Fuel Cells: Overview, Classification, Operating
Principles, and Thermodynamics

Overview of Fuel Cells

A fuel cell is an electrochemical device that converts the chemical energy of a fuel (commonly
hydrogen, but also including hydrocarbons, alcohols, and ammonia) and an oxidant (usually
oxygen from the air) directly into electricity, heat, and water through a pair of redox reactions.
Unlike batteries, which store a fixed amount of energy, fuel cells require a continuous supply of
fuel and oxidant to produce electricity and can operate as long as these are supplied. Fuel cells
are used in applications ranging from portable electronics and vehicles to distributed power
generation, backup power, and spaceflight systems[l1 12131

Key Benefits:

e High efficiency (especially at partial loads)
¢ Low pollutant emissions (water is the main byproduct for hydrogen fuel)
¢ Silent operation (few or no moving parts)

e Scalability from milliwatts to megawatts

Classification of Fuel Cells

Fuel cells are most commonly classified according to their electrolyte type, which determines

their operating temperature, power range, fuel, and application domain. The main types
includell 141 [S] [6].

Operatin
Type (Abbreviation) Electrolyte P N9 Main Features & Applications
Temp. (°C)
Proton Exchange Solid polymer 20 - 100 Fast start-up, portable electronics,
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Fuel cells can also be classified by:

e Operating temperature (low, medium, high)
¢ Fuel type (hydrogen, methanol, natural gas, ammonia, etc.)

¢ Application scope (portable, stationary, transport)

Operating Principles

Structure and Function

Each fuel cell consists of:

e Anode: Where fuel is supplied and oxidized, releasing electrons and ions.
e Cathode: Where oxidant is supplied and reduced, accepting electrons.

e Electrolyte: Conducts ions but blocks electrons, forcing electrons through an external
circuit (providing usable electric current).

e Catalyst (optional): Often required to facilitate reactions efficiently (e.g., platinum in
PEMFCs).

Typical Reaction Paths (for H2-Oz Fuel Cell):

1. Atthe anode:
$ \mathrm{H}_2 \rightarrow 2\mathrm{H}*+ + 2\mathrm{e}*- $

2. Electrolyte:
Conducts H* or OH- ions from anode to cathode.

3. At the cathode:
$ \mathrm{O}_2 + 4\mathrm{H}"*+ + 4\mathrm{e}"- \rightarrow 2\mathrm{H}_2\mathrm{O}
$

4. External Circuit:
Electrons flow from anode to cathode, generating electricity.

Byproducts: Water (and in some cycles, heat and small amounts of CO: if hydrocarbon fuels are
reformed) 2 [Z1 11
Fuel Cell Stacks

¢ Individual cells generate ~0.7V.

e Cells are stacked in series to produce higher voltages suitable for practical applications.



Fuel Cell Thermodynamics

Fuel cell performance and efficiency are governed by the principles of thermodynamics,
particularly the first and second laws8l 18],

A. Energy Conversion

¢ Fuel cells directly convert chemical energy (from fuel) to electrical energy, bypassing the
Carnot limit applicable to heat engines.

¢ Electrical output is determined by the change in Gibbs free energy (AG) of the cell reaction.

o Overall efficiency ($ \eta $) is given by the ratio of usable electrical work to the enthalpy
change (AH) of the reaction.

B. Important Thermodynamic Quantities

o Enthalpy change (AH): Total energy released by the reaction (both electrical and heat).

e Gibbs free energy (AG): Maximum electrical work obtainable under reversible (ideal)
conditions at constant temperature and pressure.

 Cell Potential (E):
$ E = \frac{\Delta G}{nF} $
Where $ n $ = number of electrons exchanged per mole of fuel, $ F $ = Faraday's constant.

C. Efficiency

¢ Theoretical (maximum) efficiency:
$ \eta_{max} = \frac{\Delta G}{\Delta H} $
For hydrogen fuel cells at standard conditions, this is around 83% (AH = -286 kJ/mol, AG =
-237 kJ/mol).

¢ Practical efficiency: Typically 40%-60% for most commercial stationary fuel cells, higher
with combined heat and power (CHP) utilization. Actual operating voltage is lower than the

reversible cell voltage due to practical (irreversible) losses (activation, ohmic, concentration)
[81[e] [1

D. Operating Conditions

o Efficiency and output vary with temperature, pressure, and gas concentrations.

e High-temperature cells (MCFC, SOFC): Better fuel flexibility, internal reforming, and higher
efficiency—at the cost of more complex material demands and start-ups.

E. Advantages Over Combustion Engines

¢ Fuel cells are not heat engines; they can, in theory, exceed Carnot efficiency for direct
chemical-electrical conversion.

e Waste heat can still be recovered for heating applications, further improving total energy
utilization.



In summary:

Fuel cells offer a direct, efficient pathway from chemical fuels to electricity, with a wide range of
types suited for different needs. Their thermodynamics, centered on the Gibbs free energy
change, allow them to achieve high electrical efficiencies and low emissions relative to
combustion-based systems 1 [21 [41[8]
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