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This review article provides an overview of various types of fuel cells that
are currently being researched and developed. Fuel cells are electrochemical
devices that convert chemical energy directly into electrical energy, making
them a promising technology for clean and efficient energy production. The
review covers the principles of operation and key characteristics of proton
exchange membrane fuel cells (PEMFCs), solid oxide fuel cells (SOFCs),
alkaline fuel cells (AFCs), direct methanol fuel cells (DMFCs), and
microbial fuel cells (MFCs). The article also discusses the advantages and
limitations of each type of fuel cell, as well as the current research and
development efforts aimed at improving their performance and reducing
their costs. Overall, this review provides a comprehensive understanding of
the various types of fuel cells and their potential applications in the field of
energy production.
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1. INTRODUCTION

Fuel cells are electrochemical devices that convert the chemical energy of a fuel into electrical
energy, with only water and heat as by-products. They are considered one of the most promising technologies
for clean and efficient energy production [1]-[3]. It then describes in detail the different types of fuel cells,
including polymer electrolyte membrane fuel cells (PEMFCs), solid oxide fuel cells (SOFCs), alkaline fuel
cells (AFCs), direct methanol fuel cells (DMFCs), and phosphoric acid fuel cells (PAFCs). For each type of
fuel cell, the article provides information on its working principle, vantages, and limitations [4]-[6]. This
discusses the applications of fuel cells in various sectors, including transportation, stationary power
generation, portable power, and military and aerospace applications. It highlights the benefits of using fuel
cells in these sectors, such as reduced emissions, improved efficiency, and increased energy security [7], [8].

In recent years, there has been a significant amount of research and development in the field of fuel
cells, leading to the discovery of various types of fuel cells [9]. This literature survey provides an overview of
various types of fuel cells, their principles of operation, and their potential applications. They are considered
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one of the most promising technologies for clean and efficient energy production [10]. PEMFCs are a type of
fuel cell that uses a polymer electrolyte membrane to conduct protons from the anode to the cathode. Proton
exchange membrane fuel cells (PEMFCs) have a high power density, low operating temperature, and are
ideal for portable and transportation applications [11], [12]. In the recent advances in PEMFCs, including the
development of new materials, membrane electrode assemblies, and catalysts, and their impact on the
performance of PEMFCs.

SOFCs are a type of fuel cell that uses a solid oxide electrolyte to conduct oxygen ions from the
cathode to the anode. SOFCs have a high efficiency, can operate at high temperatures, and are ideal for
stationary power generation applications [10], [13]. In recent advances in SOFCs, including the development
of new materials, cell design, and system integration, and their impact on the performance of SOFCs. AFCs
are a type of fuel cell that uses an alkaline electrolyte to conduct hydroxide ions from the cathode to the
anode [14]. AFCs have a high efficiency, can use a wide range of fuels, and are ideal for space and
underwater applications [15]. The AFCs, including the development of new materials, electrode structures,
and catalysts, and their impact on the performance of AFCs [16].

DMFCs are a type of fuel cell that uses methanol as a fuel and a proton exchange membrane as an
electrolyte [17], [18]. DMFCs have a high energy density, low operating temperature, and are ideal for
portable and transportation applications. Microbial fuel cells (MFCs) are a type of fuel cell that uses
microorganisms to generate electrical energy from organic matter [19]. MFCs have a low power density, but
can use a wide range of fuels and have potential applications in wastewater treatment and bio-energy
production [16]. Recent advances in MFCs, including the development of new materials, electrode designs,
and system integration, and their impact on the performance of MFCs [20]. Overall, this literature survey
highlights the significant progress made in the development of various types of fuel cells and their potential
applications in the field of energy production. Further research is needed to improve their performance and
reduce their costs, making them more accessible for commercial applications.

2. CLASSIFICATIONS OF FUEL CELLS
2.1. Proton exchange membrane fuel cells

PEMFCs are a type of fuel cell that uses a polymer electrolyte membrane to conduct protons from
the anode to the cathode. PEMFCs have a high power density, low operating temperature, and are ideal for
portable and transportation applications [21]. In PEMFCs, hydrogen gas is fed to the anode, where it is split
into protons and electrons. The protons are conducted through the polymer electrolyte membrane to the
cathode, while the electrons flow through an external circuit, generating electrical power. At the cathode, the
protons combine with oxygen to form water [22].

PEMFCs have several advantages, including high efficiency, low emissions, and fast start-up times.
They are also lightweight and compact, making them ideal for use in vehicles and portable electronic devices
[23]. However, they have some limitations, including high costs and sensitivity to impurities, which can
reduce their performance. Research is ongoing to improve the performance and reduce the costs of PEMFCs.
This includes the development of new materials, such as alternative catalysts, membranes, and electrode
structures, as well as advances in system integration and control strategies [24], [25].

2.2. Solid oxide fuel cells

Solid oxide fuel cells are a type of fuel cell that uses a solid oxide electrolyte to conduct oxygen ions
from the cathode to the anode. SOFCs have a high efficiency, can operate at high temperatures, and are ideal
for stationary power generation applications. SOFCs are a type of fuel cell that uses a solid oxide electrolyte
to conduct oxygen ions from the cathode to the anode. SOFCs have a high efficiency, can operate at high
temperatures, and are ideal for stationary power generation applications.

In SOFCs, a fuel gas, such as hydrogen or natural gas, is fed to the anode, where it reacts with
oxygen ions from the cathode to produce electricity, heat, and water. The heat generated can be used for
cogeneration or other industrial processes, making SOFCs highly efficient. SOFCs have several advantages,
including high efficiency, low emissions, and the ability to use a variety of fuels, including biomass and
biogas. They also have a long lifespan, with some cells operating for over 10 years. However, they have
some limitations, including high operating temperatures, which can lead to thermal stress and reduce their
lifespan. These include the development of new materials, such as alternative electrolytes and electrodes,
advances in cell and stack design, and improvements in system integration and control strategies [26].

2.3. Alkaline fuel cells

AFCs are a type of fuel cell that uses an alkaline electrolyte, typically potassium hydroxide (KOH),
to conduct ions from the anode to the cathode. AFCs have a high efficiency and a long lifespan, but they are
typically used in specialized applications such as spacecrafts and submarines due to their sensitivity to carbon
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dioxide and other impurities. In AFCs, hydrogen gas is fed to the anode, where it is split into protons and
electrons. The protons are conducted through the alkaline electrolyte to the cathode, while the electrons flow
through an external circuit, generating electrical power. At the cathode, the protons combine with oxygen to
form water [27].

AFCs operate at a relatively low temperature compared to other fuel cells, typically around 70 to 90
degrees celsius, but they require high-purity hydrogen and oxygen to operate efficiently. Impurities in the
fuel can lead to degradation of the electrolyte and reduced performance. AFCs have several advantages,
including high efficiency, fast reaction rates, and a long lifespan. They also have the potential for low costs
due to the use of inexpensive materials and the possibility of recycling the electrolyte. However, they have
some limitations, including sensitivity to impurities and the need for high-purity reactants.

2.4. Direct methanol fuel cells

DMFCs are a type of fuel cell that uses methanol as the fuel and a proton exchange membrane
(PEM) as the electrolyte. DMFCs have a high energy density, are easy to handle and store, and have the
potential to be used in portable electronic devices. In DMFCs, methanol is fed to the anode, where it is
oxidized by a catalyst to produce protons, electrons, and carbon dioxide. The protons are conducted through
the PEM to the cathode, while the electrons flow through an external circuit, generating electrical power. At
the cathode, oxygen is reduced to form water. The overall reaction in a DMFC can be expressed as (1):

CH30H + 1.502 - CO2 + 2H20 1)

DMFCs have several advantages, including high energy density, low emissions, and ease of
handling and storage. They also have a relatively simple design, with no need for an external reformer to
convert the fuel into hydrogen [28]. However, they have some limitations, including low efficiency and slow
reaction rates, which can reduce their performance. Research is ongoing to improve the performance and
reduce the costs of DMFCs. This includes the development of new materials, such as alternative catalysts and
membranes, and advances in system integration and control strategies. One approach is to improve the
performance of the catalysts used in DMFCs, which can increase the rate of the methanol oxidation reaction
and improve the efficiency of the cell. Another approach is to optimize the design of the fuel cell, such as the
flow channels and the membrane electrode assembly, to improve the performance and reduce the costs of the
cell [29].

2.5. Microbial fuel cells

MFCs that uses microorganisms to generate electricity by oxidizing organic matter. MFCs have the
potential to be used for wastewater treatment, bio-energy production, and other applications that involve the
use of organic matter. In MFCs, microorganisms, typically bacteria are attached to an electrode surface or
suspended in a solution between two electrodes. The microorganisms oxidize organic matter, such as
wastewater or organic waste, and transfer electrons to the anode, where they are collected and conducted
through an external circuit to the cathode, generating electrical power. At the cathode, oxygen is reduced to
form water. The overall reaction in an MFC can be expressed as (2):

Organic matter + 02 - CO2 + H20 + electricity 2

MFCs have several advantages, including the ability to use a variety of organic matter as fuel, low
emissions, and the potential for wastewater treatment and energy recovery. They also have a relatively simple
design, with no need for expensive catalysts or high-purity reactants. However, they have some limitations,
including low efficiency and slow reaction rates, which can reduce their performance.

Research is ongoing to improve the performance and reduce the costs of MFCs. This includes the
development of new materials, such as alternative electrodes and membranes, and advances in system
integration and control strategies. One approach is to improve the performance of the microbial communities
used in MFCs, such as through the use of genetically modified bacteria or the addition of co-cultures to
improve electron transfer. Another approach is to optimize the design of the MFC, such as the geometry and
spacing of the electrodes, to improve the performance and reduce the costs of the cell.

3. RESULTS AND DISCUSSION
Fuel cells are a promising technology for generating electricity in a clean and efficient manner.
Different types of fuel cells have been developed over the years, each with its own unique features and
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operating characteristics. In this analysis, we compare the performance of seven types of fuel cells based on
their operating conditions, fuel, efficiency, power density, and cost, which is discussed in Table 1.

PEMFCs have high power density and efficiency, and are suitable for low-temperature applications.
However, they are expensive due to the use of platinum catalysts, and the durability of the membranes can be
a challenge. SOFCs have high efficiency and can use a variety of fuels, including natural gas and biogas.
They are suitable for high-temperature applications, but can be expensive and require complex manufacturing
processes.

Table 1. Comparison of different types of fuel cells

Operating Efficiency ~ Power density
Type of fuel cell Electrolyte temperature (°C) Fuel (%) (Wicm?) Cost
PEMFC Polymer electrolyte 60-100 Hydrogen Up to 60 Upto4 High
membrane
SOFC Ceramic electrolyte 500-1000 Hydrogen, Up to 60 Uptol5 High
natural gas,
biogas
AFC Alkaline electrolyte 70-90 Hydrogen Upto 70 Upto 0.5 High
DMFC Polymer electrolyte 60-120 Methanol Up to 40 Upto0.5 Moderate
membrane
PAFC Phosphoric acid 150-200 Hydrogen, Up to 50 Upto0.5 Moderate
electrolyte natural gas,
and biogas
Molten carbonate  Molten carbonate 600-700 Natural gas Up to 50 Uptol High
fuel cell (MCFC)  electrolyte and biogas
MFC Organic matter Room temperature  Organic Up to 80 Up to 0.05 Low
matter

AFCs have high efficiency and can use hydrogen as a fuel. They operate at low temperatures, but
the alkaline electrolyte can be corrosive and require careful handling. DMFCs use methanol as a fuel and
have moderate efficiency and power density. They can operate at low temperatures and are suitable for
portable applications, but can suffer from methanol crossover and poisoning of the catalyst. PAFCs have
moderate efficiency and can use a variety of fuels, including natural gas and biogas. They operate at
moderate temperatures, but are expensive and can require maintenance due to the use of phosphoric acid
electrolyte.

MCFCs can use natural gas and biogas as fuel and have high efficiency. They operate at high
temperatures and can generate electricity from waste heat. However, they can be expensive due to the use of
high-temperature materials. MFCs use organic matter as a fuel and have high potential for generating
electricity from waste streams. They operate at room temperature and have low power density and efficiency,
but ongoing research aims to improve their performance.

Overall, each type of fuel cell has its own advantages and disadvantages, and the choice of fuel cell
depends on the specific application and operating conditions. Ongoing research is focused on improving the
performance and durability of fuel cells to make them more cost-effective and commercially viable. The fuel
cell includes various applications like:

a. Transportation: fuel cells are increasingly being used in transportation, particularly in cars, buses, and
trucks. They offer high efficiency and low emissions, making them an attractive alternative to traditional
internal combustion engines. Hydrogen fuel cell vehicles are already on the market, and ongoing research
is focused on improving their performance, reducing costs, and increasing the availability of hydrogen
fuelling infrastructure.

b. Stationary power generation: fuel cells can also be used for stationary power generation, providing
electricity and heat for residential and commercial buildings, hospitals, and data centres. They are highly
efficient and reliable, and can operate independently of the grid, making them ideal for remote locations
or in areas with unreliable power supply.

c. Portable devices: fuel cells are increasingly being used in portable devices such as laptops, smart phones,
and camping equipment. They offer longer runtimes than traditional batteries and can be recharged
quickly.

d. Military applications: fuel cells are used in various military applications, such as in submarines and
unmanned aerial vehicles (UAVs). They offer high energy density and longer runtime compared to
traditional batteries, making them suitable for long-duration missions.

e. Marine applications: fuel cells are also being used in marine applications such as ships and submarines, as
they offer high efficiency and low emissions, reducing the environmental impact of marine transportation.
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f. Medical applications: fuel cells are being explored for medical applications such as implantable devices
and portable medical equipment. They offer long runtimes and high reliability, making them suitable for
use in critical medical applications.

In summary, fuel cells have a diverse range of applications across various sectors, offering high
efficiency, low emissions, and reliable power generation. Ongoing research and development efforts are
focused on improving their performance, reducing costs, and increasing their commercial viability, to
accelerate their adoption as a clean energy technology.

4. CONCLUSION

Fuel cells have emerged as a promising technology for generating clean energy. The different types
of fuel cells discussed in this review, including proton exchange membrane fuel cells, solid oxide fuel cells,
alkaline fuel cells, direct methanol fuel cells, phosphoric acid fuel cells, molten carbonate fuel cells, and
microbial fuel cells, each have unique advantages and disadvantages that make them suitable for specific
applications and operating conditions. The applications of fuel cells are diverse and expanding, ranging from
transportation to stationary power generation, to portable devices, and even in the field of medicine. They
offer a viable alternative to traditional fossil fuel-based power generation, reducing greenhouse gas
emissions, and helping to mitigate climate change. However, the widespread adoption of fuel cells is still
limited by challenges such as cost, durability, and scalability. Further research and development efforts are
needed to improve the performance and reduce the cost of fuel cells, and to increase their commercial
viability.
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