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FUEL CELL
• A fuel cell is an electrochemical device that converts the 

chemical energy from a fuel into electricity through a 
chemical reaction. Unlike traditional combustion engines that 
burn fuel and produce mechanical energy, fuel cells operate 
without combustion, making them more efficient and 
environmentally friendly.

• Here's how a fuel cell works:
• Fuel Input: Fuel cells require a source of fuel, typically 

hydrogen, although other fuels like natural gas or methanol 
can also be used. Hydrogen is the most common fuel for fuel 
cells because it produces only water and heat as byproducts 
when it reacts with oxygen.



Electrochemical Reaction: Inside the fuel cell, the fuel (usually 
hydrogen) is split into protons and electrons through a process 
called electrolysis. The electrons are forced to flow through an 
external circuit, creating an electric current. This flow of electrons is 
what generates electricity.
Oxygen Supply: Oxygen from the air is supplied to the other side of 
the fuel cell, where it reacts with the protons and electrons to form 
water (H2O) as a byproduct. This reaction produces heat, which can 
be harnessed for various purposes, making fuel cells highly 
efficient.
Electricity Generation: The electric current produced by the flow of 
electrons through an external circuit can be used to power electric 
devices, vehicles, or to charge batteries.
Fuel cells offer several advantages over conventional internal 
combustion engines and batteries:
High Efficiency: Fuel cells are highly efficient at converting fuel into 
electricity, typically operating at efficiencies above 50%, which is 
much higher than internal combustion engines.



Clean Energy: When hydrogen is used as the fuel, the only 
byproduct is water vapor, making fuel cells a clean and 
environmentally friendly energy source.
Quiet and Low Emissions: Fuel cell vehicles produce little to no 
noise and have lower emissions compared to traditional vehicles.
Long Range: Fuel cell vehicles, especially in the context of 
hydrogen fuel cell cars, can offer a long driving range on a single 
tank of hydrogen.
Versatility: Fuel cells can be used in a variety of applications, from 
powering vehicles to providing backup power for buildings and 
remote locations.
Challenges associated with fuel cells, such as the production and 
storage of hydrogen, infrastructure for refueling, and cost 
considerations. 
Despite these challenges, fuel cell technology continues to 
advance and holds promise for a sustainable and clean energy 
future, particularly in sectors where long-range and rapid refueling 
are crucial, like transportation and backup power generation



Why do we need fuel cells?
• Fuel cells are a promising and increasingly important technology for a variety 

of reasons. Here are some key reasons why we need fuel cells:
• Clean Energy: Fuel cells offer a clean and environmentally friendly way to 

generate electricity. When hydrogen is used as the fuel, the only byproduct is 
water vapor, making fuel cells a zero-emission energy source. This is crucial 
for addressing climate change and reducing air pollution.

• Efficiency: Fuel cells are highly efficient at converting fuel into electricity, 
often surpassing 50% efficiency. This is significantly higher than the efficiency 
of many other energy conversion technologies, including internal combustion 
engines.

• Reduced Dependence on Fossil Fuels: While hydrogen fuel cells can use 
hydrogen produced from natural gas, they can also use hydrogen produced 
through renewable methods like electrolysis of water using renewable energy 
sources. This reduces our reliance on fossil fuels for energy production.



• Versatility: Fuel cells can be used in various applications, from powering 
vehicles to providing backup power for buildings and remote locations. 
Their versatility makes them suitable for a wide range of industries and 
uses.

• Long-Range Transportation: Hydrogen fuel cells are particularly useful in 
transportation, such as fuel cell vehicles (FCVs). They offer longer driving 
ranges and shorter refueling times compared to battery electric vehicles 
(BEVs), making them a viable option for long-range transportation.

• Grid Resilience: Fuel cells can provide backup power to critical 
infrastructure, such as hospitals, data centers, and military installations, 
ensuring that these facilities remain operational during power outages. 
This enhances grid resilience and reliability.

• Reduced Noise Pollution: Fuel cell-powered vehicles and equipment are 
quieter than those powered by internal combustion engines, contributing 
to reduced noise pollution in urban areas.

• Space Exploration: Fuel cells have been used in space exploration missions 
for decades due to their reliability and ability to generate electricity in 
remote and challenging environments.



• Decentralized Energy Production: Fuel cells can be deployed in 
distributed energy generation systems, reducing the need for 
extensive centralized power plants and transmission infrastructure. 
This can enhance energy security and resilience.

• Hydrogen as an Energy Carrier: Hydrogen, which is commonly used 
in fuel cells, can serve as an energy carrier. It can store excess 
renewable energy and be transported to where it's needed, 
enabling the integration of renewable energy sources into the grid.

• Reduction of Greenhouse Gas Emissions: Fuel cells, when 
combined with sustainable hydrogen production methods, can play 
a role in reducing greenhouse gas emissions. They can help 
decarbonize sectors like transportation, industry, and power 
generation



• Technological Innovation: Research and development 
in fuel cell technology drive advancements in materials 
science, engineering, and energy storage, contributing 
to broader technological progress.

• While fuel cells have many advantages, they also face 
challenges, including the cost of materials, 
infrastructure development (e.g., hydrogen refueling 
stations), and the energy required to produce clean 
hydrogen. Nevertheless, fuel cells continue to be an 
important part of the clean energy landscape, 
especially in sectors where high energy density, long-
range operation, and rapid refueling are essential.

















• Fuel cells operate based on electrochemical reactions involving the 
conversion of fuel and oxidizer into electricity and waste products. 
The basic chemistry and thermodynamics of a fuel cell can be 
understood by examining the specific reactions that occur within 
different types of fuel cells. an overview of the chemistry and 
thermodynamics of a hydrogen fuel cell, which is one of the most 
common types, specifically the Proton Exchange Membrane Fuel Cell 
(PEMFC) .

• Chemistry and Thermodynamics of a Hydrogen Fuel Cell (PEMFC):
• Fuel and Oxidizer:

– Fuel: Hydrogen gas (H2).
– Oxidizer: Oxygen gas (O2) typically from the air.

• Electrolyte: In a PEMFC, a solid polymer electrolyte membrane 
(often made of perfluorosulfonic acid) is used. This membrane 
allows protons (H+ ions) to move through it while blocking the 
passage of electrons (e-).



• Anode Reaction (Oxidation):
– Chemical Reaction: At the anode (negative electrode): H2 -> 2H+ + 2e-
– Thermodynamics: This reaction involves the splitting of hydrogen molecules 

into protons and electrons. It is an exothermic reaction, releasing energy.
• Cathode Reaction (Reduction):

– Chemical Reaction: At the cathode (positive electrode): 1/2O2 + 2H+ + 2e- -> 
H2O

– Thermodynamics: This reaction combines oxygen, protons, and electrons to 
produce water. It is an exothermic reaction.

• Overall Cell Reaction:
– Chemical Reaction: Combining the anode and cathode reactions, the overall 

cell reaction is: H2 + 1/2O2 -> H2O
– Thermodynamics: This reaction is highly exothermic, releasing a significant 

amount of energy in the form of heat.
• Electricity Generation:

– Electron Flow: Electrons released during the anode reaction flow through an 
external circuit to the cathode, creating an electric current.

– Proton Flow: Protons created during the anode reaction pass through the 
electrolyte membrane to the cathode, where they combine with oxygen and 
electrons to form water.



• Energy Efficiency:
– Thermodynamic Efficiency: The overall energy efficiency of a fuel cell 

is determined by the thermodynamics of the reactions. Hydrogen fuel 
cells are known for their high thermodynamic efficiency, typically 
above 50%.

– Waste Heat: The heat generated during the exothermic reactions can 
be harnessed for various purposes, such as heating or providing 
additional power through combined heat and power (CHP) systems, 
improving the overall efficiency.

• Waste Products:
– The primary waste product of a hydrogen fuel cell is pure water (H2O), 

making it environmentally friendly.
• Hydrogen fuel cell, specifically a PEMFC, operates through the 

electrochemical reactions of hydrogen and oxygen. These reactions 
are highly efficient, releasing energy in the form of electricity and 
heat while producing water as the only waste product. The 
thermodynamics of these reactions play a crucial role in 
determining the overall efficiency of the fuel cell system.



• The heat of reaction in a fuel cell refers to the amount of heat released or 
absorbed during the electrochemical reactions that take place within the 
cell. The heat of reaction is an important consideration in fuel cell design 
and operation because it affects the overall efficiency and temperature 
control of the system. The specific heat of reaction varies depending on 
the type of fuel cell and the reactions involved.

• In a typical hydrogen fuel cell, such as a Proton Exchange Membrane Fuel 
Cell (PEMFC) or Solid Oxide Fuel Cell (SOFC), there are both exothermic 
(heat-releasing) and endothermic (heat-absorbing) reactions occurring 
simultaneously:

• Exothermic Reactions:
– At the anode (negative electrode), hydrogen gas (H2) is oxidized to 

produce protons (H+) and electrons (e-). This is an exothermic reaction 
and releases heat.

– Example: H2 -> 2H+ + 2e-
– At the cathode (positive electrode), oxygen gas (O2) combines with 

protons and electrons to form water (H2O). This is also an exothermic 
reaction and releases heat.

– Example: 1/2O2 + 2H+ + 2e- -> H2O



• Endothermic Reactions:
– In some fuel cells, like the Solid Oxide Fuel Cell (SOFC), there are 

endothermic reactions that occur within the cell, such as the 
dissociation of oxygen at high temperatures. These reactions 
absorb heat.

• The overall heat of reaction is determined by the net effect of these 
exothermic and endothermic reactions. If the exothermic reactions 
release more heat than the endothermic reactions absorb, the fuel 
cell will be exothermic overall, and it will generate excess heat as a 
byproduct. Conversely, if the endothermic reactions absorb more 
heat than the exothermic reactions release, the fuel cell will be 
endothermic overall, and it will require external heating to maintain 
its operating temperature.

• The heat of reaction in a fuel cell has several implications:



• Temperature Control: It influences the operating temperature of the 
fuel cell. Some fuel cells, like PEMFCs, operate at relatively low 
temperatures, while others, like SOFCs, operate at high temperatures. 
Temperature control is critical for the efficiency and performance of the 
cell.

• Efficiency: The heat of reaction affects the overall efficiency of the fuel 
cell system. Excessive heat generation can lead to thermal losses, 
reducing the overall efficiency. Conversely, in endothermic fuel cells, 
additional heat input may be required to maintain the desired 
temperature.

• Heat Recovery: Excess heat generated in exothermic fuel cells can be 
harnessed for useful purposes, such as heating buildings or providing 
combined heat and power (CHP) in cogeneration systems, thereby 
improving overall energy efficiency.

• Materials and Design: The choice of materials and the design of the fuel 
cell stack must take into account the heat generated or absorbed to 
ensure safe and efficient operation.

• In summary, the heat of reaction in a fuel cell is a crucial factor that 
influences its operation, efficiency, and temperature control. Proper 
management of heat is essential to optimize the performance and 
longevity of fuel cell systems in various applications.



• Fuel cells can be classified into several 
different types based on the electrolyte 
material used and the operating 
temperature. The most common types of fuel 
cells are:

• Proton Exchange Membrane Fuel Cells 
(PEMFCs):
– Electrolyte: A solid polymer electrolyte, 

typically made of a perfluorosulfonic acid 
membrane.

– Operating Temperature: Relatively low, 
typically between 50°C to 100°C.

– Applications: Commonly used in 
automotive applications because of their 
fast startup and shutdown times and high 
power density. They are also used in 
small-scale stationary power generation.



Electrode reactions take place upon supplying hydrogen to the fuel electrode 
and oxygen to the air electrode, and thus an electric current can be obtained. 
At the fuel electrode, the hydrogen is converted into hydrogen ions and 
electrons.

The hydrogen ions pass through the ion-exchange membrane to reach the 
opposing air electrode. At the air electrode, the hydrogen ions combine with 
the electrons, which have passed through the external load circuit and with 
oxygen supplied to the air electrode in a reaction, which produces water.

 Apart from the electrode reactions, a key issue is that for this type of proton 
exchange membrane, ion conductivity will appear only when the membrane 
appropriately contains water moisture. It is therefore important to regulate 
the water content in the membrane by humidifying the reactant gases being 
supplied. Also, because the ion conductivity depends on the membrane 
thickness, it should be as thin as the constraints on strength and durability 
will allow. The operating temperature is limited by the heat resistance of the 
ion-exchange membrane, though a high temperature is desirable to improve 
cell characteristics. At present operating temperatures are around 100 °C. 



Alkaline Fuel Cells (AFCs):
Electrolyte: Alkaline solution (usually potassium hydroxide) in the form 
of a liquid electrolyte.
Applications: Historically used by NASA in the Apollo space missions. 
They are also used in some niche applications, such as in submarines 
and spacecraft.



Phosphoric Acid Fuel Cells (PAFCs):
Electrolyte: Phosphoric acid in a liquid form is used as the 
electrolyte.
Applications: PAFCs are used in stationary power generation, such 
as for cogeneration in industrial settings and as backup power for 
buildings.



Molten Carbonate Fuel Cells (MCFCs):
Electrolyte: A molten carbonate salt mixture, typically lithium potassium 
carbonate.
Operating Temperature: High, around 650-750°C.
Applications: Suited for large stationary power generation, such as in 
combined heat and power (CHP) systems for industrial and utility-scale 
applications. They can use natural gas or biogas as fuel.



Solid Oxide Fuel Cells (SOFCs):
Electrolyte: A solid ceramic electrolyte, typically made of zirconium oxide or yttrium-
stabilized zirconia.
Operating Temperature: High, between 600-1000°C.
Applications: SOFCs are used in a variety of stationary power generation applications, 
including distributed power generation and auxiliary power units (APUs) for vehicles. 
They can run on various fuels, including natural gas, hydrogen, and biogas.



• Solid Oxide Fuel Cells (SOFCs):
– Electrolyte: A solid ceramic electrolyte, typically made of 

zirconium oxide or yttrium-stabilized zirconia.
– Operating Temperature: High, between 600-1000°C.
– Applications: SOFCs are used in a variety of stationary power 

generation applications, including distributed power generation 
and auxiliary power units (APUs) for vehicles. They can run on 
various fuels, including natural gas, hydrogen, and biogas.

• Direct Methanol Fuel Cells (DMFCs):
– Electrolyte: A solid polymer electrolyte similar to PEMFCs.
– Operating Temperature: Relatively low, similar to PEMFCs.
– Applications: DMFCs are specifically designed to run on 

methanol, making them suitable for portable and small-scale 
applications, such as laptop chargers and backup power 
systems.



• Bacterial Fuel Cells (BFCs):
– Electrolyte: Bacteria are used to facilitate the electrochemical 

reactions.
– Operating Temperature: Typically at ambient temperatures.
– Applications: BFCs are a relatively new and experimental type of 

fuel cell. They have potential applications in wastewater 
treatment, bioenergy production, and environmental 
monitoring.

• These classifications are based on the type of electrolyte and 
operating conditions. Each type of fuel cell has its own advantages 
and disadvantages, making it suitable for specific applications. The 
choice of fuel cell technology depends on factors such as efficiency 
requirements, fuel availability, and operating conditions.



• In the context of electrochemistry and electrochemical cells, theoretical 
electrical work and potential are related concepts that describe the energy 
changes associated with the movement of electrons during a chemical 
reaction. 

• Theoretical Electrical Work (W): This refers to the work done by or on an 
electrochemical system as a result of the movement of electric charge 
(i.e., electrons) through an external circuit. The theoretical electrical work 
can be calculated using the formula:

• W = -nFΔE
– W is the theoretical electrical work (in joules).
– n is the number of moles of electrons transferred in the chemical 

reaction.
– F is the Faraday constant (approximately 96,485 coulombs per mole of 

electrons).
– ΔE is the change in electrical potential (in volts) between the two 

electrodes of the cell.
• The negative sign in the formula indicates that work is done by the system 

when electrons flow from the anode to the cathode, as is typical in most 
electrochemical cells.



• Electrical Potential (E): This is a measure of the electric potential energy per unit 
charge at a specific point in an electrochemical cell. It is also known as voltage. 
Electrical potential is often measured in volts (V). In an electrochemical cell, there are 
two key types of potentials:
– Electrode Potential (E°): This is the standard electrode potential of a half-cell when 

it is in its standard state (usually at 1 M concentration, 1 atm pressure, and 298 K 
temperature). It is a measure of the tendency of an electrode to gain or lose 
electrons, and it is used to calculate the cell potential (Ecell) for a given redox 
reaction.

– Cell Potential (Ecell): This is the overall electrical potential difference between the 
two electrodes of an electrochemical cell. It is a measure of the cell's ability to 
generate electrical work. The cell potential is calculated by subtracting the 
standard electrode potential of the anode from that of the cathode:

– Ecell = E°cathode - E°anode
– A positive cell potential indicates that the cell can do work and is a spontaneous 

(favorable) reaction, while a negative cell potential indicates a non-spontaneous 
(unfavorable) reaction.

• The relationship between theoretical electrical work, electrical potential, and the 
direction of electron flow is fundamental to understanding how electrochemical cells 
function. When a cell operates, electrons flow from the anode (where oxidation 
occurs) to the cathode (where reduction occurs), and this electron flow is associated 
with the release of electrical energy, which can be harnessed for useful work, such as 
powering electronic devices or generating electricity in batteries and fuel cells.



• The theoretical efficiency of a fuel cell is determined by the 
thermodynamics of the electrochemical reactions occurring within 
the cell. It represents the maximum possible efficiency that can be 
achieved in converting the chemical energy of the fuel into electrical 
energy, assuming ideal conditions and no losses. The efficiency is 
typically expressed as a percentage.

• The theoretical efficiency of a fuel cell can be calculated using the 
Gibbs free energy change (ΔG) associated with the electrochemical 
reactions taking place in the cell. The Gibbs free energy change is 
related to the cell potential (Ecell) and can be calculated using the 
formula:

• ΔG = -nFEcell
• Where:
• ΔG is the Gibbs free energy change (in joules or kilojoules).
• n is the number of moles of electrons transferred in the chemical 

reaction.
• F is the Faraday constant (approximately 96,485 coulombs per mole 

of electrons).
• Ecell is the cell potential (in volts).



• The theoretical efficiency (η) of the fuel cell can be calculated 
as:

• η = (ΔG / ΔH) x 100%
• Where:
• η is the theoretical efficiency (in percentage).
• ΔG is the Gibbs free energy change.
• ΔH is the enthalpy change associated with the combustion or 

electrochemical reaction of the fuel (in joules or kilojoules).
• It's important to note that the enthalpy change (ΔH) depends 

on the specific fuel used and the reaction taking place. For 
example, in a hydrogen fuel cell, the fuel is hydrogen gas (H2), 
and the reaction produces water (H2O). The enthalpy change 
for this reaction is known.



• The theoretical efficiency of fuel cells can vary depending on factors such 
as the type of fuel cell (e.g., PEMFC, SOFC, etc.), the operating conditions, 
and the specific reactions involved. In practice, actual fuel cell efficiencies 
are typically lower than the theoretical values due to various losses, 
including:

• Activation over potential: Energy losses associated with the need to 
overcome electrochemical activation barriers.

• Ohmic losses: Resistance to the flow of ions and electrons within the cell.
• Mass transport losses: Limitations in the transport of reactants (fuel and 

oxidizer) to the electrode surface.
• Heat losses: Energy losses as heat due to the exothermic and endothermic 

reactions.
• These losses reduce the overall efficiency of a fuel cell system below its 

theoretical maximum. However, fuel cell technologies are continually 
being improved to minimize these losses and increase practical efficiency, 
making them more competitive and environmentally friendly as energy 
conversion devices.



• An anode is an electrode where an oxidation 
reaction takes place. The potential of an 
anode through which a current flows is higher 
than its equilibrium potential 

• A cathode is an electrode where reduction 
reaction takes place. The potential of a 
cathode through which a current flows is 
lower than its equilibrium potential 



https://www.slideshare.net/ArvindHeer/fuel-
cells-64644787
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