Lecture 15

Modelling of lithium-ion batteries in COMSOL Multiphysics using Lithium-ion
battery Interface

This example demonstrates the Lithium-lon Battery interface for studying the
discharge and charge of a lithium-ion battery for a given set of material properties.

The model includes the following processes:

* Electronic current conduction in the electrodes

* lonic charge transport in the electrodes and electrolyte/separator

* Material transport in the electrolyte, allowing for the introduction of the effects of
concentration on ionic conductivity and concentration overpotential, which in this case are
obtained from experimental data

 Material transport within the spherical particles that form the electrodes

» Butler-Volmer electrode kinetics using experimentally measured discharge
curves for the equilibrium potential.

The geometry is in one dimension (1D) and the model is isothermal. Battery
developers can use the model to investigate the influence of various design parameters
such as the choice of materials, dimensions, and the particle sizes of the active materials,
in this case carbon material in the negative electrode and lithium manganese oxide
(LiMn20O4 spinel) in the positive electrode. You can also benefit from simulating battery
performance under different operating conditions and in different devices, for example,
cell phones or laptop computers.

The example treats a detailed model of a discharge-recharge cycle for a lithium-
ion battery. The model is based on a study by J. Newman and others [1].
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Figure 1. Cross section of a lithium-ion battery showing the electrochemical
processes that occur during operation.
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This example models the battery cross section in 1D, which implies that edge
effects in the length and height of the battery are neglected. The example uses the
following domains:

* Negative porous electrode: 100 pm

+ Polymer electrolyte: 52 ym

» Positive porous electrode: 183 um

* Fickian diffusion describes the transport in the spherical particles. The diffusion
equation is expressed in spherical coordinates for the material balance of lithium in the
particles.

* Butler-Volmer electrode kinetics describes the local charge transfer current density
in the electrodes. The Butler-Volmer expressions are introduced as source or sink terms
in the charge balances and material balances.

The ionic charge balances and material balances are modeled according to the
equations for binary 1:1 electrolytes [1]. The material parameters for the electrolyte refer
to a plasticized EC/DMC electrolyte residing in a polymer matrix, and the electrolyte
volume fraction specified in the model hence refer to the sum of the liquid electrolyte and
polymer matrix volume fractions.

The material properties are those of a typical lithium-ion battery. The electrolyte
consists of 2 M LiPFe salt in 1:2 EC:DMC (by volume) solvent and p(VDF-HFP). The
electrode materials are carbon-based material for the negative electrode and LiyMn204
for the positive electrode.

The electrolyte conductivity and the equilibrium potential of the negative and
positive electrodes are composition dependent through experimentally measured data.
This data is tabulated in interpolating functions or the Material library in the model. The
properties vary significantly during charge and discharge due to the changes in
composition.

The battery is initially at a fully charged state. A first modeling approach is to
simulate discharge at various current densities and then display the discharge curves.
The results show the capacity of the battery at different discharge rates. This model
defines end-of-discharge as the time when the cell voltage drops below 3 V. The nominal
discharge current density, corresponding to case 1C below (a current density
corresponding to a theoretical full discharge in one hour), is 17.5 A/m?,
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Figure 2. Discharge curves for various discharge rates.
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Figure 2 shows that the maximum discharge capacity of 17.5 Ah/m? is obtained for
a current density of 1.75 A/m? (0.1 C). It can also be seen that the 3 V discharge capacity
decreases slightly when applying a 1C discharge current and dramatically when going
above that. At 4C, the battery delivers approximately 50% of the theoretical capacity
before it reaches a cell voltage of 3 V. The discharge curves are identical to those
presented in [2].

Figure 3 depicts the discharge-charge cycle applied in the next step of the
simulation. The cycle applies 2000 s of discharge at nominal current density (case 1C
above), 300 s at open circuit, then 2000 s of charge at nominal current density, and finally
open-circuit conditions.
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Figure 3. Cell voltage and current during the applied cycle.

During both discharge and charge, the cell voltage experiences ohmic losses of
approximately 100 mV and a concentration overpotential of about 50 mV. These losses
are clearly visible in the plot when the current is set to 0, where you can see an immediate
relaxation of the voltage due to the relaxation of ohmic losses followed by a slower
relaxation of the concentration overpotential.
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