Lecture #12

Modeling of Chemical Power Sources: Lead-Acid and Lithium-lon Batteries

Chemical power sources, such as lead-acid and lithium-ion batteries, are widely used for
energy storage in applications ranging from portable electronics to electric vehicles and grid
stabilization. Accurate modeling of these systems is essential for optimizing their
performance, lifetime, and safety.

This lecture focuses on modeling the electrochemical processes in lead-acid and lithium-ion
batteries, including charge-discharge dynamics, mass transport, and reaction kinetics.

Lead-Acid Batteries

Lead-acid batteries are one of the oldest and most established battery technologies. They
consist of lead dioxide (Pb0O;) as the positive electrode, sponge lead (Pb) as the negative
electrode, and sulfuric acid (H,SO,) as the electrolyte.

The main reactions during discharge are:

« At the positive electrode: PbO, + 4H* + S0,%~ + 2e” - PbS0, + 2H,0
o At the negative electrode: Pb + S0,%~ - PbS0O, + 2e~

Modeling focuses on the balance of species in the electrolyte and electrodes, described by:
0C/ot=V - (D_eff vVC) + R(C)

Where C is the concentration of species, D_eff is the effective diffusion coefficient, and R(C)

is the reaction rate.

Lithium-lon Batteries

Lithium-ion batteries are the dominant technology for portable electronics and electric
vehicles due to their high energy density and long cycle life. They consist of a graphite
negative electrode, a lithium metal oxide positive electrode (e.g., LiCoO.), and a liquid
electrolyte containing lithium salts.

The main reactions during discharge are:

* At the positive electrode: LiCoO, — Li;-xCo0, + xLi* + xe~
« At the negative electrode: xLi* + xe™ + C¢ — LiyCs

Modeling involves solving coupled equations for lithium ion diffusion, charge transfer, and
potential distribution, such as:
0C_Li*/0t=V - (D_Li* VC_Li")
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i =1io [exp(aFn/RT) - exp(-BFn/RT)]
Where 1 is the overpotential, and iy is the exchange current density.

lllustration: Lead-Acid and Lithium-lon Battery Schematic
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The above schematic compares the structures of lead-acid and lithium-ion batteries. Note the
differences in electrode materials, electrolyte compositions, and ion transport mechanisms.

Example Problem

Consider a lithium-ion battery with a graphite electrode and a lithium cobalt oxide cathode.
The diffusion coefficient of lithium ions in the electrolyte is 107 cm?/s, and the reaction rate
constant is 0.1 s™*. Calculate the concentration profile of lithium ions during discharge.

Conclusion

Modeling chemical power sources involves understanding the coupled electrochemical,
transport, and kinetic processes that occur in the system. Lead-acid batteries rely on well-
understood reactions and diffusion in aqueous electrolytes, while lithium-ion batteries
involve more complex intercalation and ion transport mechanisms.

These models are crucial for designing better batteries, improving energy efficiency, and
extending cycle life.
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