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Li-ion batteries are omnipresent in our day-to-day lives, from mabile applicationsto connected toolsvia
micr o-mobility systems (e-scooter s, e-bikes, etc.). The widespread roll-out of electric vehiclesis
encouraging thistrend and accentuating safety challenges related to the use of such systems. Predicting
theinitiation and propagation of thermal runaway, the most feared phenomenon for thistype of battery,
isthus of considerableinterest to battery pack manufacturers, integratorsand users. After eight years of
development resear ch, IFPEN offer s solutions based on modeling and simulation.

Thermal runaway: origin and mechanisms at work
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In terms of safety, lithium-ion batteries carry much greater risksthan traditional aqueous electrolyte
batteries, such as lead-acid batteries. Firstly, their electrolyte is made up of afluoride salt dissolved in avolatile
and inflammabl e organic solvent. Secondly, the active materials present in their electrodes are highly reactive at
high temperatures [1].

An increase in temperature (figure 1) may have several causes: incident on a battery cell (crushing or perforation
leading to an internal short-circuit, contact with aflame or excessive heat), incorrect use (overcharge, over-
discharge, external short-circuit, etc.), or internal manufacturing defect (perforated separator).
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Figure 1. Causes of high temperature likely to generate thermal runaway [2]

In turn, this heating triggers chemical decomposition exothermic reactions that occur at the various internal
components. SEI (Solid Electrolyte Interphase), electrolyte, negative and positive electrodes, etc. If the heat
produced isin excess to the heat dissipated, these exothermic reactions continue, causing a cascading process,
and the system become self-heating, leading to an uncontrollablerisein temperature (figure 2). Due to the
fact that it is sealed, the pressure in the cell rises until venting, the cell opens to release the electrolyte in the form
of inflammable gases, generally leading to fire and toxic fumes as a result of the presence of



fluoride compounds.
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Figure 2: Cascade of reactions within a cell leading to thermal runaway [3]

Battery packs are made up of an assembly of dozens of cells positioned next to each other, in such away that
thermal runaway initiated in one cell gradually spreads to neighboring cells. This cascading propagation which is
difficult to control once triggered, is much feared and manufacturers therefore take every possible precaution to
prevent it, starting at the design stage.

Modeling to describe the thermal runaway phenomenon

To study this phenomenon and evaluate the safety of alithium-ion battery, industrial players conduct a series of
“abuse” tests on dedicated platforms! . However, these are complex, time-consuming and expensive, especially
since they irremediably lead to the destruction of the samples studied.



Over the last fifteen years or so, IFPEN'’s Electrochemicals and Materials Department has been developing
numerical models and simulation tools aimed at predicting and describing the nominal operation (electrical and
thermal behavior) and behavior during ageing (evolution of performance-related parameters) of batteries?. They
are widely used by the sector’ sindustrial players as a“battery pack” system design and study tool, particularly
for electric vehicles. It was thus alogical step for IFPEN to develop research concerning thermal runaway
simulation, adding the safety aspect to existing tools.

Launched with INERIS in 2013 viaafirst PhD project [4, 5] and continued via a second one [6], this research
was al so conducted within the framework of the European DEMOBA SE project coordinated by SAFT (2017-20)
[7] , leading in 2018 to the first commercial version of a*“thermal runaway model”. This model is able to
simulate the evolution of the heat released by the cell, the evolution of the cell’ sinternal pressure and the
evolution of the cell’ s voltage when operating under abuse conditions (figure 3).
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Figure 3. Evolution of cell temperature and voltage in the context of calibration of the thermal
runaway model (4)

It takes into account the principal successive phenomena occurring within alithium-ion battery cell during
thermal runaway (see figure 2) : the cascade of thermochemical decomposition reactions affecting the various
components, aswell as internal physical damage, such as the separator melting (leading to an internal short
circuit that releases additional energy) and rupture of the vent or packaging leading to the rel ease of pressurized
gases[8].

The events considered in the model as being able to initiate the thermal runaway process are an overheat, an
external short circuit or battery overcharge. A new PhD project (2021-24) in partnership with the LRCS (Solid
Reactivity and Chemistry Laboratory) will be aimed at completing this events list, the objective is to understand
and model the internal short-circuit initiation event, frequent in the event of a manufacturing defect.



Finally, since the model isintegrated into the globa simulation of battery operation (nominal and ageing
behavior), it now makesiit possible to predict the initiation and severity of thermal runaway as afunction of the
chemical nature of the components of the lithium-ion battery, its use conditions and degree of aging.

Simulation asa design tool for safe battery packs

The simulation tools developed by IFPEN integrate a physical model of the different phenomenataking place in
the cell and contribute to improved battery pack safety by enabling manufacturers to more easily study a broad
range of solutions during the pre-design stages. For agiven pack, it is easy to develop asimulator from a cells
model integrating their thermal runaway submodel.

Choicesin terms of design (spacing and positioning of cells, materials used, presence of a safety device such asa
firewall, etc.) or management (thermal, electrical, etc.) can then be explored in parametric studies based on
numerical simulation, which are very quick due to the simplicity of the underlying models. If necessary, there
then follows an in-depth look at the best solutions based on prototyping or 3D simulation approaches, resulting
in savingsin terms of time and the number of tests required.

This global approach was implemented and validated within the framework of the European DEMOBASE
project (figure 4) and continues to attract interest from industrial players for developments.
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Figure 4. Case study from the European DEMOBASE project A) architecture of the studied battery
module B) Diagram for the simulation of the module studied C) simulation of thermal runaway

propagation for two scenarios: with or without a cooling system

1. Such asthat of the INERIS (French National Institute for Industrial Environment and Risks)
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2. Today, these tools are marketed in the Electrical Storage library of the Simcenter Amesim system simulation software

developed by SISW (Siemens Industry Software).

https.//www.plm.automation.siemens.com/global /fr/products/si mcenter/simcenter-amesim.html
3. https://www.demobase-project.eu/

4. HWS (Heat Wait and Search) test using ARC (Accelerating Rate Cal orimeter)
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