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Abstract
A fuel cell is an energy conversion technology that allows the 
energy stored in hydrogen to be converted back into electrical 
energy for end use. Fuel cells are more predictable and last longer, 
so, they are more effective than batteries for backup power. In 
this paper, we have carried out a detailed study on fuel cell and 
its types.
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I. Introduction
A fuel cell is an energy conversion technology that allows the 
energy stored in hydrogen to be converted back into electrical 
energy for end use. Although fuel cells can use a variety of fuels 
including gasoline, hydrogen is usually preferred because of the 
ease with which it can be converted to electricity and its ability 
to combine with oxygen to emit only water and heat. Fuel cells 
look and function very similar to batteries. A fuel cell continues to 
convert chemical energy to electricity as long as fresh hydrogen 
fuel is fed into it [1-2].
This Technology is pollution-free at their point of use because they 
are non-mechanical. In addition, through concerted R&D efforts, 
fuel cell efficiencies continue to grow. Automotive fuel cells 
manufactured today have achieved a conversion efficiency of more 
than 50 percent of the energy in hydrogen to electricity, depending 
on the type of fuel cell. For stationary fuel cells, the conversion 
efficiency is approximately 40 percent; but when combined with 
the use of byproduct heat, the overall efficiency can approach 90 
percent. Size, flexibility, and their corresponding electrical output 
make fuel cells ideal for a wide variety of applications, from a 
few kilowatts to power a laptop computer to several megawatts at 
a central power generation facility. For automotive applications, 
70- to 120-kilowatt systems are typically required [3].
Fuel cells are more predictable and last longer, so, they are more 
effective than batteries for backup power. Even though batteries 
have a five-year life expectancy, their capacity diminishes with 
time, and they can be ruined if their charge is drawn too often. 
Fuel cells, however, can operate for ten years or more with 
undiminished power quality and quantity [4].

II. Working
Hydrogen is an ideal fuel in terms of smog reduction when used 
electrochemically in a fuel cell, rather than combusted. Hydrogen 
in a fuel cell produces zero harmful emissions. Oxides of nitrogen 
are completely eliminated due to the low operating temperature 
(175 ºF; 80 ºC) of the cells. Lubricating oil is not present and is 
therefore not reacted [5]. Fuel cells basically involve a reversal of 
electrolysis. A fuel cell always contains two electrodes. Depending 
on the type of fuel cell, pure hydrogen (H2) or a fuel containing 
hydrocarbons is fed through the anode and pure oxygen (O2) or air 
as an oxidation material is fed through the cathode. An electrolyte 
separates the anode and cathode. As a result of this, the chemical 
reaction is controlled. Electrons flow over a large circuit and emit 

electric energy. The remaining positively charged ions diffuse 
through the electrolyte [6]. The waste product is water. fig. 1 
shows the basic working diagram of Fuel Cell.

Fig. 1: Basic Working Diagram of Fuel Cell

The efficiency characteristics of fuel cells compared with other 
electric power generating systems are shown in fig. 2.

Fig. 2: Power Generating Systems Efficiency Comparison [7]

A. Auto Ignition Temperature
The auto ignition temperature is the minimum temperature required 
to initiate self-sustained combustion in a combustible fuel mixture 
in the absence of a source of ignition. In other words, the fuel is 
heated until it bursts into flame.
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Table 1:
Fuel Autoignition Temperature
Hydrogen 1085 °F
Methane 1003 °F
Propane 914 °F
Methanol 725 °F
Gasoline 450 to 900 °F

Auto-ignition Temperature of Comparative Fuels [8]

B. Octane Number
The octane number describes the anti-knock properties of a fuel 
when used in an internal combustion engine. Knock is a secondary 
detonation that occurs after fuel ignition due to heat buildup in some 
other part of the combustion chamber. When the local temperature 
exceeds the auto ignition temperature, knock occurs.

Table 2:

Fuel Octane Number

Hydrogen 130+ (lean burn)
Methane 125
Propane 105
Octane 100
Gasoline 87
Diesel 30

Octane Numbers of Comparative Fuels [8]

III. Types of Fuel Cell
The general design of the most fuel cells is similar except of 
the electrolyte. So, the types of fuel cells differ primarily by 
the type of electrolyte they employ because it determines the 
operating temperature, which varies widely between types. The 
operating temperature and useful life of a fuel cell decides the 
physiochemical and thermo-mechanical properties of materials 
used in the cell components such as electrodes, interconnect, 
current collector etc. The five main types of fuel cells, as defined 
by their electrolyte are proton exchange membrane fuel cells, 
alkaline fuel cells, phosphoric acid fuel cells, molten carbonate 
fuel cells and solid oxide fuel cells. The solid oxide and molten 
carbonate fuel cells operate at high temperatures while phosphoric 
acid, proton exchange membrane and alkaline fuel cells operate at 
lower temperatures. High-temperature fuel cells operate at greater 
than 600 °C (1100 °F). These fuel cells react easily and efficiently 
without an expensive noble metal catalyst, such as platinum. High 
temperature fuel cells generate high-grade waste heat which can 
be used in downstream processes for co-generation purposes. 
These are mainly used in stationary power plants because these 
are not suitable where quick start-up is required. While the low-
temperature fuel cells operate below 250 °C (480 °F). The low 
temperatures do not permit internal reforming, and therefore 
require an external source of hydrogen as they need a relatively 
pure supply of hydrogen as a fuel. Therefore, a fuel processor is 
required to convert the primary fuel (such as natural gas) into pure 
hydrogen. This process consumes additional energy and requires 
specialized equipment [9]. The low-temperature fuel cells exhibit 
quick start-up and are easier to handle in vehicle applications. The 
aqueous electrolytes are limited to low temperatures because of 
their high vapour pressure and rapid degradation. Solid electrolytes 
reduce the danger of leakage of liquids from the cell which may 

lead to corrosive interactions with the construction materials. 
Solid electrolytes also serve as separators by keeping reactants 
from reaching the wrong electrode.

A. Proton Exchange Membrane (PEMFC)
Proton-Exchange Membrane (PEM) fuel cells are the most 
common type of fuel cells for light-duty transportation use, 
because they vary their output quickly (such as for start-up) and 
fit well with smaller applications. Chief advantages of PEMs are 
that they react quickly to changes in electrical demand, will not 
leak or corrode and use inexpensive manufacturing materials 
(plastic membrane) [10]. At present, PEMFCs and power plants 
based on them have been developed in many countries, including 
China, United States, France, Germany, South Korea, and the 
United Kingdom. Most of the power plants delivered in 2006 
(about 60%) were for power supply to portable equipment. A 
secondary use (about 26%) was as small stationary power plants 
for an uninterruptible power supply. Approximately 75% of the 
work on PEMFCs is conducted in industrial organizations, the 
remaining 25% in academic and government organizations [11]. 
Fig. 3 shows the diagram of PEMFC.

Fig. 3: PEMFC

1. Construction Materials, Cell Operation, and 
Performance
Proton Exchange Membrane (PEM) fuel cells have a solid polymer 
membrane as an electrolyte which is composed of a solid polymer 
film that consists of a form of acidified Teflon. The electrolyte 
conducts hydrogen ions (H+) from the anode to the cathode. Due 
to membrane limitations, PEMs operate at low temperatures 60-
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100°C (140-212°F). To get sufficient ionic conductivity; the 
proton-conducting polymer electrolyte requires liquid water. Thus, 
temperatures are limited to less than 100°C, but new developments 
have produced higher temperature PEMs up to 200°C (392°F). 
The power range of existing PEMs is about 50W to 150kW. 
Platinum is used as the catalyst because it is the most chemically 
active substance for low temperature hydrogen separation. Water 
management in the membrane is critical for efficient performance. 
The fuel cell must operate under such conditions where the by-
product water does not evaporate faster than it is produced because 
the membrane must be hydrated. Because of the limitation on 
the operating temperature imposed by the polymer, usually less 
than 100 °C, but more typically around 60 to 80 °C, and because 
of problems with water balance, a H2-rich gas with minimal or 
no CO is used. Extensive fuel processing is required with other 
fuels, as the anode is easily poisoned by even trace levels of CO, 
sulphur species, and halogens. The reactant gases are supplied to 
the battery at pressures of 2 to 5 bar. This relatively high pressure 
is needed because, to prevent drying out of the membrane, gases 
entering the cells must be pre-saturated with water vapour so that 
the resulting partial pressure of the reactant gas in the gas–vapour 
mixture is lower. PEMFCs require a pure hydrogen source for 
operation. Since hydrogen is not readily available, it is typically 
obtained by reforming a hydrocarbon fuel, such as methanol or 
natural gas. The reformed fuel often contains other gasses such 
as carbon monoxide that are detrimental to fuel cell operation. 
Carbon monoxide levels of 50 ppm or greater poison the catalyst, 
causing severe degradation in cell performance. Therefore, all 
carbon-containing fuels (for example, natural gas, methanol, and 
propane), require additional fuel processing. PEMFCs have an 
electrical efficiency of nearly 50 per cent. As the temperature of the 
waste heat from the fuel cell is too low be used in the fuel reforming 
process, therefore the overall system efficiencies have been limited 
to 42 per cent. Depending on the type of reforming process, 
PEMFC systems may have the lowest electrical efficiencies of 
all fuel cell systems.

2. Reactions
In a PEM fuel cell, two half-cell reactions take place simultaneously, 
an oxidation reaction at the anode and a reduction reaction at the 
cathode. These two reactions make up the total oxidation-reduction 
(redox) reaction of the fuel cell which leads to the formation of 
water from hydrogen and oxygen gases. As in an electrolyser, the 
anode and cathode are separated by an electrolyte, which allows 
ions to be transferred from one side to the other. The electrolyte in 
a PEM fuel cell is a solid acid supported within the membrane. The 
solid acid electrolyte is saturated with water so that the transport 
of ions can proceed.
The reactions at the anode are:
H2 → 2H+ + 2e–

The reaction at the cathode is:
½O2 + 2e– + 2H+ → H2O
The H+ ion is drawn through the electrolyte from the anode to the 
cathode by the reactive attraction of hydrogen to oxygen, while 
electrons are forced through an external circuit. Combining the 
anode and cathode reactions, the overall cell reaction is:
H2 + ½O2 → H2O
This exothermic reaction, the formation of water from hydrogen 
and oxygen gases, has an enthalpy of -286 kilojoules of energy per 
mole of water formed. The free energy available to perform work 
decreases as a function of temperature. At 25º C, 1 atmosphere the 
free energy available to perform work is about -237 kilojoules per 

mole. This energy is observed as electricity and heat.

3. Advantages and Disadvantages of using PEM Fuel 
Cells
The advantages of PEM fuel cells are that they:

Use a solid, dry electrolyte. This eliminates liquid handling, • 
electrolyte migration and electrolyte replenishment 
problems.
Have low weight and volume with good power-to-weight • 
ratio.
Operate with quick starts, with full power available in minutes • 
or less.
Are tolerant of carbon dioxide. As a result, PEM fuel cells can • 
use un-scrubbed air as oxidant, and reformate as fuel.
Operate at low temperature, so less thermal wear to • 
components.
Use a non-corrosive electrolyte. Pure water operation • 
minimizes corrosion problems and improves safety.
Have high voltage, current and power density.• 
Operate at low pressure which increases safety.• 
Have good tolerance to differential reactant gas pressures.• 
Have relatively simple mechanical design.• 
Use stable materials of construction.• 

The disadvantages are that they:
Operate at low and narrow temperature range which makes • 
thermal management difficult especially at very high current 
densities.
Can tolerate only about 50 ppm carbon monoxide.• 
Use an expensive membrane that is difficult to work with.• 
Can tolerate only a few ppm of total sulphur compounds.• 
Need reactant gas humidification.• 
Use an expensive platinum catalyst.• 

B. Alkaline Fuel Cells (AFCs)
Beginning in 1960, the AFC was one of the first modern fuel cells to 
be developed. The application at that time was to provide on-board 
electric power for the Apollo space vehicle [12]. The plant, located 
in the service module of the spacecraft, provided both electricity 
as well as drinking water for the astronauts on their journey to 
the moon. Fuel cell performance during the Apollo missions was 
exemplary. It could supply 1.5 kilowatts of continuous electrical 
power. Over 10,000 hours of operation were accumulated in 
18 missions, without a single in-flight incident [13]. The AFC 
has enjoyed considerable success in space applications, but its 
terrestrial application has been challenged by its sensitivity to 
CO2. The alkaline fuel cells offer the advantage of a high power 
to weight ratio as compare to other types of fuel cells. This is due 
to intrinsically faster kinetics for oxygen reduction to the hydroxyl 
anion in an alkaline environment. Therefore alkaline fuel cells 
are ideal for space applications. However, for terrestrial use, the 
disadvantage of these cells is that of carbon dioxide poisoning of 
the electrolyte. Carbon dioxide is not only present in the air but also 
present in reformate gas, the hydrogen rich gas produced from the 
reformation of hydrocarbon fuels. In the poisoning of an alkaline 
fuel cell, the carbon dioxide reacts with the hydroxide ion in the 
electrolyte to form a carbonate, thereby reducing the hydroxide 
ion concentration in the electrolyte [13]. This reduces the overall 
efficiency of the fuel cell. The equation of carbon dioxide reacting 
with a potassium hydroxide electrolyte is shown below:
2KOH + CO2 → K2CO3 + H2O
CO is a poison, and CO2 reacts with the KOH to form K2CO3, 
thus altering the electrolyte. Even the small amount of CO2 in 
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air must be considered a potential poison for the alkaline cell. 
Generally, hydrogen is considered as the preferred fuel for AFC, 
although some direct carbon fuel cells use (different) alkaline 
electrolytes [12]. Because of the complexity of isolating carbon 
dioxide from the alkaline electrolyte in fuel cells for terrestrial 
applications, most fuel cell developers have focused their attention 
on developing new types using electrolytes which are non-alkaline. 
Fig. 4 shows the diagram of AFC.

Fig. 4: AFC

1. Construction Materials, Cell Operation, and 
Performance
Alkaline fuel cells operate at about 65 to 220 °C (150 to 430 °F) and 
a pressure of about 15 psig (1 bar). The electrolyte in Alkaline fuel 
cell is concentrated (85 wt. per cent) KOH in fuel cells operated 
at high temperature (~250 °C), or less concentrated (35 to 50 wt. 
per cent) KOH for lower temperature (<120 °C) operation. The 
electrolyte is retained in a matrix (usually asbestos), and a wide 
range of electro-catalysts can be used (e.g., Ni, Ag, metal oxides, 
spinels, and noble metals). The electrolyte conducts hydroxyl 
(OH–) ions from the cathode to the anode. This is opposite to 
many other types of fuel cells that conduct hydrogen ions from the 
anode to the cathode. The electrolyte can be mobile or immobile. 
Mobile alkaline electrolyte fuel cells use a fluid electrolyte that 
continuously circulates between the electrodes. The product 
water and waste heat dilute and heat the liquid electrolyte but 
are removed from the cell as the electrolyte circulates. Immobile 
alkaline electrolyte fuel cells use an electrolyte that consists of a 
thick paste retained by capillary forces within a porous support 
matrix such as asbestos. The paste itself provides gas seals at the 
cell edges. Product water evaporates into the source hydrogen gas 
stream at the anode from which it is subsequently condensed. The 
waste heat is re-moved by way of a circulating coolant.

2. Reaction
Alkaline fuel cells operate by using pure hydrogen which is free 
of carbon oxides.
The reactions at the anode are:

H• 2 + 2K+ + 2OH– → 2K + 2H2O
2K → 2K• + + 2e–

The reactions at the cathode are:
½O• 2 + H2O → 2OH
2OH + 2e• – → 2OH–

Due to reactive attraction of hydrogen to oxygen, the OH– ion 
is drawn through the electrolyte from the cathode to the anode, 
while electrons are forced through an external circuit from the 
anode to the cathode.
Combining the anode and cathode reactions, the overall cell 
reactions are:

H• 2 + 2OH– → 2H2O + 2e–

½O• 2 + H2O + 2e– → 2OH–

Thus, the fuel cell produces water that either evaporates into 
the source hydrogen stream or is expelled out of the cells along 
with the electrolyte. This water must be continually removed to 
facilitate further reaction.

3. Alkaline Fuel Cell Advantages and Disadvantages
The advantages of alkaline fuel cells are that they:

Have excellent performance on hydrogen (H• 2) and oxygen 
(O2) compared to other candidate fuel cells due to its active 
O2 electrode kinetics and its flexibility to use a wide range 
of electro-catalysts.
Operate at low temperature• 
Have fast start-up times (50% rated power at ambient • 
temperature)
Have high efficiency• 
Need little or no expensive platinum catalyst• 
Have minimal corrosion• 
Have relative ease of operation• 
Have low weight and volume• 

The disadvantages are that they:
Are extremely intolerant to CO• 2 (about 350 ppm maxi-mum) 
and somewhat intolerant of CO
Have a liquid electrolyte, introducing liquid handling • 
problems
Require complex water management• 
Have a relatively short lifetime• 

C. Phosphoric Acid Fuel Cell (PAFC)
Phosphoric Acid Fuel Cells (PAFCs) are the most commercially 
developed type of fuel cell. According to Sandra Curtin [14], 
currently more than 200 PAFC fuel cell systems are installed all 
over the world, providing power and useful steam heat to hospitals, 
nursing homes, hotels, office buildings, schools, utility power 
plants, an airport terminal, landfills and waste water treatment 
plants. Future applications for PAFCs may be found in marine, 
locomotive, or space applications. The number of PAFCs units 
built exceeds any other fuel cell technology, with over 85 MW 
of demonstrators that have been tested, are being tested, or are 
being fabricated worldwide. So, PAFCs are the only commercially 
available fuel cells today and these are made by ONSI, a subsidiary 
of International Fuel Cell Corporation on a large scale. According 
to a report [15], ONSI claims that in over two million hours of 
total operation, their PAFCs have demonstrated better than 95 per 
cent reliability the conventional diesel generators. But the costs 
are still two to three times higher (approx. $3000/kW to $4000/
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kW installed) than the commercial market will sustain. Therefore, 
the only hurdle to the complete commercialization of PAFCs is 
cost reduction. Fig. 5 shows diagram of PAFC.

Fig. 5: PAFC

1. Construction Materials, Cell Operation, and 
Performance
Phosphoric acid fuel cells use an electrolyte which is composed 
of liquid phosphoric acid within a silicon carbide matrix material. 
The electrolyte conducts hydrogen ions (H+) from the anode 
to the cathode and conducts the ionic charge between the two 
electrodes in order to complete the electric circuit. Because the 
electrolyte is a liquid, evaporation and migration must be carefully 
controlled. PAFCs also employ platinum electro-catalysts in the 
cell electrodes like PEMFCs. PAFCs use hydrocarbon sources 
such as natural gas, propane or waste methane but most of the 
PAFCs operate on hydrogen that is typically delivered from a 
natural gas-supplied reformer.
Phosphoric acid fuel cells operate at a temperature of about 150 
to 205 ºC (300 to 400 ºF). Pressurized boiling water is used for 
cooling of the fuel cell stack. Conventional PAFCs cannot operate 
at temperatures below 100◦C because leaching phosphoric acid 
with liquid water produced by cell operation leads to a decrease 
in proton conductivity and thus to degradation of the cell. PAFCs 
have the ability to operate at elevated pressures up to 8 atm. 
However, the current packaged, commercially available PC25 
unit operates at ambient pressures.
PAFCs are used for medium to large-scale stationary power 
generation, attaining a 36-42% electrical efficiency and an overall 
85% total efficiency with co-generation of electricity and heat. In 
comparison with other fuel cell types, the electrical efficiency of 
PAFCs is low. This disadvantage is offset by their tolerance to fuel 
contaminants, cogeneration potential, and technology readiness. 
Most of the PAFCs plants are in the 50 to 200 kW capacity range, 

but large plants of 1 MW and 5 MW have been built. The largest 
PAFC power plant is 11 MW of grid quality ac power operating 
in Japan.

2. Reaction
Anode and cathode reactions are similar to PEMs, but operating 
temperatures are slightly higher making them more tolerant to 
reforming impurities. Phosphoric acid fuel cells react hydrogen 
with oxygen.
The reactions at the anode are:
H2 → 2H+ + 2e–

The reaction at the cathode is:
½O2 + 2e– + 2H+ → H2O
The electrons are forced through an external circuit while the H+ 
ion is drawn through the electrolyte from the anode to the cathode 
by the reactive attraction of hydrogen to oxygen. The overall cell 
reaction by combining the anode and cathode reactions is:
H2 + ½O2 → H2O
Thus, the fuel cell produces water that accumulates at the cathode. 
This product water must be continually removed to facilitate 
further reaction.

3. Advantages and Disadvantages
The advantages of phosphoric acid fuel cells are that they:

Have stable electrolyte characteristics with low volatility • 
even at very high operating temperatures.
Are tolerant of carbon dioxide (up to 30%). As a result, • 
phosphoric acid fuel cells can use un-scrubbed air as oxidant, 
and reformate as fuel.
Produce higher grade waste heat that can potentially be used • 
in co-generation applications.

The disadvantages are that they:
Use a corrosive liquid electrolyte at moderate temperatures • 
which results in material corrosion problems.
Can tolerate only about 2 % carbon monoxide and about 50 • 
ppm of total sulphur compounds.
Have a liquid electrolyte, which leads to liquid handling • 
problems.
Have to be warmed up before they are operated.• 
Allow product water to enter and dilute the electrolyte.• 
Are large and heavy.• 

D. Molten Carbonate Fuel Cells (MCFCs)
MCFCs are under development for use with a wide range of 
conventional and renewable fuels. The focus of MCFC development 
has been larger on stationary and marine applications, where 
the relatively large size and weight of MCFC and slow start-
up time are not an issue. After the PAFC, MCFCs have been 
demonstrated most extensively in stationary applications, with 
dozens of demonstration projects either under way or completed. 
They produce high quality waste heat that can be used for fuel 
processing and cogeneration, internal methane reforming, and 
conventional production of electricity. The waste heat is of 
sufficient temperatures to produce high pressure steam for industrial 
processes. Developers are targeting commercial markets such as 
hotels, schools, small to medium sized hospitals, and shopping 
malls, as well as industrial applications (chemical, paper, metal, 
food, and plastics) for onsite power generation. Fig. 6 shows 
diagram of MCFC.
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Fig. 6: MCFC

1. Construction Materials, Cell Operation, and 
Performance
Molten Carbonate Fuel Cells (MCFCs) operate at high temperatures 
which mean that they can achieve higher efficiencies and have a 
greater flexibility to use more types of fuels. Fuel-to-electricity 
efficiencies approach 60%, or upwards of 70% with cogeneration. 
They operate at 600-750°C (1112-1382°F) and use a molten 
alkali carbonate mixture for an electrolyte. MCFCs typically 
range between 75-250 kW, but when using combined units, have 
produced up to 5 MW of power. MCFCs have been operated on 
hydrogen, carbon monoxide, natural gas, propane, landfill gas, 
marine diesel, and simulated coal gasification products.
MCFCs are a liquid electrolyte-based fuel cell that makes use of 
flat, planar-configured fuel cell stacks. MCFCs typically consist of 
a lithium-potassium or lithium-sodium based electrolyte. After the 
cathode reaction, carbonate ions migrate through the electrolyte to 
the anode side of the cell to complete the fuel oxidation. Because 
of the carbon dioxide requirement at the cathode, and production 
of it at the anode, carbon dioxide must be transferred from the 
anode exhaust to the cathode inlet. This is done by mixing of 
the anode exhaust with incoming air or by physically separating 
the carbon dioxide from the other exhaust gas species through a 
product exchange device.

2. Reaction
Molten carbonate fuel cells operate by using pure hydrogen or 
light hydrocarbon fuels. When a hydrocarbon, such as methane, 
is introduced to the anode in the presence of water, it absorbs heat 
and undergoes a steam reforming reaction:
CH4 + H2O → 3H2 + CO
When using other light hydrocarbon fuels, the number of hydrogen 
and carbon monoxide molecules may change but in principle the 
same products result.

3H• 2 + 3CO3
2– → 3H2O + 3CO2 + 6e– This is the hydrogen 

reaction and occurs regardless of fuel
CO + CO• 3

2– → 2CO2 + 2e– This is the carbon monoxide 
reaction and occurs only when using a hydrocarbon fuel

The reaction at the cathode is:
2O2 + 4CO2 + 8e– → CO3

2– 
This is the oxygen reaction and occurs regardless of fuel
Due to the reactive attraction of hydrogen and carbon monoxide 
to oxygen, the CO3

2- ion is drawn through the electrolyte from 
the cathode to the anode, while electrons are forced through an 
external circuit from the anode to the cathode.
Combining the anode and cathode reactions, the overall cell 
reactions are:

2H• 2 + O2 → 2H2O 
This is the hydrogen reaction and occurs regardless of fuel

CO + ½O• 2 → CO2 
This is the carbon monoxide reaction and occurs only when using 
a hydrocarbon fuel
Thus, the fuel cell produces water, regardless of fuel, and carbon 
dioxide if using a hydrocarbon fuel. Both product water and carbon 
dioxide must be continually removed from the cathode to facilitate 
further reaction.

3. Advantages and Disadvantages of Molten Carbonate 
Fuel Cells
The advantages of molten carbonate fuel cells are that they:

Have possibility of using technical hydrogen with a large • 
concentration of carbon monoxide and other impurities
Support spontaneous internal reforming of light hydro-carbon • 
fuels
Produce high rate of the electrode reactions and relatively • 
little electrode polarization, hence no need to use platinum 
catalysts
Generate high-grade waste heat• 
Have possibility of efficiently using the reaction heat for • 
generating additional electrical energy
Have fast reaction kinetics (react quickly)• 
Have high efficiency• 

The disadvantages are that they:
Operates at high temperatures which promote material • 
problems, impacting mechanical stability and stack life
Require the development of suitable materials that are resistant • 
to corrosion, are dimensionally stable, have high endurance 
and lend themselves to fabrication.
Have a high intolerance to sulphur. The anode in particular • 
cannot tolerate more than 1-5 ppm of sulphur compounds 
(primarily H2S and COS) in the fuel gas without suffering a 
significant performance loss.
Have a liquid electrolyte, which introduces liquid handling • 
problems
Require a considerable warm-up period• 

E. Solid Oxide Fuel Cells (SOFCs)
Solid Oxide Fuel Cells (SOFCs) operate at high temperatures and 
have shown very good performance in combined-cycle applications. 
SOFCs are the best option for high-powered applications. SOFC 
technology is used on large scale in the traditional power generating 
markets such as residential, commercial, industrial/onsite 
generation, and is also being marketed for telecommunications 
back up and as Auxiliary Power Units (APUs) for military vehicle 
on-board equipment but is likely to penetrate niche markets first, 
such as small portable generators and remote or premium power 
applications. Fig. 7 shows the diagram of SOFC.
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Fig. 7: SOFC

1. Construction Materials, Cell Operation, and 
Performance
Solid oxide fuel cells are built like computer chips through 
sequential deposition of various layers of material. Conventional 
SOFCs exist in several design variants. The basic variants are 
tubular and planar cells. The tubular design is the most advanced 
and is slated for large commercial and industrial cogeneration 
applications and onsite power generation. The planar design is 
used for smaller markets having power requirement less than 300 
kW. The SOFC uses a solid yittra-stabilized zirconia ceramic 
material as the electrolyte layer. The advantage of solid phase 
design is that it requires only two phases (gas-solid) for the charge 
transfer reactions at the electrolyte-electrode interface. The two-
phase contact simplifies the design because it eliminates corrosion 
and electrolyte management concerns associated with the liquid 
electrolyte fuel cells. The electrolyte conducts oxide (O2–) ions 
from the cathode to the anode which is the opposite of most types 
of fuel cells, which conduct hydrogen ions from the anode to the 
cathode. Metals such as nickel and cobalt are used as electrode 
materials.
Solid oxide fuel cells (SOFCs) operate at high temperature around 
800-1000 °C (1472-1832°F). Their operation at high temperature 
eliminates the need for precious metal catalysts and can reduce 
cost by recycling the waste heat from internal steam reformation 
of hydrocarbon fuels. But the disadvantage of the SOFCs high 
operating temperature is the stringent materials requirement for 
the critical cell components. Exotic ceramics, metal-ceramic 
composites, and high temperature alloys drive up the cost of 
SOFCs. Some developers are attempting to push SOFC operation 
at low temperatures. The new thin-electrolyte cells with improved 
cathodes have allowed a reduction in operating temperature to 
650 – 850 °C which results in the development of compact and 
high-performance SOFC having relatively low-cost construction 
materials.
SOFCs are tolerant to CO poisoning, allowing CO derived from 

coal gas to also be employed as source of fuel. They produce 
a power output of 2-100 kW and can attain 220 kW-300 kW 
when used in a SOFC/gas turbine hybrid system. Their electrical 
efficiencies are 45-55%, but when integrated with a gas turbine, 
SOFC systems are expected to achieve 70–75 per cent electric 
efficiencies, representing a significant leap over all other energy 
technologies. The SOFCs performance is very sensitive to 
operating temperature. A 10% drop in temperature results in 12% 
drop in cell performance, due to the increase in internal resistance 
to the flow of oxygen ions.

2. Reaction
Solid oxide fuel cells operate by using pure hydrogen or 
hydrocarbon fuels, just like molten carbonate fuel cells. This 
results in an inlet fuel stream comprised of hydrogen with or 
without carbon monoxide.
The reactions at the anode are:
Case (1) when pure hydrogen is used as fuel
H2 + O2– → H2O + 2e–

Case (2) when a hydrocarbon fuel is used
CO + O2– → CO2 + 2e–

The reaction at the cathode is:
½O2 + 2e– → O2–

This is the oxygen reaction and occurs regardless of fuel
Because of the reactive attraction of hydrogen and carbon 
monoxide to oxygen, the O2– ion is drawn through the electrolyte 
from the cathode to the anode, while electrons are forced through 
an external circuit from the anode to the cathode. Since the ions 
move from the cathode to the anode, this is the opposite of most 
types of fuel cells, the reaction products accumulate at the anode 
rather than the cathode.
Combining the anode and cathode reactions, the overall cell 
reactions are:
H2 + ½O2 → H2O 
This is the hydrogen reaction and occurs regardless of fuel
CO + ½O2 → CO2 
This is the carbon monoxide reaction and occurs only when using 
a hydrocarbon fuel
Thus, the fuel cell produces water regardless of fuel and carbon 
dioxide if using a hydrocarbon fuel. In order to facilitate further 
reaction both products i.e. water and carbon dioxide must be 
continually removed from the cathode.

3. The Advantages of Solid Oxide Fuel Cells are that 
they

Are flexible in the choice of fuel such as carbon-based fuels, • 
e.g. natural gas.
Have a modular and solid state construction and do not present • 
any moving parts, thereby are quiet enough to be installed 
indoors.
Are the most efficient (fuel input to electricity output) fuel • 
cell electricity generators currently being developed world-
wide.
Do not contain noble metals that could be problematic • 
in resource availability and price issue in high volume 
manufacture.
Do not have problems with electrolyte management (liquid • 
electrolytes, for example, which are corrosive and difficult 
to handle).
Operate at high temperature which produces high quality • 
heat by-product which can be used for co-generation, or for 
use in combined cycle applications.
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Have a potential long life expectancy of more than 40000–• 
80000 h.
Have extremely low emissions by eliminating the danger of • 
carbon monoxide in exhaust gases, as any CO produced is 
converted to CO2 at the high operating temperature.

The disadvantages are that they:
Have a moderate intolerance to sulphur.• 
Operate at high temperatures due to which thermal expansion • 
mismatches among materials, and sealing between cells is 
difficult in the flat plate configurations.
Require the development of suitable materials that have the • 
required conductivity, remain solid at high temperatures, and 
are chemically compatible with other cell components.
Do not yet have practical fabrication processes.• 
The technology is not yet mature.• 

VII. Conclusion
A fuel cell is a device that generates electricity by a chemical 
reaction. In principle, a fuel cell operates like a battery. Unlike 
a battery, a fuel cell does not run down or require recharging. It 
will produce energy in the form of electricity and heat as long 
as fuel is supplied. There are several different types of fuel cells, 
each using a different chemistry. Fuel cells are usually classified 
by their operating temperature and the type of electrolyte they 
use. Some types of fuel cells work well for use in stationary 
power generation plants. Others may be useful for small portable 
applications or for powering cars. In this paper, we have reviewed 
different types of fuel cell technologies. 
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Table 1: Different types of Fuel Cells Technologies and their Applications

Type Operating 
Temperature

Electrical 
Efficiency Fuel Source Catalyst Applications

PEMFC ~ 80°C ~ 30 to 35% Pure Hydrogen Platinum

Backup Power
Portable Power
Distributed Generation
Transportation
Specialty Vehicles

PAFC ~ 100-220°C ~ 35 to 40% Pure Hydrogen Platinum Distributed Generation

AFC ~ 150-200°C ~ 40% Pure Hydrogen Platinum Military
Space

MCFC ~ 550-700°C ~ 50 to <70% Most Hydrocarbon Nickel Electric utility
Distributed Generation

SOFC ~ 450-1000°C ~ 45 to <70% Most Hydrocarbon Pervoskites
Auxiliary Power
Electric utility
Distributed Generation


