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HIGH-TEMPERATURE FUEL CELLS 

1- MOLTEN CARBONATE FUEL CELL (MCFC) 

The molten carbonate fuel cell operates at approximately 650 °C (1200 °F). The high operating 
temperature is needed to achieve sufficient conductivity of the carbonate electrolyte, yet allow 
the use of low-cost metal cell components. A benefit associated with this high temperature is that 
noble metal catalysts are not required for the cell electrochemical oxidation and reduction 
processes. Molten carbonate fuel cells are being developed for natural gas and coal-based power 
plants for industrial, electrical utility, and military applications (MCFCs operate more efficiently 
with CO2 containing bio-fuel derived gases. Performance loss on the anode due to fuel dilution 
is compensated by cathode side performance enhancement resulting from CO2 enrichment.). 
Currently, one industrial corporation is actively pursuing the commercialization of MCFCs in the 
U.S.: Fuel Cell Energy (FCE). Europe and Japan each have at least one developer pursuing the 
technology: MTU Friedrichshafen, Ansaldo (Italy), and Ishikawajima-Harima Heavy Industries 
(Japan). Figure 1 depicts the operating configuration of the molten carbonate fuel cell. 
 

 

Figure 1: Principles of Operation of Molten Carbonate Fuel Cells. 
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The half cell electrochemical reactions are: 
H2 + CO3

2- ՜ H2O + CO2 + 2e-           at the anode, and 
½O2 + CO2 + 2e- ՜ CO3

2-                    at the cathode      

: 
H2 + ½O2 + CO2 (cathode) ՜ H2O + CO2 (anode) 
The overall cell reaction is

Note:  CO is not directly used by electrochemical oxidation, but produces additional 
H2 when combined with water in the water gas shift reaction. 
The reversible potential for an MCFC, taking into account the transfer of CO2 from the cathode 
gas stream to the anode gas stream via the CO3

2-, is given by the equation: 

 
where the subscripts a and c refer to the anode and cathode gas compartments, respectively. 
When the partial pressures of CO2 are identical at the anode and cathode, and the electrolyte is 
invariant, the cell potential depends only on the partial pressures of H2, O2, and H2O. Typically, 
the CO2 partial pressures are different in the two electrode compartments and the cell potential is 
affected accordingly. 
The need for CO2 at the cathode requires some schemes that will either: 

1- transfer the CO2 from the anode exit gas to the cathode inlet gas ("CO2 transfer device") 
2- produce CO2 by combusting the anode exhaust gas, which is mixed directly with the 

cathode inlet gas, or  
3- supply CO2 from an alternate source. It is usual practice in an MCFC system that the CO2 

generated at the anode be routed (external to the cell) to the cathode. 
 
MCFCs differ in many respects from PAFCs because of their higher operating temperature (650 
vs. 200 °C) and the nature of the electrolyte. The higher operating temperature of MCFCs 
provides the opportunity to achieve higher overall system efficiencies (potential for heat rates 
below 7,500 Btu/kWh) and greater flexibility in the use of available fuels. On the other hand, the 
higher operating temperature places severe demands on the corrosion stability and life of cell 
components, particularly in the aggressive environment of the molten carbonate electrolyte. 
Another difference between PAFCs and MCFCs lies in the method used for electrolyte 
management in the respective cells. In a PAFC, PTFE serves as a binder and wet-proofing agent 
to maintain the integrity of the electrode structure and to establish a stable electrolyte/gas 
interface in the porous electrode. The phosphoric acid is retained in a matrix of PTFE and SiC 
between the anode and cathode. There are no high temperature, wetproofing materials available 
for use in MCFCs that are comparable to PTFE. Thus, a different approach is required to 
establish a stable electrolyte/gas interface in MCFC porous electrodes, and this is illustrated 
schematically in Figure 2. The MCFC relies on a balance in capillary pressures to establish the 
electrolyte interfacial boundaries in the porous electrodes. At thermodynamic equilibrium, the 
diameters of the largest flooded pores in the porous components are related by the equation: 
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where γ is the interfacial surface tension, θ is the contact angle of the electrolyte, D is the pore 
diameter, and the subscripts a, c, and e refer to the anode, cathode and electrolyte matrix, 
respectively. By properly coordinating the pore diameters in the electrodes with those of the 
electrolyte matrix, which contains the smallest pores, the electrolyte distribution depicted in 
Figure 2 is established. This arrangement permits the electrolyte matrix to remain completely 
filled with molten carbonate, while the porous electrodes are partially filled, depending on their 
pore size distributions. According to the model illustrated in Figure 2 and described by the above 
equation, the electrolyte content in each of the porous components will be determined by the 
equilibrium pore size (<D>) in that component; pores smaller than <D> will be filled with 
electrolyte, and pores larger than <D> will remain empty. A reasonable estimate of the volume 
distribution of electrolyte in the various cell components is obtained from the measured pore-
volume-distribution curves and the above relationship for D. 
Various processes (i.e., consumption by corrosion reactions, potential driven migration, creepage 
of salt and salt vaporization) occur, all of which contribute to the redistribution of molten 
carbonate in MCFCs. 

 
Figure 2: Dynamic Equilibrium in Porous MCFC Cell Elements (Porous electrodes are depicted 
with pores covered by a thin film of electrolyte). 

 



FUEL CELLS AND BATTERIES                                                                       Dr.HASSAN ABDUL‐ZEHRA 

Lecture No.11  Page 4 

 
Cell Components 
The data in Table 1 provide a chronology of the evolution in MCFC component technology. 
Table 1: Evolution of Cell Component Technology for Molten Carbonate Fuel Cells. 

 
a - Mole percent of alkali carbonate salt 
The conventional process to fabricate electrolyte structures until about 1980 involved hot 
pressing (about 5,000 psi) mixtures of LiAlO2 and alkali carbonates (typically >50 vol percent in 
liquid state) at temperatures slightly below the melting point of the carbonate salts (e.g., 490°C 
for electrolyte containing 62 mol Li2CO3 -38 mol K2CO3). These electrolyte structures (also called 
"electrolyte tiles") were relatively thick (1 to 2 mm) and difficult to produce in large sizes (The 
largest electrolyte tile produced by hot pressing was about 1.5 m2 in area) because large tooling 
and presses were required. The electrolyte structures produced by hot pressing are often 
characterized by:(1) void spaces (<5 porosity), (2) poor uniformity of microstructure, (3) 
generally poor mechanical strength, and (4) high iR drop. To overcome these shortcomings of 
hot pressed electrolyte structures, alternative processes such as tape casting and electrophoretic 
deposition  for fabricating thin electrolyte structures were developed. 
The ohmic resistance of an electrolyte structure and the resulting ohmic polarization have a large 
influence on the operating voltage of MCFCs (making thinner electrolyte structures to improve 
cell performance). 
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The electrolyte composition affects the performance and endurance of MCFCs in several ways. 
Higher ionic conductivities, and hence lower ohmic polarization, are achieved with Li-rich 
electrolytes because of the relative high ionic conductivity of Li2CO3 compared to that of Na2CO3 

and K2CO3. However, gas solubility and diffusivity are lower, and corrosion is more rapid in 
Li2CO3. 
The major considerations with Ni-based anodes and NiO cathodes are structural stability and 
NiO dissolution, respectively. Sintering and mechanical deformation of the porous Ni-based 
anode under compressive load lead to performance decay by redistribution of electrolyte in a 
MCFC stack. The dissolution of NiO in molten carbonate electrolyte became evident when thin 
electrolyte structures were used. Despite the low solubility of NiO in carbonate electrolytes 
(~10 ppm), Ni ions diffuse in the electrolyte towards the anode, and metallic Ni can precipitate in 
regions where a H2 reducing environment is encountered. The precipitation of Ni provides a sink 
for Ni ions, and thus promotes the diffusion of dissolved Ni from the cathode. This phenomenon 
becomes worse at high CO2 partial pressures because dissolution may involve the 
following mechanism: 
NiO + CO2 → Ni2+ + CO3

2- 
The dissolution of NiO has been correlated to the acid/base properties of the molten carbonate. 
The basicity of the molten carbonate is defined as equal to -log (activity of O2-) or -log aM2O, 
where a is the activity of the alkali metal oxide M2O. Based on this definition, acidic oxides are 
associated with carbonates (e.g., K2CO3) that do not dissociate to M2O, and basic oxides are 
formed with highly dissociated carbonate salts (e.g., Li2CO3). The solubility of NiO in binary 
carbonate melts shows a clear dependence on the acidity/basicity of the melt. In relatively 
acidic melts, NiO dissolution can be expressed by: 
NiO → Ni2+ + O2- 

In basic melts, NiO reacts with O2-
 to produce one of two forms of nickelate ions: 

NiO + O2- → NiO2
2- 

2NiO + O2- + ½O2 → 2NiO2
- 

A distinct minimum in NiO solubility is observed in plots of log (NiO solubility) versus basicity 
(-log aM2O), which can be demarcated into two branches corresponding to acidic and basic 
dissolution. Acidic dissolution is represented by a straight line with a slope of +1, and a NiO 
solubility that decreases with an increase in aM2O. Basic dissolution is represented by a straight 
line with a slope of either -1 or -½, corresponding to the above two equations, respectively. The 
CO2 partial pressure is an important parameter in the dissolution of NiO in carbonate melts 
because the basicity is directly proportional to log PCO2. An MCFC usually operates with a molten 
carbonate electrolyte that is acidic. 
The solubility of NiO in molten carbonates is complicated by its dependence on several 
parameters: carbonate composition, H2O partial pressure, CO2 partial pressure, and temperature. 
The bipolar plates used in MCFC stacks are usually fabricated from thin (~15 mil) sheets of an 
alloy (e.g., Incoloy 825, 310S or 316L stainless steel) that are coated on one side (i.e., the side 
exposed to fuel gases in the anode compartment) with a Ni layer. The Ni layer is stable in the 
reducing gas environment of the anode compartment, and it provides a conductive surface 
coating with low contact resistance. Corrosion is largely overcome by applying a coating (about 
50 µm thickness) at the vulnerable locations on the bipolar plate. For example, the wet-seal (the 
area of contact between the outer edge of the bipolar plate and the electrolyte structure prevents  
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gas from leaking out of the anode and cathode compartments. The gas seal is formed by 
compressing the contact area between the electrolyte structure and the bipolar plate so that the 
liquid film of molten carbonate at operating temperature does not allow gas to permeate 
through.) area on the anode side is subject to a high chemical potential gradient because of the 
fuel gas inside the cell and the ambient environment (usually air) on the outside of the cell, 
which promotes corrosion (about two orders of magnitude greater than in the cathode wet-seal 
area. A thin aluminum coating in the wet-seal area of a bipolar plate provides corrosion 
protection by forming a protective layer of LiAlO2 after reaction of Al with Li2CO3. Such a 
protective layer would not be useful in areas of the bipolar plate that must permit electronic 
conduction because LiAlO2 is an insulating material. 
A dense and electronically insulating layer of LiAlO2 is not suitable for providing corrosion 
resistance to the cell current collectors because these components must remain electrically 
conductive. The typical materials used for this application are 316 stainless steel and Ni plated 
stainless steels. However, materials with better corrosion resistance are required for long-term 
operation of MCFCs. Stainless steels such as Type 310 and 446 have demonstrated better 
corrosion resistance than Type 316 in corrosion tests. 
 
Development Components 
MCFC components are limited by several technical considerations: 
Anode: Anodes are made of a Ni-Cr/Ni-Al alloy. The Cr was added to eliminate the problem of 
anode sintering. However, Ni-Cr anodes are susceptible to creep when placed under the torque 
load required in the stack to minimize contact resistance between components. The Cr in the 
anode is also lithiated by the electrolyte; then it consumes carbonate. Developers are trying lesser 
amounts of Cr (8 percent) to reduce the loss of electrolyte, but some have found that reducing the 
Cr by 2 percentage points increased creep. Several developers have tested Ni-Al alloy anodes 
that provide creep resistance with minimum electrolyte loss. The low creep rate with this alloy is 
attributed to the formation of LiAlO2 dispersed in Ni. 
Even though alloys of chromium or aluminum strengthened nickel provides a stable, 
non-sintering, creep-resistant anode, electrodes made with Ni are relatively high in cost. Alloys, 
such as Cu-Al and LiFeO2, have not demonstrated sufficient creep strength or performance. 
Because of this, present research is focused on reducing the manufacturing cost of the nickel 
alloy anodes. 
There is a need for better sulfur tolerance in MCFCs, especially when considering coal operation. 
The potential benefit for sulfur tolerant cells is to eliminate cleanup equipment that impacts 
system efficiency. This is especially true if low temperature cleanup is required, because the 
system efficiency and capital cost suffer when the fuel gas temperature is first reduced, then 
increased to the cell temperature level. Tests are being conducted on ceramic anodes to alleviate 
the problems, including sulfur poisoning, being experienced with anodes. Anodes are being 
tested with undoped LiFeO2 and LiFeO2 doped with Mn and Nb. Preliminary testing, where 
several parameters were not strictly controlled, showed that the alternative electrodes exhibited 
poor performance and would not operate over 80 mA/cm2. 
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Cathode: An acceptable material for cathodes must have adequate electrical conductivity, 
structural strength, and low dissolution rate in molten alkali carbonates to avoid precipitation of 
metal in the electrolyte structure. Cathodes are made of lithiated NiO that have acceptable 
conductivity and structural strength. However, in early testing, a predecessor of UTC Fuel Cells 
found that the nickel dissolved, then precipitated and reformed as dendrites across the electrolyte 
matrix. This decreased performance and eventual short-circuiting of the cell. Dissolution of the 
cathode has turned out to be the primary life-limiting constraint of MCFCs, particularly in 
pressurized operation. Developers are investigating approaches to resolve the NiO dissolution 
issue. For atmospheric cells, developers are looking at increasing the basicity of the electrolyte 
(using a more basic melt such as Li/NaCO3). Another approach is to lower CO2 (acidic) partial 
pressure. To operate at higher pressures (higher CO2 partial pressure), developers are 
investigating alternative materials for the cathodes and using additives in the electrolyte to 
increase its basicity. 
Initial work on LiFeO2 cathodes showed that electrodes made with this material were very stable 
chemically under the cathode environment; there was essentially no dissolution. However, these 
electrodes perform poorly compared to the state-of-the-art NiO cathode at atmospheric pressure 
because of slow kinetics. The electrode shows promise at pressurized operation, so it is still 
being investigated. Higher performance improvements are expected with Co-doped LiFeO2. 
It also has been shown that 5 mol lithium-doped NiO with a thickness of 0.02 cm provided a 
43 mV overpotential (higher performance) at 160 mA/cm2 compared to the state-of-the-art NiO 
cathode. It is assumed that reconfiguring the structure, such as decreasing the agglomerate size, 
could improve performance. 
Another idea for resolving the cathode dissolution problem is to formulate a milder cell 
environment. This leads to the approach of using additives in the electrolyte to increase its 
basicity. Small amounts of additives provide similar voltages to those without additives, but 
larger amounts adversely affect performance. 
Another approach to a milder cell environment is to increase the fraction of Li in the baseline 
electrolyte or change the electrolyte to Li/Na rather than the baseline 62/38 Li/K melt. Within the 
past 10 years, a lower cost stabilized cathode was developed with a base material cost 
comparable to the unstabilized cathode. A 100 cm2 cell test of the lower-cost stabilized 
cathode with a Li/Na electrolyte system completed 10,000 hours of operation. 
 
Electrolyte Matrix: The present electrolyte structure materials are tightly packed, fine α- or γ- 
LiAlO2 with fiber or particulate reinforcement. Long-term cell testing reveals significant particle 
growth and γ  to α  phase transformation, leading to detrimental changes in the pore structure. 
The particles grow faster at higher temperatures, in low CO2 gas atmospheres, and in strongly 
basic melts. The γ phase is stable at > 700 °C, whereas the α  phase is stable at 600 to 650 °C. 
Such particle growth and phase transformations can be explained by a dissolution - precipitation 
mechanism. The matrix must also be strong enough to counter operating mechanical and 
thermal stresses, and still maintain the gas seal. Thermal cycling below the carbonate freezing 
temperature can induce cracking due to thermo-mechanical stress. Ceramic fiber reinforcement 
is most effective for crack deflection, followed by platelet and sphere forms. However, strong, 
cost effective, and stable ceramic fibers are not yet commercially available. Long-term, intense 
material research may be needed to develop such ceramic fibers. If particle sizes are markedly 
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different, the phase transformation is more controlled by the particle sizes, according to Ostwald 
ripening where small particles preferentially dissolve and re-precipitate onto larger particles. 
Therefore, a more uniform particle size distribution is needed to maintain a desired pore 
structure. The industry trend is to switch from γ -LiAlO2 to α -LiAlO2 for better long-term phase 
and particle-size stabilities. FCE is developing a low-cost LiAlO2, aqueous-base manufacturing 
system, but must resolve slow drying rate of LiAlO2 and its instability in water. 
 
Electrolyte: Present electrolytes have the following chemistry: lithium potassium carbonate, 
Li2CO3/K2CO3 (62:38 mol percent) for atmospheric pressure operation and lithium sodium 
carbonate, LiCO3/NaCO3 (52:48 o 60:40 mol percent) that is better for improved cathode 
stability under pressurized operation and life extension. The electrolyte composition affects 
electrochemical activity, corrosion, and electrolyte loss rate. Evaporation of the electrolyte is a 
life-limiting issue for the molten carbonate fuel cell. Li/Na electrolyte is better for higher 
pressure operation than Li/K because it gives higher performance. This allows the electrolyte 
matrix to be made thicker for the same performance relative to the Li/K electrolyte. Thicker 
electrolytes result in a longer time to shorting by internal precipitation. Li/Na also provides better 
corrosion resistance to mitigate acidic cathode dissolution. However, it has lower 
wettability and greater temperature sensitivity. Additives are being investigated to minimize the 
temperature sensitivity of Li/Na. The electrolyte has a low vapor pressure at operating 
temperature, and may slowly evaporate. Stack testing has shown that the electrolyte vapor loss 
is significantly slower than expected. The evaporation loss is projected to have minimal impact 
on stack life. 
 
Electrolyte Structure: Ohmic losses contribute about a 65 mV loss at the beginning of life, and 
may increase to as much as 145 mV by 40,000 hours. The majority of the voltage loss is in 
the electrolyte and the cathode components. The electrolyte offers the highest potential for 
reduction because 70 percent of the total cell ohmic loss occurs there. FCE investigated 
increasing the porosity of the electrolyte 5 percent to reduce the matrix resistance by 15 percent, 
and change the melt to Li/Na from Li/K to reduce the matrix resistivity by 40 percent. Work is 
continuing on the interaction of the electrolyte with the cathode components. At the present time, 
an electrolyte loss of 25 percent of the initial inventory can be projected with a low surface area 
cathode current collector and with the proper selection of material. 
Another area for electrolyte improvement is the ability to prevent gas crossover from one 
electrode to the other. FCE produced an improved matrix fabrication process providing low 
temperature binder burnout. 
 
Electrolyte Migration: There is a tendency for the electrolyte to migrate from the positive end of 
the stack to the negative end of the stack. This may cause the end cells to lose performance 
compared to the central cells. The electrolyte loss is through the gasket used to couple the 
external manifolds to the cell stack. The standard gasket material is porous and provides a 
conduit for electrolyte transfer. A new gasket design incorporating electrolyte flow barriers 
inside the gasket (US Patent 5,110,692) plus end cell inventory capability offers the potential for 
reaching 40,000 hours, if only this mode of failure is considered. Stacks with internal 
manifolding do not require a gasket, and may not experience this problem. 
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Bipolar Plate: The present bipolar plate consists of a separator, current collectors, and the wet 
seal. The separator and current collector is Ni-coated 310S/316L and the wet seal is formed by 
aluminization of the metal. The plate is exposed to the anode environment of one side and the 
cathode environment on the other. Low oxygen partial pressure on the anode side of the bipolar 
plate prevents the formation of a protective oxide coating. After reaction with the thin, creeping 
electrolyte, heat-resistant alloys form a multi-layered corrosion scale. This condition may be 
accelerated by carbonization, higher temperature, and higher moisture gas environment. On the 
cathode side, contact electrical resistance increases as an oxide scale builds up. Electrolyte loss 
due to corrosion and electrolyte creep also contributes to power decay. Single alloy bipolar 
current collector materials that function well in both anode and cathode environments need to be 
developed. Although such development has been attempted, high cost and high ohmic resistance 
prevent it from being successful. Presently, stainless steels, particularly austenitic stainless 
steels, are the primary construction materials. More expensive nickel-based alloys resist 
corrosion as well as or only slightly better than austenitic stainless steels. A thermodynamically 
stable nickel coating is needed to protect the anode side. Unfortunately, electroless nickel 
coatings, although dense or uniform in thickness, are expensive and contain detrimental 
impurities; electrolytic nickel coatings are not sufficiently dense or uniform in thickness. FCE 
and others have found that cladding with nickel provides excellent corrosion protection. A 
nickel cladding of 50 μm thickness is projected for >40,000 hours of life. 
 
Coal Gas Trace Species: MCFCs to date have been operated on reformed or simulated natural 
gas and simulated coal gas. Testing conducted with simulated coal gas has involved the expected 
individual and multi-trace constituents to better understand coal operation. 
 
Performance 
Factors affecting the selection of operating conditions are stack size, heat transfer rate, voltage 
level, load requirement, and cost. The performance curve is defined by cell pressure, 
temperature, gas composition, and utilization. Typical MCFCs will generally operate in the range 
of 100 to 200 mA/cm2

 at 750 to 900 mV/cell. 
 

1- Effect of Pressure 
The dependence of reversible cell potential on pressure is evident from the Nernst equation. For 
a change in pressure from P1 to P2, the change in reversible potential (∆Vp) is given by: 

 
where the subscripts a and c refer to the anode and cathode, respectively. In an MCFC with the 
anode and cathode compartments at the same pressure (i.e., P1=P1,a=P1,c and P2=P2,a=P2,c): 
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At 650 °C 

 
Increasing the operating pressure of MCFCs results in enhanced cell voltages because of the 
increase in the partial pressure of the reactants, increase in gas solubilities, and increase in mass 
transport rates. Opposing the benefits of increased pressure are the effects of pressure on 
undesirable side reactions such as carbon deposition (Boudouard reaction): 
2CO ՜ C + CO2 

and methane formation (methanation) 
CO + 3H2 ՜ CH4 + H2O 
In addition, decomposition of CH4 to carbon and H2 is possible 
CH4 ՜ C + 2H2 

but this reaction is suppressed at higher pressure. According to Le Chatelier’s principle, an 
increase in pressure will favor carbon deposition (the equilibrium constant is almost independent 
of pressure) and methane formation. The water-gas shift reaction (the equilibrium constant K is a 
function of pressure. In relative terms, if K (627 °C) = 1 at 1 atm, it decreases to 0.74K at 500 
atm and 0.60K at 1000 atmospheres. At the operating pressures of the MCFC, the equilibrium 
constant can be considered invariant with pressure): 
CO2 + H2 ՞ CO + H2O 
is not affected by an increase in pressure because the number of moles of gaseous reactants and 
products in the reaction is identical. Carbon deposition in an MCFC is to be avoided because it 
can lead to plugging of the gas passages in the anode. Methane formation is detrimental to cell 
performance because the formation of each mole consumes three moles of H2, which represents a 
considerable loss of reactant and would reduce power plant efficiency. 
The addition of H2O and CO2 to the fuel gas modifies the equilibrium gas composition so that the 
formation of CH4 is not favored. Increasing the partial pressure of H2O in the gas stream can 
reduce carbon deposition. Studies indicated that CH4 formation and carbon deposition at the 
anodes in an MCFC operating on coal-derived fuels can be controlled, and under these 
conditions, the side reactions would have little influence on power plant efficiency. 
 

2- Effect of Temperature 
The influence of temperature on the reversible potential of MCFCs depends on several factors, 
one of which involves the equilibrium composition of the fuel gas (For a fixed gas composition 
of H2, H2O, CO, CO2, and CH4 there is a temperature, Tb, below which the exothermic 
Boudouard reaction is thermodynamically favored, and a temperature, Tm, above which carbon 
formation by the endothermic decomposition of CH4 is thermodynamically favored). The water 
gas shift reaction achieves rapid equilibrium at the anode in MCFCs, and consequently 
CO serves as an indirect source of H2. The equilibrium constant (K): 
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increases with temperature , and the equilibrium composition changes with temperature and 
utilization to affect the cell voltage. The partial pressures of CO and H2O increase at higher T 
because of the dependence of K on T. The result of the change in gas composition, and the 
decrease in E° with increasing T, is that E decreases with an increase in T. In an operating cell, 
the polarization is lower at higher temperatures, and the net result is that a higher cell voltage is 
obtained at elevated temperatures (the polarization is reduced more significantly at the cathode 
with an increase in temperature, whereas the corresponding reduction in anode polarization is too 
small). 
With steam-reformed natural gas as the fuel and 30 percent CO2/70 percent air as the oxidant, the 
cell voltage at 200 mA/cm2

 decreased by 1.4 mV/°C  for a reduction in temperature from 650 to 
600 °C, and 2.16 mV/°C for a decrease from 600 to 575 °C. 
In the temperature range 650 to 700 °C, data analysis indicates a relationship of 0.25 mV/°C. The 
following equations summarize these results: 

 
The two major contributors responsible for the change in cell voltage with temperature are the 
ohmic polarization and electrode polarization. Most MCFC stacks currently operate at an 
average temperature of 650 °C. Most carbonates do not remain molten below 520 °C, and as 
seen by the previous equations, increasing temperature enhances cell performance. Beyond 650 
°C, however, there are diminishing gains with increased temperature. In addition, there is 
increased electrolyte loss from evaporation and increased material corrosion. An operating 
temperature of 650 °C thus offers a compromise between high performance and stack life. 
 

3- Effect of Reactant Gas Composition and Utilization 
The voltage of MCFCs varies with the composition of the reactant gases. The effect of reactant 
gas partial pressure, however, is somewhat difficult to analyze. One reason involves the water 
gas shift reaction at the anode due to the presence of CO. The other reason is related to the 
consumption of both CO2 and O2 at the cathode.  Increasing the reactant gas utilization generally 
decreases cell performance. As reactant gases are consumed in an operating cell, the cell voltage 
decreases in response to the polarization (i.e., activation, concentration) and to the changing gas 
composition. These effects are related to the partial pressures of the reactant gases. 
Oxidant: The electrochemical reaction at the cathode involves the consumption of two moles 
CO2 per mole O2, and this ratio provides the optimum cathode performance. As the 
[CO2]/[O2]ratio decreases, the cathode performance decreases, and a limiting current is  
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discernible. In the limit where no CO2 is present in the oxidant feed, the equilibrium involving 
the dissociation of 
carbonate ions becomes important. 
CO3

2- ՞ CO2 + O2- 

Under these conditions, the cathode performance shows the greatest polarization because of the 
composition changes that occur in the electrolyte.  
The voltage loss due to a change in oxidant utilization can be described by the following 
equations: 

 

 
 
Fuel: The anode potential varies as a function of the [H2]/[H2O][CO2] ratio; a higher potential is 
obtained when this ratio is higher. The Nernst equation, an analysis shows that the maximum cell 
potential for a given fuel gas composition is obtained when [CO2]/[O2] = 2. Furthermore, the 
addition of inert gases to the cathode, for a given [CO2]/[O2] ratio, causes a decrease in the 
reversible potential. On the other hand, the addition of inert gases to the anode increases the 
reversible potential for a given [H2]/[H2O][CO2] ratio and oxidant composition. This latter result 
occurs because two moles of product are diluted for every mole of H2 reactant. However, the 
addition of inert gases to either gas stream in an operating cell can lead to an increase in 
concentration polarization.  
The voltage loss due to a change in fuel utilization can be described by the following equation: 
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The above discussion implies that MCFCs should be operated at low reactant gas utilizations to 
maintain voltage levels, but doing this means inefficient fuel use. As with other fuel cell types, a 
compromise must be made to optimize overall performance. Typical utilizations are 75 to 85% 
of the fuel. 
 

4- Effect of Impurities 
Gasified coal is expected to be the major source of fuel gas for MCFCs, but because coal 
contains many contaminants in a wide range of concentrations, fuel derived from this source also 
contains a considerable number of contaminants. A critical concern with these contaminants is 
the concentration levels that can be tolerated by MCFCs without significant degradation in 
performance or reduction in cell life. A list of possible effects of contaminants from coal-derived 
fuel gases on MCFCs is summarized in Table 2: 
Table 2: Contaminants from Coal-Derived Fuel Gas and Their Potential Effect on MCFCs. 

 
 
Sulfur: It is well established that sulfur compounds in low parts per million concentrations in 
fuel gas are detrimental to MCFCs. The tolerance of MCFCs to sulfur compounds is strongly 
dependent on temperature, pressure, gas composition, cell components, and system operation 
(i.e., recycle, venting, gas cleanup). The principal sulfur compound that has an adverse effect on 
cell performance is H2S. At atmospheric pressure and high gas utilization (~75 percent), 
<10 ppm H2S in the fuel can be tolerated at the anode (tolerance level depends on anode gas 
composition and partial pressure of H2), and <1 ppm SO2 is acceptable in the oxidant. These 
concentration limits increase when the temperature increases, but they decrease at increasing 
pressures. The mechanisms by which H2S affects cell performance have been investigated 
extensively. The adverse effects of H2S occur because of: 
1−  Chemisorption on Ni surfaces to block active electrochemical sites, 
2−  Poisoning of catalytic reaction sites for the water gas shift reaction, and 
3−  Oxidation to SO2 in a combustion reaction, and subsequent reaction with carbonate ions in                         
the electrolyte. 
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Low concentrations of H2S do not affect the open circuit potential, but they have a major impact 
on the cell voltage as current density is progressively increased. The decrease in cell voltage is 
not permanent;( The effects of H2S on cell voltage are reversible if H2S concentrations are 
present at levels below that required to form nickel sulfide.) when fuel gas without H2S is 
introduced into the cell, the cell voltage returns to the level for a cell with clean fuel. These 
results can be explained by the chemical and electrochemical reactions that occur involving H2S 
and S2-. A nickel anode at anodic potentials reacts with H2S to form nickel sulfide: 
H2S + CO  H2O + CO2 + S2- 

3
2- ՜

Ni + xS2- ՜ iSx + 2xe- 

followed by 
 N

NiSx + xH2 ՜ Ni + xH2S 
When the sulfided anode returns to open circuit, the NiSx is reduced by H2: 

Similarly, when a fuel gas without H2S is introduced to a sulfided anode, reduction of NiSx to Ni 
can also occur. 
The rapid equilibration of the water gas shift reaction in the anode compartment provides an 
indirect source of H2 by the reaction of CO and H2O. If H2S poisons the active sites for the shift 
reaction, this equilibrium might not be established in the cell, and a lower H2 content than 
predicted would be expected. Fortunately, evidence indicates that the shift reaction is not 
significantly poisoned by H2S. In fact, Cr used in stabilized-Ni anodes appears to act as a sulfur 
tolerant catalyst for the water gas shift reaction. 
The CO2 required for the cathode reaction is expected to be supplied by recycling the anode gas 
exhaust (after combustion of the residual H2) to the cathode. Therefore, any sulfur in the anode 
effluent will be present at the cathode inlet unless provisions are made for sulfur removal. In the 
absence of sulfur removal, sulfur enters the cathode inlet as SO2, which reacts quantitatively 
(equilibrium constant is 1015 to 1017) with carbonate ions to produce alkali sulfates. These sulfate 
ions are transported through the electrolyte structure to the anode during cell operation. At the 
anode, SO42- is reduced to S2-, thus increasing the concentration of S2-

 there. 
Based on the present understanding of the effect of sulfur on MCFCs, and with the available cell 
components, it is projected that long-term operation (40,000 hr) of MCFCs may require fuel 
gases with sulfur (Both COS and CS2 appear to be equivalent to H2S in their effect on MCFCs) 

levels of the order 0.01 ppm or less, unless the system is purged of sulfur at periodic intervals or 
sulfur is scrubbed from the cell burner loop. Considerable effort has been devoted to develop 
low-cost techniques for sulfur removal, and research and development are continuing. The 
effects of H2S on cell voltage are reversible if H2S concentrations are present at levels below 
which nickel sulfide forms. 
 
Halides: Halogen-containing compounds are destructive to MCFCs because they can lead to 
severe corrosion of cathode hardware. Thermodynamic calculations show that HCl and HF 
react with molten carbonates (Li2CO3 and K2CO3) to form CO2, H2O, and the respective alkali 
halides. Furthermore, the rate of electrolyte loss in the cell is expected to increase because of the 
high vapor pressure of LiCl and KCl. The concentration of Cl- species in coal-derived fuels is 
typically in the range 1 to 500 ppm. It has been suggested that the level of HCl should be kept 
below 1 ppm in the fuel gas, perhaps below 0.5 ppm, but the tolerable level for long-term 
operation has not been established. 
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Nitrogen Compounds: Compounds such as NH3 and HCN do not appear to harm MCFCs in 
small amounts. However, if NOX is produced by combustion of the anode effluent in the cell 
burner loop, it could react irreversibly with the electrolyte in the cathode compartment to form 
nitrate salts. The NH3 tolerance of MCFCs was 0.1 ppm, but it is indicated that the level could be 
1 vol percent. 
 
Solid Particulates: These contaminants can originate from a variety of sources, and their 
presence is a major concern because they can block gas passages and/or the anode surface. 
Carbon deposition and conditions that can be used to control its formation have been discussed 
earlier in this section. Solid particles such as ZnO, which is used for sulfur removal, can be 
entrained in the fuel gas leaving the desulfurizer. The results indicate that the tolerance limit of 
MCFCs to particulates larger than 3 µm diameter is <0.1 g/l. 
 
Other Compounds: Experimental studies indicate that 1 ppm As from gaseous AsH3 in fuel gas 
does not affect cell performance, but when the level is increased to 9 ppm As, the cell voltage 
drops rapidly by about 120 mV at 160 mA/cm2. Trace metals, such as Pb, Cd, Hg, and Sn in 
the fuel gas, are of concern because they can deposit on the electrode surface or react with the 
electrolyte. 
 

5- Effects of Current Density 
The voltage output from an MCFC is reduced by ohmic, activation, and concentration losses that 
increase with increasing current density. The major loss over the range of current densities of 
interest is the linear iR loss. The magnitude of this loss (iR) can be described by the following 
equations: 

 
where J is the current density (mA/cm2) at which the cell is operating. 
 

6- Effects of Cell Life 
Endurance of the cell stack is a critical issue in the commercialization of MCFCs. Adequate cell 
performance must be maintained over the desired length of service, quoted by one MCFC 
developer as being an average potential degradation no greater than 2mV/1,000 hours over a cell 
stack lifetime of 40,000 hours. State-of-the-art MCFCs depict an average degradation over time 
of: 
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7- Internal Reforming 

In a conventional fuel cell system, a carbonaceous fuel is fed to a fuel processor where it is steam 
reformed to produce H2 (as well as other products, CO and CO2, for example), which is then 
introduced into the fuel cell and electrochemically oxidized. The internal reforming molten 
carbonate fuel cell, however, eliminates the need for a separate fuel processor for reforming 
carbonaceous fuels. This concept is practical in high-temperature fuel cells where the steam 
reforming reaction (Steam reforming of CH4 is typically performed at 750 to 900 °C; thus, at the 
lower operating temperature of MCFCs, a high activity catalyst is required. Methanol is also a 
suitable fuel for internal reforming. It does not require an additional catalyst because the Ni-
based anode is sufficiently active) can be sustained with catalysts. By closely coupling the 
reforming reaction and the electrochemical oxidation reaction within the fuel cell, the concept of 
the internal reforming MCFC is realized. The internal reforming MCFC eliminates the need for 
the external fuel processor. It was recognized early that the internal reforming MCFC approach 
provides a highly efficient, simple, reliable, and cost effective alternative to the conventional 
MCFC system.  
There are two alternate approaches to internal reforming molten carbonate cells: indirect internal 
reforming (IIR) and direct internal reforming (DIR). In the first approach, the reformer section is 
separate, but adjacent to the fuel cell anode. This cell takes advantage of the close-coupled 
thermal benefit where the exothermic heat of the cell reaction can be used for the endothermic 
reforming reaction. Another advantage is that the reformer and the cell environments do not have 
a direct physical effect on each other. A disadvantage is that the conversion of methane to 
hydrogen is not promoted as well as in the direct approach. In the DIR cell, hydrogen 
consumption reduces its partial pressure, thus driving the methane reforming reaction 
CH4 + H2O ՜ CO + 3H2 
to the right.  
Figure 3 depicts one developer's approach where IIR and DIR have been combined. 
The steam reforming reaction occurs simultaneously with the electrochemical oxidation of 
hydrogen in the anode compartment. The steam reforming reaction is endothermic, with ∆H650°C 

= 53.87 kcal/mol, whereas the overall fuel cell reaction is exothermic. In an internal reforming 
MCFC, the heat required for the reaction is supplied by heat from the fuel cell reaction, thus 
eliminating the need for external heat exchange that is required by a conventional fuel processor. 
In addition, the product steam from the reaction can be used to enhance the reforming reaction 
and the water gas shift reaction to produce additional H2. The forward direction of the reforming 
reaction is favored by high temperature and low pressure; thus, an internal reforming MCFC is 
best suited to operate near atmospheric pressure. 
A supported Ni catalyst (e.g., Ni supported on MgO or LiAlO2) sustains the steam reforming 
reaction at 650 °C to produce sufficient H2 to meet the needs of the fuel cell.   
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Figure 3: IIR/DIR Operating Concept, Molten Carbonate Fuel Cell Design. 
 
 
Direct Internal Reforming Catalysts: The anode catalyst is deactivated by the alkali carbonate’s 
electrolyte-containing environment. Making hardware of a non-wetting metal such as nickel has 
mitigated electrolyte creepage over the hardware surface towards the catalyst. Presently DIR 
catalyst deactivation is mainly by the vapor phase alkali species. The deactivation mechanism 
includes electrolyte-accelerated sintering, pore filling/plugging, and surface coverage. Making 
hardware of a non-wetting metal such as nickel has mitigated electrolyte creepage over the 
hardware surface towards the catalyst. Alkali-resistant supports such as magnesium oxide, 
calcium aluminate, and α-alumina have been investigated to reduce vapor phase alkali species 
effects. Results show that these supports undergo different degrees of decay. Ruthenium and 
rhodium-based catalysts are more stable, but are too costly FCE has identified a more active and 
stable DIR catalyst (high activity supported Ni), projecting a catalyst life exceeding 40,000 hours 
and pursuing further enhancement of catalyst life. Another approach is to apply a getter-type 
barrier to trap the volatile alkali species before they reach the catalysts. A porous Ni or a SiC 
membrane was placed between the cell internal catalyst and the electrolyte-containing 
components. 

 


