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ABSTRACT

A goal of the Swedish government is to increase the usage of renewable fuels and biomass-based 
fuels. Fuel cells, and especially the MCFC, are useful for these types of fuels. The Swedish 
market may benefit from the MCFC in two ways: increased efficiency of the biofuels and also 
utilisation of produced heat in district heating. Most of the commercial MCFC systems today are 
optimised for use with methane. The possibility to utilise biomass in Sweden makes it important 
to study how the MCFC may be adapted or optimised for good performance and low degradation 
with gas produced from biomass or other renewable fuels. 

This thesis is focused on methods that may be used to investigate and evaluate MCFC electrodes 
and electrolytes with renewable fuels i.e. CO2-containing gases. The methods and results are both 
experimental and mathematically modelled. The objectives of this thesis are to better understand 
how the performance of the anode is dependent on different fuels. Anode kinetics and the water-
gas shift reaction have been investigated as well as the possibility to increase cell lifetime by 
increasing the initial electrolyte amount by having the anode as a reservoir. The effect of 
segregation of cations in the electrolyte during operation has also been studied. 

It was found that if the gas composition at the current collector inlet is in equilibrium according 
to the water gas-shift reaction the gas composition inside the electrode is almost uniform. 
However, if the gas is not in equilibrium then the concentration gradients inside the current 
collector have a large effect on the gas composition inside the electrode. The conversion of the 
gas in the gas flow channels according to the water-gas shift reaction depends on the gas flow 
rate. For an anode used in a gas mixture of humidified hydrogen and carbon dioxide that are not 
in equilibrium some solubility of Ni in a (Li/Na)2CO3 mixture was found. To have the anode act 
as an electrolyte reservoir to prolong cell lifetime the anode pore size should be carefully 
matched with that of the cathode and a bimodal pore-size distribution for the anode is preferable 
to have as good performance as possible for as large electrolyte filling degree interval as possible. 
Modelling results of segregation of cations in the electrolyte during operation indicate that the 
electrolyte composition changes during operation and that the lithium ions are enriched at the 
anode for both types of electrolyte used for the MCFC. The electrolyte composition changes are 
small but might have to be considered in long-time operation. The results from this thesis may be 
used to better understand how the MCFC may be used for operation with renewable fuels and 
how electrodes may be designed to prolong cell lifetime. 

Keywords: composite electrolytes, electrode kinetics, electrolyte, electrolyte distribution, 
hydrogen oxidation reaction, ion segregation, mass transport, mathematical 
modelling, MCFC, molten carbonate fuel cell, nickel solubility, porous electrode, 
reformate, water-gas shift reaction



SAMMANFATTNING 

Ett av den svenska regeringens mål är att öka användandet av förnyelsebara bränslen och 
bränslen från biomassa. Bränsleceller och framförallt MCFC är användbara för dessa typer av 
bränslen. Den svenska marknaden kan dra fördelar av MCFC på två sätt; ökad 
bränsleutnyttjandegrad och utnyttjande av producerad värme för fjärrvärme. De flesta 
kommersiella MCFC-systemen idag är optimerade för användning av metan. Möjligheten att 
använda biomassa på den svenska marknaden gör det viktigt att studera hur MCFC kan anpassas 
eller optimeras för bra prestanda och låg degradering för användning med gas från biomassa eller 
andra förnyelsebara bränslen. 

Fokus i denna avhandling är på metoder som kan användas för att undersöka och utvärdera 
MCFC-elektroder och -elektrolyter med förnyelsebara bränslen, dvs. gaser innehållande CO2.
Metoderna och resultaten är både experimentella och matematiskt modellerade. Målet med denna 
avhandling är att bättre förstå hur anodens prestanda beror på användningen av olika bränslen. 
Anodens kinetik och vattengasskiftreaktionen har studerats liksom möjligheten att förlänga 
cellens livstid genom att öka den initiala mängden elektrolyt medelst användning av anoden som 
reservoar. Effekten av segregation av katjoner i elektrolyten under last har också undersökts. 

Om gassammansättningen är i jämvikt enligt vattengasskiftreaktionen vid inloppet till 
strömtilledaren kommer gassammansättningen att vara nära uniform inuti elektroden. Om 
ingående gas inte är i jämvikt kommer stora koncentrationsgradienter uppkomma i 
strömtilledaren och påverka gassammansättningen i elektroden. Omsättningen med avseende på 
vattenskiftreaktionen av gasen i flödeskanalen verkar vara beroende av gasens flödeshastighet. 
För en anod som används i en uppfuktad blandning av vätgas och koldioxid som inte är i jämvikt 
befanns det att Ni har en viss löslighet i (Li/Na)2CO3. För att kunna använda anoden som 
reservoar för elektrolyt för att förlänga livstiden för MCFC skall anodens porstorleksfördelning 
överensstämma med katodens och ha en bimodal porstorleksfördelning för att ge en tillräckligt 
god prestanda i ett så stort elektrolytfyllnadsgradsintervall som möjligt. Modelleringsresultat för 
segregering av katjoner i elektrolyten under drift visar att litiumjoner anrikas i anoden för båda 
typerna av elektrolyt som används i MCFC. Elektrolytkoncentrationsförändringarna är små men 
kan behövas tas i beaktande vid långa driftstider. Denna avhandlings resultat kan användas för att 
bättre förstå hur MCFC skall anpassas för drift med förnyelsebara bränslen och hur elektroder 
kan utformas för att förlänga livstiden. 

Nyckelord: elektrodkinetik, elektrolyt, elektrolyt fördelning, jonsegregering, 
kompositelektrolyt, löslighet av nickel, masstransport, matematisk modellering, 
MCFC, porösa elektroder, reformat, smältkarbonatbränslcell, 
vattengasskiftreaktionen, vätgasoxidationsreaktionen 
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1. INTRODUCTION 

The demand for electric energy in the world is increasing and public opinion of today yearns 
to reduce the usage of fossil fuels. Alternatives to fossil fuels are wind power, solar power, 
wave power and power from energy conversion systems using renewable fuels such as water-
hydrogen cycle, biomass, waste gas, ethanol, etc. [1].

Among the new technologies for energy conversion none will probably replace the 
conventional technologies in the short term. In the future probably a mixture of the different 
energy conversion technologies will reduce usage of fossil fuels, by having higher efficiencies 
than the technologies of today. Fuel cells constitute one of the new technologies that are 
reaching the market, with higher fuel conversion efficiencies than conventional technologies. 

The electric power production in Sweden is mainly coming from nuclear power, hydropower, 
oil products and biofuels [2]. A goal of the government is to increase the usage of renewable 
fuels. Many industries in Sweden have either the forest as resource for production of pulp and 
paper or other biomass sources that both give waste usable for biomass fuels. Since high 
temperature fuel cells are beneficial for usage of reformed fuels this is interesting from a 
Swedish energy perspective. 

This chapter gives an introduction to fuel cells and their history, more details may be found in 
e.g. [3]. Focus is on the molten carbonate fuel cell and current technology status [4-18]. A 
more detailed background of the topics studied in this thesis is given and the aim of the thesis 
is presented. 

1.1. Fuel cells 
Fuel cells are energy conversion systems that have reached a technology level where they are 
competitive with conventional systems regarding efficiency. However, the low production 
quantities still make them more expensive than existing systems. Fuel cells work in the same 
manner as batteries, except they are not limited to the energy stored within the system since 
fuel may be continuously supplied. The first fuel cell was invented by William Grove in 1839. 
It was not until 1959 when Bacon demonstrated a 5 kW system that NASA opted for 
electricity and water production onboard space shuttles that the technology started to be more 
developed.

The fuel cells may be classified according to what kind of electrolyte and what type of fuel 
they use. Today there are six major different types; Direct Methanol Fuel Cell (DMFC), 
Polymer Electrolyte Fuel Cell (PEFC), Phosphoric Acid Fuel Cell (PAFC), Alkaline Fuel Cell 
(AFC), Molten Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel Cell (SOFC). Fuel cells 
may also be categorised into low temperature fuel cells and high temperature fuel cells. 
MCFC and SOFC are the two most common high temperature fuel cells. 

The advantages of using high temperature fuel cells are that the electrochemical reactions are 
fast and have low activation overpotential and that no noble catalyst materials are needed. The 
energy in the exhaust gas may be used and make the fuel cells suitable for combined heat and 
power systems. The waste heat may be used for reforming fuels, provide heat and drive 
turbines. With these advantages a high temperature fuel cell should not be considered just as a 
simple fuel cell, it should always be considered as an integral part of a complete fuel 
processing, power and heat generation system. 
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1.2. The molten carbonate fuel cell 
The molten carbonate fuel cell (MCFC) has its name from the electrolyte which is a molten 
salt consisting of lithium carbonate and potassium carbonate (Li/K)2CO3 or lithium carbonate 
and sodium carbonate (Li/Na)2CO3. The MCFC is operated at 580-700 C and in this 
temperature interval the electrolyte has a high conductivity. 

Figure 1-1. Working principle of an MCFC.

The working principle of the MCFC is shown in Figure 1-1. On the cathode oxygen is 
reduced together with carbon dioxide forming carbonate ions. The carbonate ions are 
transferred through the matrix by ion conduction to the anode side. At the anode the hydrogen 
is oxidised and forms water and carbon dioxide, the cell net reaction being production of 
water. The cathode reaction is given by 

2
322 2CO4e2COO        (1.1) 

and on the anode the oxidation of hydrogen occurs through the following reaction 

2eCOOHCOH 22
2
32       (1.2) 

As may be seen an addition of carbon dioxide to the cathode side is necessary. In a system 
this is solved by feeding the anode outlet gas mixed with air to a catalytic burner to form the 
cathode inlet gas. 

One of the advantages of using high temperature fuel cells is that they are not sensitive to 
carbon monoxide poisoning, since direct oxidation of carbon monoxide may occur through 
the following reaction 

2e2COCOCO 2
2
3        (1.3) 

Due to thermodynamic equilibrium two heterogeneous reactions occur on the anode side. 
These are the water-gas shift reaction 

COOHCOH 222        (1.4) 
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and carbon deposition by the Boudouard reaction 

2COC2CO         (1.5) 

Deposited carbon is detrimental for the cell and may be avoided if the gas is humidified [19, 
20].

The hydrogen oxidation reaction is exothermic and therefore thermal management of a MCFC 
stack is of great importance. To reduce the need for external coolant internal reforming may 
be used. Methane may be reformed at the anode side through steam reforming 

CO3HOHCH 224        (1.6) 

This reaction is endothermic and the need for external cooling may be reduced by about 50 %. 

The state-of-the-art anodes are made by Ni alloyed with Al and/or Cr. Chromium and 
aluminium are added to reduce the sintering of the anode, which otherwise may be a problem 
for longer operation times by changing the pore sizes, i.e. changing the electrolyte distribution 
and lowering the active surface area. The anodes are 0.4-0.8 mm thick and have a porosity of 
55-75 %. The cathode is made of lithiated nickel oxide, usually oxidised in situ. The 
electrolyte is mixed with -LiAlO2 sub-micrometer sized fibres in order to keep the electrolyte 
in place. 

Today the MCFC technology may be divided into two groups; atmospheric systems with 
internal reforming of natural gas, like the systems from Fuel Cell Energy Corporation (FCE) 
in the USA and MTU CFC Solutions in Germany, and the pressurised systems with external 
reforming, being developed by Ishikawajima-Harima Heavy Industry (IHI) and the Central 
Research Institute for Electric Power Industry (CRIEPI) in Japan, Ansaldo Fuel Cells in Italy 
(AFCO) as well as the Korean Institute of Science and Technology (KIST) and the Korean 
Electric Power Research Institute (KEPRI) in South Korea. Both technologies have their 
advantages and disadvantages. In the USA many field demonstrations have been made by 
FCE, in Europe MTU have several HotModule 250 kW demonstration systems operating; in 
Japan many field tests have been performed and CRIEPI has operated a 1 MW power plant in 
Kawagoe.

The MCFC systems have some issues that reduce the lifetime: loss of electrolyte due to 
vaporisation and corrosion and nickel shorting caused by dissolution of the cathode. The 
MCFC is in general operated using natural gas as fuel, although high concentrations of carbon 
monoxide and carbon dioxide may also be part of the feed. This makes it very suitable for use 
with lower concentrations of hydrogen as found in biogas, coal gasification gas, waste gas or 
gasified biomass [7, 10, 11, 16, 21]. Especially operation with biogas or waste gas reduces the 
use of fossil fuel and greenhouse gas emissions. However, it has been reported that the 
degradation rate of cell voltage is higher in the case of ‘CO-rich fuel conditions’ than in the 
case of ‘H2-rich fuel conditions’, and consequently, cell performance becomes unstable [22]. 

1.2.1. Anode reactions and gas phase mass transport 
The main electrochemical reaction on the anode for the MCFC is hydrogen oxidation 
(Reaction 1.2). Different mechanisms have been proposed for the hydrogen oxidation and the 
two mechanisms generally assumed were proposed by Jewulski and Suski [23] and Ang and 
Sammels [24]. The theoretical partial pressure dependency on the reaction order for hydrogen, 



4

carbon dioxide and water is 0.25 for both these mechanisms, if the electrochemical reaction is 
rate determining and a low coverage Langmuir adsorption is assumed. However, the 
experimental results published in the literature on the reaction order have shown that the 
partial pressure dependency is 0.4-0.8 for hydrogen, 0.2-0.6 for carbon dioxide and -0.4 1 for 
water [25-27]. These results are hard to correlate with a mechanism and therefore difficult to 
explain. Yuh and Selman [25] noticed that a better fit of the stationary anode polarisation data 
could be achieved by assuming a higher value, 0.75, for the partial pressure dependency of 
hydrogen than the theoretical value of 0.25. 

An essential advantage of the high temperature fuel cells is that they are not sensitive to 
carbon monoxide poisoning since CO may be directly electrochemically oxidised 
(Reaction 1.3). When performing electrochemical investigations of the anode reactions it is 
not possible to investigate hydrogen oxidation (Reaction 1.2) without interference from 
carbon monoxide oxidation (Reaction 1.3). 

The water-gas shift reaction (Reaction 1.4) has been reported to establish equilibrium rapidly 
[28] in the presence of catalyst and will therefore also affect the gas composition inside the 
cell, i.e. the cell performance. This reaction could either be a combination of the oxidation of 
hydrogen (Reaction 1.2) and the oxidation of carbon monoxide (Reaction 1.3) or a 
homogeneous or heterogeneous chemical reaction. 

Earlier modelling studies of the anode have assumed that the direct oxidation of carbon 
monoxide (Reaction 1.3) may be neglected [23, 25, 26, 29, 30] and they also assumed that gas 
phase mass transfer resistance may be considered negligible. Experimental work has, however, 
shown that gas phase mass transfer affects the performance [31] and that the exchange current 
density for direct carbon oxidation [24] is approximately 1-3 A m-2.

1.2.2. Water-gas shift reaction 
For high temperature fuel cells the kinetics of the water-gas shift reaction is fast on catalytic 
surfaces. Since the high temperature fuel cells have the advantage of easy usage of reformed 
fuels that always contain H2, CO, CO2 and H2O the water-gas shift reaction has to be 
considered.

When the fuel H2 or CO is consumed the concentrations of these are lowered and the 
concentrations of the other gases increase and due to this the equilibrium potential will 
decrease along the gas flow channel and thus also the cell voltage. This makes it a choice how 
much of the fuel on each side that should be used, i.e. fuel utilisation, without sacrificing too 
much efficiency. The water-gas shift reaction also influences the gas composition in the anode 
along the flow direction. The effect of the water-gas shift reaction has to be taken into account 
when considering heat management and reaction rate distribution in a stack. 

The MCFC technology is today divided into three subsections regarding reforming: external 
reforming, direct-internal reforming and indirect-internal reforming [3]. External reforming is 
most useful for other fuels than methane and is regularly used for pressurised systems. The 
two internal reforming choices are mostly used for methane and have the advantage of 
reducing cooling need, since the water production, exothermic reaction, and the heat from 
reforming of methane, endothermic reaction, are balanced. This has shown the advantage of 
levelling out the temperature gradients in cells and stacks. 
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In system modelling it has been shown that including the water-gas shift reaction gives a 
more uniform temperature distribution [32]. The water-gas shift reaction is usually assumed to 
be fast and to be in equilibrium. 

1.2.3. Dissolution of nickel 
NiO as cathode material has one major drawback; it has some solubility in the electrolyte. The 
NiO is dissolved into the electrolyte by the following reaction 

2
3

2
2 CONiCONiO        (1.7) 

The nickel ions migrate to the anode side where they are reduced and dendrites of nickel 
metal may be formed through the matrix causing Ni-shorting [5, 6]. This effect may be 
reduced by choosing an electrolyte with a higher basicity and/or adding additives to the 
electrolyte, which has been shown to lower the solubility [33]. Recent studies using LiFeO2
and LiCoO2 as cathode materials have shown the interesting properties of lower solubility and 
lower partial pressure dependency on CO2 than NiO, see e.g. [34, 35]. 

The main lifetime-limiting factor of the atmospheric systems is loss of electrolyte by 
corrosion and vaporisation [8], whereas Ni-shorting is the main factor for the pressurised 
systems [20]. The dissolution at the cathode side of NiO has been studied in different molten 
alkali carbonate mixtures, mainly (Li/K)2CO3 and (Li/Na)2CO3, at different temperatures and 
oxidising gas compositions containing O2 and CO2 [36-49]. The solubility of NiO depends on 
temperature, electrolyte composition and mainly on the partial pressure of carbon dioxide. 
Studies of addition of rare-earth metals to the (Li/Na)2CO3 electrolyte have been made and it 
has been concluded that the solubility of NiO may be lowered [46, 48, 49]. The nickel 
solubility on the anode side has not been studied since it has not been considered to be 
important. To completely understand the mechanism for Ni-shorting this might have to be 
considered.

1.2.4. Electrolyte distribution and its effect on electrode performance 
In the MCFC the electrolyte is distributed between the porous components by capillary forces. 
The matrix is designed to be completely filled with electrolyte before the electrodes are filled 
to hinder gas cross-over and have as good conductivity as possible. The amount of electrolyte 
in the electrodes is a compromise between having as high active-surface area, the best 
conductivity attainable and the lowest possible gas phase mass transport resistance [50]. 
Every electrode has its optimal electrolyte filling degree, i.e. the best performance for given 
conditions, but due to structural changes such as sintering, this optimum might change during 
long-term operation. Loss of electrolyte during operation, due to vaporisation and corrosion, 
is a major lifetime-limiting factor for non-pressurised systems [8, 51, 52]. To extend the 
lifetime it would be desirable to initially have as large an amount of electrolyte in the cell as 
possible. The drawbacks of this are high mass transport resistances causing high overpotential. 
Therefore, when designing porous electrodes for MCFC the goal should be to have as good 
performance as possible for as large total electrolyte filling degree interval as possible 
[53, 54]. 

The electrolyte distribution between the anode and the cathode is balanced by the capillary 
pressures [53-58]. The capillary pressure is dependent on the last filled pore diameter and the 
wetting angle. The wetting properties of different materials in different alkali carbonate 
mixtures have been studied by several researchers [55, 59-63]. It has been concluded that the 
NiO on the cathode side is perfectly wetted and has a wetting angle close to zero [55]. For the 
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anode side the wetting angle has been shown to depend on the gas composition, polarisation, 
temperature and the material. For (Li/Na)2CO3 the wetting angle on some anode materials has 
been measured [61, 64]. To better understand how to design electrodes taking the choice of 
electrolyte into account, it is important to investigate the wetting properties of different 
materials and try to make theoretical predictions of the effect of an altered wetting angle. 
Kunz et al. [65] modelled the electrolyte dependency of the polarisation of cathodes with 
different pore-size distributions. Hong and Selman measured the wetting angle and modelled 
the anode performance depending on various parameters [62, 66, 67]. Results reported by 
Kawase et al. [68] show that it is important to consider this change during operation of the 
electrolyte balancing between the anode and the cathode, and inside the anode. 

When designing MCFC systems for usage with other fuels than methane it is important to 
consider the concomitant change of electrolyte distribution. Operation with low concentration 
of hydrogen increases the potential loss at the anode. One contribution to the increased loss is 
due to the change of the wetting angle caused by the change of gas composition [68]. 
Moreover this affects the electrolyte distribution which might change the active surface area 
and effective electrolyte conductivity. 

1.2.5. Model for mass transport in the electrolyte 
Describing transport properties in electrolytes using mathematical modelling is a useful tool 
for understanding the behaviour and for predicting the performance of an electrochemical 
system. For dilute aqueous electrolytes a simple model, i.e. Fick’s law, generally captures the 
behaviour of the electrolyte. However, for concentrated or more complex electrolytes the 
Stefan-Maxwell formulation of mass transport has been shown to be a good way to describe 
the changes of the electrolyte transport properties [69, 70]. The Stefan-Maxwell formulation 
is a general tool to describe mass transport in various types of chemical systems, having a 
broad use in modelling heterogeneous catalysis, unit operations, etc. [71]. 

For molten salts and the special case of a binary electrolyte with a common anion Pollar and 
Newman [72] have derived a model based on the Stefan-Maxwell formulation and used it for 
simulation of a LiAl|LiCl,KCl|FeSx molten salt battery [73]. However, it has been shown that 
molten alkali carbonate electrolytes do not follow the laws of ideal solutions regarding density 
[74], activity [75] and migration [76, 77]. A model describing the molten alkali carbonate 
electrolytes therefore needs to include expressions that capture all these non-ideal types of 
behaviour.

When modelling electrodes and cell performance in the MCFC, the electrolyte is often treated 
as a stationary component and assumed to have constant composition. However, Brenscheidt 
et al. [78-80] studied the electrolyte composition in a single cell during different current loads 
and concluded that some composition changes do occur. They also combined these results 
with a model based on Fick’s law to predict changes at different current densities. Their 
model was based on internal mobility data [81, 82] and conductivity data [83]. The internal 
mobility measurements [81, 82] were made using the Klemm method, which measures the 
separation of two cations in an electrical field. The measurements showed that the internal 
mobility, i.e. transport number, of the larger cation is greater than that of the smaller, which is 
not the normal case for diluted electrolytes. The reason for this has been explained by Okada 
and Chemla [76, 77, 84]. Based on their measured transport properties, Okada and Chemla 
concluded that segregation of cations will not be a serious problem in the MCFC. Since no 
detailed study on this topic has been made, the size of the effects needs further study. 
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1.2.6. Composite electrolytes 
The traditional SOFC operates at temperatures of 800-1000 °C making noble metal catalysts 
unnecessary, like in the MCFC. Conventional SOFCs use a ceramic oxide electrolyte, 
typically yttrium-stabilised zirconium (YSZ), which requires the high temperature of 
800-1000 °C to obtain a sufficient conductivity of oxygen ions. The high temperature will put 
many restrictions on the materials used in the SOFC, for example as regards thermo-
mechanical properties, lifetime and cost. In recent years a great deal of effort has been put 
into reducing the operating temperature of the SOFC below 800 °C, so called intermediate 
temperature SOFC (ITSOFC). Since the ohmic losses in the SOFC constitutes the largest part 
of the voltage losses, increased conductivities of the cell components and reduced contact 
resistance between electrodes and electrolyte are the main issues when reducing temperature. 
Two ways are adopted for this. One is to still use the conventional electrolytes such as YSZ 
but making them considerably thinner (see e.g. Tsai el al. [85]). However, even if making the 
YSZ electrolyte very thin it will have large difficulties in meeting the demands at intermediate 
temperatures. A probably more efficient way is to find new alternative electrolyte materials 
that have much higher ionic conductivity than YSZ in the actual temperature range. 

Doped cerium oxides (DCOs) have been widely investigated and found to be good oxygen ion 
conductors in the intermediate temperature range [86-88]. One problem with DCOs are their 
instability in reducing atmosphere, i.e. anode conditions in fuel cell, under which the Ce4+ is 
reduced to Ce3+ [88, 89]. This reduction process makes the DCO somewhat electronically 
conducting, causing a loss in power output of the cell, but it may also lower the mechanical 
stability of the material. In recent years composite materials consisting of a salt (most often 
chloride or carbonate) and DCO have been investigated as electrolytes for ITSOFCs by 
researchers [85, 89-98]. The DCO salt composites are found to have a suppressed electronic 
conduction in reducing atmosphere and also to have an enhanced ionic conductivity compared 
to pure DCO. 

In literature most studies of composite materials as electrolyte in ITSOFCs are made in fuel 
cells and during operation, i.e. together with electrodes and with a fuel-containing gas on the 
anode and an oxygen containing gas on the cathode. 

In the normal electrolyte used for MCFC the matrix of -LiAlO2 keeps the electrolyte in place 
and is not ion conducting [98]. Different matrix materials have been investigated for their use 
in MCFC over time such as CeO2, MgO and -LiAlO2. Cost reduction and stability of the 
material are two of the factors that have affected material choice. However, recent studies on 
ITSOFC have shown that composites of doped cerium oxides and a mixture of carbonate salts 
may give good conductivity. If the non-ion conducting matrix may be replaced by a stable ion 
conductor at operating temperature at a reasonable cost and giving a performance increase this 
may be a good alternative to the -LiAlO2.
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1.3. Aim of this study 
A goal of the Swedish government is to increase the usage of renewable fuels and the 
biomass-based fuels [2]. Fuel cells and especially the MCFC are useful for these types of 
fuels. The Swedish market may benefit from the MCFC in two ways: increased efficiency of 
the biofuels and also utilisation of produced heat in district heating. Since the size of the 
MCFC systems generally are about 250 kW and above, these are also advantageous for 
distributed power and heat production. 

The general goals of the MCFC research are to increase its power density, reduce and increase 
lifetime. The target lifetime of 40 000 h and performance degradation of the cell voltage of 
0.25 % per 1000 h has been reached [3]. The investment cost per kilowatt of the MCFC is still 
too high compared to competing technologies, but the usage of less expensive materials and a 
further increased lifetime will add to the advantages of the technology. 

Most of the commercial MCFC systems today are optimised for operation with methane. The 
possibility to utilise biomass in Sweden makes it important to study how the MCFC may be 
adapted or optimised for good performance and low degradation with gas produced from 
biomass or other renewable fuels. 

Since the MCFC technology today is brought forward towards commercialisation by 
companies, academic researchers in the MCFC field today may make and test new materials 
and invent and develop new tools for experimental measurements or mathematical models for 
better understanding of the system and its components, rather than making systems. 

The aim of this thesis is to develop methods that may be used to investigate and evaluate 
MCFC electrodes and electrolytes: when operating on renewable fuels i.e. CO2-containing 
gases. The methods and results are both experimental and mathematically modelled. The 
topics that have been studied concern the following questions: the effect on the anode of CO2-
rich gases and non-equilibrium gases, increasing the lifetime of the MCFC by adding more 
electrolyte to the system and the effect of ion segregation in the electrolyte and a new matrix 
support to increase the conductivity. 
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2. EXPERIMENTAL 

Materials such as electrodes and electrolytes have been characterised both by electrochemical 
methods and other characterisation techniques. Experimental data on electrode performance 
has been evaluated both with polarisation curves and electrochemical impedance spectroscopy 
measurements. The pore structure of electrodes has been investigated by mercury porosimetry. 
The quantity of dissolved nickel from Ni-Al anodes in anode gas environment was measured 
using an ICP-AES technique. The composite electrolytes investigated have been characterised 
using X-ray diffraction, scanning electron microscope, differential scanning calorimetry and 
their conductivity was studied using electrochemical impedance spectroscopy. 

2.1. Electrochemical measurements 
Experimental data in the form of polarisation curves and impedance measurements were 
obtained using a 3 cm2 laboratory cell, provided by ECN, The Netherlands. The cell consists 
of a porous nickel alloy anode and a porous nickel oxide cathode, oxidised in situ. The 
electrodes were separated by a porous -LiAlO2 matrix. The electrolyte was a (Li/Na)2CO3
mixture (52/48 mol%) or a (Li/K)2CO3 mixture (62/38 mol%). The laboratory fuel cell 
equipment is shown schematically in Figure 2-1. In this conventional setup, the reference 
electrodes are made of gold wires placed in separate chambers filled with electrolyte. These 
chambers are connected to the electrolyte matrix through a hole filled with electrolyte and 
gold wires. The reference electrodes are supplied with O2/CO2 (33/67 %) gas mixture. In this 
setup it is possible to adjust the amount of electrolyte in the cell by addition of salt grains. The 
setup is described in more detail in Papers I, III and IV. 

Figure 2-1. Schematical drawing of a standard 3 cm2 laboratory cell
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Polarisation curves 
Polarisation curves were measured using a Solartron 1286 or 1287 potentiostat. The current 
interrupt method was used for evaluating the ohmic potential drop in DC polarisation 
measurements. In these measurements, the overvoltage was recorded 20 s after interruption 
of the current. 

Electrochemical impedance spectroscopy 
The electrochemical impedance spectroscopy (EIS) measurements give information about the 
resistance (impedance) of different physical processes of different time scales. The EIS 
measurements were carried out using a Solartron 1250 FRA and a Solartron 1286 or 1287 
potentiostat. The frequency spectra were recorded at open circuit potential (OCP) or at a small 
polarisation of 5-10 mV in the frequency range 30 kHz-30 mHz and with a perturbation 
amplitude of 5-10 mV.  

For determination of the conductivities for the composite electrolytes the high-frequency 
intercept was used. The frequency spectra were recorded at OCP in the frequency range 
50 kHz-30 mHz with an amplitude of 10 mV. The influence of the ac amplitude was tested 
before all the experiments were made to choose a value giving a stable response. 

2.2. Other characterisation techniques 

Mercury porosimetry 
Information about the total porosity and pore-size distribution was obtained by mercury 
porosimetry. Mercury is non-wetting and non-reactive to most substances and will not 
penetrate pores by capillary action. For mercury to enter pores a force has to be applied, 
which is inversely proportional to the pore diameter. Information on pressure and wetting 
angle is used to calculate the pore diameter as function of the amount of mercury filled. 

Electrolyte filling degree: The electrolyte filling degree is defined as the part of the void 
volume of the electrode filled with electrolyte. The void volume was calculated from the 
initial electrode volume and the total porosity from Hg porosimetry. Carbonate grains were 
added to the cell in order to increase the electrolyte filling degree. The total initial amount of 
electrolyte for the whole cell was chosen so that the whole matrix would be completely filled. 
Using information about the pore-size distribution and total amount of added carbonate gives 
the actual electrolyte filling degree and the last filled pore diameter. 

Total electrolyte filling degree: The total electrolyte filling degree is defined as the part of the 
total pore volume of both the anode and the cathode filled with electrolyte. 

Nickel solubility 
The solubility of a Ni-Al anode for MCFC has been studied at atmospheric pressure in 
various gas compositions containing H2/H2O/CO2. Small pieces of the anode were put in 
electrolyte. The gas composition after humidification was measured using a gas 
chromatograph (model M200 from Agilent). The experimental setup may be seen in 
Figure 2-2 and more details regarding the experiment are described in Paper II. 
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Figure 2-2. Experimental setup used for measuring the solubility of Ni in (Li/Na)2CO3.

The temperature of the electrolyte was monitored with the temperature probe. The flow rates 
of H2 and CO2 were individually controlled and varied. Each gas mixture was supplied for 
10 h before a sample of the electrolyte was taken. Every time a sample was taken, two 
droplets of electrolyte were taken from the melt using an alumina pipe and a syringe. Each 
droplet was placed in an alumina crucible. After solidification of the droplet it was weighed 
and placed in a test tube. The droplet was dissolved in 1 M HNO3 at a ratio of 1 ml HNO3 for 
each 10 mg of the electrolyte droplet. The nickel content in each sample was measured using 
ICP-AES (ICPS-7500 from Shimadzu Corporation). The Ni content in the reference samples 
varied between 1.0·10-5 and 1.0 mg ml-1. The measured weight fraction was recalculated to 
mole Ni per total amount of moles of salt and Ni. 

Scanning electron microscope 
To understand more about the morphology and microstructure of fuel cell components a 
scanning electron microscopy (SEM) may be used. Composite electrolyte samples of both 
unused electrolyte pellets and used electrolyte pellets were characterised by SEM (JSM840) 
on the cross-section surface of the sample to get information about how the two phases of the 
electrolyte were mixed. 

X-ray diffraction 
X-ray diffraction (XRD) patterns of the composite electrolytes were recorded at room 
temperature using a PANalytical XPertPro using a Cu K  radiation (1.54178 Å), 45 kV and 
40 mA, with 2  varying from 5-100 . The diffraction pattern was scanned in steps of 0.0167
with counting time varying in the range 10-60 s depending on sample. 



12

Differential scanning calorimetry 
Differential scanning calorimetry (DSC) gives information about phase changes and energies 
for the phase changes of a sample. DSC analysis was performed on a Mettler-Toledo DSC820 
equipped with a sample robot and a cryo cooler. The tests were made using a Mettler-Toledo 
high pressure gold plated steel crucible of 40 μl in N2 atmosphere with a flow of 80 ml min-1.

Water gas-shift reaction 
To study the water-gas shift reaction in an MCFC experimental data was obtained using a 
square 16 cm2 symmetrically operated cell. The cell holder was made of SS316. The 
perforated plate for the gas channel was made of Ni and was 2.1 mm thick with 90  angles. 
The current collectors were made of 0.5 mm thick Ni. One half of the cell is shown in 
Figure 2-3. The cell was used symmetrically supplying anode gas to both sides. A Ni-Cr alloy 
anode (ECN) was used as electrodes. A -LiAlO2 matrix and (Li/Na)2CO3 electrolyte was 
used (AIST). The amount of electrolyte was chosen to give an electrolyte filling degree of 
45 % in both electrodes, assuming that the matrix was completely filled with electrolyte 
before the electrodes started to be filled. Four different compositions of hydrogen and carbon 
dioxide were used. The gases were humidified at 47 C giving 10 % humidity. The operating 
temperature of the cell was 650 C. The flows of the gas components were individually 
controlled by mass flow meters. The total gas flow rates were measured before the 
humidification using a bubbler. The gas compositions were measured using a gas 
chromatograph (model M200 from Agilent) before the humidification and at the cell outlet. 

Figure 2-3. Components and design of half of the 16 cm2 cell used for measurements of the 
water-gas shift reaction
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3. RESULTS AND DISCUSSION 

This chapter is a summary of the results from Papers I-VI and some unpublished data on the 
water-gas shift reaction. The symbols used in equations and formulas are not compiled into a 
nomenclature list, since some of the symbols are used with different meanings in different 
contexts and some symbols will be explained in their context (for further details look in the 
corresponding paper). The chapter is divided into three sections: Anode reactions (Papers I-II), 
effect of the electrolyte filling degree on the anode performance (Papers III-IV) and ion 
transport in the electrolyte (Papers V-VI). 

3.1. Anode reactions 

3.1.1. Modelling of gas phase mass transport and anode performance 
To predict the performance of the anode using various fuels it is important to know the 
reaction mechanism, how the mass transport in the gas phase and electrolyte affect the 
polarisation curve. Problems when evaluating reaction kinetics using a simplified model [31], 
i.e. not taking any mass transport into account, is one of the reasons for developing this model 
to investigate how the gas phase mass transfer affects the evaluation of reaction kinetics. 

The MCFC is suitable for running on renewable fuels and therefore it is important to 
understand how the anode performance is affected when using different gas compositions. 
The possible fuels for an MCFC running on reformate contain H2/H2O/CO/CO2 and also often 
N2. All the gases except N2 are coupled through the water-gas shift reaction (Reaction 1.4). It 
is difficult to evaluate the effect of one gas without getting influence from the others. For 
studying the electrochemical reactions in the anode a mathematical model may be used to 
simulate and fit parameters to experimental results. This model was developed to investigate 
the influence of: the various mechanisms proposed for hydrogen oxidation, the carbon 
monoxide reaction, the effect of the water-gas shift reaction and the effect of inlet gas being in 
equilibrium or not. 

Development of model for studying the effect of anode gas phase mass transport: The solid 
phase of the anode in the MCFC is a much better conductor than the electrolyte, which means 
that the potential changes may be assumed to occur only in the electrolyte phase, the solid 
phase potential may therefore be set as constant. This gives the following continuity equation 
for the electrolyte potential and charge transfer 

n
n

eff

a j
S

2        (3.1) 

where 2 is the potential in the electrolyte, Sa is the specific electrochemically active surface 
area, eff is the effective conductivity and the sum of jn is the total real current density of all 
faradaic reactions. The anode has, in contrast to the cathode, non-wetting properties and Yuh 
and Selman [30] therefore suggested a dry agglomerate model, i.e. no film and therefore no 
diffusion in the electrolyte is taken into account. The material balance for specie i is given by: 
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where Ni is the flux against the stationary axis, jn is the transfer rate from electrochemical 
reaction n and rk is the rate of change for homogeneous or heterogeneous reaction k. For an 
isothermal and isobaric system the diffusive transport of species in the gas phase is given by 
the Stefan-Maxwell equation for multicomponent mass transport [27] 
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i NxNx
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RTx       (3.3) 

where xi is the mole fraction and eff
ijD is the effective Stefan-Maxwell diffusion coefficient, 

corrected for the effect from void volume and tortuosity [99]. 

The Stefan-Maxwell formulation gives n-1 independent equations due to the Gibbs-Duhem 
relationship. The mole fraction of the last specie follows from the sum of the mole fractions 
being one. Gasified biomass or reformed gases often contain five gas components including 
an inert gas. However, in order to simplify the model, which would become tremendously 
more complicated if considering five components, only gases containing four components 
were used in this study for calculations and fitting of experimental data [27]. This implies no 
simplification of the system; it is just a limitation of the model. In this model the water-gas 
shift reaction (Reaction 1.4) is assumed to take place inside the electrode. The rate expression 
for the water-gas shift reaction is assumed to be given by: 
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where the equilibrium constant, Kp, is calculated using the same thermodynamic input data as 
for the standard potentials (Paper I). The value of the rate constant, kb, has been varied in 
order to obtain different reaction rates of the water-gas shift reaction. 

Modelling results: The standard exchange current density for the hydrogen reduction in the 
model was fitted to the experimental polarisation curves in order to evaluate which theoretical 
mechanism fits the experimental data best. The different gas compositions used are given in 
Table 3-1. To avoid the problem of whether the inlet gas composition is in equilibrium or not 
two gases, no. 6e and no. 7e, were humidified at 67 C, which implies that the gases reach 
equilibrium directly after humidification. 

Table 3-1. Gas composition (wet basis) at 650 ºC, the fuel utilisation, Uf, at 2000 A m-2 and 
the wetting angle, , given at OCP
Gas H2 CO CO2 H2O Uf (%)  (°) 
Equilibrium compositions 
no. 1 28.3 13.4 29.0 29.3 3.3 60 
no. 5 56.2 7.8 8.1 27.9 2.1 53 
no. 6e 5.7 6.1 61.1 27.1 10.5 69 
no. 7e 15.1 12.3 45.7 26.7 4.5 64 
Humidified compositions 
no. 1 37.7 4.0 38.4 19.9 3.3 63 
no. 5 64.1 0 16 19.9 2.1 55 
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Table 3-2. The standard exchange current densities (A m-2) needed to obtain the experimental 
polarisation curves at 650 ºC
Gas Equilibrium 

mech. AS 
Equilibrium 

mech. JS 
Equilibrium 
mech. AS 

shift reaction 
(kb=500 s-1)

Equilibrium 
mech. JS 

shift reaction 
(kb=500 s-1)

no. 6e 240 220 240 220 
no. 7e 240 250 260 260 

Table 3-2 shows the best-fit standard exchange current densities needed to obtain the 
experimental polarisation curves for the different cases. The disparities in the calculated 
values of the standard exchange current densities for the hydrogen mechanism proposed by 
Ang and Sammels [24] (AS) and those obtained with the mechanism proposed by Jewulski 
and Suski [31] (JS) are of the same order of magnitude and from this study it cannot be 
concluded which mechanism is the more likely. Further on in this study the latter mechanism 
is used for the hydrogen reaction, both for the better numerical stability, and since it is 
proposed that electrodes made of nickel follow this mechanism [100]. The standard exchange 
current density for the hydrogen reaction was found to be about 240±20 A m-2 for both 
mechanisms for gases no. 6e and no. 7e. 

In the small single cells used in the experiments the flow rate is generally kept high to keep 
gases at a constant composition in the cell. However, this high flow rate may also prevent the 
water-gas shift reaction from reaching equilibrium composition before the gas enters the cell. 
Assessing whether the gas composition was in equilibrium (equilibrium condition) or not 
(humidified condition) when entering the cell was done by fitting the standard exchange 
current densities to the experimental data. The mechanism proposed by Jewulski and Suski 
[23] was used for gases no. 1 and no. 5 to investigate the exchange current densities needed to 
fit the model to the experimental polarisation curves [27]. This was done for the two gases for 
the four different cases presented in Table 3-3. The standard exchange current densities for 
the different cases are rather different but approach 0

1,0i =260 A m-2 if the gas is assumed to 
correspond to humidified conditions at the current collector and if the water-gas shift reaction 
is assumed to be rather fast. If the water-gas shift reaction is assumed to be slow the standard 
exchange current densities are even closer to the values found for gases no. 6e and no. 7e. 
Unfortunately, it was only possible to calculate the influence of the water-gas shift reaction on 
humidified gas condition for gas no. 5 due to numerical limitations. 

Table 3-3. The standard exchange current densities (A m-2) for the different cases
Gas Equilibrium 

no shift reaction 
Equilibrium 
shift reaction 
(kb=500 s-1)

Humidified 
no shift reaction 

mech. JS/AS 

Humidified 
shift reaction 
(kb=500 s-1)
mech. JS/AS 

no. 1 320 260 230/- -/- 
no. 5 690 520 390/310 310/290 
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Figure 3-1. Polarisation curves for gas no. 5. The gas composition corresponds to equilibrium 
condition, solid line, or humidified condition, dash-dotted line, at the inlet to the current 
collector. The rate constant for the shift reaction is kb=500 s-1.
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Figure 3-2. Gas composition profiles for gas no. 5 at 1600 A m-2. Solid lines, gases at 
equilibrium condition, and dash-dotted lines, gases at humidified condition, at the inlet to the 
current collector: ( ) H2, ( ) H2O, (o) CO and ( ) CO2.

For gas no. 5, containing 80 % H2 and 20 % CO2 and humidified at 60 C, there was a large 
difference in polarisation behaviour between the gas corresponding to equilibrium condition 
and to humidified condition at the inlet to the current collector, Figure 3-1. The concentration 
gradients for the two cases are different, Figure 3-2, not at least inside the electrode; 
consequently, the polarisation curves are also affected. Figure 3-2 shows that the contents of 
carbon monoxide and water differ most for the two cases. These differences constitute an 
indication of the problem occurring when determining the mechanism by a simplified 
evaluation, slope of the polarisation curve vs. gas content, since the normally assumed gas 
composition, i.e. gases corresponding to be at equilibrium, is not the actual gas composition 
inside the electrode. 
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This result implies that the inlet gas compositions used in the experiments are not in 
equilibrium when entering the current collector. The results in Table 3-3 are also similar to 
those in Table 3-2, if the inlet gas composition is assumed to be in humidified condition. This 
result shows that if one assumes that the gas composition entering the current collector is not 
at equilibrium then the disparities of the reaction orders found in the simplified evaluation 
made in the earlier study [27] may be explained. 

The calculated results of the gas composition inside the current collector and the electrode 
show that the concentration gradients in the current collector are larger than in the electrode, 
Figure 3-2. In other words the gas composition in the electrode is almost uniform but changes 
in the current collector. It may also be seen that the gas composition profiles in the current 
collector are almost uniform if assuming that the gas has reached equilibrium at the current 
collector. Figure 3-3 shows the local reaction rates in the electrode and it may be seen that the 
reaction rate for the hydrogen reaction is almost equal for the two cases but the water gas-shift 
reaction rate for the humidified case is much faster than the hydrogen reaction. This is the 
reason for the large concentration gradients inside the current collector. The modelled 
influence of the reaction rate of the water-gas shift reaction and the carbon monoxide reaction 
for the standard gas is shown in Figure 3-4. The contribution from the carbon monoxide 
reaction is small but influences the polarisation curve at low polarisation. Figure 3-4 also 
shows that the contributions from the different reactions are affected by the reaction rate of 
the water-gas shift reaction. If the water-gas shift reaction is really slow, kb=150 A m-2 the 
polarisation curve tends to bend off giving higher current densities. This has not been seen in 
the experiments and it is therefore unlikely that the water-gas shift reaction is really slow. 
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Figure 3-3. Local reaction rates for gas no. 5 at 1600 A m-2. The gas composition corresponds 
to equilibrium condition, solid lines, or humidified condition, dash-dotted lines, at the inlet to 
the current collector. (No mark) hydrogen oxidation and ( ) water-gas shift reaction.
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Figure 3-4. Polarisation curves for gas no. 5 at 2000 A m-2, gases at humidified condition at 
the inlet to the current collector: solid line, kb=500 s-1, and dash-dotted line, kb=150 s-1:
( ) hydrogen oxidation, (o) carbon monoxide oxidation and ( ) total reaction. 

In Figure 3-4 it may be seen that the current density contributions from the hydrogen reaction 
(Reaction 1.2) and carbon monoxide reaction (Reaction 1.3) cancel each other at OCP. It was 
found in the calculations that the OCP was shifted 22 mV for gas no. 5 when going from 
equilibrium condition to humidified condition. It was also found that the potential in the 
electrolyte is uniform, as expected, when the gas entering the current collector is of 
equilibrium composition, but in the case of the humidified gas composition the potential 
distribution is not uniform. The reason for the potential distribution is that the gas 
composition is not in total equilibrium inside the whole electrode and this causes an internal 
current. As may be seen in Figure 3-2 the gas composition inside the electrode is not the same 
for gas no. 5 under equilibrium condition and humidified condition even though both gases 
are in equilibrium inside the electrode. Gas no. 5 at humidified condition when entering the 
current collector does not reach the same equilibrium gas composition inside the electrode as 
it would have, had it passed a water-gas shift reaction catalyst. This is an effect of mass 
transport inside the current collector and the electrode and causes the change of OCP. 

3.1.2. The water-gas shift reaction 
As mentioned in the introduction the water-gas shift reaction affects the heat management and 
gas composition in cells. As concluded in Paper I the water-gas shift reaction also affects the 
gas composition inside the anode. Reaction 1.4 has been reported to be fast on catalytic 
surfaces at the operating temperature of the MCFC and is regularly assumed to be in 
equilibrium when modelling the MCFC. It is important to investigate how fast the reaction is 
for various fuels in order to verify the results found in Paper I regarding the inlet gas not 
being in equilibrium. 

One of the conclusions in Paper I was that the inlet gas composition was not in equilibrium 
according to the water-gas shift reaction and it affected the performance. This made it 
interesting to investigate the water-gas shift reaction in a cell more like a cell in a real stack, 
i.e. with gas flow channels, to investigate the water-gas shift reaction using different gas flow 
rates and gas compositions. 
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Table 3-4. Different gas compositions used in the water-gas shift reaction study.
Gas gas 1 gas 2 gas 3 gas 4 
H2 80 60 40 20 
CO2 20 40 60 80 

Data of inlet and outlet gas compositions and gas flow rates were obtained for four gas 
compositions of hydrogen and carbon dioxide at OCP, given in Table 3-4, for fuel utilisations 
at 10-80 % at 1500 A m-2.

For the water-gas shift reaction (Reaction 1.4) the following gas composition relationship, K,
may be calculated for the outlet gas composition and may be used to see the divergence from 
equilibrium 

22
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The calculated values of the gas composition relationship from the measured outlet gas 
composition and the theoretical equilibrium constant given at 650 C are shown in Figure 3-5. 
As may be seen in Figure 3-5 it is only gas 1 that is completely shifted, for all degrees of fuel 
utilisations except 10 %. For the other gases one may see that the shift constant approaches 
the theoretical value when going to higher fuel utilisations, i.e. lower linear flow rates. 

An integral mass balance of each species of the inlet and outlet gas compositions, dry basis, 
together with the inlet gas water content gives the mole fraction of the inlet gas (nshift,actual) that 
has been converted by the water-gas shift reaction. A theoretical calculation may be made of 
the maximum mole fraction that is possible to convert by the water-gas shift reaction if the 
gas is completely shifted according to the water-gas shift reaction (nshift,eq). In Figure 3-6 the 
ratio between the number of moles converted in the experiment and the maximum number of 
moles according to the thermodynamic equilibrium is shown depending on the flow rate. This 
agrees with the results in Paper I, where the fuel utilisation is very low. 
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Figure 3-5. The water-gas shift reaction constant at different actual fuel utilisations for the 
four different gas compositions tested, dry basis: (- - -) equilibrium constant,  
(+) gas 1 (H2/CO2 80/20), ( ) gas 2 (H2/CO2 60/40), ( ) gas 3 (H2/CO2 40/60) and  
( ) gas 4 (H2/CO2 20/80).
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Figure 3-6. Conversion of the water-gas shift reaction in the experiments for different gases 
and flow rates; (+) gas 1 (H2/CO2 80/20), ( ) gas 2 (H2/CO2 60/40), ( ) gas 3 (H2/CO2

40/60) and ( ) gas 4 (H2/CO2 20/80). 

3.1.3. Nickel dissolution in anode gas environment 
The solubility of NiO has been well investigated and also the consequences of solubility have 
been analysed. However no one has investigated the solubility of Ni in anode gas 
environment, which is commonly assumed to be very small. But to elucidate the whole 
picture regarding the Ni-shorting even the anode side of the problem needs investigation. 

The dissolution of nickel was measured in H2/H2O/CO2 atmosphere at 570 C and 610 C, see 
Table 3-5. Figure 3-7 shows the mole fraction of Ni obtained in the electrolyte, for Test-1. It 
may be seen that the solubility of Ni increases with the partial pressure of carbon dioxide. At 
lower carbon dioxide contents the detection limit of the ICP equipment limits the analysis. 
The solubility increases by about two orders of magnitude, when going from a low carbon 
dioxide content to a high. 

Table 3-5. Conditions for the different tests.
Experiment Gas comp. Hum.  

Temp. 
Temp. Addition to 

the electrolyte 
Measured
contents

Test-1 0-100 % CO2
balanced with H2

48 C 560-580 C Ni-Al alloy Ni and Al 

Test-2 100 % CO2 - 570 C - Al 

Test-3 0-100 % CO2
balanced with H2

48 C 609-611 C Ni-Al alloy Ni 
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Figure 3-7. Mole fraction of dissolved Ni from Test-1; ( ) ICP measurement date 1, ( ) ICP 
measurement date 2, (- - -) detection limit for ICP measurement date 1 and (···) detection limit 
for ICP measurement date 2.

Test-3 was performed at a higher temperature than Test-1, closer to the operating temperature 
of the MCFC. As may be seen in Figure 3-8 the mole fraction of Ni is mainly in the range of 
5-10·10-7 for a gas composition containing less than 60 % carbon dioxide, and for higher 
contents of carbon dioxide the mole fraction of Ni seems to be higher. When comparing 
Figure 3-7 and Figure 3-8 it may be seen that the solubility of Ni is lower for Test-3, i.e. at 
higher temperature, at gas compositions of carbon dioxide above 40 %. This tendency is the 
same as that found for NiO solubility in oxidising atmosphere by Ota et al. [47]. For both 
Test-1 and Test-3 the data are scattered but a trend may be seen: an increased solubility with 
an increased fraction of carbon dioxide. However, since the Ni mole fraction is close to the 
detection limit for a carbon dioxide concentration in the gas of less than 60 % for Test-3, it is 
difficult to draw any conclusion about whether the Ni mole fraction continues to decrease 
with the decrease of carbon dioxide in the gas. 
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Figure 3-8. Mole fraction of dissolved Ni from Test-3; ( ) measured Ni mole fraction at 
various concentrations of carbon dioxide in gas and (-) detection limit for ICP measurement.
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The values found for the solubility of Ni in reducing atmosphere may be compared with those 
found for the dissolution of NiO in oxidising atmosphere at various contents of carbon 
dioxide [38, 43, 46, 47]. The solubility of Ni is lower in H2/H2O/CO2 atmosphere, at both 
570 C and 610 C, than that of NiO in oxidising atmosphere at 650 C. However, the 
solubility of Ni for Test-1 is in the same range as the solubility of NiO at a higher content of 
carbon dioxide. 

For the oxidation of Ni,

2eNiNi 2         (3.6) 

the following two different reduction reactions are proposed: The first with CO2 as oxidant 

2
32 COCO2e2CO        (3.7) 

or the reduction of water 

2OHH2eO2H 22        (3.8) 

followed by the equilibrium reaction 

2
322 COOHCO2OH       (3.9) 

If the Ni is dissolved in the melt, as Ni2+, or in solid form, as NiO, depends on the basicity of 
the melt given by the equilibrium of the following reaction 

2
3

2
2 COOCO         (3.10) 

It has been found that Ni may be oxidised by CO2 in an atmosphere of pure CO2 [40, 41] by 
the sum of Reaction 3.6 and Reaction 3.7 

COCONi2CONi 2
3

2
2       (3.11) 

In the case of a humidified mixture of H2 and CO2 the following reaction is possible for the 
dissolution, which is the reverse reaction of that proposed for Ni-shorting 

2
2
3

2
22 HCONiCOOHNi      (3.12) 

If the gas is humidified the most probable reaction path for the dissolution of Ni-Al is through 
Reaction 3.6, Reaction 3.8 and Reaction 3.9 rather than Reaction 3.6 and Reaction 3.7 due to 
the faster kinetics for the hydrogen reduction/oxidation than for the carbon monoxide reaction. 
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3.2. Effect of electrolyte filling degree on the anode performance 
When designing the MCFC many different factors affect the choice of material properties. 
One of the important factors is the total amount of electrolyte that initially may be added to 
the MCFC in order to have as long lifetime as possible. To be able to make better choices 
when designing electrodes for usage with various fuels it is important to understand how this 
affects the electrolyte distribution in the MCFC and consequently the performance during the 
operating time. 

Every electrode has its optimal electrolyte filling degree, i.e. the best performance for given 
conditions, but due to changes such as sintering of particles, this optimum might change 
during long-term operation. Loss of electrolyte during operation due to vaporisation and 
corrosion is the major lifetime-limiting factor for non-pressurised systems. Hence, it would be 
desirable to have as large an amount of electrolyte as possible initially. On the other hand the 
drawback from this is usually high mass-transport resistances leading to high overpotential. 
The anode has high reaction rates and low resistance. Therefore, when designing and 
manufacturing porous electrodes for MCFC the goal might be to have as good performance as 
possible for as large electrolyte filling degree interval as possible. 

3.2.1. Anode reaction resistance dependency on electrolyte filling degree 
The reaction rate dependency on the electrolyte filling degree of three different anodes, given 
in Table 3-6, was investigated to better understand whether the anode may act as an 
electrolyte reservoir, to prolong the total cell lifetime, without sacrificing performance. One 
gas simulating reformed natural gas (standard) and another gas representing a carbon-rich 
reformed gas (coal) were used, given in Table 3-7. 

In Figure 3-9 (a-c) the relationship between the electrolyte filling degree and anode reaction 
resistance is shown for (Li/K)2CO3 and (Li/Na)2CO3 for the two gas compositions. The 
reaction resistances were calculated from the slope of the polarisation curves at low 
overpotential. Figure 3-9 (a-c) also demonstrates the optimal degree of electrolyte filling for 
the different electrodes.

Comparing the reaction resistance of anode B and anode C, Figure 3-9 (c), it may be observed 
that the reaction resistance of anode C is more strongly influenced by the electrolyte filling 
degree than that of anode B. The pore-size distributions of these electrodes were obtained by 
Hg porosimetry, Figure 3-9 (d). The macro-pores and micro-pores are clearly seen in anode B, 
while only one peak at around three micrometers was observed in anode C. Thus, it is clear 
that the reaction resistance of an anode is influenced by the pore-size distribution and that the 
bimodal porous structure seems to be advantageous for the anode in order to get a stable 
performance for as large an electrolyte filling degree as possible. 

Table 3-6. Specification of the different anodes used in experiments.
 Anode A Anode B Anode C 
Size (cm2) 3 3 3 
Thickness(cm) 0.078 0.071 0.066 
Material Ni-Al alloy Ni-Cr alloy Ni-Al alloy 
Porosity (%) 52 58 45 
Counter electrode Anode A Anode B Anode C 

Electrolyte (Li/Na)2CO3
(Li/K)2CO3 and 

(Li/Na)2CO3
(Li/K)2CO3



24

Table 3-7. Gas compositions used in the experiments. 
Gas H2 CO CO2 N2 H2O
Standard 64 0 16 0 20 
Coal 12 24 40 4 20 

Figure 3-9. The anode reaction resistance as a function of the electrolyte filling degree for (a) 
anode A with (Li/Na)2CO3, (b) anode B with (Li/Na)2CO3, and (c) anodes B and C with 
(Li/K)2CO3, for two different gas compositions ( ) standard gas and ( ) coal gas and  
(d) the pore-size distribution for the three different anodes.

Regarding the electrolytes, (Li/Na)2CO3 and (Li/K)2CO3, Figure 3-9 (a-c), their behaviour is 
different. For anodes A and B with (Li/Na)2CO3, the maximum performance is obtained at an 
electrolyte filling degree of about 10-50 % for anode A and 5-20 % for anode B in the case of 
operation with standard gas. On the other hand, when operating with coal gas, the optimal 
degree of electrolyte filling was shifted toward higher filling degree. Regarding anode C in 
(Li/K)2CO3, Figure 3-9 (c), there was no remarkable change of the optimal electrolyte filling 
degree between the standard gas and coal gas, but the reaction resistance increased slightly 
when using coal gas. 

According to data on wetting angles [22], the calculated contact angles for the anode at 
standard gas conditions is 50  and for coal gas 61  in (Li/Na)2CO3, and 31  and 40  in the 
(Li/K)2CO3 case, assuming a polarisation of 0.02 V at 923 K with the gases being completely 
reformed through the water-gas shift reaction. Therefore, the anode is better wetted in 
(Li/K)2CO3 than in (Li/Na)2CO3. A possible cause for the unchanged optimal electrolyte 
filling degree in the case of (Li/K)2CO3 might be the slight change of active surface area 
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caused by the better wetting properties in (Li/K)2CO3 than in (Li/Na)2CO3 of the anode for 
both gases. The optimal electrolyte filling degree was shifted toward higher filling degree in 
the case of coal gas operation because of decreased amount of active surface area in the anode. 

Figure 3-10 shows the ohmic resistance at the high-frequency limit of the EIS as function of 
the electrolyte filling degree. The effective conductivity of the pore electrolyte in the anode 
has been determined as function of the filling degree for (Li/Na)2CO3:

68.1)(eff  for anode A      (3.13) 

65.1)(eff  for anode B      (3.14) 

The effective conductivity of the pore electrolyte in the anode is 0.03-93 S m-1, depending on 
the electrolyte filling degree, Figure 3-10. The dependency on the electrolyte filling degree 
and porosity is close to the theoretical value of 1.5 used in Paper V.
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Figure 3-10. The ohmic resistance at the high-frequency limit and the estimated conductivity 
dependence on the electrolyte filling degree for anodes (a) A and (b) B; ( ) standard gas, 
( ) coal gas, ( ) fitted results, (···+···) effective conductivity of electrolyte,  
(- - -) conductivity of electrode.

3.2.2. Effect of electrolyte distribution 
Three different anodes with different characteristics were tested together with one cathode. 
The specifications of the materials used are listed in Table 3-8. All the experiments were 
carried out using four gas combinations: two gas compositions for the anode and two the 
cathode, shown in Tables 3-9 and 3-10. The anode gas was humidified at 60 C and the 
cathode gas at 47 C.

Table 3-8. Specification of the different electrodes used in the experiments.
 Anode A Anode B Anode C Cathode 
Size (cm2) 3 3 3 3 
Thickness (cm) 0.079 0.086 0.065 0.083 

Material Ni-Al alloy Ni-Cr alloy Ni-Al alloy Lithiated NiO 
oxidised in situ 

Total porosity (%) 52 58 45 66 
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Table 3-9. Anode gases used in the experiments.
Anode gas H2 CO2 N2 CO 
A1 80.0 20.0 0 0 
A2 14.8 50.1 5.0 30.1 

Table 3-10. Cathode gases used in the experiments.
Cathode gas O2 CO2 N2
C1 15.0 30.0 55.0  
C2 19.1 10.0 70.9  

Reaction resistance: The total cell reaction resistance and the reaction resistance of each 
electrode were measured as function of the total electrolyte filling degree for the three 
different anodes and the one cathode. This was done to better understand why different 
combinations of anode and cathode are better suited than others to have a good performance 
for as large a span of total electrolyte filling degree as possible. Each electrode reaction 
resistance was measured with respect to the total electrolyte filling degree with two gases for 
the anodes and two gases for the cathode. 
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Figure 3-11. Total cell reaction resistance as a function of the total electrolyte filling degree 
using gas C1 (O2/CO2/N2 15/30/55) for the cathode and gas A1 (H2/CO2 80/20) for 
( ) anode A, ( ) anode B and (+) anode C.

In Figure 3-11 the total cell reaction resistance dependency on the total electrolyte filling 
degree is shown for the three combinations of electrodes for anode gas A1 and cathode gas C1. 
As may be seen in Figure 3-11 the total cell reaction resistance dependency as a function of 
the total electrolyte filling degree for the three combinations is very different. Anode B has an 
optimal electrolyte filling degree probably even below 20 % total electrolyte filling degree, 
anode A has the lowest reaction resistance up to a total electrolyte filling degree of 40 % and 
anode C has an optimum total electrolyte filling degree at about 50 %. 

Calculation of electrolyte distribution: To be able to compare the experimental data from a 
symmetrical cell with that from a normal cell a model was used to calculate how the 
electrolyte distributes between the anode and the cathode depending on the total electrolyte 
filling degree, using the electrode pore-size distribution. In Figure 3-12 (a) the incremental 
pore volume of the cathode and anode B are shown. The information about the incremental 
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pore volume of each electrode is used to calculate how the electrolyte distributes between the 
anode and the cathode, shown in Figure 3-12 (b). The differential pore volume, also shown in 
the figures, gives information about the pore-size distribution of each electrode. The pore-size 
distribution is used to better understand why the different anodes give different electrolyte 
distribution properties and performance at different electrolyte filling degrees. 

The calculation of the electrolyte filling degree of each electrode, depending on the total 
electrolyte filling degree, was made by balancing the capillary pressures of the anode and the 
cathode for 0-100 % total electrolyte filling degree of the cell. In Figure 3-12 (b) the 
dependency of the electrolyte distribution between the anode and the cathode on the total 
electrolyte filling degree is shown with three total filling degrees marked. The capillary 
pressure for each anode was calculated at a given electrode filling degree, using the 
incremental pore-size distribution curve and assuming two cases for the wetting angle; a zero 
wetting angle (fully wetted) or the wetting angle on pure Ni for gas compositions A1 and A2 
reported by Kawase et al. [22, 68]. The capillary pressure for the anode gives the equilibrium 
capillary pressure for the cathode and the last filled pore diameter may be calculated which 
gives the electrolyte filling degree in the cathode. The cathode is assumed to be perfectly 
wetted and has a zero wetting angle. 

Comparison of reaction resistance data with those from a symmetrical cell: The experimental 
data on the anode reaction resistance was compared with the data in Figure 3-9. In the 
literature the wetting angle has been studied for anodes made of various metals and alloys, in 
different gas atmospheres using a (Li/Na)2CO3 electrolyte [68]. Weewer et al. [63, 64] 
reported the following series for the wetting angle in anode gas environment of different 
metals and alloys: Cr < Ni-Al < Ni-Cr < Ni < Cu. For the three anodes tested in this study 
anodes A and C would have an electrolyte distribution close to the case of when assuming a 
zero wetting angle for the anode and for anode B the distribution should be closer to when 
assuming the wetting angle on pure Ni. For the three combinations of anodes and cathode the 
reaction resistance was calculated for each electrode from the polarisation curves as a function 
of the total electrolyte filling degree. The electrode’s reaction resistance dependency on the 
electrolyte filling degree for each electrode was obtained from measured values of the 
reaction resistance and the calculated electrolyte distribution at different total electrolyte 
filling degrees (Figure 3-12). 
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Figure 3-12. (a) Incremental pore volume and pore-size distribution data for anode B ( )
and ( ) and the cathode ( ) and ( ). (b) Electrolyte distribution between anode B and 
cathode considering three cases for the wetting angle on the anode; (- -) a zero wetting angle, 
( ) the wetting angle on pure Ni for gas A1 (H2/CO2 80/20) [22] and ( ) the wetting angle 
on pure Ni for gas A2 (H2/CO2/N2/CO 15/50/5/30) [22]. Three marked total filling degrees.
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c) Cathode
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Figure 3-13. Measured reaction resistance dependency on the calculated electrolyte 
distribution for anode B and the cathode for; ( ) gases A1/C1, ( ) gases A2/C1, 
( ) gases A1/C2 and ( ) gases A2/C2. Assuming fully wetted anode or the wetting angle on 
pure Ni by Kawase et. al. [22, 68]. The results are compared with results from symmetric cell 
in Paper III: (- - -) gas A1, (  - ) gas A2 and Paper IV: ( ) gas C1 and ( ) gas C2. 

In Figure 3-13 the reaction resistance’s dependency on the calculated electrolyte filling degree 
for anode B is shown for all four combinations of gases considering the wetting angle on pure 
Ni, subfigure (a), and considering a zero wetting angle, subfigure (b). In the figure the data for 
the reaction resistance dependency on the electrolyte filling degree of the anode from a 
symmetrical cell, Figure 3-9, is also shown for comparison. The cathode reaction resistance 
dependency on the electrolyte filling degree is shown in these figures for the case when 
assuming the wetting angle on pure Ni, subfigure (c), and assuming a zero wetting angle for 
the anode, subfigure (d). The reaction resistance of the cathode from the symmetric cell 
(Paper IV) is shown for comparison. 

For anode A (Paper IV) it was found that the assumption of a zero wetting angle is more 
likely than the one on pure Ni when comparing the experimental data with the data from 
symmetrical cells. This especially for the cathode, but the anode data also shows a better 
agreement for this case. 

For anode B, when comparing the results from this experiment and that from the symmetrical 
cell in Figure 3-9, the results in Figure 3-13 (c) are more likely than those in Figure 3-13 (d). 
Regarding the reaction resistance of anode B, Figure 3-13 (a) and (b), it cannot be clearly 
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distinguished which of the two assumptions regarding the wetting angle is more likely, since 
the comparison of the data seems to agree with both assumptions. 

For the three cells tested it may be concluded that using only the anode reaction resistance 
data it is difficult to determine how the usage of the wetting angle for the anode should be 
considered when balancing the electrolyte between the anode and the cathode, the cathode 
data also need to be considered. For the electrolyte distribution in the cell with the anodes 
made of Ni-Al alloy the wetting angle should be considered to be small. For the cell using a 
Ni-Cr alloy anode the wetting angle may be considered to be close to that on pure Ni. It 
should be noted that this is concluded for the combinations tested in this work, but has to be 
tested with other cathodes and anodes for a more general conclusion to be drawn. 

The combination of anode B and the cathode is the worst one when regarding the cell reaction 
resistance as function of the total electrolyte filling degree, as may be seen in Figure 3-11. 
This is due to the matching of pore sizes between anode B and the cathode, Figure 3-12 (a), is 
not to be recommended combined with anode B being made of Ni-Cr which affects the 
electrolyte distribution in a negative way for having the anode acting as an electrolyte 
reservoir. 

The anode with the smallest distribution of pore sizes is anode C, which also has smaller 
pores than the cathode. This gives that the anode is almost completely filled with electrolyte
before the cathode starts to be filled, if assuming a zero wetting angle for the anode. It should 
also be considered that anode C is thinner than the other two anodes and has a lower total 
porosity. Anode C would be an even better electrolyte reservoir if it were made thicker. 

To have a cell with the property of initially having as much electrolyte as possible to prolong 
cell lifetime and still having sufficient performance, the cathode should have a fraction of 
pores smaller than those of the anode so that the cathode is first filled with as much electrolyte 
as possible without starting to get too high overpotential. After this initial electrolyte fill of 
the cathode the anode pores should be smaller than the rest of those of the cathode to give as 
large electrolyte filling degree interval for the anode as possible without filling the cathode 
more. However, considering the results in Paper III, the anodes with a bimodal pore-size 
distribution were also preferable from an anode reaction resistance perspective. Considering 
the results of Yuh and Selman [101] the anode may be made thicker without loosing too much 
performance, due to the fast kinetics and low mass transport resistance. This implies that the 
anode may be designed to act as a reservoir for electrolyte if the pore-size distribution 
between the anode and cathode is considered, which is in agreement with results reported by 
Suzuki et al. [102], and combined with reaction resistance measurement of the anode 
performance. However, the anode thickness, i.e. cost, should also be balanced with the 
increased lifetime that is gained by adding more electrolyte to the cell. 
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3.3. Ion transport in the electrolyte 

3.3.1. Development of model for mass transport in the electrolyte 
When modelling the MCFC, the electrolyte is usually treated as a stationary component 
without any dynamic properties. However since the electrolyte has many properties affecting 
the lifetime and performance of the MCFC it might be important to analyse the consequence 
of having changing electrolyte properties. This model was developed to investigate how large 
the changes of composition of the electrolyte are during operation and if they will affect the 
properties of the electrolyte. One of the largest difficulties for the development of this model 
was the input data, which had to be taken from literature. 

Transport properties such as diffusion, conductivity and mobility may be measured 
individually but are linked to each other by the interactions between the different species. 
Electrolyte properties are regularly measured at ideal conditions in the absence of 
concentration gradients or electric fields. However, to be able to model the behaviour of an 
electrolyte during operation it is necessary to have parameters that adapt to the actual 
conditions during operation and not merely the constants measured at equilibrium conditions. 
The Stefan-Maxwell formulation of mass transfer is a macroscopic description of diffusive 
fluxes and molecule interactions, without assuming ideal conditions and dilute solutions. In a 
concentrated solution, the motion of species i relative to the other species may be described 
by the one-dimensional equation for multicomponent transport [99] 
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The sum of the driving forces must be zero, given by the Gibbs-Duhem relation, and for a 
molten alkali carbonate salt mixture, Equation 3.15 gives two independent equations, in this 
case chosen to be the transport equations for the two positive alkali ions. The electrolyte 
current density, measured against a stationary axis, is given by  

i
ii NzFi2         (3.16) 

The liquid potential is used for the electrolyte phase and it is assumed to be measured against 
a standard reference electrode. Using the definition of liquid phase potential measured relative 
to a reference electrode [70] the equation for the electrolyte potential is given by 

2nFs
i

ii        (3.17) 

According to the two electrode reactions, Reaction 1.1 and Reaction 1.2, the carbonate ions 
are transported from the cathode side to the anode side, i.e. the carbonate transports all of the 
current. The flux of carbonate ions, given by the local electrolyte current density, constitutes a 
good choice of reference velocity for the Stefan-Maxwell formulation i.e. versus a fixed room 
coordinate. The chemical energy for a salt k [103] is given by 

)ln( 0
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xxRT        (3.18) 
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Equations for current density and ion flux may be derived by combining Equations 3.15-3.18. 
From the equation for the current density and ion flux expressions for different parameters 
may be extracted. The continuity equation for salt A may be derived using the flux and is 
given by 
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Model for calculation of the Stefan-Maxwell diffusion coefficients: The strength of using the 
Stefan-Maxwell formulation of mass transfer is that it links the measurable quantities such as 
internal mobility and conductivity to the variable coefficients in the charge transport and mass 
transport equations, through the Stefan-Maxwell diffusion coefficients and the concentrations. 
The Stefan-Maxwell diffusion coefficients are assumed to be a function of the mole fraction 
of Li2CO3, a low degree polynomial, and to follow an Arrhenius relationship with respect to 
the temperature.

)/exp(, RTEDD ijPijij        (3.20) 

To calculate the Stefan-Maxwell diffusion coefficients for the (Li/K)2CO3 and (Li/Na)2CO3
electrolytes, expressions for the conductivity and the mobility are derived for the case of 
molten alkali carbonate mixtures with two different cations and a common anion. The 
relationship 1-xA, the divergence from ideality, may be derived for an electrolyte without 
concentration gradients for the transport number. This transport number may be obtained 
using the Klemm method [81, 82]. The following expression may be derived for the transport 
number for ion 1 
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For an electrolyte with uniform composition the local current density is proportional to the 
electrical field. Using this fact an expression for the conductivity may be derived 
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The expressions Equation 3.21 and Equation 3.22 are used to fit the Stefan-Maxwell diffusion 
coefficients to the literature data of internal mobilities [81, 82], conductivities [83] and 
density [74]. For molten alkali carbonates it has been shown that the density of the electrolyte 
is not a linear combination of the two different salt densities as functions of the mole fractions 
[74]. The concentration of each specie i may be calculated using the measured data at a given 
temperature and composition. The concentrations of the different ions for different electrolyte 
compositions are also needed as input parameters for the model and may be calculated from 
measurements of the electrolyte density [74]. 

Calculations of the Stefan-Maxwell diffusion coefficients: As mentioned earlier, the 
electrolyte properties measured at equilibrium are not the same as during operation of an 
electrochemical system and the Stefan-Maxwell diffusion coefficients link the equilibrium 
properties to the properties during operation. The Stefan-Maxwell diffusion coefficients  
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Table 3-11. Coefficients in the expressions for the fitted Stefan Maxwell diffusion coefficients, 
Dij = (aij+ bij xA)exp(-Eij / RT)
Electrolyte Ion pair aij (m2 s-1) bij (m2 s-1) Eij (J mol-1 K-1)

Li+/CO3
2- 5.73·10-7 -3.77·10-7 4.50·104

K+/CO3
2- 1.25·10-8 4.86·10-7 4.50·104(Li/K)2CO3

Li+/K+ 3.13·10-7 -1.00·10-7 4.49·104

Li+/CO3
2- 8.07·10-7 -4.26·10-7 4.57·104

Na+/CO3
2- 1.00·10-7 6.54·10-7 4.58·104(Li/Na)2CO3

Li+/Na+ 1.81·10-8 1.86·10-7 4.56·104

have been calculated for (Li/K)2CO3 and (Li/Na)2CO3 melts. The measured literature values 
[81, 82, 83] used for the fitting procedure were interpolated to a given temperature and 
composition if they were not specified at that temperature or composition. For (Li/K)2CO3 a 
Li2CO3 mole fraction of 0.4-0.7 and a temperature range between 550-700 C was used to fit 
the Stefan-Maxwell diffusion coefficient to the experimental data. A larger parameter window, 
in temperatures and electrolyte compositions, could not be used because the relative errors in 
the fit became too large. For (Li/Na)2CO3 a smaller parameter window had to be used. The 
mole fraction of Li2CO3 varied between 0.4-0.6 and the temperature between 600-675 C. The 
small parameter window was necessary because the experimental transport numbers varied 
without a common trend and the error became too large. To capture the changes in 
experimental data (i.e. conductivity and transport number), an increase in the number of 
degrees of freedom in the Dij,P (xA) is possible, though it is necessary to maintain the integrity 
of the fits. This indicated that either some physical changes of the melt were not captured by 
the model for the whole composition and temperature range, or that more experimental data is 
needed for the transport number. The expression Dij,P = (aij+bij xA) for the Stefan-Maxwell 
diffusion coefficients, was the one that gave the best fit results, without using a very high 
degree polynomial. 

It has been reported that the Stefan-Maxwell diffusion coefficients for both anion pairs and 
cation pairs sometimes show negative numbers [76], but this was not found to give a good fit 
in these calculations even though they were not only allowed to be negative, sometimes they 
were forced to. In Table 3-11 the fitted coefficients in the expression for the Stefan-Maxwell 
diffusion coefficient are given. 

Electrolyte transport model applied to the MCFC: In the model three equations are needed, 
two to describe the potential changes in the solid phase and in the electrolyte phase, 
respectively, and one mass balance equation to describe the composition changes of the 
electrolyte. The current density in the solid phase is assumed to follow Ohm’s law. The model 
is one-dimensional, isothermal and includes no gas phase mass transfer. The gas composition 
is assumed to be uniform inside both electrodes. This may be assumed for the anode if the 
filling degree is not too high and the gas is assumed to be in equilibrium according to the 
water-gas shift reaction when entering the anode (Paper I). For the cathode it has been shown 
by Fontes et al. [104] that the gas composition is almost uniform, except for gases with low 
content of oxygen. 
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Table 3-12. Boundary conditions used with the model
      
Component c.c Anode Matrix Cathode c.c 
Boundary/interface         
Boundary variable Boundary value 
Electrode current density = 1 = 0 i1 = 0 i1 = 0 I1 = itot

Electrolyte current density = i2 = 0 i2 = itot i2 = itot I2 = 0 
Flux of salt A = NA = 0 continuous continuous NA = 0 

The potential distribution in both electrodes and in the electrolyte is considered. The model 
also takes the effect of the electrolyte composition changes into account, i.e. local changes in 
conductivity and density. The model balances the total amount of electrolyte between matrix, 
anode and cathode by balancing the capillary pressure between the anode and the cathode.

In a porous electrode the current density is distributed and the local electrochemical reaction 
rate depends on the driving force, the local overpotential, i.e. the divergence from the 
equilibrium potential. Therefore it is preferable to use the potential instead of the current in 
the transport equation. In systems where one may measure the potential against a reference 
electrode it is preferable to use the reference electrode as reference state. The standard MCFC 
reference electrode is chosen as reference reaction and state for the potential. Because the cell 
components are porous and contain multiple phases the macro-homogenisation theory for 
porosity [70] was used. The following equation system may be written for the anode and the 
cathode using the charge balance equations for the electrode and the electrolyte, and the mass 
balance equation for salt A with the boundary conditions given in Table 3-12. 
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To describe the transport in the electrolyte matrix Equation 3.23 is also used. However, the 
first line vanishes and Sn jn is zero in the second equation. 

When modelling porous systems the equations have to be adapted to the effect of porosity 
[70]. In this model the electrolyte-filled portion of the porosity, , is the parameter that 
affects the effective values of the Stefan-Maxwell diffusion coefficients and the concentration. 
The Stefan-Maxwell diffusion coefficients are assumed to be proportional to the square root 
of the electrolyte-filled porosity and the concentrations are assumed to be directly 
proportional to the electrolyte-filled porosity. 

Modelling results for ion segregation: That the current density will increase the segregation 
of cations has already been concluded by Wendt et al. [80], but how large will the effect be in 
an MCFC for the two different electrolytes at different conditions? The local electrolyte 
composition may affect the local kinetics of electrochemical reactions, solubility of Ni, 



34

vaporisation, and corrosion rates of the current collector, and it is therefore important to verify 
whether electrolyte composition changes will be an issue during long-time operation of the 
MCFC. To better understand the effect of different parameters on the electrolyte composition, 
i.e. segregation of cations, different calculations have been made, using different parameter 
values. Equations 3.23, together with the boundary conditions given in Table 3-12 and the 
model parameters given in Paper V, were solved using FEMLAB 3.1b. The total amount of 
electrolyte is distributed between the three cell components by balancing the local capillary 
pressures in the anode and the cathode under the constraint of conserving the total mass of 
electrolyte. 

It may be seen in Figure 3-14 that the magnitude of the electrolyte composition change 
increases with increased current density. For the (Li/K)2CO3 the electrolyte composition 
changes are smaller, even for large current densities, compared to the changes in the 
(Li/Na)2CO3 electrolyte. As mentioned earlier the activity coefficient is not constant for the 
molten alkali carbonates. In the calculations it was also found that the electrolyte composition 
changes will be overestimated if the composition-dependent activity coefficient is not 
included in the model both for (Li/K)2CO3 and (Li/Na)2CO3, but it is not a critical factor. 
Figure 3-14 shows that there will be an increase of lithium ions in the anode for both melts, 
which agrees with experimental studies [78, 79, 80, 105]. As shown in Figure 3-15, the 
electrolyte filling degree influences the electrolyte distribution between anode and cathode. 
For a high and moderate total electrolyte filling degree the electrolyte composition changes 
will be small or moderate, respectively, but for low electrolyte filling degrees the electrolyte 
composition changes will increase. 
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Figure 3-14. The effect of the current density on the electrolyte composition changes in 
(Li/K)2CO3 (the three upper curves) and (Li/Na)2CO3 (the three lower curves); ( ) OCP, 
(- - -) itot = 1250 A m-2 and ( ) itot = 2500 A m-2.
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Figure 3-15. The effect of the total amount of electrolyte on the electrolyte composition 
changes in (Li/K)2CO3 at itot = 1500 A m-2: ( ) OCP, (- - -) a = 0.4 and c = 0.57,
(- - -) a = 0.3 and c = 0.53, ( ) a = 0.1 and c = 0.14.
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Figure 3-16. Electrolyte composition in stack cell (Li/K)2CO3 (the three upper curves) and 
(Li/Na)2CO3 (the three lower curves); ( ) OCP, (- - -) inlet conditions 600 C and 0 % fuel 
utilisation, and ( ) outlet conditions 675 C and 90 % fuel utilisation.

This model, together with a model for vaporisation and corrosion, could be a valuable tool for 
determining the effect of electrolyte composition changes during long-term operation. It is 
important to consider also the effects of small changes in composition during long-term 
operation. As Figure 3-15 demonstrates, a depletion of electrolyte would cause a larger cation 
separation. It was also found in the calculations that a redistribution of bulk electrolyte occurs, 
due to the change of the anode potential, but at moderate electrolyte filling degrees the effect 
is rather small. The local electrolyte filling degree inside the anode varied less than one 
percent if comparing the maximum and minimum values at normal operating conditions. 
Summarising, it may be concluded that both the electrolyte filling degree and the current 
density affect the electrolyte composition. According to the model the effect of composition 
changes is larger than what was seen experimentally by Brenscheidt et al. [78, 79, 80] for 
(Li/Na)2CO3; conversely, the model gives smaller effects of composition changes for 
(Li/K)2CO3.
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As mentioned earlier, the cell in a stack is not isothermal and the gas compositions at the 
electrodes change along the flow direction. Kawase et al. [68] calculated the distribution of 
bulk electrolyte inside the anode and cathode along the gas flow direction in a stack. The 
same values of gas composition, local electrolyte filling degree and temperature as a function 
of flow direction coordinate were used to calculate the electrolyte composition profiles shown 
in Figure 3-16. As may be seen, the variation in electrolyte composition is less than one unit 
for (Li/K)2CO3 and about two units for (Li/Na)2CO3.

Development of model for distribution of bulk electrolyte: In the MCFC the electrolyte is kept 
in the cell by the capillary forces inside the pores. At steady-state the total amount of 
electrolyte is distributed between anode, cathode and electrolyte matrix by balancing the local 
capillary pressures. The matrix consists of smaller pores than the anode and the cathode and is 
therefore always filled with electrolyte before the electrodes are filled. 

The mass balance for flow of bulk electrolyte at pore scale [106] is given by

)( bulkv
t

        (3.24) 

Since the electrolyte is held by capillary forces and there are large differences in viscosity 
between the gas and electrolyte, the bulk electrolyte flow at pore size length-scale is assumed 
to follow Stokes flow and when scaling up to the continuum scale the velocity is given by 
Darcy’s law [106, 107]. 

pKv
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According to Hilfer [107] some non-linearity in Equation 3.25 might be due to interfacial 
electrochemical phenomena but in this analysis these are assumed to be faster than the 
electrolyte flow. 

The effective permeability, K, depends on the pore-size distribution, the porosity, and the 
electrolyte filling degree. In the case of a two-phase flow the porosity is constant but the 
electrolyte filling degree (saturation level) varies. Empirical and theoretical relationships for 
the permeability [71, 108, 109] may be found in the literature. In this study two relationships 
for the permeability are used; firstly, for flow in cylindrical pores the permeability may be 
calculated from the Poiseuille flow relationship [71], and secondly, the Carman-Kozeny 
relation for an aggregated bed of spheres [71]. For a two-phase flow a relative permeability, 
km, has to be introduced, because K is only valid for single-phase flows. Because of the large 
differences between the gas phase and the electrolyte phase regarding viscosity and density, 
and since the electrolyte is being held by capillary forces, a linear relationship may be used 
for the relative permeability for the two different phases kl =  and kg = (1- ).

Starting from steady-state and then changing the potential difference between cathode and 
anode, i.e. the cell voltage, will cause a change of the wetting angle and will result in a 
capillary pressure change according to the following expression 
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where dpore is the diameter of the last filled pore size,  is the wetting angle dependent on the 
potential and the gas composition, and lg is the surface tension for (Li/K)2CO3 or 
(Li/Na)2CO3, given in literature [110].

In this study l = , p =Pcap and l =  and the time-dependent mass balance for the bulk 
electrolyte in a porous component may be written as 
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When modelling the MCFC it is necessary to know if the bulk movement, redistribution of 
electrolyte, and the change of electrolyte composition have very different or similar 
timescales, i.e. how fast the different processes are. The timescale of Equation 3.27 should be 
compared with the one for Equation 3.19. If the difference in timescale for the processes is 
large, the assumption that the faster process will always be in steady-state compared to the 
slower one may be made. Then, if the redistribution of bulk electrolyte is much faster than the 
electrolyte composition changes it is only necessary to balance the local capillary pressure in 
the anode and the cathode, using Equation 3.26, when calculating how the total amount of 
electrolyte is distributed in the system. 

Timescale analysis: To verify the assumption that the bulk movement of electrolyte is faster 
than the electrolyte composition changes, an estimation and comparison of the time constants 
of the processes have to be made. Assuming a steady-state at OCP, applying a current will 
change the potentials, assuming all other processes are slower. This potential change will 
result in a driving force for the electrolyte composition changes and redistribution of bulk 
electrolyte. The linearised dimensionless relationship between Equation 3.19 and 
Equation 3.27 gives the time constant relationship for the two processes for component n
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Table 3-13. Relationship between the time constants for composition changes and the 
redistribution calculated using Equation 3.28.
Component (Li/Na)2CO3 (52/48 mol%) (Li/K)2CO3 (62/38 mol%) 
Anode 1.7·10-4 2.8·10-5

Cathode 9.6·10-5 1.6·10-5

Matrix 2.4·10-5 4.0·10-6
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The relationship between the time constants obtained when choosing Poiseuille flow 
relationship for the permeability is given in Table 3-13. It may be concluded that the time 
constant of relaxation of the electrolyte composition is at least four orders of magnitude 
smaller than that of the movement of bulk electrolyte. Using Carman-Kozeny relationship 
instead of Poiseuille flow relationship to calculate the permeability only changes the result by 
less than one order of magnitude. It may thus be concluded that the assumption that the bulk 
distribution of electrolyte is much faster than the electrolyte composition changes holds and 
the electrolyte distribution may be assumed to be at steady-state at all times compared to the 
electrolyte composition changes. This gives that only the local capillary pressure has to be 
balanced in the anode and the cathode by changing the local electrolyte filling degree, under 
the constraint of conserving the total mass of electrolyte. If changing the electrolyte 
composition or gas composition, i.e. changing the contact angle, the time constants change, 
but the largest effect would be due to changing the electrolyte filling degree. A smaller 
electrolyte filling degree will make the time constant difference smaller, but the time 
constants will approach each other in magnitude only for an almost totally drained system and 
that is not of practical interest. 

3.3.2. Conductivity of composite electrolytes 
Alternative electrolyte support materials for the MCFC have been investigated but have either 
been dismissed due to their poor properties or due to too high cost. The recent studies on 
composite electrolytes for ITSOFC make them interesting from an MCFC point of view due 
to the good performance of composites made using carbonate salts.  

The conductivities of the composite electrolytes of SDC5050, SDC8020 and SDC9010, see 
Table 3-14, have been studied by EIS in various anode and cathode atmospheres for both dry 
and humidified gases, see Table 3-15. The conductivity was accordingly calculated from the 
high frequency intercept with the real axis in the EIS data. The impedance was measured both 
when going up and down in temperature. In all measurements two regions of the conductivity 
were observed, especially clearly shown for SDC5050 and SDC8020; one region below the 
melting temperature of (Li/Na)2CO3 and the other region above the melting temperature, see 
Figure 3-17. The conductivities in the two different temperature regions are separated by a 
narrow zone where the conductivity changes dramatically. This zone has by other authors 
[91, 92, 111] been explained by the existence of a superionic phase. According to Maier [112] 
this superionic phase may be formed between two conducting phases, forming a space-charge 
region. That the conductivity of a carbonate salt has two regions has also been reported by 
Mizuhata et al. [113] for Li2CO3 or K2CO3 coexisting with -LiAlO2 or MgO. Despite only 
having the carbonate salt as conducting phase their study shows conductivity even below the 
bulk melting point of the salt. Following from the DSC results in Paper VI, the sudden 
improvement of the conductivity in this zone most probably depends on the (Li/Na)2CO3 in 
contact with the DCO particles partially melting below the bulk melting point. This partial 
melting is enough to enhance the conductivity, since the (Li/Na)2CO3 phase may also be used 
for ion conduction. 

Table 3-14. The different composite electrolytes investigated.
Composite name Weight ratio SDC:(Li/Na)2CO3 Volume ratio SDC:(Li/Na)2CO3
SDC5050 50:50 25:75 
SDC8020 80:20 57:43 
SDC9010 90:10 75:25 
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Table 3-15. Composition of anode and cathode gases used.
Anode gas H2 CO2 N2 CO  Cathode gas O2 CO2 N2
A1 80 20 0 0  C1 15 30 55 
A2 14.8 50.1 5 30.1  C2 15.1 69.9 15 
      C3 19.1 10 70.9 
      Air 21 0 79 

When comparing the effect of the two different anode gases on SDC9010 it was observed that 
the conductivity in the hydrogen-rich gas was slightly larger above the melting point. The 
same behaviour was also observed for SDC5050. Below the melting point the conductivity in 
gas A1 compared to gas A2 was lower for SDC9010, while conductivities were the same for 
SDC5050. Considering the cathode gas environment it was found for all components that the 
conductivity is not strongly dependent on the oxygen partial pressure. Neither does the 
difference in CO2 content between gas C1 and C2 affect the conductivity noticeably. 

In Figure 3-17 it may be seen that the conductivity of SDC8020 and SDC9010 in anode gases 
are 5-10 times larger than in cathode gases for the whole temperature range. For SDC5050 the 
higher conductivity in anode gas cannot be observed. The SDC5050 composite shows the 
highest conductivity in the whole temperature region. This result points to a very positive 
effect of the carbonate phase even when being in its solid phase, at least when present in such 
large amount. 

The effect of humidification of the gases on the conductivity of the composites was tested. In 
Figure 3-18 data for SDC8020 with gas A1 are presented. This shows that the conductivity is 
increasing a little already when humidifying the gas with 2 % water. This behaviour was also 
observed for SDC9010, but could not be so clearly seen for SDC5050. Increasing the 
humidification further to 7 % did not affect the conductivity to any larger extent. However, an 
interesting phenomenon was observed for the SDC5050 and SDC8020 samples (Figure 3-18) 
at 7 % humidification in both anode and cathode gas. In the decreasing temperature ramping 
the conductivity is much larger than when increasing the temperature, especially for 
temperatures below the (Li/Na)2CO3 melting point. The same behaviour was also observed for 
gas C3. 
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Figure 3-17. Conductivity of different composites. (a) gas A1 (H2/CO2 80/20); ( ) SDC5050, 
( ) SDC8020 and ( ) SDC9010; (b) gas C3 (O2/CO2/N2 19/10/71); ( ) SDC5050, 
( ) SDC8020 and ( ) SDC9010.
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Humidifying the gases leads to at least a slightly improved conductivity for all the composites. 
The largest improvement of the conductivity is observed for SDC9010 with gas A2, where it 
is approximately doubled. An explanation for the increased conductivity is that the humidified 
gas enables some formation of hydroxides from (Li/Na)2CO3. The extent of hydroxide 
formation depends on the equilibrium between the different species in the electrolyte and in 
the gas [114, 115]. If hydroxides are formed in the electrolyte they will lower the melting 
point and increase the conductivity [111]. 

700 650 600 550 500 450 400
T / °C

1 1.1 1.2 1.3 1.4 1.5 1.6

x 10
3

10
6

10
5

10
4

10
3

10
2

10
1

 / 
S

 c
m

1

T 1 / K 1

Figure 3-18. Conductivities of SDC8020 for ( ) increasing temperature ramping and (- - -)
decreasing temperature ramping for gas A1 (H2/CO2 80/20); ( ) dry, (+) 2 % humidified and 
( ) 7 % humidified.
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Figure 3-19. The conductivity of the composite electrolytes as a function of the volume 
fraction of the carbonate salt at 550 C, in both anode gas (squares), cathode gas (circles) 
and air ( ). (  and ) SDC9010, ( , and ) SDC8020, ( and ) SDC5050; ( ) pure 
(Li/Na)2CO3 [18] and ( ) pure SDC tested in air [91].
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The conductivity as a function of volume fraction carbonate salt, (Li/Na)2CO3, of the different 
composite compositions tested as well as conductivities of pure (Li/Na)2CO3 and pure SDC 
are shown in Figure 3-19. It may be seen that the conductivity dependency on the carbonate 
volume fraction increases with increasing amount of carbonate for all gases tested in this 
study. For cathode gases the conductivity of SDC8020 and SDC9010 is lower than that 
reported by Zhu et al. [91] for pure SDC tested in air. But for the same electrolyte tested in 
anode gases the conductivity is about the same as for the pure SDC. A theory for percolating 
phases indicates that at about 30 % volume fraction of a phase it starts to be continuous.  
Zhu et al. [91] tested the carbonate volume fraction dependency of SDC-(Li/K)2CO3 and had 
a large change in conductivity at about 30 vol.%. 

3.4. Concluding remarks 
The model for gas phase mass transport in the anode has clarified one of the problems that 
occur when studying a differential operating condition for the MCFC, the actual gas 
composition. The result implies that it is important to have a clear picture of how the inlet 
gases are handled when operating lab scale cells. The assumption in the model regarding the 
dry agglomerate, with fast surface kinetics, seems to be valid based upon the results in 
Paper III, since a Ni-Cr electrode was used for the experiments. The results from the water-
gas shift reaction study support the assumption of the gas not being in equilibrium according 
to the water-gas shift reaction when entering the current collector, Paper I. The results from 
Paper I and the water-gas shift reaction study give that when modelling the gas flow or 
kinetics in the anode one has to consider the effect of having the inlet gas fully in equilibrium 
according to Reaction 1.4 or not. 

In Paper II, results for the dissolution of Ni in non-equilibrium anode gas environment 
indicates a small solubility. The solubility for an anode in operation is probably even lower 
than the solubility in this study. However, this result might be important to take into account 
when considering the sintering of the anode during operation and when studying the Ni-
shorting phenomena. 

The results of the porosity and tortuosity dependency on the conductivity for (Li/Na)2CO3 and 
for (Li/Na)2CO3 in Paper III agree fairly well with the assumptions made in Paper V. 

For the composite electrodes none of the results in our study indicates that the electrolyte 
behaviour is any different from a carbonate salt system regarding the conductivity. The 
conductivity is not improved by adding SDC to (Li/Na)2CO3 instead of the standard -LiAlO2.
If the target temperature for a fuel cell with a composite electrolyte is below the melting point 
of the (Li/Na)2CO3 the pure SDC seems to have a better conductivity than the composite 
(Paper VI). Operating fuel cells with this electrolyte will have the same problems regarding 
corrosion etc as the standard MCFC. However, further study is needed before this topic may 
be fully elucidated. 
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4. CONCLUSIONS 

The objective of this thesis has been to develop models and experimental techniques to better 
understand the behaviour of the MCFC and find ways to improve the lifetime. The MCFC is 
beneficial to use with renewable fuels due to its possibility to handle CO2-rich fuel without 
losing too much performance. In this context the effect of different gas compositions on the 
anode (Papers I-II), how the amount of electrolyte in a cell may prolong cell lifetime by 
designing the anode to act as a reservoir (Papers III-IV), how much the electrolyte changes 
locally in composition during operation (Paper V) and conductivity of alternative materials as 
matrix (Paper VI) has been studied. 

If the anode gas is not in equilibrium according to the water-gas shift reaction at the current 
collector inlet there are large concentration gradients in the current collector. The gas 
concentration inside the electrode is almost uniform. For gases in equilibrium the composition 
is almost uniform both in the current collector and the electrode. If assuming that the gas is in 
non-equilibrium condition fitting allows the exchange current densities for the equilibrium 
gases and the non-equilibrium gases to approach each other and follow the theoretical 
mechanisms proposed in the literature. The knowledge about how the different gas conditions 
affect the anode polarisation curves might explain the difficulty to fit mechanism to 
experimental data using a simple evaluation. 

From the fitting of the anode gas model to the polarisation curves it cannot be distinguished 
which of the two most proposed mechanisms for hydrogen oxidation in the literature is the 
more likely. The influence of the CO oxidation reaction is small but cannot be neglected at 
low overpotential. The water-gas shift reaction has to be fast in the electrode if the modelled 
polarisation curves are to match the experimental ones. 

In the 16 cm2 lab scale cell using flow channels the water-gas shift reaction might not be fully 
in equilibrium when using a humidified mixture of hydrogen and carbon dioxide. The 
conversion of gas according to the water-gas shift reaction seems to have a dependency on the 
gas flow rate. The results support the results in Paper I regarding the assumption that the inlet 
gas composition is not in equilibrium. 

Nickel may be dissolved into the electrolyte in anode gas atmosphere, if the gas is not in 
equilibrium according to the water-gas shift reaction. This dissolution is probably due to 
reduction of water or carbon dioxide. The dissolution decreases with increasing temperature 
and increases with increasing content of carbon dioxide. 

The anode reaction resistance depends on the electrolyte filling degree, which in turn is most 
dependent on the pore-size distribution. If an optimal performance is needed at a given 
operating condition a narrow pore-size distribution is preferable. However, if the anode 
should act as an electrolyte reservoir a bimodal pore-size distribution seems to be preferable 
to have as good a performance of the anode as possible for as large electrolyte filling degree 
interval as possible. 

From the experimental results on reaction resistance combined with the model regarding the 
distribution of electrolyte between the anode and the cathode for various total electrolyte 
filling degrees it was concluded that it is important to match the pore-size distributions for the 
anode and the cathode. The pore sizes of the anode should be smaller than those remaining the 
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cathode, after the cathode has been sufficiently filled, to make the anode act as a reservoir for 
electrolyte. From the experimental results combined with the electrolyte distribution model it 
may be concluded that the anodes made of Ni-Al have wetting characteristics close to 
assuming a zero wetting angle (fully wetted) on the anode and Ni-Cr anodes have a wetting 
angle more close to the one on pure Ni. 

A model for calculating the electrolyte composition changes during load was derived, based 
on the Stefan-Maxwell formulation for mass transfer for the special case of binary molten 
alkali carbonate electrolytes, and applied to the MCFC. The advantage of the Stefan-Maxwell 
approach to mass transfer is that it combines the conductivity, diffusion and transport number 
in the binary diffusion coefficients, rather than viewing the three phenomena as separate 
entities. The model for calculation of the electrolyte composition was combined with 
equations describing the current distribution in the electrodes and the electrolyte, and applied 
to the MCFC. The model was used to calculate the electrolyte composition changes during 
different operating conditions and it was concluded that the electrolyte composition changes 
are less than two percent for (Li/K)2CO3 and five percent for (Li/Na)2CO3. The electrolyte 
composition changes depend predominantly on the current density and the total electrolyte 
filling degree. Further, it was also found that if the electrolyte composition-dependent activity 
coefficients were not included in the model, the electrolyte composition changes would be 
overestimated, but it is not a critical parameter. 

The model for mass transport in the electrolyte demonstrates how experimental data measured 
at equilibrium condition may be used to determine Stefan-Maxwell diffusion coefficients and 
then be applied to a transport model for the electrolyte, in this case applied to an MCFC. This 
model may be used for determining electrolyte composition changes in other systems based 
on binary molten salts or ionic liquids with a common anion or cation. 

For the SDC-(Li/Na)2CO3 composites tested, two regions were observed for the conductivity, 
one below the (Li/Na)2CO3 melting point and one above melting point. A transition region 
was also observed and this is probably due to partial melting of (Li/Na)2CO3. The 
conductivity is enhanced in the high temperature region with increasing amount of 
(Li/Na)2CO3 phase for both anode gases and cathode gases. 
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