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ABSTRACT 
 
The thesis is focussed on the performance of the fuel cell and the design of the cell for 
operation with natural gas and renewable fuels, e.g. biogas or gasified biomass. The 
performance is one of the important issues for the development and commercialisation of fuel 
cell stacks. In order to operate fuel cell on renewable fuels, without preceding reforming of 
the fuel, a high temperature fuel cell is needed, i.e. a solid oxide fuel cell (SOFC) or a molten 
carbonate fuel cell (MCFC). At present, the latter fuel cell type is much more mature when 
regarding the technical aspects than is the solid oxide fuel cell. The German company MTU 
has up to date installed about thirty MCFC plants, mainly in Europe and the USA but also in 
Japan. Moreover the European Commission has decided that the use of renewable fuels must 
increase at the expense of fossil fuels. This decision is one step towards a smaller dependence 
on fossil energy sources and limited emissions of greenhouse gases. 
 
The objective of this work is to better understand the factors that influence the cell 
performance: to determine the kinetic parameters of the hydrogen oxidation and the carbon 
monoxide oxidation and to get more information about the reaction mechanism, even when 
dealing with gases of low hydrogen content. The latter is of special importance when 
operating the cells on biogas or gasified biomass. These fuels also contain higher 
concentrations of carbon monoxide and carbon dioxide. 
 
It was found that the hydrogen mechanism proposed by Jewulski and Suski describes the 
anode performance even at lower concentrations of hydrogen, i.e. gases corresponding to 
gasified biomass. Furthermore, the carbon monoxide reaction will only slightly influence the 
anode performance but if the rate of the shift reaction is small the influence of direct oxidation 
of carbon monoxide will increase. Experimental investigations have shown that mass transfer 
limitations in the gas phase exist. By mathematical modelling it was found that the current 
collector has a larger affect on the concentration gradients than the porous electrode. The 
concentrations gradients in the current collector are caused by the shift reaction that mainly 
takes place at the electrode. However, if the gas corresponds to equilibrium at the current 
collector the profiles will become almost uniform. Furthermore the influence of wetting 
properties, the pore structure and pore size distribution have also been investigated in this 
thesis. The outcome of this thesis may be used for electrode development and design, as well 
as for input to reliable cell and stack models for system simulations. 
 
Keywords: molten carbonate fuel cell, MCFC, mechanism, cell modelling, porous electrode, 
electrode kinetics, mass transfer limitations, polarisation curves, electrochemical impedance 
spectroscopy, hydrogen oxidation, carbon monoxide oxidation, mathematical modelling, 
anode. 



 
SAMMANFATTNING 
 
Under de senaste åren har intresset för bränsleceller runt om i världen ökat. Bränslceller, som 
har sitt ursprung från 1800-talet, användes i krävande rymd- och militära tillämpningar redan 
på 1960-talet i bl. a. ubåtar och rymdfarkoster, exempelvis Apollo. Det är dock först under 
senare år som bränslceller har blivit riktigt uppmärksammade som framtidens miljövänliga 
energikälla. Detta beror på att prestandan har förbättrats och att kostnaderna därmed har 
sjunkit. Beräkningar tyder på att kostnaderna kommer att sjunka ytterligare. Vidare är 
bränslecellen tyst, den avger inga giftiga utsläpp och den har en hög verkningsgrad, vilket 
innebär att den tar tillvara på en stor del av energin i bränslet. 
 
Europeiska kommissionen har beslutat att användningen av förnyelsebara bränslen ska 
öka på bekostnad av fossila bränslen. Detta är ett led i att sänka beroendet av fossila 
energibärare för att begränsa utsläppet av växthusgaser. I ljuset av detta spelar 
bränslceller som har en hög arbetstemperatur en betydelsefull roll. För att kunna använda 
förnyelsebara bränslen i en bränslecell krävs nämligen en högtemperaturbränslecell, antingen 
en fastoxidbränslecell (SOFC) eller en smältkarbonatbränslecell (MCFC). 
Smältkarbonatbränslecellen har uppnått en högre grad av mognad och står nu inför 
kommersialisering. Det tyska företaget MTU har tillsammans med det amerikanska företaget 
Fuel Cell Energy utvecklat och driftssatt tretton anläggningar (HotModules) i USA, tre i 
Japan och nio i Europa. 
 
Syftet med denna avhandlig är att undersöka bränslecellens prestanda samt utröna 
möjligheten att optimalt använda smältkarbonatbränslecellen vid drift med olika bränslen, 
huvudsakligen förnyelsebara bränslen med låga halter vätgas. Syftet är med andra ord att ta 
reda på hur bra bränslecellen fungerar vid drift med naturgas, biogas och förgasat biobränsle 
samt att undersöka vad som begränsar processen. 
 
Resultaten visar att bränslcellen fungerar bra även för låga halter vätgas. Reaktionen kommer 
att ske enligt den mekanism som föreslagits av Jewulski and Suski. Vidare kommer inverkan 
av direktoxidation av kolmonoxid troligtvis att vara låg medan reaktionshastigheten för 
vattenskiftreaktionen kommer att påverka prestandan. Det senare beror på att 
vattenskiftreaktionen katalyseras av nickelelektroden vilket kommer att ge stora 
koncentrationsgradienter i strömtilledaren. Även faktorer såsom utformningen av anoden dvs. 
porstorleksfördelning (hur stora porer anoden skall bestå av) och hur elektrolyten väter 
anodytan har studerats. En enklare cellmodell som beskriver hur bränslecellens prestanda 
beror av temperaturen och gassammansättningen, har också utvecklats. Denna modell har 
använts för utformning av bränslecellssystem. 
 
Nyckelord: miljövänliga energikällor, energiframställning, bränslecell, MCFC, 
smältkarbonatbränsleceller, förnyelsebara bränslen, högtemperaturbränsleceller, mekanismer, 
porösa elektroder, elektrodkinetik, masstransportbegränsningar, polarisationskurvor, 
vätgasoxidation, direktoxidation av kolmonoxid, elektrokemisk impedansspektroskopi, 
matematisk modellering. 
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1. INTRODUCTION 
 
In this chapter the main principles of the fuel cell and a short historical overview are 
presented. A more detailed description of the Molten Carbonate Fuel Cell (MCFC) 
technology is also given, especially aspects related to this thesis. Finally, the background and 
the aim of this work are presented [1,2,3]. 
 
1.1 Principle of the fuel cell 
 
The fuel cell operates like a battery but unlike the battery the fuel cell does not run out or 
require recharging. The fuel cell will produce energy, in the form of electricity and heat, as 
long as reactants are supplied. The fuel, normally H2, is supplied to the anode and oxygen, O2, 
or air is supplied to the cathode, Fig. 1-1. The reduction of oxygen at the cathode and the 
oxidation of hydrogen at the anode give rise to a potential difference which drives the 
electrons through an external load. The ions, for example H+, pass through the electrolyte by 
migration. 

Fig. 1-1. Principle of a fuel cell (Proton Exchange Membrane Fuel Cell) 
 
The fuel cell was first demonstrated by the scientist William Grove in 1839 and it was called 
a “gaseous voltaic battery”. He investigated the electrolysis of water and showed that the 
reaction could be reversed, the hydrogen and oxygen are recombined and electric current is 
produced. However, the technology flourished first after 1950 finding its first prominent 
application in space missions. The Apollo space missions used alkaline fuel cells, developed 
by Bacon, to produce electricity. 
 

Anode    −+ +→ eHH 442 2  

Cathode OHHeO 22 44 →++ +−  

+H  ions through electrolyte Load 

Hydrogen 

Oxygen 
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The fuel cell has many attractive features. It is quiet, pollution-free and has high efficiency. 
The efficiency of the fuel cell is higher, at least theoretically, than that of a heat engine since 
the fuel is not limited by the Carnot cycle. The maximal theoretical thermodynamic 
efficiency, thε , for the fuel cell is the ratio of Gibb’s free energy to the standard enthalpy of 
formation: 
 

H
G

th ∆
∆=ε       (1) 

 
The theoretical efficiency is about 80 % but in practice it is decided by the cell voltage, Ecell: 
 

H
zFEcell

real ∆
−

=ε      (2) 

 
The practical electrical efficiencies in the fuel cells are about 40−60 % depending on the type 
of fuel cell. The losses that will limit the cell voltage are the ohmic losses, the kinetic and 
mass transfer limitations in the system. As the operating temperature increases the standard 
potential decreases but on the other hand the losses are also decreased. In fuel cells operating 
at higher temperatures no noble metal catalysts are required. Furthermore high temperature 
offers the possibility to operate the fuel cell on natural gas, gasified coal or gasified biomass 
although the latter contains high concentrations of carbon monoxide and carbon dioxide. The 
possibility to utilize biomass is from a Swedish point of view important since we have no 
natural gas. 
 
There are six different types of fuel cells and they are classified by the electrolyte employed: 
Alkaline Fuel Cell (AFC), Proton Exchange Membrane Fuel Cell (PEMFC), Phosphoric Acid 
Fuel Cell (PAFC), Solid Oxide Fuel Cell (SOFC), Molten Carbonate Fuel Cell (MCFC) and 
Direct Methanol Fuel Cell (DMFC). The last one is named after the fuel and not after the 
electrolyte and sometimes classified as a subtype of PEMFC. Fuel cells are often divided in 
two groups, low temperature fuel cells and high temperature fuel cells. The MCFC and SOFC 
belong to the last-mentioned. Since 1990s large research means have focused on Proton 
Exchange Membrane Fuel Cells. In PEMFC the liquid electrolyte has been replaced by a 
proton-conductive material and the operating temperature is about 80 °C. This type of fuel 
cell is mainly used for applications with rather small power demand, both for stationary and 
portable applications as well as in vehicles. 
 
1.2 The Molten Carbonate Fuel Cell 
 
The concept of a fuel cell in which a molten-carbonate electrolyte is used dates back more 
than 80 years. However the development of such a cell did not begin before the 1950s through 
the work of Davtyan. He was the first one realising the necessity of “support” for the 
electrolyte, i.e. a matrix which holds the electrolyte in place and prevents direct combination 
of the reacting gases. The work by Broers led to the use of MgO as matrix but due to the 
problem with long-term performance the work was continued to find alternative matrix 
materials. In 1964 Broers reported about LiAlO2 which was chemically stable and gave much 
better performance. Broers was also the first to introduce porous nickel as the anode material 
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and Clauss and Genin showed that porous nickel oxide, oxidised in situ gives a stable 
performance for the cathode. 
 
The MCFC uses a molten carbonate salt mixture as electrolyte. The composition of the 
electrolyte varies between different manufactures. Fuel Cell Energy (FCE) and Ansaldo use a 
mixture of lithium/potassium carbonate, (Li/K)2CO3, while Hitatchi and IHI (Ishikawajima-
Harima Heavy Industries) for example use a mixture of lithium/sodium carbonate, 
(Li/Na)2CO3. For pressurised systems the Li/Na electrolyte is preferable since the output 
voltage is higher than for Li/K electrolyte. At the operating temperature of 580-660 °C the salt 
mixture is liquid and a good ionic conductor. The electrolyte is suspended in a porous ceramic 
matrix made of LiAlO2 and gas-diffusion electrodes that are only partly filled with electrolyte 
are used. The large pores, macropores, act as gas channels and the small pores, micropores, 
are filled with electrolyte. 
 
The state-of-the-art of the cell is porous nickel for the anode and porous nickel oxide, 
oxidised in situ, for the cathode. In order to avoid sintering and creep of the anode the 
material is often alloyed with chromium or aluminum. The electrolyte matrix consists of small 
pores, less than 0.1 µm, so it will be filled with electrolyte all the time. However the pore size 
of the matrix will become larger with operation time and the electrolyte loss will increase. 
The stability of the matrix, LiAlO2, is one of the most important issues because the material 
has to have enough strength and stability to keep its structure during operation. Stack 
developers have adopted α- or γ-LiAlO2, according to their own results, and the matrices are 
manufactured by the tape casting method. The electrolyte distribution is determined by the 
pore structure and wetting properties of the anode, cathode and matrix. The electrolyte 
distribution is decided by the balance of capillary forces. It is therefore important to design 
the electrodes to get a good electrolyte distribution, i.e. high surface area and small electrolyte 
movement. It is also desirable to have a high surface area for a large interval of filling degree 
since it is difficult to add electrolyte during operation. The overall electrochemical anode 
reaction is 
 

−− ++→+ eCOOHCOH 222
2
32     (3) 

 
but carbon monoxide can also be directly electrochemically oxidised through the following 
reaction 
 
CO + CO3

2− ↔ 2CO2 + 2e−      (4) 
 
The shift reaction 
 

COOHCOH +↔+ 222      (5) 
 
occurs to maintain chemical equilibrium. This reaction has been reported to establish 
equilibrium rapidly [4]. It is worth noting that the shift reaction is the sum of hydrogen 
oxidation (3) and carbon monoxide reduction (4). When choosing anode gas compositions it 
is also important to avoid carbon deposition, i.e. the Boudouards reaction: 
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22 COCCO +>↔<      (6) 
 
The anode gases are humidified which prevents carbon deposition. The electrochemical 
reaction at the cathode is: 
 

−− →++ 2
322 242 COeCOO     (7) 

 
So the overall reaction becomes: 
 

OHOH 222 2
1 →+      (8) 

 
It can be seen that the overall reaction in MCFCs is similar as for other fuel cells but CO2 is 
produced at the anode and consumed at the cathode. This implies that a CO2 recycling system 
is needed to supply CO2 from the anode chamber to the cathode chamber in a power plant. 
 
A decade ago the maximum operating temperature was set to 700 °C to obtain high output 
voltage. However, recently the maximum temperature has been lowered to near 660 °C in 
order to avoid corrosion and electrolyte loss but, if the temperature is much lower than 
580 °C, the cathode polarisation would become too large. The stack temperature is generally 
controlled by the cathode gas flow rate but an internal reforming system is also a kind of 
cooling method since the methane reforming reaction is endothermic. There are two types of 
internal reforming systems (IR systems), the direct (DIR) and the indirect internal reforming 
system (IIR). The difference between DIR and IIR is the location of the reforming catalyst. In 
IIR the catalyst is located in a thin reformer, sandwiched between cells in the stack, while in 
the DIR the catalyst is placed inside the anode chamber. In both of these systems, DIR and 
IIR, 60 % of the heat generated in the stack is used for the reforming reaction. The steam 
produced by the hydrogen oxidation (3) is used for the reforming reaction in DIR: 
 

224 3HCOOHCH +↔+      (9) 
 
The reforming efficiency is therefore higher for the DIR since IIR only uses the heat and not 
the generated steam. On the other hand the catalyst, nickel supported by MgO, is poisoned by 
the carbonate in case of DIR. Hence Fuel Cell Energy and MELCO use a hybrid system 
composed of DIR and IIR to obtain long catalyst life and high reforming efficiency. The stack 
voltage depends strongly on the operating pressure but for IR-MCFC atmospheric pressure is 
preferred since the reforming reaction is accelerated at lower pressure. There are three types 
of gas flow patterns in MCFC: cross-flow, co-flow and counter-flow and all these flow types 
are used by different stack developers. An advantage with co-flow is that the temperature 
distribution in a stack is easy to control. For internal reforming stacks the temperature control 
is easier since the catalyst can be arranged in order to get a uniform temperature distribution. 
 
One of the leading manufacturers of MCFC-power plants is MTU in Germany. MTU 
cooperates with the American company Fuel Cell Energy. By the end of 2004, thirteen 
HotModule power plants hade been installed in the U.S., three in Japan and nine in Europe 
and series production start-up is planned for 2006 [5]. The HotModule operates on different 
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fuels such as natural gas, biogas, methanol, coal gas, residual gas, coal mine gas, landfill gas 
and sewage gas. Depending on the fuel, the efficiency is 45-70 % (LHV) in most of the 
designs and MCFC is therefore one of the most attractive new types of power plants for 
decentralised power generation. 
 
1.3 Chemical reactions at the anode 
 
It is important to keep in mind the complicated chemistry of molten carbonate electrolytes. 
Carbonate melts are an example of a Lux-Flood acide+base system where the basicity of 
molten carbonate is, by definition [3], determined by the equilibrium 
 

2
22

3 COOCO +↔ −−      (10) 
 
According to this definition the base, −2

3CO , is an oxide donor and CO2 is an acid. Beside the 
reactions already mentioned (3-7) water may also react with carbonate ion according to the 
hydrolysis process [6] 
 

22
2
3 2 COOHOHCO +↔+ −−     (11) 

 
Consequently the electrolyte not only contains −2

3CO  but also oxides, −2O , and hydroxides, 
OH-. 
 

1.3.1. Electrode kinetics for hydrogen oxidation 
Different mechanisms have been proposed for the hydrogen oxidation. According to Suski [6] 
the existence of free protons in molten carbonate melts is very unlikely and other hydrogen 
ionic species should consequently be taken into account. Therefore the Tafel-Volmer 
mechanism and the Heyrovsky-Volmer mechanism should be a bit modified when extended 
to MCFC conditions. The two anode mechanisms generally assumed for MCFC were 
proposed by Ang and Sammels [7] and Jewulski and Suski [8]. The mechanism proposed by 
Ang and Sammels [7] is: 
 
mechanism AS adsHH 22 ↔     (12) 

−−− ++↔+ eCOOHCOH ads 2
2
3  RDS (13) 

−− +↔+ eOHOHH ads 2    (14) 
 
Low surface coverage Langmuir adsorption of hydrogen was assumed [9]. This seems to be a 
reasonable assumption since most of the surface will be covered by carbonate ions. 
Furthermore OH- ions were assumed not to diffuse away or towards the electrode surface. 
Assuming that reaction (13) is the rate-determining step the exchange current density is given 
by 
 

( ) ( )βββ −− ⋅⋅⋅= 15.0
,

15.0
,

5.0
,

0
,0,0 222 bCObOHbHASbASb xxxii     (15) 

 
The anodic transfer coefficient, β, is generally assumed to be 0.5. One should however be 
aware that the transfer coefficient may vary. If the constant β is assumed to be 0.5, the 
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exchange current density dependence on the partial pressure of hydrogen, water and carbon 
dioxide is given by 
 

25.0
,

25.0
,

25.0
,

0
,0,0 222 bCObOHbHASbASb xxxii ⋅⋅⋅=     (16) 

 
and 
 

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
⎟
⎠
⎞
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⎜
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⎛
=

−

ηβηβ
RT

F
x
x

x
x

x
x

RT
F

x
x

ii
inCO

CO

inOH

OH

inH

H

inH

H
ASbASprod

1exp1exp
,,

5.0

,

5.0

,
,0,

2

2

2

2

2

2

2

2

      (17) 
 
Lu and Selman questioned the assumption of hydroxyl ions being immobile in the Ang and 
Sammells mechanism, because OH- is stable in the molten carbonate and present in 
appreciable amounts according to the hydrolysis equilibrium (11) [9]. Jewulski and Suski [8] 
pointed out that it is possible to explain the data obtained by Ang and Sammells by assuming 
that the stoichiometric number is 2 instead of 1 (as was assumed by Ang and Sammells). This 
should result in the mechanism proposed by Jewulski and Suski [8]. 
 
mechanism JS: adsHH 22 ↔     (12) 

( )−−− ++↔+ eCOOHCOH ads 2
2
32  RDS (13) 

−− +↔+ 2
3222 COOHCOOH   (11) 

 
Assuming reaction (13) to be the rate-determining step and low coverage Langmuir 
adsorption the exchange current density is given by 
 

( ) ( )βββ −− ⋅⋅⋅= 15.0
,

15.0
,

5.0
,

0
,0,0 222 bCObOHbHJSbJSb xxxii     (18) 

 
The constant β is assumed to be 0.5. This implies that 
 

25.0
,

25.0
,

25.0
,

0
,0,0 222 bCObOHbHJSbJSb xxxii ⋅⋅⋅=     (19) 

 
and  
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      (20) 
 
Note that the theoretical partial pressure dependency on the reaction order for hydrogen, 
carbon dioxide and water is 0.25 for these two mechanisms. However, the experimental 
results published in the literature on the reaction order of porous nickel anodes show that the 
partial pressure dependence is 0.4-0.8 for hydrogen, 0.2-0.6 for carbon dioxide and -0.4-1 for 
water [paper I, 10]. These results are hard to correlate to a mechanism and therefore difficult 
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to explain. Yuh and Selman [11] 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 
on the reaction order of hydrogen than the theoretical value of 0.25. Nishina et al. [12] found 
that electrodes made of nickel follow the mechanism proposed by Jewulski and Suski [8]. 
However for electrodes made of Au, Ag and Ir both the adsorption and charge-transfer steps 
take place at a similar rate.The influence of hydrogen diffusion through the metal lattice has 
been pointed out by Weewer et al. [13]. However, according to the authors the hydrogen 
ab(d)sorbed in or at the electrode will under polarised conditions soon be consumed and “as 
normal” only the diffusion through the electrolyte will provide necessary hydrogen for the 
reaction. If, for the sake of argument, one assumes the hydrogen dissolves in the Ni lattice 
under polarised conditions it will involve a more effective use of the agglomerates, i.e. 
increase the active surface area if the diffusion of hydrogen is the rate-determining step. But, 
as long as the surface area is constant for all gas compositions this will only affect the value 
of the exchange current density and not the electrochemical partial pressure dependencies. 
 

1.3.2. Electrode kinetics for the direct oxidation of carbon monoxide 
Borucka and Appleby [14] have analysed the kinetics and mechanism of electrochemical 
oxidation of carbon monoxide in molten carbonates and concluded that two oxidation 
processes are involved. The first one involves physically dissolved CO that is oxidised close 
to equilibrium, the second one, whose half-wave potential is +240 to +300 mV (std. CO/CO2), 
is due to CO combined chemically with the melt. The proposed mechanisms are: 
 
mechanism 1: −+ +↔ eCOCO    (21) 

22
2
3 COCOCOCO +↔+ −−+  RDS (22) 

−− +↔ eCOCO 22    (23) 
 

mechanism 2: 2
2
2

2
3 COCOCOCO +↔+ −−   (24) 

  −−− +↔ eCOCO 2
2
2   RDS (25) 

  −− +↔ eCOCO 22    (26) 
 
A possible mechanism for the first oxidation process is mechanism 1. The mechanism of the 
second process is, according to the authors, more difficult to determine, since there is an 
indication of a transition from chemical step control at low partial pressure of carbon 
monoxide to primary electron transfer control at a higher partial pressure range of carbon 
monoxide. They propose that the equilibrium 
 

COCOCOCO +↔+ −− 2
3

2
22     (27) 

 
is likely to take place in the CO-depleted region at the electrode surface at low partial pressure 
of carbon monoxide. Mechanism 1 will then follow this step, though at a lower rate due to the 
effect of equilibrium (27). Mechanism 2 may predominate in the case of higher content of 
carbon monoxide. There is according to Borucka and Appleby [14] no evidence of adsorption 
peaks, in consequence only mechanisms involving low-coverage Langmuir conditions were 
considered. They also concluded that the ion involved is not affected by addition of water to 
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the carbonate melt and that the oxidation of CO in molten carbonates appears to be complex. 
Evaluations of these mechanisms are given in the section Results and Discussion. 
 
1.4 Background and aim of this work 
 
The activities on MCFC were started in the end of 1989 at the division of Applied 
Electrochemistry. As with most other fuel cell systems the cathode is a major source of cell 
polarisation and several researchers have therefore investigated the cathode. The research at 
Applied Electrochemistry was in the beginning focussed on cathode performance and 
alternative cathode materials. There are still problems with the cathode, i.e. dissolution of the 
cathode and consequently alternative cathode materials have been developed. This has been 
done by several groups and one of them is the Department of Materials Science and 
Engineering at KTH. Commonly used alternative materials include the addition of Mg and Fe 
to NiO in order to reduce the solubility and thereby prevent Ni shorting. At the Department of 
Materials Science and Engineering they have also investigated the LiFeO2-LiCoO2-NiO 
ternary system. 
 
In Japan, much effort has been spent on the separator plate material, i.e. the current collector 
and the corrugated plate. The role of the separator plate is to make electrical connection 
between the cells and to supply fuel gas and oxidant gas to the anode and the cathode, 
respectively. As a result the materials have to be corrosion resistant to carbonate electrolyte in 
both reducing and oxidising atmospheres. The corrosion is not only harmful for the material 
but it will also consume electrolyte. Investigations of corrosion of current collector materials 
have also been performed at Applied Electrochemistry during the 90s. 
 
An increase of power density and output voltage are important goals when developing fuel 
cells. Also the capital cost and efficiency of the power plants are essential. When talking 
about capital cost, endurance of stack is one of the most important factors. A generally 
accepted criterion for long-time performance appears to be <10 % decay of voltage over 
40 000 h. However it is costly to run log-term operating tests and therefore a linear 
relationship between voltage decay and time is assumed, 0.25 %/1000 h. Voltage decay rates 
observed on stacks have been reduced and FCE, MELCO and IHI have shown that the goal of 
0.25 % per 1000 h is reached [2]. To attain a good power density and long life time it is 
important to understand and investigate the components of the fuel cell. The porous electrodes 
are among the most important and complicated components since many factors affect the 
performance. The possibility to utilise biomass is from a Swedish point of view important 
because of the accessibility of the raw material and in addition it is also interesting to decrease 
the dependence on fossil fuel-based energy production. From an emission point of view 
biomass is regarded as CO2 neutral because the same amount of CO2 is consumed during 
growth as is later released. This thesis is focussed on elucidating the performance when the 
fuel cell operates on different fuels, e.g. renewable fuels, with low content of hydrogen, are 
therefore important. These fuels also contain higher concentrations of carbon monoxide and 
carbon dioxide which will increase the losses. It is therefore necessary to get better 
knowledge about how different effects such as mass transfer limitations, kinetics, wetting 
properties and electrolyte and pore size distribution will influence the cell performance. A 
stack model for system studies has also been developed. 
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2. EXPERIMENTAL 
 

The electrochemical measurements, both steady state and impedance measurements, have 
been performed in a 3 cm2 MCFC cell. The experimentally obtained data were analysed with 
simple evaluation methods as well as with mathematical modelling aiming at studying the 
electrode kinetics, i.e. elucidating the mechanism for the reactions. The gas composition 
inside the cell was measured by a gas chromatograph. The electrode structure has been 
analysed by Scanning Electron Microscopy and Mercury Porosimetry. Furthermore the 
wetting angles have been investigated in a co-operation with Dr. Kawase at CRIEPI, Japan. 

 

2.1 Electrochemical measurements 
 
Experimental data were obtained from a 3 cm2 laboratory cell unit, Fig. 2-1, provided by 
ECN, The Netherlands. The cell consists of a porous nickel anode, alloyed with 10 % Cr, a 
porous nickel cathode that was oxidised in situ, and a LiAlO2 matrix, supporting a 62/38 % 
(Li/K)2CO3 electrolyte. All the components were also delivered by ECN. The reference 
electrodes are gold wires submerged into the melt and in equilibrium with a 33/67 % O2/CO2 

gas mixture. The reference electrodes are connected to the cell via small capillaries in the cell 
house. 

 

  
Fig. 2-1. Schematic drawing of the laboratory fuel cell unit. 
 

All the experiments with H2/CO/CO2/H2O gases were carried out in such a “standard” cell. In 
all these experiments a standard cathode gas was used, 15/30 % O2/CO2 in N2, humidified at 
30 °C. Different anode gases, shown in table 2-1, were used for the experiments. These gases 
were humidified at 60 °C, gases no. 1-7, and at 67 °C, gases no. 6e and 7e. The humidification 
temperature of the two latter gases was chosen with the purpose of having the two gases reach 

Alumina
Cathode
Electrolyte matrix
Anode

current
collector

gas 
in

gas  
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equilibrium directly after the humidification. In this case there is no doubt about the gas 
composition. As can be seen, in table 2-1, there was no large difference between the gas 
compositions of gases no.6 and no.6e or between gases no. 7 and no. 7e. The experiments 
were repeated tree times, i.e. cells no. 1, no 2 and no 3, with some changes in the gas 
composition (se paper I). A nickel wire netting was inserted into the gas channel for cell no.1 
and a commercial shift catalyst was used in the same way for cell no. 3. The gas composition 
for gases no. 6e and 7e is known and these gases were only used in cell no. 2. This is the 
reason for using two cells, cell no. 2 and 3, when evaluating the modelling results (section 
3.3.3). The importance of knowing the gas composition inside the cell will be discussed in 
sections 3.2. and 3.3. In order to reduce the effect of conversion and mass transfer limitations 
in the gaseous phase, the gas flow rate was kept high (245 ml/min). The measurements were 
performed at 600, 650 and 700 °C. 
 
Table 2-1. Gas compositions [%] used for the anode. 
 Initial gas After humidification 

Gas H2 CO2 CO H2 CO2 CO H2O 
no. 1 47.1 47.9 5.0 37.7 38.4 3.98 19.9 
no. 2 19.8 40.1 0 15.9 32.1 0 19.9 
no. 3 16.1 12.0 23.0 12.9 9.6 18.4 19.9 
no. 4 40.2 19.9 0 32.2 15.9 0 19.9 
no. 5 80 20 0 64.1 16.0 0 19.9 
no. 6 7.6 83.8 8.6 6.1 67.1 6.9 19.9 
no. 6e 7.6 83.8 8.6 5.7 61.1 6.1 27.1 
no. 7 20.4 62.4 17.2 16.3 50.0 13.7 19.9 
no. 7e 20.4 62.4 17.2 15.1 45.7 12.3 26.7 

 
The electrochemical measurements with CO/CO2 gases were performed in a symmetrical cell, 
i.e. a cell consisting of two identical porous nickel anodes. One of the electrodes was used as 
test electrode and the other as counter electrode. Both electrodes were fed with the same gas. 
In this type of cell configuration the wetting angle becomes less affected by different gas 
compositions since there is no difference in capillary forces between the electrodes. All the 
components were the same as the ones used for the H2/CO/CO2/H2O mixtures described 
earlier in this section. The start-up procedure of the cell followed the same procedure as usual, 
i.e. nitrogen the first time and then standard gas, 80 %H2 in CO2 humidified at 60 °C. After 
about two weeks the gas was changed to carbon monoxide/carbon dioxide gas without 
humidification. 
 
To be able to study the influence of direct oxidation of carbon monoxide various gas 
compositions have been used, table 2-2. The different gas compositions were chosen in order 
to get a large effect of the gas content but it is also important to avoid carbon deposition [15]. 
Furthermore the maximal polarisation to avoid carbon deposition was calculated for each gas 
composition [16]. 
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Table 2-2. Gas compositions [%] used for studying the direct oxidation of carbon monoxide. 
Gas CO CO2 N2 alt. He 
no. 1 6 27 67 
no. 2 6 27 67 
no. 3 6 54 40 
no. 4 3 27 70 
 
The influence of pore size distribution was carried out using two different gas compositions as 
shown in table 2-3. These measurements were also performed in a symmetrical cell in order to 
be sure that the addition of carbonate affects the anode. Two different electrolytes were 
investigated, 62/38 mole% Li/K carbonate melt or 52/48 mole% Li/Na carbonate melt. 
 
Table 2-3. Gas compositions [%] used for studying the influence of pore size distribution. 

 H2 CO CO2 N2 H2O 
standard gas 64 0 16 0 20 
coal gas 12 24 40 4 20 
 

2.1.1 Polarisation curves 
Polarisation curves for different gas compositions were all obtained at optimal electrolyte 
filling using a Solartron 1286 Electrochemical Interface. The current interrupt method was 
used for evaluating the ohmic potential drop. Lagergren [17] showed that the iR-drop appears 
as the initial and fast change in the potential relaxation curve. The overvoltage should 
therefore be measured as soon as possible after the current interruption in order not to 
overestimate the ohmic drop. In this study the overvoltage was recorded 20 µs after 
interruption of the current. The error in overvoltage would after this time be within the range 
of experimental error. 
 

2.1.2 Transient measurements 
The electrochemical impedance spectroscopy (EIS) technique is used to obtain information 
about the time dependence of different processes occurring in a porous electrode. Much 
information can therefore be obtained by EIS but the disadvantage is that the experimental 
results are fairly difficult to evaluate. EIS for different gas compositions were all obtained 
using a Solartron 1287 Electrochemical Interface and a Solartron 1255 Frequency Analyser. 
The spectra were recorded under potentiostatic control, at open circuit potential, in the 
frequency range of 60 kHz-6 mHz. 
 
2.2 Gas chromatograph measurements 
 
The gas compositions were measured by a gas chromatograph (GC) HP5890 series II, using a 
TCD detector, column Plot Fused silica-CP-carboplot P7, split injector. A valve injector 
system that collects samples from the outlet stream about 1 cm from the current collector, 
using a stainless steel tube of 1.6 mm diameter, was chosen. In order to avoid water 
condensation which will change the gas composition, the tube was kept above 100 °C. 
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2.3. Scanning Electron Microscopy 
 
Knowledge of the structural parameters and the electrolyte distribution was essential for the 
modelling work, as well as for basic understanding. Samples were therefore studied with 
scanning electron microscopy (SEM), both on anodes filled with carbonate and anodes 
leached in 50 % acetic acid. The electrolyte-filled anode was leached in 50 % acetic acid in 
order to remove the electrolyte. 
 
2.4. Mercury porosimetry 
 
Information about the pore size distribution and the total porosity in the electrodes was 
obtained by mercury porosimetry. The theory of all Hg porosimeters is based on the physical 
principle that a non-reactive, non-wetting liquid will not penetrate pores until sufficient 
pressure is applied to force its entrance. This information, as well as information concerning 
the contact angle, is used to calculate the pore structures. 
 
2.5. Wetting angles 
 
The wetting characteristics have been studied experimentally in co-operation with Dr. Kawase 
at CRIEPI, Yokosuka Research Laboratory, in Japan. The objectives of this study were to 
investigate how the contact angle is influenced by different contents of carbon monoxide, 
carbon dioxide and inert gas. Different gas compositions were used in order to evaluate the 
dependence. It is important to investigate the wetting properties at higher content of carbon 
monoxide since the MCFC is suitable for these types of fuels [18]. However, when choosing 
gas compositions it is important to avoid carbon deposition [15,16]. 
 
The electrochemical cell consists of a nickel anode, 99.7 % purity, a counter electrode made 
of a gold wire ring and a reference electrode made of gold, Au(O2/CO2=33/67 %). An 
especially designed chamber with optical observation equipment was used to control the 
atmosphere. For further details see M. Kawase et al. [19]. Two different electrolytes were 
used for the set up, a mixture of lithium and potassium carbonate (62/38 mol% (Li/K)2CO3) 
and a mixture of lithium and sodium carbonate (53/47 mol% Li2/Na2CO3). The sample was 
placed in the carbonate, a potential was applied and the wetting angle was noted. The 
measurements were repeated at different positions of the electrode, i.e. the immersion depth 
of the electrode was decreased. The supplied gases were mixtures of CO, CO2 and N2 or He. 
Different gas compositions were used in order to evaluate the influence on the contact angle at 
different contents of CO, CO2, and N2 or He. The gas composition the inlet and outlet was 
measured by a GC and a charge couple device (CCD) camera was used to observe the 
meniscus height. The contact angle was derived from the Neumann equation by the meniscus 
height. A temperature dependence expression of the liquid/gas interfacial tension was used 
[19]. 
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Using a flat electrode has of course a disadvantage since the electrode in a molten carbonate 
fuel cell is three-dimensional with pores and a significant surface roughness. Kawase et al. 
[20] have made in situ measurements on a porous nickel oxide cathode. These measurements 
are difficult to perform since the electrode needs to be heated to 580-680 °C and some type of 
scanning electrode microscope has to be connected to this heated area. It is also important to 
remember that there will always be a potential distribution along the depth of the porous 
electrode. Consequently the wetting angle has to be determined at the anode/current collector 
interface where the potential is known. 
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3. RESULTS AND DISCUSSION 
 
In this chapter, a summary of the results from Papers I-V is presented. The text is divided into 
three sections; stack model, experimentally obtained results and evaluation of the results by 
mathematical modelling. 
 
3.1 Stack model 
 
Mathematical modelling and simulation are frequently used for studying fuel cells and fuel 
cell power plants, several groups have therefore developed models for different purposes and 
with varying sophistication. A fuel cell power plant has a complicated flow scheme which 
implies that the stack model must not be too detailed in order not to require too much 
calculation work. At the same time the model should reflect the essential behaviour of the fuel 
cell stack. The model presented in article II was developed at the end of 1997. At that time 
there was no such simplified stack models suited for system studies. The purpose of the work 
was to develop a model that could be integrated in the system studies made at Chemical 
Reaction Engineering at KTH. The model is valid for different fuels, not the least gasified 
biomass since this is an interesting option in Sweden. The model predicts the local current 
density (at a given cell voltage) as a function of temperature and gas composition. It also 
takes into account the shift reaction and the reforming reaction occurring at the anode side. 
The one-dimensional model of a co-flow MCFC in MATLAB was translated into 
FORTRAN 77 by Benny Fillman. The model may thus be implemented into Aspen Plus as a 
user model. Both an internal reforming (IR) system and an external reforming (ER) system 
were investigated. 
 

3.1.1. Description of the stack model 
In this model only co-flow was considered and it is assumed that the local gas temperature for 
the anode and cathode as well as the hardware is equal. Consequently the temperature profile 
in the vertical direction is uniform which seems to be a good approximation in a stack 
composed of several cells. There will of course be some end effects [19] but this could not be 
taken into account in this simplified model. Further, it is assumed that the anode gas is in 
equilibrium with respect to the shift and reforming reactions. However, it is possible to 
compensate for slow kinetics by the temperature approach method that also is common for 
industrial reformers. A typical -20 K temperature approach value therefore means that the 
equilibrium conversion, calculated for a reactor temperature 20 K less than the actual value, 
equals the observed conversion. The gas composition is assumed to be uniform across the 
channel depth and ideal plug flow is assumed in the gas channels. Stack heat loss is not 
accounted for and steady-state conditions are assumed. The current distribution in the 
electrode is determined by the equation for the local potential balance 
 

eelectrolytcathodeanodecell jREE −−−∆= ηη0     (28) 
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where ηanode and ηcathode are the anodic and cathodic polarisations and Relectrolyte is the ohmic 
loss. The open-circuit voltage, ∆E0 is given by the Nernst equation 
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where ∆E0 and Pi are the standard open circuit voltage and the partial pressure of the gas 
components i (subscripts a and c refer to the anode and cathode). The current distribution is 
normally given by the Butler-Volmer equation but Fontes et al. [21] pointed out that the 
experimental polarisation curves for the porous NiO cathode exhibit a linear shape over a 
wide potential range. This has also been found to be valid for the anode, paper I. According to 
Lagergren and Simonsson [22] the relation between the overpotential and the current density 
can be expressed as  
 

effaizFS
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d

κ
η

0

=      (30) 

 
where κeff is the effective conductivity of the electrolyte and Sa the surface area. The exchange 
current densities, i0, for the cathode (31) and for the anode (32) were experimentally 
determined: 
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Equation (30) takes into account the current distribution along the depth of the electrode. The 
relation between the current density and the overpotential is linear and no mass transport 
limitations in the gas phase are included. Equation (30) is valid under the assumption that the 
conductivity in the electrode phase is much higher than in the electrolyte phase. 
 
The expressions of the exchange current densities, j0, for the cathode (31) and for the anode 
(32) were experimentally determined from a small 3 cm2 cell. These expressions can be 
correlated to mechanisms for the anode and cathode. However many different studies have 
been performed but there are still many different opinions about the reaction mechanisms. 
The expression for the exchange current density for the cathode (31) is slightly different from 
the one proposed by Morita et al. [23] who propose −2

2O  and 2CO  mixed diffusion in the 
melt. However, the expressions (31) and (32) have been experimentally obtained by 
investigation of the performance at different gas compositions and temperatures using a cell 
consisting of components produced by ECN (see Experimental). These expressions, (31) and 
(32), should therefore correlate to reality fairly well. Nevertheless some difference due to the 
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flow configuration, the flow rate and the depletion of gases may be observed which may 
affect the experimentally obtained expressions. This will further be discussed in section 3.3.3. 
 
The exchange current density, the resistance as well as the conductivity are functions of 
temperature. The developed model is a simplified one but it takes into account the 
temperature dependence as well as the partial pressure dependencies for the anode and the 
cathode. The same type of model is useful for any kind of fuel cell but the kinetics for the 
anode and cathode as well as the internal resistance are characteristic for the specific type of 
fuel cell and need to be varied. However, it seems important to have good knowledge and 
preferably also experimental experience about the specific fuel cell in order to make good 
stack models. 
 

3.1.2. Results 
The temperature profile inside the cell will affect the reforming reaction as well as the kinetics 
and other temperature-dependent parameters, such as conductivity and the open circuit 
potential. Consequently the local cell temperature will influence the cell performance. It was 
noted that the utilisation of oxygen is much higher for internal reforming than for external 
reforming. This is mainly due to the higher demand for recycling the cathode off-gas in order 
not to overheat the fuel cell stack. The lower total demand of the auxiliaries for the internal 
reforming is of course favourable since the power needed for the cathode recycle blower is 
substantially reduced. However the cathodic polarisation is increased since the gas becomes 
diluted. The power demands of the cathode recycle blower decrease with a higher pressure 
because of the favourable compression ratio. 
 
At a given fuel utilisation the fuel cell stack yields a constant FC power production when the 
fuel inlet composition is constant throughout the simulation cases. However in some cases the 
area needs to be increased or decreased to attain the same total current, or power production. 
For the internal reforming case the area needs to be a bit larger than for the external case, i.e. 
external ref. area/internal ref. area is 0.85. Consequently it is not possible to compare the IR 
case and the ER case since different areas are used for the two cases, i.e. the power production 
is not the same. The internal reforming has however several benefits; it reduces the number of 
the components in the system, it reduces the cooling demand, and the overall electrical 
efficiency is increased. 
 
In earlier similar studies performed at Chemical Reaction Engineering, KRT, a so-called zero-
dimensional model of the fuel cell was used, i.e. the model does not interact with the system 
as a whole. The results from this zero-dimensional model are compared to the model 
presented in this section, the one-dimensional model. It is however important to remember the 
differences in accounting for the gas compositions and the system pressure. 
 
When comparing the results between the two different models the agreement between the 
results is within a few percent. The differences in the results should refer to the balance of 
plant, because the input gas compositions to the fuel stack are the same and the fuel utilisation 
is equivalent. 
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Fig. 3-1. The electric efficiency versus the system pressure for the internal and the external reforming 
cases. 
 
The two models show approximately the same performance. This is not surprising since the 
comparison is made in a region were the zero-dimensional model is valid. Fig. 3-1 therefore 
only indicates that the models are correct. However using the one-dimensional model makes it 
possible to perform, for example, sensitivity analysis and to vary the operating conditions 
over a broad range which results in varying behaviour regarding efficiencies and fuel 
utilisation. It is possible, for instance, to alter the pressure in a methodical way while having 
either a given cell area or a shifting cell area. This is neither an alternative nor feasible in the 
case of the zero-dimensional model, unless one has access to a large amount of performance 
data. Furthermore it is possible to extend the study to systems using gasified biomass and coal 
gas which was the initial purpose. 
 
The one-dimensional stack model was developed at the end of 1997 at the request of KRT in 
order to find a more sophisticated model than the so-called zero-dimensional model. Due to 
factors beyond the reach of the author this work was not published in 2000 as planned. At the 
end of 1997 when the model was developed there were many publications on detailed stack 
modelling. In order to make good advanced stack models it is important to validate them 
against experimental data, i.e. data from large stacks. Realising that no such data and 
experience from larger stacks could be obtained in Sweden the work was directed towards the 
anode performance. Since 2000 a great increase of publications on system studies has been 
noted. A stack model based on the same principles as the one developed here has been 
published by Morita et al. [24]. This model is valid for gasified biomass [25] and has also 
been verified in a 10 kW stack. However it is rather easy to modify the expressions in our 
model since their model are made up in a similar way. 
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3.2. Experimentally obtained results 
 
The electrochemical performance of the porous gas diffusion electrodes depends on the 
electrode structure as well as the electrolyte properties. The electrolyte filling of the 
electrodes is an important factor for the cell performance, i.e. by affecting the effective 
conductivity in the electrolyte, the diffusion rate in the melt and gas pores, as well as the 
accessible surface for the electrochemical reaction. The electrolyte distribution between anode 
and cathode depends on the capillary forces as well as the wetting properties of the anode and 
the cathode. The matrix is always filled up first due to the small pores and the anode 
behaviour differs from that of the cathode due to different wetting properties. It has been 
shown that the cathode is totally wetted [26] in contrast to the anode that has non-wetting 
properties [paper I, 27]. Measurements of contact angles on the cathode are very difficult to 
perform because NiO has good wetting properties. The contact angle for the cathode, at open 
circuit potential, for different contents of carbon dioxide in the feed gas was reported to be 
about 10-20° [20]. 
 
Different factors that may influence the performance have been investigated both 
experimentally, papers I, III and IV and by mathematical modelling, paper V. Experimentally 
the influences of gas composition, mass transfer limitations and the contribution from the 
direct oxidation of carbon monoxide have been investigated. Furthermore the pore structure 
and wetting angles have been studied. Knowledge of the structural parameters and the 
electrolyte distribution is essential for the modelling work, as well as for basic understanding. 
Samples were therefore studied with scanning electron microscopy, on both anodes filled with 
carbonate and on anodes leached in 50 % acetic acid. 
 

3.2.1. SEM and mercury porosimetry investigation 
Figures 3-2 and 3-3 show SEM micrographs of a nickel anode, named anode B in section 
3.2.3, filled with electrolyte and leached in 50 % acetic acid, respectively. It is possible to 
distinguish the microporosity and the macroporosity. The micropores were completely filled 
by the electrolyte which together with the Ni particles formed agglomerates. Even though the 
electrode in fig. 3-2 was fed with electrolyte above the optimum point, one can still 
distinguish the macropores that supplied gas to all parts of the electrode. However, it is 
impossible to say whether the carbonate distribution was the same as when the cell was 
actually running. 
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Fig. 3-2. SEM micrograph of a nickel anode filled with electrolyte 
 

  
 
Fig. 3-3. SEM micrograph of a nickel anode leached in 50 % acetic acid 
 
It is possible to estimate the particle, pore and agglomerate sizes from the SEM pictures. 
However, the estimation is difficult and information about the pore size distributions and 
porosities in the anodes may more easily be obtained by Hg porosimetry. Furthermore, it was 
found that the micropores, which are completely filled by the electrolyte, will have a diameter 
of 1.5 µm and less. The microporosity, i.e. the porosity of the agglomerates, εm=29 % is 
estimated from the Hg porosimetry curves as the volume of pores, with diameter less than 
1.5 µm, divided by the total agglomerate volume. These pores are assumed to be filled with 
electrolyte. The macroporosity, εM=42 %, is the volume of pores, with a diameter larger than 
1.5 µm, divided by the electrode volume. These pores are assumed to be filled with gas. 
 



 21

 

3.2.2. Wetting angles 
The wetting angles are strongly affected by the gas composition on the anode side. The choice 
of electrolyte, Li/K or Li/Na, the temperature and the applied potential also influence the 
wetting properties. Figure 3-4 shows the effect of gas composition and the potential on the 
contact angle. The contact angle shows the same trend, as has been reported earlier [19]; it 
becomes smaller at more negative potentials. Furthermore Kawase et al. [19] reported that the 
contact angle becomes higher with higher content of CO2, lower with higher content of H2 
and is relatively unaffected by the content of CO. The influence of carbon dioxide has earlier 
been reported to be high, increasing from 40° at 0 % CO2 to 80° at 90 % CO2 [20]. Such a 
large influence of the content of CO2 could not be seen in these measurements performed with 
gases containing only CO/CO2. 
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Fig. 3-4. Wetting properties for different gas compositions using Li/K electrolyte. 
 
The influence on wetting angles for CO/CO2 gases was a little bit different from those 
reported by Kawase et al. [20]. In figure 3-4 it can be seen that the wetting angle is relatively 
unaffected by the content of CO and CO2 using Li/K electrolyte. The wetting characteristics 
are almost the same for the three gases, i.e. 7/25 % CO/CO2 in helium or nitrogen, 25/75 % 
CO/CO2, 75/25 % CO/CO2. In case of carbon deposition on the nickel plate the surface 
becomes totally non-wetting. Nevertheless there was some uncertainty in the measurements 
but it is still an indication of the magnitude of the contribution. 
 
The effect of temperature is shown both in figures 3-4 and 3-5. The contact angle becomes 
smaller with higher temperature, as has been reported earlier [19]. However using gases 
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containing only carbon monoxide and carbon dioxide gives a lower temperature effect than 
using gases containing hydrogen. So, the temperature effect is small in CO/CO2 gases 
compared to the effect in gases including a low content of hydrogen. 
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Fig. 3-5. Wetting properties for 27 %CO and 73 %CO2 at different temperatures using Li/Na 
electrolyte. 
 

3.2.3 The influence of pore size distribution 
The pore size distribution will determine the surface area of the electrode. Small pores will of 
course give rise to a high surface area but due to the high temperature the small pores will 
easily sinter in MCFC. It is therefore no use to produce electrodes with really small pores in 
MCFC. The carbonate will be distributed between the anode and the cathode as a result of the 
capillary forces and the wetting characteristics. In order to obtain a good and stable 
performance it is therefore important to match the anode and the cathode and to investigate 
the performance for different pore structures. It is difficult to add electrolyte to an operating 
stack; consequently it is desirable to develop electrodes that are able to obtain a good and 
stable performance during a large interval of electrolyte filling degree. Furthermore the gas 
composition in the stack will change from the entrance of the cell to the outlet of the cell due 
to the chemical and electrochemical reactions. It is for these reasons desirable to develop 
electrodes that are able to obtain a good and stable performance during a large interval of 
electrolyte filling degree. 
 
Figure 3-6 demonstrates how the electrolyte filling degree will influence the reaction 
resistance, i.e. the performance. Three different anodes, table 3-1, were investigated and the 
pore size distributions were obtained by Hg porosimetry. Figure 3-6 lower left, shows the 
optimal degree of electrolyte filling for anodes B and C using (Li/K)2CO3. Anode B was 
delivered by ECN and thereby the electrode used in all the experiments in papers I and III. By 
comparing the reaction resistance of anodes B and C, fig. 3-6 lower left, it was observed that 
the reaction resistance of anode C was more strongly influenced by the filling degree than 
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anode B. Form the mercury porosimetry spectra the macroporoes and micropores are clearly 
seen for anode B, meanwhile only one peak around three micrometers was observed for anode 
C. When adding electrolyte the smallest pores will become filled first consequently it is not 
surprising that anode C will be more influenced by electrolyte addition. 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 suitable for the anode in order to obtain a stable 
performance in a large span of electrolyte filling. However, electrode C has a lower reaction 
resistance at a filling degree between 10-60 %. It can also be seen that the choice of 
carbonate, (Li/Na)2CO3 or (Li/K)2CO3, affects the performance, fig. 3-6. 
 
Table 3-1. Description of the different anodes used in the experiments. 
 Anode A Anode B (ECN) Anode C 
Thickness [mm] 0.78 0.71 0.66 
Material Ni-Al alloy Ni-Cr alloy Ni-Al alloy 
Porosity [%] 52 58 45 
Counter electrode Anode A Anode B Anode C 
Carbonate Li/Na Li/K Li/Na Li/K 
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Fig. 3-6. Reaction resistance for two different gas compositions for the different anodes, i.e. different 
pore size distributions. 
 
Adding carbonate to the cell will increase the effective conductivity in the electrolyte and also 
increase the surface area (paper IV) but figure 3-6 shows that the performance will decrease 
when reaching higher electrolyte filling degrees. This is probably caused by mass transfer 
limitations in the electrolyte. 
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In figure 3-7, the electrochemical impedance spectroscopy for Anode A using standard 
conditions and coal gas is shown. The impedance loops are displaced when adding electrolyte 
due to the resistance in the electrolyte phase. The size of the high frequency semicircle does 
not change due to the electrolyte filling degree but the low frequency semicircles are affected. 
The latter semicircle is caused by mass transfer limitation. When using standard gas the low 
frequency semicircle will be increased when increasing the filling degree. However, when 
using coal gas the low frequency semicircle will be increased with decreasing filling degree. 
The standard gas has a high content of hydrogen and will due to the shift equilibrium decrease 
the content of hydrogen whereas coal gas will increase the amount of hydrogen. This might be 
the reason for the low frequency semicircle to show the opposite behaviour when adding 
electrolyte. It is further noted that the difference between the semicircles for 9 % and 41 % 
filling degree is small. Fig. 3-6, Anode A, Li/Na carbonate also confirms this fact since the 
influence of electrolyte filling degree is small in this area. 
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Fig. 3-7. Impedance spectroscopy plots of standard gas and coal gas at different filling degrees 
using Li/Na carbonate. 
 
Table 3-2 shows the wetting angles for different gas compositions at 923 K, assuming a 
polarisation of 0.02 V. The anode in (Li/K)2CO3 is better wetted than the one in (Li/Na)2CO3. 
The surface area for the standard gas is higher, i.e. lower wetting angle than for the coal gas 
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conditions. This will be a reason for the optimal electrolyte filling degree varying. Since 
carbonate will be distributed between the anode and the cathode it is desirable to develop a 
model that takes all this into account and is able to calculate and determine the electrolyte 
distribution between the electrodes. A future goal is to develop such a model; in order to 
validate the model experimental data are needed. 
 
Table 3-2. Wetting angles for different anode gas compositions at 923 K, assuming a polarisation of 
0.02 V, from Kawase et al. [19] 
 Li/Na Li/K 
Standard gas 50° 31° 
Coal gas 61° 40° 
 

3.2.4. Gas composition in the cell 
To determine the mechanism it is important to know the gas composition inside the cell. The 
contents of hydrogen, carbon monoxide and carbon dioxide inside the cell were measured just 
before the polarisation curve was obtained. The partial pressure of water was calculated from 
the stoichiometry by minimising of the relative error, under the assumption that the shift 
reaction is the only reaction taking place inside the cell at open circuit potential. The GC did 
not show any other substances in the feed except for a very small amount, in most cases 
undetectable, of nitrogen, probably coming from the air. This air content was estimated to 
correspond to a maximum of 0.2 %. The measured gas compositions in the outlet gases were 
found to be far from equilibrium, especially at 600 °C and 650 °C. 
 
The measured gas composition could be explained in two ways (keep in mind that the gas 
composition is measured at equilibrium). The first is that the actual composition inside the 
cell also is the actual concentration inside the porous anode (case I). Alternatively, 
equilibrium is reached inside or at the surface of the porous electrode, for only a part of the 
gas flow (case II), and a mixture of the reacted and unreacted gas flow is measured at the 
outlet. It will be shown later that the most probable alternative is case II. 
 

3.2.5 Simplified evaluation of the polarisation curves 
The exchange current densities for different fuel gases, gas no. 1-7, were determined on the 
basis of the polarisation curves, fig. 3-8. When analysing experimental data from porous 
electrodes, it is important to take into account the current distribution along the depth of the 
electrode. The current distribution depends on the electrolyte and electrode conductivities, on 
the electrode kinetics and on diffusion of the electroactive species. The data was evaluated 
under the assumption that the porous electrode was under kinetic control as it was not 
possible to include mass transfer limitations, in the gas phase, in this simplified model. 
Furthermore neither was the effect of varying wetting properties included in the evaluation of 
the experimentally obtained data in this work. 
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Fig. 3-8. Polarisation curves obtained at the different gas compositions, table 2-1. If nothing else is 
mentioned the gases are balanced by nitrogen, T=650 °C. 
 
The analysis was achieved with data obtained at low overpotentials, where the relation 
between current density and overpotential is linear. According to Lagergren and Simonsson 
[22], the expression for the total polarisation resistance using these assumptions is: 
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Asymptotic equations may be found for the two limiting cases, when a approaches zero and 
infinity. These two cases correspond to either a uniform or a highly non-uniform current 
density distribution. The value of a was found to be large when: 
• the external agglomerate surface area, S, was estimated to be 2.7 ⋅105  m-1 by assuming 

that the agglomerates were spherical, with radii of 4.5 µm. 
• only the external surface of the agglomerates, or an area corresponding to this, was 

considered accessible to the reaction. Furthermore, the accessible surface was assumed to 
be constant for all gas compositions. 

• the porosity of the electrode was estimated to be 59 %, and the effective pore electrolyte 
conductivity was assumed to be 5 S/m at 650 °C. The conductivities at 600 and 700 °C 
were calculated by the Arrhenius expression. 

 
It was further assumed that the electrode effective conductivity, κ1, was much higher than the 
pore electrolyte conductivity, κ2, so that by excluding the former one obtains: 
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This means that at low overpotentials, where mass transfer limitations in the gas phase are 
assumed to be minor, there is a proportional relationship between the current density and 
overpotential. The slope of the polarisation curve will be a function of the exchange current 
density, as can be seen in equation (35). This case corresponds to a situation with highly non-
uniform current density distribution. 
 
The exchange current density is a function of the reactant partial pressures according to: 
 
i 0 = i0

0 ⋅PH 2
a ⋅PCO 2

b ⋅PH 2 O
c      (36) 

 
where a, b, and c are the electrochemical partial pressure dependencies for hydrogen, carbon 
dioxide and water, respectively, and i 0

0  is the standard exchange current density. The values 
of a, b and c are dependent on the reaction mechanism. The partial pressure dependencies, 
table 3-3, were calculated by solving the overdetermined system (36). Cell no. 1 is evaluated 
both by using the measured gas composition (Meas.), i.e. the gas composition detected by the 
GC, and gas compositions at equilibrium (Eq.). The evaluation showed that the reaction order 
of water, column c, has the largest deviation. Cells no. 2 and no. 3 were used as input data for 
the mathematical modelling, as mentioned in section 2.1.1. 
 
Table 3-3. Partial pressure dependency on the exchange current density, i0 = i0

0 ⋅ PH 2

a ⋅ PCO2

b ⋅ PH2O
c . i0  is 

given at standard conditions, i.e. 80  % H2 & 20 % CO2 humidified at 60 °C at a operating temperature 
of 650 °C. The confidence interval is 95 %. 

Cell no. Gas a b c i0 [A/m2] Ea [kJ/mol] 
1 Meas. 0.50 +/- 0.15 0.50 +/- 0.22 1.25 +/- 2.24   
1 Eq. 0.75 +/- 0.14 0.62 +/- 0.13 0.92 +/- 0.32   
2 Eq.. 0.50 +/- 0.21 0.40 +/- 0.18 0.88 +/- 0.94 71 42 +/- 13 
3 Eq. 0.60 +/- 0.17 0.64 +/- 0.17 0.55 +/- 0.23 70 65 +/- 12 

 

3.2.6. Influence of the mass transfer limitations 
The importance of mass transfer resistance in the gas phase is demonstrated in figures 3-9 and 
3-10. These figures show the polarisation curves when the feed contained different inert 
gases. Helium, as expected, imposed a much smaller mass transfer limitation on the gas phase 
than nitrogen. These two experiments demonstrate the fact that the inert gases affect the 
polarisation curves, which is a strong indication of gas phase mass transfer limitations in the 
system. Figures 3-9 and 3-10 also indicate that the influence of mass transfer limitations in the 
gas phase depends on the gas composition. 
 
When the gas flow was increased by 20 % the polarisation curves show the same shapes at 
low overvoltage. At higher overpotentials, the curves for the lower gas flows tend to diverge 
from a straight line. This can also be seen for the higher flow rates but at more extreme 
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overvoltage. This divergence is a sign of mass transfer limitations in the system that is at least 
partly due to conversion in the laboratory cell. 
 

 

0

0,1

0,2

0,3

0,4

0,5

0 0,02 0,04 0,06 0,08 0,1

T=650C, He
T=700C, He
T=600C, He
T=650C, N

2

T=700C, N
2

T=600C, N
2

Anode polarisation [V]  
 
Fig. 3-9. Polarisation curves obtained with nitrogen or helium as inert in a gas containing 10 % H2, 
26 % CO2, 6 % CO, 26 % H2O (gas no. 2). 
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Fig. 3-10. Polarisation curves obtained with nitrogen or helium as inert in a gas containing 27 % H2, 
10 % CO2, 6 % CO, 25 % H2O (gas no. 4). 
 
The influence of the gas flow has also been studied by impedance measurements, fig. 3-11. 
The EIS curves showed that a lower flow rate gives a larger low frequency semicircle, 
however the high frequency semicircle was independent of the flow rate. A schematic 
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impedance plot of a porous electrode shows the kinetic loop at high frequencies and the 
diffusion loop at low frequencies. A larger low frequency semicircle is therefore an indication 
of mass transfer limitations in the system. It has also been seen that the EIS curves on the 
upper and lower section of a symmetrical cell differ especially for the low frequency 
semicircle. This indicates that the cell is not perfectly symmetrical. 
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Fig. 3-11. EIS measurements at different flow rates for the standard gas. 
 
Morita et al. [28] have also studied the impedance response of the cathode and anode in a 
108 cm2 co-flow fuel cell at 150 mA/cm2. They found that the decrease of the low frequency 
arc of the anode is almost half when doubling the flow, as opposed to the cathode where no 
influence of flow rate was observed. 
 
Concluding this, the area of the electrode did not seem to be large enough to achieve 
equilibrium of the shift reaction. CRIEPI has also seen that a larger cell than our 3 cm2 cell is 
needed to ensure that the gases reach equilibrium [29]. Conversely, the two cells with and 
without a commercial catalyst gave the same polarisation curves. A possible explanation for 
no difference being observed between the two cases could be that the shift catalyst did not 
work. Perhaps this could be caused by the vaporisation of carbonate which probably 
deactivates the catalyst. It may also be caused by the fact that the surface area of the catalyst 
is too small, i.e. only the outer surface of the pellets are used due to high mass transfer 
resistance. 
 

3.2.7. Influence of direct oxidation of carbon monoxide 
The direct oxidation of carbon monoxide (4) was investigated in a small cell with porous 
electrodes. The purpose was to acquire information about the reaction mechanism, investigate 
the reversibility and the influence of mass transfer limitations. Information about this reaction 
gives important knowledge and understanding of the complicated anode reactions in the 
MCFC. 
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Figure 3-12 shows the polarisation curves for direct oxidation of carbon monoxide. The 
reaction rate for direct oxidation of carbon monoxide is much smaller than for hydrogen 
oxidation but the reaction does take place in the molten carbonate fuel cell. 
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Fig. 3-12. Polarisation curves for direct oxidation of carbon monoxide for different gas compositions 
at 650 °C. 
 
A simplified evaluation of the polarisation curves is done by using the same equations, (33) 
and (34), as were used to for the H2/CO/CO2/H2O gases. However for CO/CO2 mixtures no 
further simplifications of expression (33) could be made so the whole expression was used to 
calculate the exchange current density 
 

b
CO

a
CO PPii

2

0
00 =      (37) 

 
The exchange current density is a function of the reactant partial pressures where a and b are 
the electrochemical partial pressure dependencies for carbon monoxide and carbon dioxide, 
respectively, and i 0

0  is the standard exchange current density, table 3-4. The performance was 
quite independent of the content of carbon dioxide and only dependent on the content of 
carbon monoxide. 
 
Table 3-4. Partial pressure dependency of the exchange current density, b

CO
a

CO PPii
2

0
00 = , (only N2 

curves are evaluated). i0 is given for 6 % CO, 54 % CO2 in N2. 
T [°C] 0i  [A/m2] a b 
650 2 0.6 0.2 
690 2.7 0.8 0.1 
650 and 690  0.6 0.2 
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The values of a and b are dependent on the reaction mechanism, i.e. the obtained values can 
be correlated to a mechanism. Evaluation of mechanisms 1 and 2 proposed by Borucka and 
Appleby [14], given in section 1.3.2, give the following dependence of the exchange current 
densities and the following currents 
 
mechanism 1: 

2

5.00
1,01,0 COCObb CCii =     (38) 
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According to the experiments, fig. 3-12, the polarisation curve shows that the direct oxidation 
of 3 % CO, 27 % CO2 and N2 is a symmetrical reaction. This indicates that mechanism 1 is 
the correct mechanism since the derived expression for the proposed mechanism (39) is 
symmetrical and expression (41), for mechanism 2, is not symmetrical. However it could be 
difficult to separate the two mechanisms since even mechanism 2, expression (41), is almost 
symmetrical in the region -0.01<η<0.01 V where the experiment was performed. 
 
The EIS curves, figs. 3-13 and 3-14, show that the high frequency semicircle is independent 
of both the carbon dioxide and carbon monoxide contents, while the low frequency semicircle 
is highly dependent on the carbon monoxide content and independent of the carbon dioxide 
content. 
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Fig. 3-13. Nyquist plot at 690 °C performed with various gas compositions. 
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Fig. 3-14. EIS measurements at 690 °C performed with different gases. 
 
A schematic impedance plot of a porous electrode shows the kinetic loop at high frequencies 
and the diffusion loop at low frequencies, as already mentioned. Fig. 3-13 shows that there is 
no effect of gas composition in the high frequency loop and a large effect of it in the low 
frequency loop. Several different experiments have been performed with different cells and 
different gas compositions but the same trend has always been seen. The high frequency 
semicircle in the impedance measurements is independent of the gas composition but 
dependent of the temperature. The low frequency loop is affected by the gas composition but 
not by the temperature. 
 
Changing the inert gas from nitrogen to helium gives a slight increase of the performance, 
fig. 3-12. These experiments show that there are mass-transport limitations in the system. 
Mass-transport limitations were also indicated in the low frequency semicircle in the 
impedance measurement, fig. 3-13. This semicircle is more affected by the content of CO 
than by CO2 which indicates that the process is limited by the diffusion of CO. It was 
observed in paper III that changing the inert gas from nitrogen to helium only gives a small 
change in the low frequency semicircle, the measurements however being somewhat 
uncertain. Consequently, the mass transfer limitations should be cased by the diffusion in the 
agglomerates. 
 
The influence of mass transfer limitations in the agglomerates 
The mass transfer limitations of CO in the agglomerates are investigated by solving the 
analytical equation. In order to do that some simplifications were made by assuming that the 
reaction is a first order reversible reaction regarding carbon monoxide. This was assumed due 
to the experimentally obtained results. The current is given by the following expression: 
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It was further assumed that the concentration profile is independent of the angular coordinate, 
i.e. spherical symmetry and that the diffusion coefficient is constant inside the agglomerates. 
The conductivity in the nickel electrode is much higher than that of the electrolyte and the 
potential gradient in the solid phase may therefore be neglected. Using these assumptions the 
mass-transport rate, Ni, inside the agglomerates is given by: 
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dC

DN COeff
COCO −=      (43) 

 
where eff

COD  is the effective diffusion coefficient and r is the room coordinate. Solving the 
mass balance under the assumption of spherical symmetry, which means that there is no mass 
flux across the centre of the agglomerates and that the dimensionless concentration is 
known, 1=COC , at the agglomerate surface, gives 
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where νCO is the stoichiometric coefficient, a the specific area inside an agglomerate, z the 
number of electrons in the reaction, Rad the radius of the agglomerate and F Faraday’s 
constant, bulkCOC ,  the concentration of CO, ca,α  the anodic or cathodic transfer coefficient. 
 
The reaction rate is given by 
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Derivation of equation (44) and substitution into equation (47) gives, under the assumption 
that K1 is large, 
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This equation shows that if the partial pressure dependence of CO should be 0.5 for a 
proposed mechanism it will look like 0.75 in the experiments if there are mass transfer 
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limitations in the agglomerates. The experimentally obtained value will be higher than the 
derived value for the mechanism if the partial pressure is below one (and lower if the partial 
pressure is higher than one). 
 
3.3. Mathematical modelling 
 
It is difficult to separate and understand the mechanism for the anode reaction since many 
different aspects influence the performance. In order to evaluate the contribution of the 
different effects a mathematical model was developed. Two different models, based on the 
same equations, have been developed; one for the direct oxidation of carbon monoxide and 
one that takes into account the direct oxidation of CO, the hydrogen oxidation and the shift 
reaction. The parameters that were investigated in the latter model are the different 
mechanisms proposed for the hydrogen oxidation (mechanisms AS and JS), the influence of 
the carbon monoxide reaction (4), the shift reaction (5) and the gas composition inside the 
anode (in equilibrium or not) including mass transfer limitations. 
 

3.3.1. Development of steady-state models including mass transfer limitations in the gas 
phase 
A one-dimensional steady-state model has been developed taking into account mass transfer 
limitations in the gas phase. The experiments have shown that there are mass transfer 
limitations in the system both in the case of CO/CO2 mixtures and in the normal anode 
environment, H2/CO/CO2/H2O mixtures. No agglomerate model was included since the anode 
reaction is rather fast and the reaction is hence assumed to occur at the surface of the 
agglomerates. This assumption could be questioned for the direct oxidation of carbon 
monoxide since this reaction is rather slow. However, it is shown later in this section that the 
steady-state model for CO/CO2 agrees fairly well with the experimentally obtained 
polarisation curves, at least the partial pressure dependence of CO. 
 
Ohm’s law is assumed to be valid and it is further assumed, in the case of CO/CO2 mixtures, 
that the system is at constant atmospheric pressure due to the low reaction rate and the high 
content of inert gas. In the H2/CO/CO2/H2O mixtures however this is not valid due to the 
higher conversion. The multicomponent diffusion in gases at low density is described by the 
Stefan-Maxwell equation: 
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where Ni is the flux, x is the mole fraction, eff

ijD  is the effective binary diffusion coefficient, 
ij

eff
ij DD 5.1ε= . From the Stefan-Maxwell equation only n-1 equations are independent because 

of the Gibbs-Duhem restriction [30]. The last relationship is therefore given by the definition 
of mole fraction 
 

1=∑ ix       (50) 
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Furthermore there is no flow of the inert gas, N2, since it is neither produced nor consumed. 
 

0
2

=NN       (51) 
 
For the CO/CO2 system the flow of carbon monoxide is by the mass balance/the 
stoichiometry given by the flow of carbon dioxide 
 

22
1

COCO NN −=      (52) 

 
Summarising the equations (37)-(50) for the carbon monoxide/carbon dioxide system gives: 
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Similar expressions were found for the H2/CO/CO2/H2O mixtures; however in this case the 
flow must be derived through inversion of the matrix: 
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where 
 

( )OHHCOCO xxkxkxk
222 32111 +−−−=α     (56) 

 
222 15422 HOHCO xkxkxk −−−=α     (57) 

 
COHOH xkxkxk 42633 22

−−−=α     (58) 
 
This implies that the model will become considerably more complicated if more than four 
species are used. The constants k1-k6 depend on the binary diffusion coefficients: 
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OHHPD
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Equation (52) is not valid for H2/CO/CO2/H2O gases; instead it is known that water and 
hydrogen have equal flow, but in opposite directions. 
 

OHH NN
22
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Thus only three equations continuity equations are needed for mass transfer. The mass 
balance for steady-state conditions is given by  
 

i
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     (66) 

 
where F is the Faraday constant, z the number of electrons in the electrochemical reaction, νi 
the stoichiometric coefficient of species i and ri is the sum of the rate of change for 
homogeneous or heterogeneous reactions. Moreover there is of course no current production 
in the current collector, i.e. 0=prodi . 
 
The boundary conditions for the mass transport equations are in

ii xx =  at the current collector. 
This implies that the partial pressure is known at the gas inlet. At the electrode/matrix surface 
the flow of reactants out from the electrode is zero, 0=∇⋅ ixn  at the electrode/matrix surface. 
The charge balance for the system in combination with Ohm’s law gives 
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or  
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in case of including more that one reaction due to the different overvoltage for the two 
reactions. The overvoltage or the potential in the electrolyte is set to a constant value, defining 
the total overpotential at the electrode/matrix surface. Furthermore the rate expression for the 
shift reaction is given by: 
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Where the equilibrium constant, Kp is calculated using thermodynamic data (paper V). The 
value of the rate constant, kb, has been varied in order to obtain different reaction rates of the 
shift reaction. However the value, kb, is a constant for each calculation and does not change in 
the electrode. 
 

3.3.2. Evaluation of the results obtained by mathematical modelling of direct oxidation of CO 
By using a mathematical model it is possible to evaluate the two proposed mechanisms, 
equations (39) and (41). It is however not possible for either of these two mechanisms to 
predict the polarisation curves that were experimentally obtained. Parameter values used in 
the model are summarised in table 3-5. Using mechanism 1 the right partial pressure 
dependence was found for the three gases containing 27 % CO2. In contrast the model was not 
able to predict the right partial pressure dependence when changing the content of carbon 
dioxide. Table 3-6 also shows that the influence of mass transfer limitations in the gas phase 
is taken into account by the model since the standard exchange current density does not need 
to be changed when changing the inert gas, N2 to He. This is an indication that the effective 
diffusion coefficients, table 3-5, are of the right magnitude. The binary diffusion coefficients 
were estimated from Bird et al. [31] by using the theory of diffusion in gases at low density. 
The influence of mass transfer limitations in the gas phase is correctly predicted also by 
mechanism 2. However, in this case the standard exchange current density needed to be 
modified for the two other gas compositions. 
 
Table 3-5. Input values to the CO/CO2 model at 650°C (the same values are used for the 
H2/CO/CO2/H2 gases). Dij and κeff are functions of the temperature. 
Parameter Value 
Effective conductivity in the electrolyte, S m-1 5 
Diffusion coefficients, m2 s-1 4106.4 −⋅=COHeD  

4108.3
2

−⋅=HeCOD  
4101.1

2

−⋅=COCOD  
4104.1

2

−⋅=COND  
4101.1

22

−⋅=NCOD  
Gas void fraction of the current collector 0.25 
Gas void fraction of the electrode 0.42 
Electrode thickness, mm 0.78 
Thickness of the current collector, mm 1.2 
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Table 3-6. Values for the standard exchange current density, 0
0i , to obtain the same performance as 

for the experimental curves, 5.20
1,0 =bi  and 1.260

2,0 =bi  A/m2 

Gas mechanism 1 mechanism 2 
6 % CO, 27 % CO2 & He 0

1,0i  0
2,0i  

6 % CO, 27 % CO2 & N2 0
1,0i  0

2,0i  
6 % CO, 54 % CO2 & N2 ⋅0

1,0i 0.56 ⋅0
2,0i 1.49 

3 % CO, 27 % CO2 & N2 0
1,0i  ⋅0

2,0i 1.25 
 
Mechanism 1 appears to better predict the experimentally obtained polarisation curves at least 
for the carbon monoxide dependence. This mechanism is also able to predict the influence of 
mass transfer limitations in the gas phase. Mechanism 1 is further supported by the 
symmetrical behaviour at low overvoltage (section 3.2.6). A possible explanation for the 
dependence of carbon dioxide being different from the one derived by the equations is that the 
reaction rate is limited by the diffusion of CO, i.e. the influence of carbon dioxide is 
insignificant. The reaction rate of direct oxidation of carbon monoxide is slow and mass 
transfer limitations in the gas phase and inside the agglomerates may therefore affect the 
performance. Borucka and Appleby [14, 32] found that the limiting current for the first 
oxidation process is proportional to the partial pressure of carbon monoxide, PCO, and 
independent of the partial pressure of carbon dioxide, 

2COP . This was explained by the 
diffusion of CO to the electrode surface. The authors also found that the limiting current for 
the second oxidation process was more complex and showed a direct proportionality to the 
ratio between the partial pressures of carbon monoxide and carbon dioxide, the 

2
/ COCO PP  

ratio. No such dependence has been observed in this study which supports the assumption that 
the reaction takes place according to mechanism 1. 
 
A one-dimensional impedance model taking into account mass transfer limitations has also 
been developed. This model was able to predict the right magnitude of the impedance but not 
to predict the impedance loops at correct frequency regions which indicates that the processes 
influencing the performance are more complicated than assumed. As a result of the findings it 
should be a good idea to add an agglomerate model to the steady-state and impedance models 
to investigate whether the models then are able to predict the performance. However, 
modelling of the anode performance in H2/CO/CO2/H2O mixtures cannot include any 
agglomerate model since this model is rather complicated already. In the following 
investigation of the anode performance mechanism 1 is assumed to be valid for the CO 
oxidation with the experimentally obtained value for the standard exchange current density, 

7.10
1,0 =bi  A/m2, and the specific area of 5107.2 ⋅  m-1 (paper I). The value of the standard 

exchange current density for direct oxidation of CO differs slightly from the one found in 
table 3-6. 
 

3.3.3. Evaluation of the results of the anode performance by mathematical modelling 
One of the problems in the evaluation of the anode performance in H2/CO/CO2/H2O mixtures 
is that the gas composition inside the electrode is difficult to determine since different 
reactions taking place at the electrode surface affect the gas composition. Two gases, no. 6e 
and no. 7e, table 2-1 were humidified at 67 °C which implies that the gases reach equilibrium 
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directly after humidification. Parameter values used in the model are summarised in table 3-7. 
Table 3-8 shows the standard exchange current densities needed to obtain the experimental 
polarisation curves for the different alternatives. The disparities in the calculated values of the 
exchange current densities for the hydrogen mechanism proposed by Ang and Sammels [7], 
mech. AS, are larger than those obtained with the mechanism proposed by Jewulski and Suski 
[8], mech. JS. For this reason the latter mechanism was proposed. The standard exchange 
current density for the hydrogen reaction was found to be about 50 A/m2 for the Jewulski and 
Suski mechanism. 
 
Table 3-7. Input values to the model at 650°C. Dij and κeff are functions of the temperature but all the 
data presented in section 3.3.3. is evaluated at 650 °C. 
Parameter Value 
Effective conductivity in the electrolyte, S m-1 5 
Diffusion coefficients, m2 s-1 41090.4

2

−⋅=COHD  
41018.4

22

−⋅=COHD  
41048.6

22

−⋅=OHHD  
41009.1

2

−⋅=COCOD  
41089.1

2

−⋅=OCOHD  
41045.1

22

−⋅=OHCOD  
Gas void fraction of the current collector 0.25 
Gas void fraction of the electrode 0.42 
Electrode thickness, mm 0.78 
Thickness of the current collector, mm 1.2 
 
 
Table 3-8. The standard exchange current densities [A/m2] needed to obtain the experimental 
polarisation curves at 650 ºC. 
Gas Equilibrium 

mech. AS 
Equilibrium 
mech. JS 

Equilibrium 
mech. AS and fast shift 

reaction 

Equilibrium 
mech. JS and fast shift 

reaction 
no. 6e 68 48 66 48 
no. 7e 45 48 30 43 
 
In table 3-9 the standard exchange current densities needed to obtain the experimental 
polarisation curves are given for the gases humidified at 60 °C. The standard exchange 
current densities for the different cases are rather different but approach 500

1,0 =bi  A/m2 if the 
gas is assumed to correspond to humidified conditions at the current collector and if the shift 
reaction is assumed to be rather fast, kb=500 s-1. If the shift reaction is assumed to be slow the 
standard exchange current densities are even closer to 500

1,0 =bi  A/m2. Unfortunately it was 
not possible to calculate the influence of the shift reaction for gas no. 1 due to numerical 
limitations. 
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Table 3-9. The standard exchange current densities [A/m2] for the different cases. 
Gas Equilibrium 

(no shift) 
Equilibrium and 

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

Humidified and 
shift reaction (kb=500 s-1) 

no. 1 72 58 51 - 
no. 5 154 116 88 69 
 
For gas no. 5, containing 80 % H2 and 20 % CO2 humidified at 60 °C, there was a large 
difference between the gas corresponding to equilibrium conditions and to humidified 
conditions at the current collector, Fig. 3-15. The concentration gradients for the two cases are 
different, Fig. 3-16, not at least inside the electrode and consequently the polarisation curves 
are also affected. Figure 3-16 shows that the contents of carbon monoxide and water differ 
most for the two cases. This indicates the problems that will occur in the evaluation of these 
measurements if a simplified model is used for analysing the results. 
 
 

 
 
Fig. 3-15. Calculated polarisation curve for gas no. 5. The gases correspond to equilibrium (*) or 
humidified conditions (o) at the current collector. The rate constant for the shift reaction, kb=500 s-1. 
 
 
 
 



 41

 
 
Fig. 3-16. Gas composition, gas no. 5, inside the current collector, -1.2 to 0 mm and the electrode, 0 to 
0.8 mm. Solid lines: gases in equilibrium and dotted lines: humidified gases at the current collector, 
(∇) H2, () H2O, (o) CO and (*) CO2. 
 
Evaluation of the experimentally obtained results showed that the slopes of the polarisation 
curves for the two cells, cells no. 2 and 3 in paper I, were almost equal when using the same 
gas compositions. This indicates that the same performance was obtained by the two different 
cells and consequently the standard exchange current densities should be about the same for 
all the different gas compositions. A slightly different value should however be noted for the 
four different gas compositions (gases no. 1, 5, 6e and 7e) due to different wetting properties, 
i.e. different active surface area. Investigations of the active surface area and the dependence 
on gas composition were shown in paper IV. However theses results were obtained with 
(Li/Na)2CO3 and not (Li/K)2CO3 as used in these experiments. Gas no. 5 should result in a 
larger surface area as a result of lower wetting angles than gas no. 6 [19]. A small increase in 
the exchange current density by about 20 %, should therefore be expected for gas no. 5. Only 
slightly higher values were found in the calculations which can be explained by experimental 
error and the fact that the flow configuration is more complicated than was assumed in the 
one-dimensional model. 
 
It is a bit surprising that the two cells, described in section 2.1, showed the same performance 
since a commercial catalyst was placed in the tube inlet for the cell operating with gases no. 1, 
5, 6 and 7 as discussed earlier. However all facts indicate that the gas did not reach 
equilibrium before reaching the current collector. This explanation is also confirmed by the 
fact that the experiment may be predicted by the model if the gas is assumed to be in 
humidified conditions at the current collector. 
 
Influence of mass transfer resistance 
The experimental polarisation curve showed that the feed containing helium as inert gas 
differed from the gas containing nitrogen as inert. Figure 3-16 shows that the current 
collector, -1.2 to 0 mm in the figure, has a more significant effect on the concentration 
gradients than the electrode has. In other words the gas composition in the electrode was 
almost uniform but the gas composition changed in the current collector. It may also be seen 
that the profiles are almost uniform in the case of assuming the gas having reached 
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equilibrium at the current collector. This is not surprising since the change in gas composition 
is very small in this case. The concentration gradients for the humidified condition are caused 
by the change in gas composition at the electrode surface due to the shift reaction. 
Furthermore it can be noted that the current distribution is not affected by the gas composition 
at the current collector. However the current distribution is non-uniform for the two cases and 
most of the electrochemical reactions take place at the electrolyte/matrix surface. 
 
The contribution from the carbon monoxide reaction is small for the standard gas but it will 
influence the polarisation curve at low overvoltage. Figure 3-17 shows that the contributions 
from the different reactions are affected by the reaction rate of the shift reaction. If the shift 
reaction is really slow 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 shift reaction is 
really slow. Figure 3-18 shows how the gas composition changes inside the current collector 
and inside the electrode at 2000 A/m2. At a low reaction rate of the shift reaction the content 
of water is lower inside the cell. The content of hydrogen and carbon dioxide is a little bit 
higher inside the electrode as expected and the content of carbon monoxide is almost 
unaffected. A possible explanation to the lower performance for the higher reaction rate of the 
shift reaction is that the higher content of water affects the performance negatively. 
 
 

 
 
Fig. 3-17. Polarisations curves for gas no. 5, humidified gases at the current collector: kb=500 s-1, 
black marks and kb=150 s-1 grey marks, (∇) hydrogen oxidation, (o) carbon monoxide oxidation and 
(*) total reaction. 
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Fig. 3-18. Concentration gradients for gas no. 5 at 2000 A/m2: (∇) H2, () H2O, (o) CO and (*) CO2, 
humidified gases at the current collector; kb=500 s-1, dotted lines and kb=150 s-1 solid lines. 
 
The performance was most affected by changing the content of CO2, at least at high content 
of hydrogen which is the case for gas no. 5, Fig. 3-19. This is not surprising since the binary 
diffusion coefficient for carbon dioxide in hydrogen is the lowest one. The apparent diffusion 
coefficient is strongly influenced by the binary diffusion coefficients in hydrogen since it is 
the dominating gas. The gas composition inside the current collector and inside the electrode 
at 2000 A/m2 is seen in figure 3-20. A lower performance, fig. 3-19, is observed at a higher 
content of hydrogen and water and a lower content of carbon monoxide and carbon dioxide, 
fig. 3-20. The same observation may be made here as for the fast shift reaction, i.e. that a 
higher content of water affects the performance negatively. However these findings need to be 
further investigated. 
 
 

 
 
Fig. 3-19. Polarisation curves (*) Standard case, gas no. 5, humidified gases at the current collector, 
kb=500 s-1, (∇) 5 units higher content of carbon monoxide, () 5 units lower content of carbon dioxide, 
(o) 5 units higher content of water. The 5 units are compensated by 5 units more or less hydrogen. 
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Fig. 3-20. Concentration gradients at 2000 A/m2 for (∇) H2, () H2O, (o) CO and (*) CO2. Dotted 
lines: gas no. 5, humidified gases at the current collector and solid lines: 5 units lower content of 
carbon dioxide (giving lower performance). 
 
Using this experimental configuration, with a perforated current collector, it is desirable to 
have gases corresponding to equilibrium at the current collector in order to avoid 
concentration gradients in the current collector. To be really sure about the composition inside 
the cell the gas should pass through a catalyst that is placed in a sufficiently large reactor 
before the gas enters the cell. However in large cells/stack the gas will reach equilibrium 
relatively soon after the entrance and the effects shown here will only take place at the very 
beginning. 
 
The concentration gradient will depend on the gas composition i.e. the dominating specie or 
species and the reaction rate of the shift reaction. If the shift reaction rate is assumed to be low 
the influence of the direct oxidation of carbon monoxide will increase, fig. 3-21 but the 
investigations of CO/CO2 showed that the influence of direct oxidation of carbon monoxide is 
overestimated at high content of carbon dioxide. Furthermore, evaluation of gas no. 5 showed 
that the shift reaction should be rather fast and this would also decrease the influence of the 
direct oxidation of carbon monoxide. 
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Fig. 3-21. Polarisation curve for gas no. 6, humidified gases at the current collector, slow shift reaction 
(kb=10 s-1): (o) hydrogen reaction, (*) total reaction rate, (∇) carbon monoxide oxidation. 

500
1,0 =bi  A/m2. 

 
Moreover the concentration gradients for gas no. 6, fig. 3-22, are much smaller than for gas 
no. 1, fig. 3-23. Gas no. 6 contains mainly carbon dioxide while gas no. 1 has equal amounts 
of hydrogen and carbon dioxide. However these calculations were performed assuming no 
shift reaction, due to numerical limitations. 
 

 
 
Fig. 3-22. Concentration gradients for gas no. 6, humidified gases at the current collector, at 
1600 A/m2 for (∇) H2, () H2O, (o) CO and (*) CO2. Solid line kb=0 s-1 (no shift reaction) and dashed 
line kb=10 s-1 (slow shift reaction), 500

1,0 =bi  A/m2. 
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Fig. 3-23. Concentration gradients for gas no. 1, humidified gases at the current collector, at 
1200 A/m2 for (∇) H2, () H2O, (o) CO and (*) CO2, kb=0 s-1 (no shift reaction), 500

1,0 =bi  A/m2. 

 
The conclusions from the simulations are that the concentration gradients in the current 
collector seem to depend on the gas composition entering the current collector. The gradients 
become small if the gases correspond to equilibrium. It was also noted that gas no. 6 gave 
much smaller gradients than gas no. 1. However in these calculations the shift reaction was 
neglected due to numerical limitations and the shift reaction will influence the gradients. It is 
however impossible to guess in which direction. Moreover it is possible that the current 
collector may give rise to mass transfer limitations that imply a lower shift reaction rate 
especially in such cases as for gas no. 1 where the gradients are steep. It should be interesting 
to develop a 2-dimentional model in order to further investigate the concentration gradients. It 
seem reasonable that the difference between the one dimensional model and the two 
dimensional mode will become much larger for the anode than for the cathode [33]. 
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4. FINAL DISCUSSION 
 
A simplified stack model for system studies was developed at the end of 1997. A fuel cell 
power plant has a complicated flow scheme which implies that the stack model must not be 
too detailed in order not to require too much calculation work. At the same time the model 
should reflect the essential behaviour of the fuel cell stack. The presented model is a co-flow 
one-dimensional model where the local temperature profile for the anode as well as the 
cathode and hardware is assumed to be the same. The model is valid for different fuels, not 
the least gasified biomass since this is an interesting option in Sweden. The model predicts the 
local current density (at a given cell voltage) as a function of temperature and gas 
composition. It also takes into account the shift reaction and the reforming reaction occurring 
at the anode side. The exchange current density, the resistance as well as the conductivity are 
functions of temperature; the partial pressure dependencies for the anode and cathode are also 
considered. 
 
The mass transfer limitations found in the current collector influence the expression for the 
anode resistance since the actual gas composition inside the electrode is quite different from 
the one assumed. Factors such as dilution of the gas are not included in the expression 
obtained for small cell equipment. The developed model was a good approximation to start 
with but similar expressions have been developed and verified in 10 kW stacks and those are 
therefore suggested [24]. However it is rather easy to modify the expressions in our model 
since their model is made up in a similar way. The same type of simplified stack models may 
be useful for any kind of high temperature fuel cell but the kinetics for the anode and cathode 
as well as the internal resistance are characteristic for the specific type of fuel cell and need to 
be varied. However, it seems important to have good knowledge about a specific fuel cell in 
order to make good stack models. 
 
The influence of wetting properties, the pore structure and the pore size distribution on the 
anode performance have also been investigated in this thesis. The wetting angles for CO/CO2 
gases were found to be relatively unaffected by the contents of CO and CO2. Nevertheless 
there was some uncertainty in the measurements but they are still an indication of the 
magnitude of the contribution. The effect of temperature was also investigated. The contact 
angle becomes smaller with higher temperature, as has been reported earlier [19]. However, 
using gases containing only carbon monoxide and carbon dioxide gives a lower effect on the 
temperature than using gases containing hydrogen. In the cases of carbon deposition on the 
nickel plate the surface becomes totally non-wetting. 
 
The reaction resistance for two different gas compositions was investigated as a function of 
filling degree. The reaction resistance is influenced by the pore size distribution and a 
bimodal structure seems to be suitable for obtaining a stable performance in a large filling 
interval. Since the carbonate will be distributed between the anode and the cathode it is 
desirable to develop a model that includes wettability and is able to calculate and determine 
the electrolyte distribution between the electrodes. A future goal is to develop such a model; 
in order to validate the model experimental data like the ones obtained in this thesis are 
needed. 
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Kinetics for the hydrogen reaction was studied by obtaining stationary polarisation curves, 
for porous nickel anodes at varying temperatures and anode gas compositions. The slopes of 
these polarisation curves were analysed at low overpotentials, with the assumption that the 
porous anode was under kinetic control, and the corresponding exchange current densities 
were determined using a simplified porous electrode model. The obtained partial pressure 
dependency for hydrogen, carbon dioxide and water was found to be 0.5-0.6. However, these 
values were rather high, and therefore difficult to explain by the generally assumed 
mechanisms. The obtained exchange current density, for a standard gas at 650°C, was 70 
A/m2, and the activation energy was 40-65 kJ/mol. 
 
Furthermore, the influence of the direct oxidation of carbon monoxide has been investigated. 
It seems reasonable that the reaction takes place according to mechanism 1 proposed by 
Borucka and Appleby [14]. A mathematical model taking into account mass transfer 
limitations in the gas phase was used to evaluate the results. In this model the reaction was 
assumed to occur at the agglomerate surface, i.e. no diffusion limitations in the agglomerate. 
Using mechanism 1 the right partial pressure dependence was found for the three gases 
containing 27 % CO2. In contrast, the model was not able to predict the right partial pressure 
dependence when changing the content of carbon dioxide. Furthermore, the influence of mass 
transfer limitations in the gas phase is accurately taken into account by the model. Mechanism 
1 is also supported by the symmetrical behaviour at low overvoltage. On the other hand, the 
reaction rate was found to be almost independent of the partial pressure dependence of carbon 
dioxide, 0.1-0.2, but according to mechanism 1 it should be one. A possible explanation for 
this deviation is that the reaction rate is limited by the diffusion of CO, i.e. the influence of 
carbon dioxide is insignificant. The reaction rate of direct oxidation of carbon monoxide is 
slow and mass transfer limitations in the gas phase and inside the agglomerates may therefore 
affect the performance. Borucka and Appleby [14, 32] also found that the limiting current for 
the first oxidation process is proportional to the partial pressure of carbon monoxide, PCO, and 
independent of the partial pressure of carbon dioxide, 

2COP . This was explained by the 
diffusion of CO gas to the electrode surface. An agglomerate model should therefore be 
included both in the steady-state model and in the impedance model. However for the 
evaluation of the anode performance (H2/CO/CO2/H2O gases) and the experimentally 
obtained values, a simplified model without any agglomerate model was found to be a good 
simplification to start with. 
 
The anode performance was investigated by mathematical modelling at various contents of 
hydrogen, carbon monoxide, carbon dioxide and water. The mechanism proposed by Jewulski 
and Suski [8] was able to describe the performance even at lower concentrations of hydrogen, 
i.e. gases corresponding to gasified biomass. It was further found that the cell configuration 
was not the optimal one for this type of study due to concentrations gradients, mainly in the 
current collector. These concentration profiles are rather complicated to understand intuitively 
since they are caused by the shift reaction and the diffusion of different species. The shift 
reaction will probably mainly take place at the electrode due to the catalytic effect of nickel 
and the large surface area. The gas composition at the inlet of the current collector and at the 
porous electrode will therefore differ and due to mass transfer influence of the different 
species the profile will become rather unexpected. However if the gases correspond to 
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equilibrium before the entrance to the current collector the profiles will become small. The 
influence of mass transfer resistance in the gas phase is in agreement with the experimental 
findings. However the influence of changing inert gas found in the experiments was not 
investigated by mathematical modelling due to the complexity of the problem. Using this 
experimental configuration, with a perforated current collector, it is desirable to have gases 
corresponding to equilibrium at the current collector in order to avoid concentration gradients. 
To be really sure about the composition inside the cell the gas should pass through a catalyst 
that is placed in a sufficiently large reactor before the gas enters the cell. However in large 
cells/stack the gas will reach equilibrium relatively soon after the entrance and the effects 
shown here will only take place at the very beginning. 
 
Furthermore the simulations suggest that the carbon monoxide reaction only slightly will 
influence the performance. If the shift reaction is assumed to be small the influence of the 
direct oxidation of carbon monoxide will increase. Nevertheless, evaluation of gas no. 5 
showed that the shift reaction should be rather fast. The concentration gradients will depend 
on the gas composition, i.e. the dominating specie or species and the reaction rate of the shift 
reaction. 
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5. CONCLUSIONS  
 
The objective of this work is to better understand the factors that influence the cell 
performance; to determine the kinetic parameters of the hydrogen oxidation and the carbon 
monoxide oxidation and to get more information about the reaction mechanism, even when 
dealing with gases of low hydrogen content. The latter is of special importance when 
operating the cells with biogas or gasified biomass. These fuels also contain higher 
concentrations of carbon monoxide and carbon dioxide. Based on experimental investigations 
and modelling of the anode the following conclusions are made: 
 
• The microporosity was estimated to be εm=29 % and the macroporosity to be εM=42 % 

with an agglomerate radius of 4.5 µm. This was obtained by Hg porosimetry 
measurements for the ECN electrode. 

 
• The wetting angles for CO/CO2 gases were found to be relatively unaffected by the 

content of CO and CO2. Furthermore, the temperature effect is small in CO/CO2 gases 
compared to the effect in gases containing a low content of hydrogen. In case of carbon 
deposition on the nickel plate the surface becomes totally non-wetting. 

 
• Investigating the direct oxidation of carbon monoxide, it was found that mechanism 1 is 

able to predict the right partial pressure dependence when changing the contents of carbon 
monoxide and the inert gas. However the experiments showed that the performance is 
almost independent of the partial pressure of carbon monoxide while according to the 
mechanism the partial pressure dependence should be one. An agglomerate model should 
be added in order to include mass transfer limitations in the agglomerates since the 
reaction rate of direct oxidation of carbon monoxide is slow. Mass transfer limitations in 
the gas phase and inside the agglomerates may therefore affect the performance. 

 
• The carbon monoxide reaction will only slightly influence the anode performance, but if 

the shift reaction is slow the influence of direct oxidation of carbon monoxide will 
increase. 

 
• The mechanism proposed by Jewulski and Suski [8] describes the anode performance 

even at lower concentrations of hydrogen, i.e. gases corresponding to gasified biomass. 
 
• The mass transfer limitations in the gas phase give larger concentration gradients in the 

current collector than inside the electrode. The concentrations gradients in the current 
collector are caused by the shift reaction that mainly takes place at the electrode due to the 
catalytic effect of nickel and the large surface area. However, if the gas corresponds to 
equilibrium at the current collector the profiles will become almost uniform. 

 
• When designing experiments one should be aware of the concentration gradients that 

could appear in the cell with a perforated current collector. To ensure the composition 
inside the cell the gas should pass through a catalyst that is placed in a sufficiently large 
reactor before the gas enters the cell. However in large cells/stack the gas will reach 
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equilibrium relatively soon after the entrance and the effects shown here will only take 
place at the very beginning. 

 
• The developed simplified stack model was a good approximation to start with but similar 

expressions have recently been developed and verified in 10 kW stacks and those are 
therefore suggested [24]. However it is rather easy to modify the expressions since the 
models are made up in the same way. The same type of simplified stack models may be 
useful for any kind of high temperature fuel cell, but the kinetics for the anode and 
cathode, as well as the internal resistance, are characteristic for the specific type of fuel 
cell and need to be changed. 
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LIST OF SYMBOLS 
 
a specific surface area inside of an agglomerate [m] 
Ci concentration [mol m-3] 

eff
ijD  effective binary diffusion coefficient [m2 s-1] 

∆E0 open-circuit voltage [V] 
∆E0 standard open-circuit voltage [V] 
Ecell cell voltage [V] 
F Faraday’s number [C mol-1] 
∆G Gibb’s free energy of formation [J mol-1] 
∆H standard enthalpy of formation [J mol-1] 
i current density [A m-2] 

0i  exchange current density [A m-2] 
1,0bi  exchange current density (the inlet gas composition as reference state) [A m-2] 

0
0i  standard exchange current density [A m-2] 

ki constant 
kb rate constant for the shift reaction [s-1] 
Kp equilibrium constant for the shift reaction 
L electrode thickness [m] 
Ni mass transport rate of i [mol m-2 s-1] 
n normal vector 
P total pressure, [Pa] 
Pi partial pressure [atm] 
R gas constant [J mol-1 K-1] 
r room coordinate [m] 
Rad radius of the agglomerate [m] 
Relectrolyte ohmic loss [ohm m2] 
Sa specific surface area [m-1] 
T temperature [K] 
xi mole fraction 
z number of electrons 
 
Greek letters 
αa,c anodic or cathodic transfer coefficient 
β symmetry factor 
ε porosity for gas phase 
εth theoretical thermodynamic efficiency 
εreal efficiency 
η overvoltage [V] 
ηanode anodic polarisation [V] 
ηcathode cathodic polarisation [V] 
κ2 or κeff effective conductivity in the electrolyte phase [S m-1] 
κ1 electrode effective conductivity [S m-1] 
νi stoichiometric coefficient 
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Φ2 potential in liquid phase, measured by reference electrode [V] 
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