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Introduction

While relatively young, the mechanistic modeling approach has proven extremely versatile and effective for Lithium-ion battery diagnosis and prognosis.

It is a backward-looking modeling approach relying on digital twins built from different matchings of the electrode individual voltage responses.

The digital twins enable quantification of the degradation modes and open the gate for material-based diagnosis and prognosis without the need for complex models.

The method allowed to conceptually explain counter intuitive concepts such as hidden degradation mechanisms, overdischarge induced capacity, and the sudden apparition of knees.
Looking forward, the approach can still be improved and some new directions will be detailed here for the first time with proof-of-concept simulations.

This includes more varied synthetic datasets, blended and inhomogeneous electrodes and packs, voltage fade, as well as calculations outside of constant current.

These new features could allow a much wider field implementation of better diagnosis and prognosis tools for deployed systems.

Degradation mechanisms vs. degradation modes Cell degradation emulation using Digital Twins

Degradation modes refer to the impact of a mechanism rather than its root cause.
Every degradation mechanism will impact the amount of material able to react, the
amount of lithium able to go back and forth between the electrodes, and/or the
overall reaction kinetics.

As such, three main families of degradation modes can be defined: loss of active
material (LAM), loss of lithium inventory (LLI), and kinetics changes.

LAMs and kinetic limitations must be decomposed further at the electrode or
electrode component levels for blends.

Kinetic limitations must also address polarization and transport separately.
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Full cell emulation is based on half cell data for each electrode (or each LAMs are emulated by changing the size of one electrode (or

component of a blend) at different rates. component of the blend) compared to the other(s) and by

It only requires few parameters: adjusting the rate to account for changes in current density.

- The loading ratio (LR) that corresponds to the electrodes capacity ratio

- The offset (OFS) that corresponds to the electrode slippage,

- The rate for each electrode (or component of the blend),

- The resistance for each electrode (or component of the blend). Ohmic resistance changes are emulated by translating the
voltage responses up or down.

LLI is emulated by increasing the offset. This is because LLI is
increasing the slippage between the electrodes.

Faradic resistance changes are emulated by adjusting the rate
and the resistance together. To simulate faster/slower kinetics
data at a slower/faster rate is used then polarization is
adjusted so that the overall resistance stayed the same.

Degradation Modes

Blends are currently emulated by summing the pondered IC
signature of each component then integrating.
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Li plating & hidden mechanisms

Many commercial cells started to use blended electrodes,
whether on the positive or negative electrodes. o~ Parialy
The approach in the present model implies that the current has response overlapping
to be constant on both component of the blend throughout the b
entire SOC range

Recent work by Heubner et al. showed that the reality is more
complex and that three case figures needs to be considered:

- separated voltage responses (e.g. LFP+LMO)

- mostly overlapping responses (e.g. NMC +NCA)

- partially overlapping responses (e.g. NMC+LMO or Gr+SiOx)
Present approach is not accurate for 2" and 3" cases

With a mechanistic view, plating can only originate from two pathways:

NE full before PE is empty or NE potential < Li%/Li* potential

Plating does not induce capacity loss but turns the NE into a blended electrode.
Irreversible plating = LLI and different reversibilities can be simulated.

The mechanistic approach was proven efficient to simulate and forecast plating as
well as some of the possible accelerations in the capacity loss .
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The mechanistic approach can be upgraded with the
implementation of a paralleling model to be more accurate.
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While most usage of the mechanistic approach is done for constant current, this is
not a prerequisite. Other duty cycles could allow to investigate impact of degradation
modes on constant power or constant voltage steps. It could allow to apply the
approach on deployed systems with semi constant cycles or to optimize charges

based on electrodes cutoffs. With the manufacturing of larger and larger single cells and packs, the

electrochemical behavior of electrodes, or single cells, was shown to be
inhomogeneous. Paralleling several mechanistic models could allow to
investigate the impact of cell-to-cell variations, inhomogeneities in
degradation, localized defects, or lithium reservoirs on the response of
the full electrode using a segmented cell digital twin where each
segment is individually parameterizable.

Using the ability to simulate
different rates, the mechanistic
approach can be adapted to
simulate different duty cycles.
By aggregating charge and
discharge curves at different
rates, data following a specific
non current constant evolution
can be selected for each SOC
and the full V vs. SOC response
can be constructed point by J& "
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