.24 %,
respectively, promoting a higher hydrogen production. Unfortunately, in this period a short-
age of approximately 50 h occurred in the fuel supply, caused by a failure in the system and
provoking a probable evaporation of the electrolyte, produced by a lack of fuel [92]. In the
third stage, the current density was increased to 150 mA /cm? pursuing a gradual increase in

the hydrogen production.
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Figure 5.42. Voltage evolution during the long-term test of the single Molten Carbonate
Electrolysis Cell.

Analyzing the voltage trend, during the first hours of the second period, a stabilization
region is appreciated, 50h to 350 h approximately, it could be attributed to the electrolyte
distribution, defined by a rise and drop of voltage followed for a quasi-constant trend. How-
ever, after that region, the fluctuations in the voltage started to grow up [92]. This voltage
fluctuations are related to a bad diffusion of the components due to loss of active sites with
time. It causes an increment of water and carbon dioxide concentration in the fuel electrode
provoking that species compete more to reach the diminished activated sites. In general, all
of these factors increment the concentration losses. Assuming that an abnormal electrolyte
evaporation caused by the shortage was reflected as an increase of electrolyte evaporation,
0.6 g of electrolyte were added in order to reduce the rise in voltage [24,46], after that, a

reduction of voltage was noticed.

It is possible to evaluate the voltage increase rate of the cell, from the period after the
stabilization until before the shortage, corresponding for 200 h to 500 h. The resulting voltage
increase rate is 0.043mV /h for the single cell operating in electrolysis mode. Hu et al. [46]
performed a durability test of a button cell operating in MCEC mode obtaining a cell voltage
increase rate of 0.2mV /h to 0.6 mV /h, which is almost ten times higher than the one obtained
with a single cell. Moreover, Morita et al. [24] carried out a long-term stack operation working
in fuel cell mode, obtaining a voltage decay rate of 0.003 mV /h, that is almost ten times lower

than the one obtained in single cell.

Figure 5.43 shows the Electrochemical Impedance Spectra (ELS) evolution of the single
cell during the long-term test. The EIS shows an increment of the internal resistance, i.e. the
intersection of the high frequency semi-circle with the horizontal axis, respect time. Besides,
the low frequency semi-circle grows with time. Both increments are mainly atribuited to a

loss of electrolyte. In the case of the internal resistance increment, it could be explained
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because the electrolyte loss is caused by the corrosion reaction with metallic components of
the cell, and the corrosion products with high electric resistance increasing internal resis-
tance [51]. Moreover, the electrolyte loss is also caused by vaporization and creepage [51].
The low frequency semi-circle increment is explained because the loss of electrolyte or other
related phenomena as corrosion, cause a decrease of the active sites where the electrochemi-
cal reactions can occur, provoking that the concentration overpotentials grow up, phenomena

related to the low frequency region [93].
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Figure 5.43. Electrochemical Impedance Spectra evolution during the long-term test of the
single MCEC at open circuit voltage.

In order to appreciate better the internal resistance development, Figure 5.44 shows its
evolution during the long-term test. There is an increase in the internal resistance from
1.35 x 10729 to 2.35 x 1072€), corresponding to the period from 94h to 594 h, respectively;
it represents an increment of 2.01 x 107°Q/h of the internal resistance. However, when the

2 after the shortage, the voltage fluctuations also were

current was changed to 150 mA/cm
increased. Moreover, the internal resistance from 594 h to 815h grows up from 2.35 x 1072
to 3.65 x 1072 Q, representing an increment of 5.91 x 1075 Q /h. After the electrolyte addition,

the internal resistance at 1003h was 3.96 x 1072, comparing with 815h, the rate of change

82



of the internal resistance now is 1.62 x 107° 2/h. Hence, the addition of electrolyte is useful
to mitigate the increase of the internal resistance and helpful to extend the operative life of

the cell operating as electrolyzer.
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Figure 5.44. Internal resistance evolution during the long-term test.

Besides, it was observed that when fluctuations rise, the open circuit voltage decreased
[24]. Figure 5.45 shows the i-V curves during the long-term test, it can be observed a gradual

degradation of the cell, i.e., an increase of the cell voltage as well as an OCV drop.
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Figure 5.45. Polarization curves evolution of the MCEC during the long-term test.

Additionally, Figure 5.46 shows the voltage evolution of the different load conditions tested
during the long-term test. The voltage under load condition tends to grow up, contrary to
OCYV that tends to diminish. The OCV decreased 47 mV during the first 620 h.
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Figure 5.46. Trend in MCEC voltage at OCV, 50mA /cm?, 100mA /cm? and 150 mA /ecm? during

the long-term test.

Figure 5.47 shows an experimental and numerical comparison of the composition flowing
out the fuel electrode at —100 mA /cm? at the beginning of the long-term test where there is no
evidence of any degradation. In general, there is a good agreement between the experimental
and numerical values. The highest difference is present in the water and nitrogen as in Figure
5.41, where the error is attributed to the measurement procedure.
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Conclusions

6.1. Conclusions

A numerical and experimental comparison of a molten carbonate single cell has been
presented in this work. Three experimental sets were carried out, the first one to validate an
electrochemical model, the second one to analyze the cell working in reversible mode and the
third one to validate the performance of the cell operating only as electrolyzer in a long-term
test. It is the first time that a single molten carbonate cell is tested in reversible mode,
i.e., fuel cell mode and electrolysis mode. Previous to this study, only works with button
cells have been presented. The advantage to test single cells compared with button cells, is
that single cells give a performance closer to reality due to the diffusion, heat transfer, and
electrochemical phenomena that are subject to three-dimensional effects. Besides, an increase
in size could cause the intensification of surface phenomena like corrosion. In general, single

cells give valuable information before progressing to a prototype or industrial stage.

The first experimental campaign was carried out in order to compare the performance
of the single cell operating in fuel cell mode and get data to compare numerically five zero-
dimensional models used to determine the voltage losses. The parameters analyzed were
the content of hydrogen in the fuel electrode, the content of carbon dioxide in the oxygen

electrode and the cell temperature.

The second experimental campaign consisted in evaluating the effect of changes in com-
position in both electrodes, electrodes flow rate and temperature when the cell operates in
reversible mode. Moreover, electrolyte refilling was carried out at the end of the experimen-
tal campaign pursuing to diminish the internal resistance. The main findings related to the

experimental campaign are summarized as follows:

e In electrolysis mode the cell shows a lower polarization resistance because higher pres-
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ence of hydrogen helps to decrease the overpotentials in this mode of operation, this
fact can be interesting with the aim to explore new applications of this kind of cells.

e Decreasing the cell temperature increases the polarization losses in both modes, causing
a lower performance.

e As in molten carbonate fuel cell, there is a limiting current density in electrolysis mode
that provokes a fast increase of the overpotentials.

e Related with fuel electrode gas composition effect, it was shown that in electrolysis
mode, carbon dioxide reacts with the forming hydrogen through the water gas shift re-
action to produce carbon monoxide and water. The water formed through this reaction
can react with remaining carbon dioxide and forming hydrogen.

e Molten Carbonate Electrolysis Cell can operate in lean hydrogen gases, contrary to
Molten Carbonate Fuel Cell that requires a rich hydrogen gas to get an optimum op-
eration, because the production of hydrogen helps to decrease the polarization overpo-
tentials.

e Concerning the oxygen electrode gas composition effect, lower contents of carbon dioxide
and oxygen cause an increase in the polarization losses in both operating modes. The
most significant is the ratio between oxygen and carbon dioxide, po,/pco,: higher
content of carbon dioxide or lower po,/pco, ratio can facilitate nickel oxide dissolution
in the electrode, then gradually nickel short circuiting. Hence, it is recommended to
operate the molten carbonate cell with high po,/pco, ratio. It is suggested to operate
the electrolysis cell using a po,/pco, ratio of 4, corresponding to a mixture of air with
5% of carbon dioxide. The supplied gases to the oxygen electrode serve to remove the
formed gases, thus, this proposed mixture has the objective to reduce to the minimum
the carbon dioxide required in the oxygen electrode, as well as to avoid undesired
overpotentials. Moreover, it is better to use the carbon dioxide in the fuel electrode to
produce hydrogen or carbon monoxide instead of using it in the oxygen electrode to
sweep gases.

e The cell presented a significant level of degradation in electrolysis mode, something that
also was present in button cells.

e The electrolyte refilling helped to decrease the internal resistance of the cell, however,

an excess of electrolyte supplied caused corrosion in the current collectors.

The third experimental campaign was carried out in order to understand better the per-
formance of a single Molten Carbonate Electrolysis Cell operating in a long-term test using a
composition trying to simulate a real condition. The results indicate that the voltage tend to
increase gradually with time, as expected, however, some fluctuations in the voltage appears
during the test, which were increasing also with time. Besides, EIS measurements helped to
measure the increase in the internal resistance along the experimental campaign. The fluctu-

ations in the voltage, as well as the increase in the internal resistance are mainly attributed
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to a loss of electrolyte. A fuel shortage in the middle of the experimental campaign caused a
cell degradation increase, which was a few mitigated with electrolyte refilling. Furthermore,
the voltage increase rate was measured in a period before the fuel shortage and after the
cell stabilization; the voltage increase was 0.043 mV /h, which seems to indicate that voltage

increase is inversely proportional to the size of the cell.

Regarding the numerical work, five zero-dimensional models were evaluated using the
experimental data of the first experimental campaign. The models were compared with the
experimental results at the reference condition, then Model 5 [73] was selected and fitted with
the fuel cell experimental data. Once the model was fitted in fuel cell mode, it was compared
with data of the second experimental campaign where the cell operates in electrolysis mode.
In order to improve the fitting in electrolysis mode, some equations presented in section 4.3.1,
were added to enhance the limiting current density prediction. Finally, the resulting model
was used to get data as thermoneutral voltage, total amount of hydrogen produced, power
utility, etc., that are difficult to get experimentally. The main results obtained from the

experimental work are given below:

e The molten carbonate fuel cell models presented a high deviation from experimental
data, but the best performing model was acceptable, and subsequently selected and
fitted.

e [t is the first time trying to predict the performance of molten carbonate electrolysis
cell using a zero-dimensional model.

e The fitted model gives an acceptable correlation between the numerical and experimen-
tal data for all the runs in the fuel cell region.

e In electrolysis mode the fitted model gives a good agreement between the numerical
and experimental data, predicting the tendency for all the cases. However, the error
increases at higher current densities.

There are few research works related to molten carbonate electrolysis cells, however,
this type of cell gives another option to the large-scale production of hydrogen or syngas,
using carbon dioxide, which also represents an option for carbon capture and utilization

applications.
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Nomenclature

Symbol Units Meaning

ey kmol i'" component bulk concentration

c; kmol it" component catalyst layer concentration

D;; m?/s Binary diffusion coefficient

Df’;{ m? /s it" effective diffusion coefficient in the mixture

E° Vv Standard voltage

F C/mol Faraday constant, 96 485

g’ kJ /kmol Standard specific Gibbs free energy variation for a reaction

h kJ/kg Specific enthalpy

I A Current

J mA /cm? Current density

K, Dimensionless  Chemical equilibriumEquilibrium constant

m kg/s Mass flow rate

M kg /kmol Molar mass

n mol /s Molar flow rate

Ne Dimensionless Number of electrons involved in the electrochemical reac-
tions.

P Pa Pressure

Dref Pa Reference atmospheric pressure

Di Pa Partial pressure of the i component

P Pa constant for Model 5 equation

Q W Heat transfer rate

Qj W Heat transfer rate associated to the ohmic heating

Qnet W Net heat transfer rate

an W Heat transfer rate involved in the reaction
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R Qcm? Area specific resistance
R kJ/(kmol K) Universal ideal gas constant, 8.314
s kJ/(kg K) Specific entropy
S kg /s Mass source term
T K Temperature
V \Y% Voltage
W W Power
Yy Dimensionless Molar fraction
Greeks
Symbol Units Meaning
) m Diffusion length
€ Dimensionless  Porosity
Min % Thermal efficiency
) W/K Entropy production
Dimensionless  Tortuosity
Dimensionless  Stoichiomnetric coefficient of the ith chemical component
Subscripts
Symbol Meaning
act Activation overpotential
conc Concentration overpotential
cv Control volume
dif f Diffusion
e Exit
ele Global electrochemical reaction
eq Equilibrium condition
f Formation
fe Fuel electrode
1 Specie 1
m Inlet
L Limiting point
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m Modeled
Nernst Nernst voltage
oe Oxygen electrode
ohm Ohmic overpotential
ref Reference condition
RWGS Reversed water gas-shift reaction
SR Steam reforming reaction
WGS Water gas-shift reaction
Superscripts
Symbol Meaning
e Exit
eff Effective
mn Inlet
r Reacting
Bulk concentration
* Concentration in the catalyst layer
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Reversible Molten Carbonate Fuel Cell Code

B.1. Main program

import numpy as np
import time
scipy
import cantera as ct
from RMFC_functions

from

import

import constants ,exp

j-points ,MCC_.n_fe_OCV,

MCFC_fe.WGS,E_0 ,E_.OCV, VN_mean

from RMFC_functions
fe_out ,j-lim , V_ohmic
RMFC_functions
,thermal_prop
from RMFC_functions
n_real ,interpolation

import

from

import

import matplotlib.pyplot as

import pandas as pd

n_fuel_r ,fe_reactions ,

import V_act-oe,V_act_-fe ,V_conc

n_th_I,n_th_II ,E_th,

plt

start_time=time.process_time ()

MM.CO=28.0101
MM_CO2=44.0098
MM.CH4=16.04

MM H2=2.0158799999999997
MM H20=18.015268000000003
MM_0O2=31.9988

MM N2=28.01348

MM_fe=np. array ( [[MMCO] ,
[MM.CO2] ,
[MM.CH4] ,
[MM_H2] ,
[MM_H20] ,
[MMN2]])
MM_oe=np. array ( [[MM.CO2] ,
[MM_H20] ,
[MM.O2] ,
[MMN2]])

j-min=-200
j-max=200
DeltaJ=1

j=j-points (j-min ,j-max,DeltalJ)

16

59
60
61
62
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64
65
66
67
68
69
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AW~ O © o C W N

w w

Ts=273.15420

Ps=101325

Tref=273.15425

T_op=650

Vs_fe=330%1
Vs_CO_fe_i=Vs_fex0

Vs_CO2_fe.i=Vs_fex0.56

Vs_CH4_fe_i=Vs_fex0.0
Vs_H2_fe_i=Vs_fex0.05

Vs_H20 _fe_i=Vs_fex0.39

Vs_N2_fe_i=Vs_fex0.0

Vs_fe_i_comp=np.array ([[ Vs_.CO_fe_i],

[Vs_.CO2_fe_i],
Vs_CH4_fe_i],
Vs_H2_fe_i],

Vs_H20_fe_i],

[
[
[
[Vs_N2_fe_i]])

fe_comp=np.array ([[ 'CO"],
['co2'],

P_fe_i=101325
T_fe_i=273.154+T_op
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128
129
130
131
132

133

134

138

139

140
141
142
143
144
145
146

147

Vs_oe=330%2

Vs_CO2_0e.i=Vs_oe*0.05

Vs_-H20 _oe_i=Vs_oex0

Vs_N2_oe_.i=Vs_oex0.75

Vs_0O2_oe_.i=Vs_oex0.20

Vs_oe_i_comp=np.array ([[ Vs_.CO2_oe_i],
[Vs_.H2O0_oe_i],
[Vs_.N2_oe_i],
[Vs_O2_0e-i]])

oe_comp=np.array ([[

[ >

['N2°],

[

P_oe_i=101325

T_oe-i=273.15+T_op

Ru=constants.value (R molar gas constant’)

UC1=(1e—6)/60
UCc2=1e—3
UC3=10000

UC4=101325

Vs_fe_i=np.sum(Vs_fe_i_comp)
y-fe_i_comp=Vs_fe_i_comp/Vs_fe_i

MM _fe_i=np.sum(y_fe_i_comp *MM_fe)
n_fe_i_comp=(Vs_fe_i_comp*UC1xPsxUC2) /(RuxTs)
n_fe_i=np.sum(n_fe_i_comp)
m_fe_i=n_fe_i*MM_fe_i
m_fe_i_.comp=n_fe_i_comp xMM-_fe
x_-fe_i_comp=m_fe_i_comp/m_fe_i

P_fe_i_comp=y_fe_i_comp=x*P _fe_i

Vs_oe_i=np.sum(Vs_oe_i_comp)
y-oe_i_comp=Vs_oe_i_comp/Vs_oe_i

MM _oe_i=np.sum(y_-oe_i_comp *MM_oe)
n_oe_i_comp=(Vs_oe_i_comp *xUC1*PsxUC2) /(RuxTs)
n_oe_i=np.sum(n_-oe_i_comp)
m_oe_i=n_oe_i*MM_oe_i

m_oe_i_comp=n_oe_i_comp *MM_oe
x_oe_i_comp=m_oe_i_comp/m_oe_i

P_oe_.i_comp=y_-oe_i_compx*P _oe_i

185

186

187

188

189
190

191

192

193

194

195

196
197
198
199
200
201
202
203
204

205
206

207

n_e=2
1.0OCV=0
F=constants.value (F’Faraday constant )

Fuel_reac_OCV=I_.OCV /(n_exFx1000)

T_fe_o=273.15+T_op
P_fe_o=P_fe_i
T_oe_0=273.154+T _op

P_oe_o=P_oe_i

hf CO=-110530
hf_ CO2=-393520

hf_.CH4=—74850
hf_H20g=—241820
hf_H2=0

hf_02=0

hf_N2=0

hf_fe=np.array ([[hf-CO],
[hf_CcO2],
[hf_CHA4],
[ht-H2],
[hf_H20g] ,
[hfN2]])

hf_oe=np.array ([[hf_-CO2],
[hf_-H20g] ,
[hf_O2],
(ht-N2]])

Tm_cell=np.mean ([ T_fe_i , T_fe_o, T_oe_i,T_oe_o])

Pm_cell=np.mean ([ P_fe_i ,P_fe_o ,P_oe_i ,P_oe_o])

gas= ct.Solution ('gas_.MCC.cti’)

CO.r = ct.Quantity (gas, constant="TP’)
CO2r = ct.Quantity(gas, constant="TP’)
CH4_r = ct.Quantity(gas, constant="TP")
H20.r = ct.Quantity(gas, constant="TP")
H2.r = ct.Quantity(gas, constant="TP’)

O2.r = ct.Quantity(gas, constant="TP’)

CO_r. TPX = Tm_cell, P_fe_i, ’'CO:1°
CO2.r. TPX = Tm_cell, P_fe_i, 'CO2:1°
CH4_r . TPX = Tm_cell, P_fe_i, 'CH4:1~’

H20.r . TPX = Tm-_cell, P_fe_i, ’'H20:
H2_r . TPX = Tm_cell, P_fe_i, ’'H2:1~’
O2_r. TPX = Tm_cell, P_fe_i, ’02:1°

gCO_r=CO_r.gibbs_mole /1000
gCO2_r=CO2_r. gibbs_mole /1000

gCH4_r=CH4._r. gibbs_mole /1000
gH20_r=H2O_r. gibbs_mole /1000
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266

267
268
269
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gH2_r=H2_r.gibbs_mole /1000
gO2_r=02_r.gibbs_mole /1000

DELTAGH20=gH20_r—(gH2_r4+0.5%xg02_r)

DELTAG_-CO2=gCO2_r—(gCO_r+0.5xg0O2_r)

DELTAGWGS=(gCO2_r+gH2_r) —(gCO_r+gH20_r)

K.WGS=exp(—DELTAGWGS/(Rux Tm_cell))

nCO_r-OCV=MCFC_fe WGS(n_fe_i_.comp ,K.-WGS,
Fuel_reac_.OCV ,0)

n_fe_.o.OCV_comp=MCC.n_fe_OCV (n_fe_i_.comp ,nCO_r_.OCV,
Fuel_reac_.OCV)
n_fe_o_.OCV=np.sum(n_fe_.o_.OCV_comp)

y-fe_o_.OCV_comp=n_fe_.o_.OCV_comp/n_fe_o.OCV

n_oe_o_.OCV_comp=n_oe_i_comp
n_oe_o.OCV=np.sum(n_oe_.o.OCV_comp)
y-0e-0-OCV_comp=y-oe_i_comp

E0.H2=E_0 (DELTAG_H20, n_e )

E0_-CO=E_0 (DELTAG_.CO2, n_e)

VN_H2=E_OCV (E0_H2,y_fe_o_.OCV_comp ,y-oe_.o.OCV_comp ,
Pm_cell , Tm_cell , 'MCFC”)

VN_CO=E_OCV (E0-CO, y_fe_.o.OCV_comp , y-oe_.0o_.OCV_comp ,
Pm_cell , Tm_cell , 'MCFC”)

V_N=VN_mean (y-fe_.o_.OCV_comp ,VN_H2,VN_CO)

h_fe_i,s_fe_i ,g_fe_i=thermal_prop(V_-N, T_fe_i,P_fe_i

,y-fe_i_comp , fe ', 'MCFC’)
h_oe_i,s_oe_i,g-oe_i=thermal_prop (V_N, T_oe_i,P_oe_i
,y-oe_i_comp , 'oe’, 'MCFC")

E_in=n_fe_ixh_fe_i+n_fe_ixh_fe_i

A _sys=80
I=(j/1000)=A_sys

nH2_ ox=np.zeros ((len(I),1),float)

nH2O_red=np.zeros ((len(I),1),float)

nCO_r=np.zeros ((len(I),1),float)

n_fe_o_comp=np.zeros ((len(I),len(n_-fe_i_.comp)),
float)

n_fe_o=np.zeros ((len(I),1),float)

n_oe_o_comp=np.zeros ((len(I),len(n_oe_i_comp)),
float )

n_oe_o=np.zeros ((len(I),1),float)

y-fe_o_comp=np.zeros ((len(I),len(n_fe_i_comp)),
float)

Vs_fe_o_comp=np.zeros ((len(I),len(n_fe_i_comp)),
float)

Vs_fe_o=np.zeros ((len(I),1),float)

MM _fe_o=np.zeros ((len(I),1),float)

m_fe_o=np.zeros ((len(I),1),float)

m_fe_o_comp=np.zeros ((len(I),len(n_fe_i_comp)),
float)

x-fe_o_comp=np.zeros ((len(I),len(n_-fe_i_.comp)),

285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314

328

329

float)

y-oe_o_comp=np.zeros ((len(I),len(n_-oe_i_.comp)),
float)

Vs_oe_o_comp=np.zeros ((len(I),len(n_oe_i_comp)),
float)

Vs_oe_o=np.zeros ((len(I),1),float)
MM _oe_o=np. zeros ((len(I),1),float)
m_oe_o=np. zeros ((len(I),1),float)
m_oec_o_comp=np.zeros ((len(I),len(n_-oe_i_.comp)),

float)

x_oe_o_comp=np.zeros ((len(I),len(n_oe_i_.comp)),
float)

P_fe_o_comp=np.zeros ((len(I),len(n_fe_i_.comp)),
float)

Pm_fe_comp=np.zeros ((len(I),len(n_fe_i_comp)),float
)

ym_fe_comp=np.zeros ((len(I),len(n_fe_i_comp)) ,float
)

P_oe_o_comp=np.zeros ((len(I),len(n_oe_i_.comp)),
float)

Pm_oe_comp=np.zeros ((len(I),len(n_oe_i_comp)) ,float
)

ym_oe_comp=np.zeros ((len(I),len(n_oe_i_.comp)),float
)

j-lim_fe=np.zeros ((len(I),5),float)
j-lim_oe=np.zeros ((len(I),2),float)
V_ohm=np.zeros ((len(I),1),float)
V_oe_act=np.zeros ((len(I),1),float)
V_fe_act=np.zeros ((len(I),1),float)
zeros ((len(I),1),float)
V _fe_con=np.zeros ((len(I),1),float)
V=np.zeros ((len(I),1),float)
h_fe_o=np.zeros ((len(I),1),float)
s_fe_o=np.zeros ((len(I),1),float)
g-fe_o=np.zeros ((len(I),1),float)

V_oe_con=np.

h_oe_o=np.zeros ((len(I),1),float)
s_oe_o=np.zeros ((len(I),1),float)
g_oe_o=np.zeros ((len(I),1),float)
Wenp . zeros ((len(I),1),float)
DELTAs_rxn=np. zeros ((len(I),1),float)
DELTAh_rxn=np. zeros ((len(I),1),float)
DELTAg rxn=np. zeros ((len(I),1),float)
Q-rxn=np.zeros ((len(I),1),float)
Q-j=np.zeros ((len(I),1),float)
Q-net=np.zeros ((len(I),1),float)
eta_th_I=np.zeros ((len(I),1),float)
eta_th_II=np.zeros ((len(I),1),float)
E_out=np.zeros ((len(I),1),float)
Q-loss=np.zeros ((len(I),1),float)
nWGS=np.zeros ((len(I),1),float)

for k in np.arange(len(I)):
nH2_ ox [k] ,nH20_red [k]=n_fuel_r (I[k], 'MCFC")
nCOr,nCO2r=fe_reactions (I[k],n_fe.i_.comp ,K.-WGS,
nH2_ox [k] ,nH2O_red [k], '"MCFC")

if I[k]<O:

nCO_r [k]=—nCO2r
elif I[k]>=0:

nCO_r [k]=nCOr
nCH4_r=0

n_fe_o_comp [k,:] , n_fe_o[k],n_oe_o_comp [k,:],
n_oe.o [k]=fe_out (I[k],n_fe_i_comp ,
n_oe_i_comp ,nH2_ox [k] ,nH20_red [k] ,nCH4_r,
nCO_r[k], "MCFC’)

y-fe_o_comp [k,:]=n_fe_o_comp [k,:]/ n_fe_o [k]
Vs_fe_o_comp [k,:]=(n_fe_o_comp [k,:]*RuxTs) /(UC1
*PsxUC2)

Vs_fe_o[k]=np.sum(Vs_fe_o_comp [k,:])

MM_fe_o [k]=np.matmul(y-fe_o_comp [k,:] , MM_fe)
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338
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359
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361
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367
368
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370

m_fe_o[k]=n_fe_o [k]* MM_fe_o [k]

m_fe_o_comp [k]=np.multiply (n_fe_o_comp [k,:] ,np. :

transpose (MM_fe))

x_fe_o_comp [k,:]=m_fe_o_comp [k,:]/ m_fe_o [k]
P_fe_o_comp [k,:]=y_-fe_o_comp [k,:]*x P_fe_o
Pm_fe_comp [k,:]=(np.transpose (P_fe_i_comp )+

P_fe_o_comp [k,:]) /2

ym_fe_comp [k,:]=(np.transpose (y-fe_i_comp )+
y-fe_o_comp [k,:]) /2

y-oe_o_comp [k,:]=n_oe_o_.comp [k,:]/ n_oe_o [k]

Vs_oe_o_comp [k,:]=(n_oe_o_comp [k,:] *xRuxTs) /(UC1
*PsxUC2)

Vs_oe_o [k]=np.sum(Vs_oe_o_comp [k,:])

MM _oe_o [k]=np.matmul(y_-oe_o_comp [k,:] , MM_oe)

m_oe_o [k]=n_oe_o [k]* MM_oe_o [k]

m_oe_o_comp [k]=np.multiply (n_oe_o_comp [k,:] ,np.
transpose (MM_oe) )

x_oe_o_comp [k,:]=m_oe_o_comp [k,:] / m_oe_o[k]

P_oe_o_comp [k,:]=y_-oe_o_comp [k,:]x P_oe_o

Pm_oe_comp [k,:]=(np.transpose (P_oe_i_comp )+

P_oe_o_comp [k,:]) /2

ym_oe_comp [k,:]=(np.transpose (y-oe_i_comp )+
y-oe_o_comp [k,:]) /2

mpd_-fe=2.7e—6
epsilon_fe=0.519
tau_fe=2
L_fe=0.7e-3

j-lim_fe [k,:]=j-lim (Tm_cell ,P_fe_i ,P_fe_o_comp |
k,:],y-fe_i_.comp ,epsilon_fe ,tau_fe ,L_fe,’
fe’, 'MCFC”)

mpd_oe=7.2e—6
epsilon_oe=0.67
tau_oe=3
L_oe=0.9e¢—-3

j-lim_oe [k,:]=j_-lim (Tm_cell ,P_oe_i ,P_oe_o_comp [
k,:],y-oe_i_comp ,epsilon_oe ,tau-oe ,L_oe,’
oe’, 'MCFC")

V_ohm [k]=V_ohmic(I[k],Tm_cell ,A_sys,y_fe_o_comp
[k,:] ,y-0e_o_comp [k,:],j-lim_fe[k,:],
j-lim_oe [k,:] , 'MCFC")

V_oe_act [k]=V_act_oe(I[k],Tm_cell ,P_oe_i,A_sys,

380

381
382
383

384

385
386

388

389
390
391
392

393

394
395
396

397
398
399

100

118
119
420
421
422
123
124

y-fe_o_comp [k,:] ,y-oe_o_comp [k,:],
ym_oe_comp [k,:],j-lim_fe [k,:],j-lim_oe [k
.21, "MCFC”)

V_fe_act [k]=V_act_fe(I[k],Tm_cell ,P_oe_i,A_sys,
y-fe_o_comp [k,:] ,y-oe_o_comp [k,:],
ym_fe_comp [k,:],j-lim_fe[k,:],j-lim_oe [k
,:], 'MCFC’)

V_fe_con [k],V_oe_con[k]=V_conc(I[k],Tme_cell,
A_sys,y-fe_o_comp [k,:] ,y-oe_o_comp [k,:],
j-lim_fe[k,:],j-lim_oe[k,:], 'MCFC")

V[k]=V_.N—(V_ohm [k]+ V_oe_act [k]+ V_fe_act [k]+
V_oe_con [k]4+ V_fe_con [k])

h_fe_-o[k],s-fe_o[k],g-fe_-o[k]=thermal_prop (V[k

], T-fe_o,P_fe_o,y-fe_o_comp[k,:], fe’ '~
MCFC* )

h_oe_o[k],s_-oe_o[k],g-oe_o[k]=thermal_prop (V[k
], T_oe.o,P_oe_o,y_oe_o_comp [k,:], oe’,~’
MCFC’ )

Wk]=I[k]*V[k]

DELTAs_rxn [k]=((n-oe_o[k]*xs_oe_o [k]+n_fe_o [k]x*
s_fe_o[k])—(n_oe_ixs_oe_i+n_fe_ixs_fe_i))

DELTAh.rxn [k]=((n_-oe_o[k]xh_oe_o[k]+n_fe_o [k]x
h_fe_o[k])—(n_oe_ixh_oe_i+n_fe_ixh_fe_i))

DELTAg rxn [k]=DELTAh_rxn [k]— T _fe_o*DELTAs_rxn [k

]

Q-rxn [k]=T_fe_oxDELTAs_rxn[k]

Q-j [k]=—T[k]*(V-N=V[k])

Q-net [k]=Q_rxn [k]+Q_j [k]

eta_th_T[kl]=n_th_T(I[k],V[k],W[k],DELTAh_rxn[k
D

eta_th_IT [k]=n_th_II(I[k],V.N,V[k])

E_out [k]=n_fe_o[k]*h_fe_o [k]+n_oe_o[k]xh_oe_o [k
J+W[ K] - Q-net [k]

Q-loss [k]=E_out [k]—E_in
nWGS[k]=n_real (V[k] ,nCO_r[k])

V_th,j_.th=E_th(I,A_sys,V,Q.net)
m_fe_o_comp_-th=interpolation (j,m_fe_o_.comp,j-th)
Vs_fe_o_comp_th=interpolation(j,Vs_fe_o_comp ,j-th)
W_th=interpolation (j ,W,j_th)
y-fe_o_comp_-th=interpolation (j,y-fe_o_comp ,j-th)
m_H2_th=m_fe_o_comp_-th[3] —m_fe_i_.comp [3]
Vs_H2_th=Vs_fe_o_comp-th[3]— Vs_fe_i_comp [3]
Uf_CO2_th=((Vs_fe_i_comp[1] — Vs_fe_o.comp_th[1])/
Vs_fe_i_comp [1]) *x100
Uf_H20_th=((Vs_fe_i_comp [4] — Vs_fe_o_comp_th [4]) /
Vs_fe_i_comp [4]) x100
W _u_m_th=W_th/(m_H2_th*3600%1000)
W_u_V_th=(W_th+100%%3) /(Vs_H2_th«60%1000)

print(’V_th: ' ,V_th, 'V’)

print(’j-th: ’,j_th, 'mA/cm”2’)

print (’composition: ’,y_fe_o_comp_th=100, %)
print ("Hydrogen production: ’~,m_H2_th, ’kg/s’)
print ( ’Hydrogen production: °,Vs_.H2_th, ’sscm’)
print ("Power consumption: ’,W_th, "W’)

print (’Electricity utility: ’,W_u-m_th, 'kWh/kg )

print (’Electricity utility: °,W_u.V_th, 'kWh/m~3")
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146
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156

457
458
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164
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4168
469

of CO2:
of H20:

print (’Utilization factor *,Uf_.CO2_th, %)

print (’Utilization factor 7, Uf_H20_th, "%")

figl=plt.figure(figsize=(8,4),dpi=100)

ax=figl .add_subplot (1,1,1)

marker_size=6

linewidth=2

plt.plot(j,V, linewidth=linewidth ,
label="Fitted M5’

fillstyle="full” ,markerfacecolor="black’,

linestyle="—-",
,marker="",color="b",
markersize=marker_size ,zorder=1)

xstepl=40
xminl=j_min
xmaxl=j_max

ystepl=0.1

yminl=0.5
ymax1=1.5001

plt.xlim (xminl ,xmax1)

plt.xticks (np.arange (xminl ,xmaxl,xstepl), fontsize
=10)

ax.set_xticks (np.arange (xminl,xmaxl, xstepl/2) ,minor
=True)

ax.tick_params (which="major’ ,direction="in")

ax.tick_params (which="minor’ ,direction="in")

plt.ylim (yminl,ymax1)

plt.yticks (np.arange (yminl,ymaxl,ystepl) , fontsize
=10)

ax.set_yticks (np.arange (yminl,ymaxl, ystepl/2),minor
=True)

ax.tick_params (which="major’ ,direction="in")

ax.tick_params (which="minor’ ,direction="in")

plt.ylabel (’Voltaje / § *,fontsize=11)

plt.xlabel (’Current density / $mA \cdot ecm "{—2}$",
fontsize=11)

plt.grid (True,which="major’,linestyle="",color="
lightgray )

plt.vlines (0,0,2,color="k’,linestyles="dashed ’,
linewidth=1.0)

plt.legend (frameon=True, fontsize=8,facecolor="white
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’,framealpha=1,edgecolor="white  ,loc="best )
plt.tight_layout (pad=0.1)
plt.savefig( Fig_-reference_I—V.png’,dpi=300)

df = pd.DataFrame({ j : [],
Ve,
QL 0,
Qorxn’: [],
‘Quuet’: (],
eta_th_I:
’eta_th_II:
'n.WGS’: [],
’V_ohm’: [],
'V _fe_act ’:
’V_oe_act
’V_fe_con’:
>V _oe_con’:
1)

for i in range(len(I)):

df = df.append({’j’: np.asscalar(j[i]),
V’: np.asscalar(V[i]),
Q-j’: np.asscalar(Q_j[i]),
’Q-rxn’: np.asscalar (Q.rxn[i]),
Q-net’: np.asscalar (Q-net[i]),
’eta_th_I’: np.asscalar(eta_th_I

(i),
eta_th_II’: np.asscalar(
eta_th_II[i]),
'n-WGS’: np.asscalar (n-WGS[i]) ,
’ np.asscalar (V_ohm[i])
np.asscalar (
V_fe_act[i]),
"V_oe_act’: np.asscalar (
V_oe_act[i]),
'V _fe_con’: np.asscalar (
V_fe_con[i]),

’V_oe_con’

ohm’: s

_fe_act ’:

np.asscalar (
V_oe_con[i]),

}

, ignore_index=True)

writer=pd. ExcelWriter ('results.xlsx’, engine=’

xlsxwriter )

df.to_excel (writer , sheet_name="MCFC-R’)

writer.save ()

end_time=time. process_time ()
time_taken=end_time—start_time
T, %41 %time_taken , 's’)

print ( 'time taken=
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B.2. Secondary functions

import numpy as np
from scipy import constants ,exp,log
import cantera as ct

MM.CO=28.0101
MM_CO2=44.0098
MM.CH4=16.04
MM_H2=2.0158799999999997
MM H20=18.015268000000003
MM_0O2=31.9988
MM_N2=28.01348

MM_fe=np. array ([[MMCO] ,

(
(MM.CH4] .
[MMH2] ,
[MM_H20] ,
[MMN2]])
MM_oe=np . array ( [[MM.CO2] ,
[MM_H20] ,
[MM.O2] ,
[MMN2]])

Ru=constants.value (R molar gas constant’)

F=constants.value (F’Faraday constant’)

UC1=(1e—6)/60
UCc2=1e—3
UC3=10000

UC4=101325

def interpolation (propl,prop2,value_propl):

for i in range(len(propl)):
if propl[i]==value_propl:
value_prop2=prop2[i]
break
else:

for i in range(len(propl)):
if propl[i]>value_propl:
al=prop2[i—1]
bl=propl[i—1]
break

for i in range(len(propl)):
if value_propl<propl[i]:
a2=prop2[i]
b2=propl[i]
break

value_prop2=al+(a2—al) *(value_propl—bl) /(b2
—b1l)

return value_prop2

def j_points(j-min,j-max,Deltaj):

Nj=int ((j-max—j_min)/Deltaj+1)
j=np.zeros ((Nj,1) ,float)
for i in range(0,Nj):

if i==0:

jlil=j-min
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else:
ili]=j[i—1]+Deltaj

return j

def MCFC_fe WGS(n_-fe_i_.comp ,K.-WGS,nH2_r ,nCO_ox) :

nCO._r=0

nCO_fe_i=n_fe_i_comp [0]
nCO2_fe_i=n_fe_i_comp [1]
nH2_fe_i=n_fe_i_comp [3]
nH2O _fe_i=n_fe_i_comp [4]

error.nCO_r=1

error_stop=1le—20

it=0

t_stop =100

while abs(error.nCO_r)>=error_stop and it<=

it_stop:

f=(nH2_fe_i—nH2_r4nCO_r) *(nCO2_fe_i+nH2_r+

nCO_r+2*xnCO_ox)—\
KWGS*(nCO_fe_i—nCO_r—nCO_ox) * (
nH20O _fe_i4+nH2_r—nCO_r)

df=(nCO2_fe_i+nH2_fe_i+2xnCO_r+2xnCO_ox)+\
KWGS*(nH20 _fe_i+nCO_fe_i+nH2_r —2xnCO_r

—nCO_ox)
error-nCO_r=f/df
nCO_r=nCO_r—error_-nCO_r
it+=1

return nCO._r

def MCC.n_fe_.OCV(n_fe_i ,nCO_r,H2_r):

n_fe_o=np.zeros ((len(n_fe_i),1),float)
n_fe_o[0]=n_fe_i[0] —nCO_r
n_fe_o[l]=n_fe_i[1]+nCO_r+H2_r
n_fe_o[2]=n_fe_i[2]

n_fe_o[3]=n_fe_i[3] —H2_r+nCO_r
n_fe_o[4]=n_fe_i[4]4+H2_.r—nCO_r
n_fe_o[5]=n_fe_o[5]

return n-_fe_o

def E_0(DELTAG,n_e):

return —DELTAG/(n_exF)

def E.OCV(EO,y_fe_o ,y-oe_o,P_cell,T_cell , cell):

Pref=101325
yCO2_fe_o.OCV=y _fe_o [1]
yH2_fe_o_.OCV=y _fe_o [3]
yH2O0 _fe_.o . OCV=y _fe_o [4]

yCO2_0e.0.OCV=y _oe_o [0]
yO2_0e_.0.OCV=y_oe_o [3]

if

cell == ’'MCFC’:
n_e=2
V_Nernst=EO— ((Rux T_cell) /(n_exF))x(log ((

yH20 _fe_o_.OCV x(P_cell /Pref) =x(0.5)) /(
yH2_fe_o_OCVxyO2_0e.0.OCVxx(1/2)))+log

(yCO2_fe_,o.OCV /yCO2_0e.0.OCV))

97



130
131
132
133

134

135
136
137

138
139
140
141

143
144

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

161

162

163
164
165
166
167
168
169
170
171
172
173

-
ot

176

177
178
179
180
181
182

183

184
185
186
187
188

189

190

return V_Nernst

def VN_mean(y-fe_o ,VN_H20,VN_CO2) :

yCO2_fe=y_fe_o [1]

yH2O _fe=y_fe_o [1]

V.N=(1/(yCO2_fe+yH2O_fe) ) *x(yH20 _fe x VN_H20+
yCO2_fexVN_CO2)

return V_N

def n_fuel_r (I, cell):

if cell == 'MCC’ or cell == 'MCFC’ or cell ==
MCEC” :
n_e=2
if I>0:
n_r=I/(n_exFx1000)
nH2_r=n_r
nH20 _r=0
elif 1<0:
n_r=—1/(n_exF%x1000)
nH2_r=0
nH2O_r=n_r
elif I==0:
n_r=0
nH2_r=0
nH20 _r=0
return nH2_r ,nH2O0_r

def fe_reactions(I,n_fe_i ,KZWGS,nH2_r ,nH20_.r, cell):

'MCC’ or cell == 'MCFC’ or

nCO_fe_i=n_fe_i [0]
nCO2_fe_i=n_fe_i[1]
nH2_fe_i=n_fe_i [3]
nH20 _fe_i=n_fe_i [4]
nCO_ox=0
nCO2_red=0
if I>=0:
nCO_r=0
nCO2_r=0

for i in range(0,20):

f=(nH2_fe_i—nH2_ r4nCO_r)*(nCO2_fe_i 2:

4+nH2_r4nCO_r+2xnCO_ox)— \

KWGS*(nCO_fe_.i—nCO_r—nCO_ox) *(

nH20 _fe_i+nH2_r—nCO_r)

df=(nCO2_fe_i+nH2_fe_i+2xnCO_r+2x

nCO_ox )+ \

cell ==

191
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NN NN N

NN NN
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227
22

NN NN
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[

KWGS*(nH20 _fe_i+nCO_fe_i+nH2_r

—2xnCO_r—nCO_ox)
nCO_r=nCO_r—f/df
1<0:
nCO_r=0
nCO2_r=0
for i in range(0,20):
f=(nCO_fe_i+nCO2_r4+nCO2_red ) x (

elif

nH20 _fe_i—nH20_r4+nCO2.r)— \

(1/KWGS) x(nH2_fe_i+nH20_r—

nCO2.r)*(nCO2_fe_.i—nH20_r—

nCO2.r—2xnCO2_red)

df=(nH2O _fe_i+nCO_fe_i—nH20 _r+2x

nCO2_r+nCO2_red)+\

(1/K.WGS) *(nCO2_fe_i+nH2_fe_i

—2xnCO2_r—2«nCO2_red)
nCO2_r=nCO2_r—f/df
return nCO_r,nCO2_r

def fe_out(I,n_fe_i ,n_oe_i ,nH2_r,nH20_r,nCH4_r,
nCO.r, cell):

240
241
242
243
244
245
246
247
248
249
250

if cell
MCE :
nCO_fe_i=n_fe_i [0]
nCO2_fe_i=n_fe_i [1]
nCH4_fe_i=n_fe_i [2]
nH2_fe_i=n_fe_i [3]
nH2O _fe_i=n_fe_i [4]
nN2_fe_i=n_fe_i[5]
nCO_ox=0
nCO2._red=0

'MCC’” or cell == 'MCFC’ or cell ==

nCO2_oe_i=n_oe_i [0]

nH2O _oe_i=n_oe_i[1]

nN2_oe_i=n_oe_i[2]

nO2_oe_i=n_oe_i [3]

if I>=0:
nCO_fe_o=nCO_fe_i—nCO_r—nCO_ox
nCO2_fe_o=nCO2_fe_i+nH2_r4+nCO_r+42x

nCO_ox

nCH4_fe_o=nCH4_fe_i—nCH4_r
nH2 _fe_o=nH2_fe_i—nH2_r+nCO_r
nH20O _fe_.o=nH2O0O _fe_i+nH2_r—nCO_r
nN2_fe_o=nN2_fe_i
n_fe_o=np.sum(n_fe_i)4+nH2_r4+nCO_ox

nCO2_oe_.o=nCO2_oe_.i—nH2_r—nCO_ox

nH20O_oe_o=nH2O _oe_i

nN2_oe_o=nN2_oe_i

n0O2_oe_o=n02_oe_i —0.5xnH2_r —0.5*nCO_ox

n_-oe_.o=nCO2_oe_o+nH20 _oe_o+nN2_oe_o+
nO2_oe_o

elif I<O0:

nCO_fe_o=nCO_fe_.i—nCO_r+nCO2_red

nCO2_fe_.o=nCO2_fe_i—nH20_r4+nCO_r—2x
nCO2_red

nCH4_fe_o=nCH4_fe_i—nCH4_r

nH2 _fe_o=nH2_fe_i+nH20_r+nCO_r

nH20 _fe_o=nH20_fe_i—nH20_r—nCO_r

nN2_fe_o=nN2_fe_i

n_fe_o=np.sum(n_fe_i)-nH20_r+nCO2_red

nCO2_oe_.o=nCO2_0e_i+nH20_r+nCO2_red
nH20O_oe_o=nH2O _oe_i
nN2_oe_o=nN2_oe_i
n0O2_oe_o=n02_0e-i+0.5*nH20_r+0.5%
nCO2_red
n_oe_.o=nCO2_oe_o+nH20 _oe_o+nN2_oe_o+
nO2_oe_o
n_fe_.comp=np.array ([nCO_fe_o,nCO2_fe_o,
nCH4_fe_o ,nH2_fe_o ,nH20_fe_o ,nN2_fe_o
D
n_oe_comp=np. array ([ nCO2_oe_o ,nH20_oe_o,
nN2_oe_o,n0O2_o0e_0])
n_fe_comp .reshape(1l,len(n_fe_i)),n_fe_o
,n_oe_comp.reshape(l,len(n_oe_i)),n_oe_o

return

j-lim (Tm, P_in ,P_out ,y_in ,epsilon ,tau, thickness ,
electrode , cell):

nu_-H2=6.12
nu_-H20=13.1
nu_-CO2=26.7

nu_-CO=18
nu_-N2=18.5
nu-02=16.3

nu-.CH4=25.14

if cell = 'MCC’ or cell == 'MCFC’ or cell ==
MCEC’ :
if electrode=='fe’ or electrode == ’'fuel

electrode ’:
yCO_fe_i=y_in [0]
yCO2_fe_i=y_in [1]
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268

269

280

yCH4 _fe_i=y_in [2]
yH2_fe_i=y_in [3]
yH2O _fe_i=y_in [4]
yN2_fe_i=y_in [5]
n_e=2
PCO_fe_o=P_out [0]
PCO2_fe_.o=P_out [1]
PCH4_fe_o=P_out [2]
PH2_fe_o=P_out [3]
PH2O_fe_o=P_out [4]

D_H2_H20=10%((0.001*Tmx*x1.75) * ((MM_H24
MM H20) / (MM_H2xMMH20) ) % (0.5) )
/(((nu_H2%x%(1/3)4nu_H20%x%(1/3))
*x(2))*(P_in))

D_H2_CO2=10%((0.001*Tmxx1.75) % (( MM-H2+
MM_CO2) / (MM_H2xMM_CO2) ) * % (0.5) )
/(((nu_H2%x%(1/3)4nu_CO2x%x%(1/3))
*%(2))*(P_in))

D_H2.CO=10%((0.001xTmxx1.75) = ((MM_H2+
MM.CO) /(MM H2+«MM.CO) ) % (0.5) ) / (((
nu_H2x%x%(1/3)4nu_COxx(1/3) ) *xx(2))x*(
P_in))

D_H2_.N2=10%((0.001+Tm#+1.75) ( (MM_H2+
MMN2) / (MMH2xMMN2) ) =% (0.5) ) / (((
nu_H2x%x%(1/3)4nu_N2xx(1/3))xx(2))x*(
P_in))

D_H2_CH4=10+((0.001«Tm=x1.75) * ( (MM_H2}
MM_CH4) / (MM_H2+MM_CH4) ) # % (0.5) )
/(((nu-H2%x%(1/3)4nu_CH4x%x%(1/3))
*%(2))*(P_in))

D_H20_CO2=10+%((0.001+Tmx*1.75) * ( (MM.H20
+MM.CO2) / (MM_H20xMM_CO2) ) %% (0.5) )
/(((nu-H20 %% (1/3)4nu_CO2xx(1/3))
*x(2))=(P_in))

D_H20_CO=10+%((0.001+Tmx1.75) % ( (MMH20+
MM.CO) / (MMH20+MM.CO) ) % (0.5) ) / (((
nu-H20 %% (1/3)4nu_COxx%(1/3))*x(2))
*(P_in))

D_H20_N2=10%((0.001*Tmxx1.75) = ((MM_H20+
MM.N2) / (MM_H20+MM_N2) )+ (0.5) ) / ( ((
nu_-H20 % (1/3)+nu-N2xx(1/3))=x(2))
*(P_in))

D_H20_CH4=10+%((0.001+Tm#%1.75) % ((MM_H20
+MM_CH4) / (MM_H20MM.CH4) ) % (0.5) )
/(((nu-H20 %% (1/3)4nu_CH4 %% (1/3))
x(2)) % (P-in))

D_CO2.CO=10%((0.001«Tmxx1.75) = ((MM_-CO2+
MM.CO) / (MM_CO2+MM.CO) ) * (0.5) ) / (((
nu_CO2x%(1/3)4nu_COxx%(1/3))*x(2))
*(P_in))

D_-CO2.N2=10x((0.001*Tmx*x1.75) x ((MM-CO2+

MMN2) / (MM-CO2xMMN2) ) x%(0.5) ) / (((
nu-CO2xx (1/3)4nu_N2xx(1/3))*x(2))
«(P_in))

D_CO2.CH4=10%((0.001«Tmxx1.75) = ((MM_-CO2
4MM.CH4) / (MM_CO2+MM_CH4) ) =% (0.5) )
/(((nu-CO2xx%(1/3)4nu_CH4%x(1/3))
*x%(2))*(P_in))

D_CO_N2=10x%((0.001*Tmx=1.75) % ( (MM.COF+
MM.N2) / (MMLCOxMMN2) ) «x(0.5) ) / (((
nu_-COxx(1/3)4+nu-N2xx(1/3))xx(2))x(
P_in))

D_CO_CH4=10%((0.001*Tmx*x1.75) % ((MM.CO+
MM_CH4) / (MM.CO+MM.CH4) ) * % (0.5) )

/ (((nu-COxx%(1/3)+nu_CH4x%x(1/3))
*%(2))*(P_in))

D_eff_ CO_fe=(epsilon/tau)*((1—yCO_fe_i)

/(yH2_fe_i/D_-H2.CO+yH20O _fe_i/
D_H20_.CO+yCO2_fe.i /D.CO2.CO+

289

290

291

296
297
298
299

300
301

(

304
305
306
307
308
309
310
311

3

V)

313

314
315
316

317

yN2_fe_i/D_.CON2+yCH4 _fe_i/
D_.CO-CH4) )

D_eff _ CO2_fe=(epsilon/tau)*((1—
yCO2_fe.i)/(yH20 _fe_i/D_H20_CO2+
yH2 _fe_i /D_H2.CO2+yCO _fe_i/
D_CO2.CO+yN2_fe_i/D_CO2_N2+
yCH4 _fe_i /D_.CO2_.CH4))

D_eff CH4_fe=(epsilon/tau)*((1—
yCO2_fe_i) /(yH20O_fe_i/D_H20_CO2+
yH2_fe_i/D_H2.CO24yCO_fe_i/
D_.CO2.CO+yN2_fe_i /D_.CO2_.N2+
yCHA4_fe_i /D_CO2.CH4))

D_eff _H2_fe=(epsilon/tau)*((1—yH2_fe_i)
/(yH20 _fe_i/D_H2_H20+yCO2_fe_i/
D_H2_CO2+yCO_fe_i /D_H2.CO+y N2 _fe_i
/D_H2_N2+yCH4_fe_i /D_H2.CH4))

D_eff H20_fe=(epsilon/tau)*((1—
yH20 _fe_i) /(yH2_fe_i /D_H2_H20+
yCO2_fe.i/D.H20_CO2+yCO _fe_i/
D_H20_.CO+yN2_fe_i /D_H20_N2+
yCH4 _fe_i /D_H20_CH4) )

j-cell _ L_CO_fe=((n-exFxD_eff_CO_fe)/(Ru
*Tmxthickness))*PCO_fe_o/10

j-cell _ L_CO2_fe=((n_exFxD_eff_CO2_fe) /(
RuxTmx thickness))*PCO2_fe_o/10

j-cell L_CH4_fe=((n_exFxD_eff_CH4_fe) /(
Ru*Tmx* thickness))*PCH4_fe_o/10

j-cell _ L_H2_fe=((n-exFxD_eff_H2_fe) /(Ru
*Tmxthickness))*xPH2_fe_o/10

j-cell _.L_H20 _fe=((n_-exFxD_eff _ H20 _fe) /(
RuxTmxthickness))*PH20_fe_o /10

j-lim_comp=np. transpose (np.array ([
j-cell _.L_CO_fe ,j-cell_.L_CO2_fe ,
j-cell_.L_.CH4_fe ,j-cell_.L_H2_fe ,
j-cell_.L_H20O_fe]))

electrode==’o0e’ or electrode == ’oxygen

electrode’

yCO2_oe_i=y_in [0]

yN2_oe_i=y_in [2]

yO2_oe_i=y_in [3]

n_e=2

PCO2_oe_o=P_out [0]

PO2_oe_o=P_out [3]

D_02_.CO2=10%((0.001*Tmx*x%1.75) * ((MM_-O24
MM.CO2) / (MM-O2+MM._CO2) ) =% (0.5) )
/(((nu-O2x%(1/3)4nu_-CO2x%%(1/3))
*x%(2))x(P_.in))

D_O2.N2=10%((0.001+Tmx**1.75) % ((MM.O2+
MMN2) / (MM_O2xMMN2) ) % (0.5) ) / (((
nu_O2x%x(1/3)4nu_N2x*xx%(1/3))*xx(2))x*(
P_in))

D_CO2.N2=10%((0.001*Tmx*x%1.75) * ((MM_-CO2+
MM.N2) / (MM_CO2«MMN2) ) % = (0.5) ) / (((
nu_CO2xx%(1/3)4nu_N2xx%(1/3))*x(2))
*(P_in))

D_eff_ O2_oe=(epsilon/tau)=((1—yO2_oe_i)
/(yCO2_0e_.i/D_02.CO24yN2_oe_i/
D.0O2.N2))

D_eff_.CO2_oe=(epsilon/tau)*((1—
yCO2_oe_i)/(yO2_0e_i/D_02_.CO2+
yN2_oe_i/D_.CO2_N2))

j-cell_. L_CO2_oe=((n-exFxD_eff_CO2_0e) /(
RuxTmx thickness))*PCO2_0e_0/10
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def

j-cell_. L_O2_oe=((2*xn_exFxD_eff_O2_oe) /(

RuxTmxthickness))*PO2_oe_0/10
j-lim_comp=np.transpose (np.array ([
j-cell _ L_CO2_oe ,j-cell_.L_O2_0e]))

return j_lim_comp

V_ohmic (I ,Tm, Area,y_fe_o_comp ,y-oe_o_comp ,

j-lim_fe ,j-lim_oe ,cell):

j-cell _ L_CO2_fe=j_lim_fe [1]
j-cell _L_H2_fe=j_lim_fe [3]
j-cell _ L_H20O _fe=j_lim_fe [4]
j-cell_ L_CO2_oe=j_lim_oe [0]
jocell_ L_O2_oe=j_lim_oe [1]
yCO_fe_o=y_fe_o_comp [0]
yCO2_fe_o=y_fe_o_comp [1]
yH2_fe_o=y_fe_o_comp [3]
yH2O _fe_o=y_fe_o_comp [4]
yCO2_oe_o=y_oe_o_comp [0]
yO2_oe_o=y_oe_o_comp [3]
j=(I/Area)=1000
if cell 'MCC’ or

MCEC” :

if I>=0:

if (j-cell.L_.CO2_oe>=abs(j))

cell

'MCFC’ or

cell

and (

j-cell_.L_O2_oe>=abs(j)) and \

(j-cell_ L_H2_fe>=abs(j))

j-cell_ L_H2O _fe>=abs(j)) and \
(j-cell_.L_CO2_fe>=abs(j)) and (

yH2_fe_o >=0) and \

and (

(yCO2.0e_.0>=0) and (yO2.oe_0>=0):

P1=0.016461/UC3
P2=3054
R_ohm=Plxexp (P2/Tm)

V_ohm=(R_ohm/(Area/UC3) ) x1I

else:
V_ohm="NaN"’
if I<O0:

if ((abs(j-cell_.L_H2_fe) and abs(

j-cell _L_H20O _fe) and \

abs(j-cell _ L_CO2_fe)) >=abs(j))

and (yCO2_fe_o>0 \

and yCO_fe_.o>0 and yH2O_fe_o >0)

P1=0.016461/UC3
P2=3054
R_ohm=P1lxexp (P2/Tm)

V_ohm=(R_-ohm /(Area/UC3) ) *I

else:
V_ohm="NaN "’
return V_ohm

V_act_oe (I, Tm,P,Area,y_fe_o_comp ,y-oe_o_comp ,

ym_oe, j_-lim_fe ,j_lim_oe ,cell):

j-cell _ L_CO2_fe=j_lim_fe [1]
j-cell _L_H2_fe=j_lim_fe [3]
j-cell L_H20O _fe=j_lim_fe [4]
j-cell _.L_CO2_oe=j_-lim_oe [0]
j-cell_L_O2_oe=j_lim_oe [1]
yCO_fe_o=y_fe_o_comp [0]
yCO2_fe_o=y_fe_o_comp [1]
yH2_fe_o=y_fe_o_comp [3]
yH2O _fe_o=y_fe_o_comp [4]
yCO2_oe_o=y_oe_o_comp [0]
yO2_oe_o=y_oe_o_comp [3]
ymCO2_oe=ym_oe [0]
ymH2O0_oe=ym_oe [1]
ymO2_oe=ym_oe [3]
j=(I/Area)=1000
if cell 'MCC’ or

MCEC’ :

if I>=0:

if (j-cell.L_.CO2_oe>=abs(j))

== cell ==

'MCFC’ or

cell

and (

j-cell_.L_.O2_oe>=abs(j)) and \

386

387

388
389
390
391
392

393

394

395
396

397

398

399
400
101
402
103
104

406

107
108
109
110

411

112

113
414
415
416

117

118
119
420

426
427
128
129
130
131
132
433
434
435
136
137
138
139

440

441

(j-cell_L_H2_fe>=abs(j)) and (
j-cell _ L_H20 _fe>=abs(j)) and \

(j-cell _.L_.CO2_fe>=abs(j)) and (
yH2_fe_o>=0) and \

(yCO2_0e_0>=0) and (yO2_oe_o>=0):

P3=4.891771179935e¢—6/UC3

P4=2743

upsilon=0.16

R-0e-CO2_H20=(P3*Tmxexp (P4/Tm) ) / ((P

/UC4) =\
log ((1—(1.5/(1+
upsilon) ) =(
ymCO2_oe+\
upsilon*xymH2O_oe
))xx(=1)))
P5=9.0366282384814e¢—9/UC3
P6=10036

R_0e_-02_CO2=P5*Tmx*exp (P6/Tm) = ((P/
UC4) #x(—0.25) ) %\
(ymO2_oexx(—0.75) ) *(
ymCO2_oexx*(0.5))
R_oe=R_0e_.CO2_H20+4R_0e_02_CO2
V_oe=(R_oe/(Area/UC3))x1

else:

if I1<0:
if

V_oe=’NaN"’

((abs(j-cell_L_H2_fe) and abs(
j-cell _ L_H20_fe) and \
abs(j-cell_ L_CO2_fe)) >=abs(j))
and (yCO2_fe_o>0 \
and yCO_fe_.o>0 and yH2O_fe_o >0)

P3=4.891771179935e¢—6/UC3

P4=2743
upsilon=0.16

R-0e_-CO2_H20=(P3*Tmxexp (P4/Tm) ) / ((P

/UC4) %\

log ((1—(1.5/(1+
upsilon)) x(
ymCO2_oe+)\

upsilon*xymH2O_oe

))xx(=1)))

P5=9.0366282384814e¢—9/UC3

P6=10036

R_0e_02_CO2=P5*Tm*exp (P6/Tm) = ((P/

UC4) xx(—0.25) )\

(ymO2_oexx(—0.75) ) *(
ymCO2_oexx%(0.5))
R_oe=R_0e_.CO2_H20+R_0e_02_CO2

V_oe=(R_oe/(Area/UC3))*I
else:
V_oe="NaN"’
return V_oe

V_act_fe (I, Tm,P,Area,y_-fe_o_comp ,y-oe_o_comp ,

ym_fe,j_lim_fe ,j_lim_oe ,cell):

j-cell _ L_CO2_fe=j_lim_fe [1]
j-cell _L_H2_fe=j_lim_fe [3]
j-cell _ L_H20O _fe=j_lim_fe [4]
j-cell_L_CO2_oe=j_lim_oe [0]
j-cell _L_O2_oe=j_lim_oe [1]
yCO_fe_o=y_fe_o_comp [0]
yCO2_fe_o=y_fe_o_comp [1]
yH2_fe_o=y_fe_o_comp [3]
yH2O _fe_o=y_fe_o_comp [4]
yCO2_oe_o=y_oe_o_comp [0]
yO2_oe_o=y_oe_o_comp [3]
ymH2_fe=ym_fe [3]
j=(I/Area)=*1000
if cell 'MCC’ or

MCEC’ :

if I>=0:

e cell ==

'MCFC’ or

cell

if (j-cell.L_.CO2_oe>=abs(j)) and (
j-cell_L_O2_oe>=abs(j)) and \
(j-cell_L_H2_fe>=abs(j)) and (
j-cell _ L_H20 _fe>=abs(j)) and \
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144
445

146
447

448
449
150
151
152

464

465
466
167
168
169
170
471
472
473
474
175
176

177

478

479

480

181

182

483

484

185

186

487

188

189

490

491

492

493

194

495

496

497

198

(j-cell_.L_CO2_fe>=abs(j)) and (
yH2_fe_o>=0) and \
(yCO2.0e_.0>=0) and (yO2.oe_0>=0): 199
P7=4.68267140160721e—9/UC3
P8=9362 500
R_fe=(P7+«Tmxexp (P8/Tm) ) / ((P/UC4) *
log(l+ymH2_fe))
V_fe=(R_fe/(Area/UC3) )1
else: 501
V _fe="NaN’
if I<O0:
if ((abs(j-cell_.L_H2_fe) and abs(
j-cell _ L_H20O _fe) and \ 502
abs(j-cell_ L_CO2_fe)) >=abs(j))
and (yCO2_fe_o>0 \
and yCO_fe_o>0 and yH2O_fe_o>0) 503
: 504
P7=4.68267140160721e—9/UC3 505
P8=9362 506
R_fe=(P7+«Tmxexp (P8/Tm) ) / ((P/UC4) * 507
log(l4+ymH2_fe)) 508
V_fe=(R_fe/(Area/UC3)) =1 509
else:
V_fe="NaN"’
return V_fe

V_conc (I, Tm, Area ,y_fe_o_comp ,y_oe_o_comp , 512
j-lim_fe ,j_lim_oe ,cell):

j-cell _ L_CO2_fe=j_lim_fe [1] 514
j-cell _L_H2_fe=j_lim_fe [3] 515
j-cell _ L_H20 _fe=j_lim_fe [4]

j-cell _.L_CO2_oe=j_lim_oe [0]

j-cell_L_O2_oe=j_lim_oe [1] 516
yCO_fe_o=y_fe_o_comp [0]

yCO2_fe_o=y_fe_o_comp [1]

yH2_fe_o=y_fe_o_comp [3] 517
yH2O _fe_o=y_fe_o_comp [4]

yCO2_oe_o=y_oe_o_comp [0]

yO2_oe_o=y_oe_o_comp [3] 518
j=(I/Area)=1000
if cell == 'MCC’ or cell == 'MCFC’ or cell ==
MCEC’ : 519
n_e=2
if I>=0:
if (j-cell_.L_.CO2_oe>=abs(j)) and ( 520

j-cell_.L_.O2_oe>=abs(j)) and \
(j-cell_L_H2_fe>=abs(j)) and (
j-cell _ L_H20O _fe>=abs(j)) and \ 521
(j-cell _ L_.CO2_fe>=abs(j)) and (
yH2_fe_o>=0) and \
(yCO2_.0e_.0>=0) and (yO2_oe_0>=0): 522
Vconc_fe=((RuxTm) /(n_-exF))*xlog (( 5
j-cell _L_H2_fe /(j-cell_.L_H2_fe
Zie\ 524
((j-cell _.L_H20 _fe—j)/
j-cell _.L_H20 _fe)x*\ 525
((j-cell.L_.CO2_fe—j)/
j-cell_.L_CO2_fe))

j-cell_.L_O2_oe /(j-cell.L_O2_oe
Zi))ex(1/2)) 6\
(j-cell _.L_CO2_oe/(
j-cell _.L_.CO2_0oe—j))) 531
else: 532
Vconc_fe="NaN"’
Vconc_oe="NaN’
if I<O0: 533
if ((abs(j-cell_.L_H2_fe) and abs(
j-cell _ L_H20 _fe) and \
abs(j-cell_ L_CO2_fe)) >=abs(j)) 534
and (yCO2_fe_o>0 \
and yCO_fe_o>0 and yH2O_fe_o>0)

52
Vconc_oe=((RuxTm) /(n_exF))xlog ((( ?28
53

Vconc_fe=—((RuxTm) /(n_exF))xlog (((
abs(j-cell_.L_H2_fe)—abs(j))/\
abs(j-cell _ L_H2_fe))*( 536

abs(j-cell_ L_H20O_fe
)/\
(abs(j-cell_ L_H20 _fe)—
abs (j)))=*\
(abs(j-cell_ L_CO2_fe) /(

abs (
j-cell . L_CO2_fe)—
abs(j))))

Vconc_oe=—((RuxTm) /(n-exF))*xlog ((((
abs(j-cell_.L_O2_oe)—abs(j))/(
abs(j-cell_.L_O2_0e)))**(1/2))
“\

((abs(j-cell _ L_CO2_0e)—
abs (j))/abs
j-cell_.L_CO2_0e)))

else:

Vconc_fe="NaN’

Vconc_oe="NaN’

return Vconc_fe,Vconc_oe

thermal_prop (V,T,P,y_o_.comp , electrode ,cell):

gas= ct.Solution ('gas-MCC.cti’)

if cell == 'MCC’ or cell == ’'MCFC’ or cell ==
MCEC
if electrode == ’'fe’ or electrode == ’fuel

electrode’

if np.isnan(V) != np.isnan(np.nan):

comp="CO: "+(str (y-o-comp [0]) .
replace(’[’,7)).replace(’]’,~
DR

7 CO2: "4(str(y-o_comp [1]) .
replace ([, 7)).
replace ('], ")+

CH4: 4(str (y-o_comp [2]) .
replace(’[7,77)).
replace (7], ")+\

H2: +4(str (y-o-comp [3]) .
replace(’[7,77)).
replace (],  ")+\

H20: '4(str (y-o-comp [4]) .
replace(’'[7,77)).
replace (7], ")+\

N2: '4(str(y-o_comp [5]) .
replace(’[7,77)).
replace ('], ")

elec = ct.Quantity(gas, constant="’
TP ")

elec . TPX =T, P,
h_elec=elec

comp
.enthalpy_mole

s_elec=elec.entropy-mole

g-elec=elec.gibbs_mole
else:
h_elec="NaN’
s_elec="NaN’
g-elec="NaN’
if electrode == ’oe’ or electrode ==
oxygen electrode’
if np.isnan(V) != np.isnan(np.nan):

comp="CO2: "4(str (y-o_comp [0]) .

replace(’[’, 7)) .replace(’] "~
)\

H20: 4(str (y-o_comp [1]) .
replace(’[7,77)).
replace (7], " )+\

O2: "4(str(y-o_comp [2]) .
replace(’[7,77)).
replace ('], ")+

N2: 4(str(y-o-comp [3]) .
replace(’[7,77)).
replace ('], ")

elec = ct.Quantity(gas, constant="
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540

542

TP’)

elec . TPX = T, P,
h_elec=elec.enthalpy_-mole

comp

s_elec=elec.entropy_-mole
g_elec=elec.gibbs_mole

else:
h_elec="NaN’
s_elec="NaN’
g-elec="NaN"’
return h_elec ,s_elec ,g_elec

def n_th_I(I,V,W,DELTAh_rxn):

if I>=0:
if np.isnan(V) != np.isnan(np.nan):
if I==0:
eta_th_I="NaN’
else:
eta_th_I=(W/abs(DELTAh_rxn) ) «100
else:

eta_th_I="NaN’

if I<O0:
if np.isnan(V) != np.isnan(np.nan):
if I==0:
eta_th_I="NaN’
else:
eta_-th_I=(DELTAh_rxn/abs (W) ) «100
else:

eta_th_I="NaN’
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return eta_th_I

n_th_I1(I,V.N,V):

if I>=0:
if np.isnan (V) != np.isnan(np.nan):
eta_th_IT=(V/V_N)%100
else :
eta_th_II="NaN’
if I1<0:
if np.isnan(V) != np.isnan(np.nan):
eta_th_IT=(V_.N/V)%100
else:
eta_th_II="NaN’
return eta_th_II
E_th(I,Area,V,Q.net):
j=(I/Area)=1000
j-th=interpolation (Q-net,j,0)
if np.isnan(j-th) == np.isnan(np.nan):
V_th="There is no
this

thermoneutral voltage

region .’

if np.isnan(j-th) != np.isnan(np.nan):
V_th=interpolation (j,V,j-th)

return V_th,j_th

n_real (V,n):

if np.isnan(V) == np.isnan(np.nan):
n_r="'NaN’

if np.isnan(V) != np.isnan(np.nan):

n_r=n

return n-.r

in
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