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RÉSUMÉ 

L’emballement thermique est un phénomène inhérent aux cellules lithium-ion à électrolyte liquide. 

Il se caractérise par une montée soudaine en température suivie d’une éjection de gaz à haute vitesse 

généralement accompagnée d’une flamme. Le phénomène ne dure que quelques secondes (i.e. 

entre 5 s et 30 s) mais libère une grande quantité d’énergie (i.e. jusqu’à 100 kJ) et de gaz 

inflammables et toxiques. 

Dans ce travail, une revue de littérature sur l’emballement thermique est d’abord présentée. Celle-

ci décrit le phénomène, retrace les différentes normes industrielles liées à cette instabilité thermique 

et présente les effets de paramètres tels que l’état de charge (SOC) et le vieillissement sur le 

comportement des cellules durant l’emballement thermique. Ensuite, des tests expérimentaux 

permettant d’étudier les effets du taux de chauffe et du vieillissement sont réalisés à l’aide d’un 

calorimètre à cône couplé à un système de chauffe. La composition du relâchement gazeux est 

étudiée grâce à un spectromètre de masse et deux spectromètres à particule permettent d’obtenir 

les distributions de taille. Des mesures de température par thermographie infrarouge sont aussi 

réalisées à l’aide d’une caméra multispectrale. Enfin, trois modélisations numériques de la 

combustion sont implémentées dans l’environnement Cantera.  

Cette étude montre que le taux de chauffe a une influence sur la température initiale de 

l’emballement thermique, celle-ci étant plus importante lorsque la montée en température est plus 

rapide. Le taux de chauffe impacte aussi la chronologie de l’emballement thermique (i.e. 

emballement thermique spontané ou non). Les effets du vieillissement ne sont pas clairement 

identifiés dans le faible nombre d’expériences réalisées mais l’énergie dégagée durant 

l’emballement thermique semble être minimale pour les cellules vieillies de manière cyclique. 

Plusieurs espèces gazeuses (H2, H2O, CO2, DMC, C3H6, C6H6 et LiF) sont identifiées durant deux 

phases distinctes de dégazage. Deux pics de concentration sont identifiés dans la distribution de 

taille de particules, le premier se situant pour des particules de diamètre inférieur à 50 nm et le 

deuxième pour des particules de diamètre compris entre 100 nm et 150 nm. Enfin, les modélisations 

de combustion permettent d’approximer les températures de flamme produites lors des expériences 

d’emballement thermique et d’identifier les produits de combustion. 
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ABSTRACT 

The thermal runaway is a phenomenon inherent to lithium-ion cells with liquid electrolyte, 

characterized by a sudden rise in temperature followed by a high-speed gas ejection that generally 

results in a flame. The phenomenon lasts only a few seconds (i.e. between 5 s and 30 s) but releases 

a large amount of energy (i.e. up to 100 kJ) as well as flammable and toxic gases. 

In this work, a state of the art on the thermal runaway of Li-ion cells is first presented. It describes 

the phenomenon, gives an overview of the different industrial standards associated with this 

thermal instability, and presents the effects of parameters such as the state of charge (SOC) and 

cell ageing. The second part presents experimental tests that allow the effects of heating rate and 

ageing to be studied, carried out using a cone calorimeter coupled to a heating system. The 

outgassing composition is studied with a mass spectrometer and the particle distributions are 

obtained using two particle-size spectrometers. Temperature measurements based on infrared 

thermography are performed with a multispectral camera. Finally, three numerical models for the 

combustion of the outgassing are implemented in the Cantera software. 

This study shows that the heating rate has an influence on the initial temperature of the thermal 

runaway, the latter being higher when the temperature increases more rapidly. The heating rate also 

impacts the timeline of the thermal runaway (i.e. spontaneous thermal runaway or not). The effects 

of ageing are not clearly identified because of the relatively small number of tests, but the heat 

release seems minimal for cells subjected to cyclic ageing. Several gas species (H2, H2O, CO2, 

DMC, C3H6, C6H6 and LiF) are identified during two distinct degassing phases. Two peaks are 

identified in the particle size distribution, the first one being for particles with a diameter smaller 

than 50 nm and the second one for particles with a diameter between 100 nm and 150 nm. Finally, 

the combustion models allow an approximation of the flame temperatures reached during the 

thermal runaway tests and the identification of the combustion products. 
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1 

 INTRODUCTION 

The strong incentives to use renewable energies to replace fossil fuels and the rapid growth in 

portable electronic devices during the past three decades have pushed the development of light 

and rechargeable batteries with high energy density [1]. The lithium-ion (Li-ion) battery 

technology has become the main electricity storage technology in several fields: cell phones, 

laptops, electric vehicles, aeronautics, etc. This technology replaced metallic lithium batteries, 

which have safety issues caused by dendrites formation. It provides better energetic 

performances, in terms of mass and volumetric energy densities, than older battery technologies 

such as lead-acid, nickel-cadmium or nickel-metal hydride batteries, as shown in Figure 1.1 [1, 

2]. Li-ion battery can also deliver higher electrical voltage (up to 3.6V) than these other 

technologies, which means that they are useable in high-power applications. Moreover, Li-ion 

batteries don’t require a large amount of poisonous metals such as lead, mercury or cadmium 

[3]. 

 

Figure 1.1: Volumetric energy density as a function of specific energy density (Ni-Cd: nickel-

cadmium; Ni-MH: nickel-metal hydride; PLiON: lithium polymer) [4], reproduced with 

permission 

Nevertheless, Li-ion cells with liquid electrolyte are subject to thermal runaway, a thermal 

instability that represents a significant risk when the cells are under abusive conditions (e.g. a 

fire, a mechanical damage, a short-circuit, or an overcharge) [1, 3, 5]. During this phenomenon, 

the cells experienced a rapid increase of temperature followed by a violent gas venting, often 

resulting in the apparition of a large flame. The consequence of such a phenomenon can be 
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catastrophic when a cell is part of a battery pack, triggering a potential chain reaction to the 

adjacent cells. Moreover, the outgassing is composed of both flammable and corrosive gas 

species, which is problematic when the cells power a vehicle or a portative device, as shown in 

Figure 1.2. This phenomenon is therefore a serious concern that limits the use of the lithium-

ion technology in many fields where security is paramount. 

 

Figure 1.2: A fire induced by the Li-ion battery of a Tesla car 

The principal components of a Li-ion cell are the electrodes (anode and cathode), the electrolyte 

and the separator. The structure of a 18650 Li-ion cell is shown in Figure 1.3. The anode is 

generally composed of carbonaceous materials such as graphite. The composition of the 

cathode depends on the technology of Li-ion cells, but both electrodes are constructed from a 

polymer binder with a metallic support to allow the electrical current to pass. They can also 

require a conductive agent such as black carbon (BC) to enhance electric conductivity. The 

electrolyte is a mix of an organic solvent with a lithium salt. The solvent is typically composed 

of several alkyl carbonates, including ethylene carbonate (EC), propylene carbonate (PC), 

dimethyl carbonate (DMC) and diethyl carbonate (DEC) and the most common salt is lithium 

hexafluorophosphate (LiPF6) [6]. The separator is composed of a porous material such as 

polyethylene (PE) and polypropylene (PP), which allows the ions to pass but inhibits electric 

conduction. Moreover, during the first cycles of charge/discharge, a passivation layer called the 

“solid electrolyte interphase” (SEI) is naturally formed on the anode surface by the products of 

the electrolyte decomposition. This layer is very important because it allows the lithium ions 

transport but blocks the electrons which could decompose the electrolyte and also prevents 

reactions between the anode and the electrolyte which could lead to a capacity loss [1, 3, 5].  
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Figure 1.3: Structure of a 18650 Li-ion cell [7], reproduced with permission 

Li-ion cells store electricity through the redox reactions which take place between the 

electrodes. Moreover, the Li-ion technology relies on solid chemical reactions known as 

insertion/disinsertion reactions: the lithium atoms are intercalated in the material structure of 

the anode and the cathode. During the charging process, Li+ ions go from the cathode to the 

anode through the electrolyte while electrons go from the cathode to the anode through the 

external circuit. The process is inverted during the discharge. This is known as the “rocking 

chair” process [3, 5]. 

The present work is motivated by the need to increase the understanding of the thermal runaway 

of Li-ion cells. Such understanding is essential to properly assess risks associated with this 

energy storage technology, in an era when it is being deployed on a large scale in a broad range 

of technological fields. The focus will be towards applications in the aeronautic and aerospace 

industries, where the safety of the passengers is paramount. Both aircraft manufacturers and 

certification agencies are notoriously conservative when it comes to embracing new 

technologies. The electrification of air transport must therefore include an exhaustive 

assessment of fire risks and the development of design procedures and mitigation strategies to 

minimize them.  

For this purpose, both experimental investigations and numerical simulation tools are needed, 

with the former providing data to guide the development and validate the latter. The 

investigation presented here will mainly follow an experimental approach, to address critical 
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research needs identified through an exhaustive literature review. By implementing advanced 

diagnostic tools to simple thermal runaway experiments mimicking the conditions of 

certification tests, it becomes possible to go beyond the limited pass/fail verdicts they provide 

and increase the fundamental understanding of the physical and chemical processes at play. 

This work aims to determine the effects of both the heating rate and the ageing background on 

the behaviour of Li-ion cells during thermal runaway. The outgassing of the cells is also studied 

in an effort to identify the gas species released during this phenomenon as well as the particle 

size distribution. Moreover, the simple numerical combustion models developed are compared 

to experimental results and provide approximations of flame temperature and burnt gas 

composition. 

In this work, tests were performed on a cone calorimeter that was modified to measure the 

combustion heat released during the thermal runaway of 18650 Li-ion cells, which are widely 

commercialized and have a cylindrical format with an 18mm diameter and a 65mm height. A 

cell holder was designed to heat the cells at a constant rate and to monitor their temperature 

during the experiments. In addition to these instruments, a mass spectrometer and two particle-

size spectrometers were used to study the cells outgassing, and a multispectral camera allowed 

infrared measurements. The test protocol was adapted from the DO-311A standard [8] and 

calorimetry measurements were performed in respect of the ISO 5660-1 standard [9]. Three 

numerical combustion models were also implemented using the Cantera software, an open-

source suite of tools that can be used in Python or MATLAB for problems involving chemical 

kinetics, thermodynamics, and transport processes. 

This master’s thesis is composed of eight chapters, including the present introduction as the 

first. The second chapter is a state of the art on the thermal runaway of Li-ion cells. The third 

chapter provides the test protocol and the instruments that were used as well as the modelling 

approaches. The fourth chapter is presented as a scientific article and deals with the effects of 

heating rate, gas emissions and particle distribution. The fifth chapter is about the effects of 

ageing on the thermal runaway of Li-ion cells. The sixth chapter presents the combustion 

models that were implemented and compares the simulations with the experimental results. The 

seventh chapter is a general discussion of the results. The eighth chapter presents the most 

significant results and discusses the impact of this work.  
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 LITERATURE REVIEW 

 The thermal runaway phenomenon 

2.1.1 General description 

Lithium-ion (Li-ion) batteries have become a reference for electrical energy storage because of 

their high energy and power density, as well as their high cell voltage [2, 3, 5, 10, 11]. These 

features are due to several factors specific to lithium: a relatively low density; a small ionic 

radius; a high electro positivity. This allows batteries with high energy density a lot smaller and 

lighter than other technologies such as lead-acid, Ni-Cd or Ni-MH [1]. 

When Li-ion cells exceed a certain heating rate, the heat produced inside the cell becomes more 

important than the heat that can be dissipated to the environment and this leads to a thermal 

runaway [2]. Heat is naturally produced inside the cell during the charge or discharge phases 

but can also be produced when a manufacturing defect, a mechanical damage or an abusive use 

induce a short-circuit. An external factor such as a fire can also provide additional heat to the 

cell. This phenomenon is fundamentally an uncontrolled exothermic reaction: the heat inside 

the cell is produced by exothermic reactions, this heat increases the temperature and therefore 

the reaction rates, which in turn further increases the thermal power to dissipate, and this cycle 

continues until the end of each reaction [3]. For Li-ion cells undergoing thermal runaway in an 

oxidative atmosphere, this endpoint will be the complete burning of combustible materials 

within the cell. This cycle is known as the heat-temperature-reaction loop [11]. Figure 2.1 

illustrates this phenomenon. 

 

Figure 2.1: Schematic representation of the heat-temperature-reaction loop 

This phenomenon is a significant obstacle to the development and increased use of Li-ion 

batteries because it mandates an extensive safety analysis and risk mitigation strategy in most 
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applications. Indeed, these batteries are often deployed into portable devices or electric vehicles 

(EV) [11], where thermal runaway can constitute a danger to the users. A risk multiplier is the 

fact that Li-ion cells are often assembled into batteries or battery packs. In these situations, the 

thermal runaway of a cell can propagate and generate a thermal runaway of the whole assembly, 

potentially leading to large scale fires [2, 12, 13]. The literature shows that the self-induce 

failure risk of EV is lower than the one for a conventional internal combustion engine vehicle 

[11], but the thermal runaway of Li-ion battery is still misunderstood so the perceived danger 

by users is often higher. In Table 2.1, a few examples of Li-ion battery incidents are presented. 

The majority occurs in the fields of transportation and portable devices and because they are 

often spectacular, these incidents are reported in mainstream news media. 

The thermal runaway of Li-ion batteries involves other phenomena besides the visible fire. 

When it occurs, several gases are released. Some of these gases are flammable (CO, H2, C2H4, 

CH4, C2H6, C3H6, etc.) and can lead to an explosion if they are released inside a confined space 

[8, 14-16]. Other gases produced are toxic and corrosive (HF, HCl, NO, SO2, etc.), representing 

a significant risk for people exposed to them, especially if they are trapped in a confined space 

[8, 17-19]. 
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Table 2.1: Incidents on Li-ion cell batteries (adapted from [11, 20, 21]) 

Date Location Accident replay 

June 2008 Columbia, US 
The Li-ion battery pack of a modified Prius caught fire 

while driving on the highway. 

May 2011 Burlington, US A Chevy volt caught fire and destroyed adjacent cars. 

May 2012 Shenzhen, China 
A BYD E6 taxi caught fire after hitting a tree, killing 3 

occupants. 

January 

2013 
Boston, US 

The APU battery pack caught fire and filled the cabin of a 

Boeing 787 Dreamliner with smoke. 

January 

2013 
Takamatsu, Japan 

The main battery pack caught fire during a Boeing 787 

flight from Yamaguchi-Ube to Tokyo. 

October 

2013 

Seattle/Tennessee, 

US 

Two Tesla Model S ran over large metal objects at 

highway speed and caught fire. 

April 2015 Shenzhen, China 
Wuzhou Dragon EV bus caught fire during charging in a 

garage. 

September 

2015 
Hangzhou, China The battery pack of an HEV bus caught fire. 

January 

2016 
Gjerstad, Norway 

A Tesla model S caught fire while fast charging at a 

Supercharger station. 

April 2016 Shenzhen, China A Wuzhou Dragon EV bus caught fire. 

June 2016 Beijing, China An iEV5 caught fire before the landmark of Sanlitun. 

July 2016 Nanjing, China The battery pack of an EV bus caught fire after heavy rain. 

July 2016 Rome, Italy An EV police car caught fire in the street. 

March 2018 
Salt Lake City, 

US 

A lithium battery caught fire in a passenger suitcase loaded 

in the cargo hold of an aircraft. 

February 

2020 
Florida, US 

A passenger’s backup power source caught fire in an 

Airbus 320 flight. 

2.1.2 Causes and successive steps for thermal runaway 

The thermal runaway phenomenon is explained here by detailing the different processes that 

occurs inside the cell. Li-ion cells are a complex assembling of solid and liquid components. 

Hence, it is complicated to understand the sequence of reactions that occur during the thermal 

runaway, but several studies have shed light on the phenomenon. Different pre-failure processes 

are shown in Table 2.2. 
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Table 2.2: Pre-failure processes and their description [3, 11, 16, 22] 

Pre-failure 

process 
Description 

Heating 

If enough heat is produced in the environment (by a fire close to the cell 

for example), it will prevent the cell from cooling down normally. In this 

situation, the cell will heat up and reach thermal runaway.  

Internal or 

external short-

circuit 

A defect inside the cell can lead to a short-circuit, producing heat that can 

trigger the thermal runaway. A defect in the wiring outside the cell can 

also produce large amount of heat. 

Deformation 
If the cell undergoes a mechanical damage like an impact or a perforation, 

it can induce an internal short-circuit. 

Overcharge or 

overdischarge 

When a cell is charged or discharged, heat is produced inside the cell. If 

the current becomes too important, the heat generated can be enough to 

trigger thermal runaway. 

Detailed investigations of the failure modes found in the literature reveal that the four 

mechanisms above may not be the unique triggers for thermal runaway. Indeed, a phenomenon 

of chemical crossover between the cathode and the anode is also suspected to generate enough 

heat to start the thermal runaway [23]. Specifically, the oxygen released by the cathode can 

react with the anode to create a sharp heat generation enhancement that could be the trigger of 

thermal runaway. However, this phenomenon is not sufficiently studied to be considered by 

consensus a trigger for TR onset. 

The thermal runaway can be divided into different phases. First, the battery begins to generate 

heat at a slow rate. In this phase, a small venting event of gases produced within the cell can 

occur, but the cell is still not in an irreversible runaway state. Second, if this heat generation 

continues until the cell reaches a critical temperature, thermal runaway is triggered (between 

150°C and 300°C, depending on the technology of the cell). The events leading to catastrophic 

failure can last a few seconds to several minutes depending on the pre-failure process. When 

this threshold is reached, a rapid increase of temperature is observed, and a very large quantity 

of gas is released through a major venting event. The temperature can reach approximately 

1000°C and a production of sparks can also be observed. The risk of fire or explosion is very 

important due to the production of flammable gases and high temperatures. This third phase 

lasts a few seconds, then the cell slowly cools down or the solid and liquid remnants of the cell 

begin to burn if an oxidizer is present [5, 24]. 
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Li et al. presented an interesting interpretation of the thermal runaway of Li-ion cells, by 

comparing the phenomenon with the combustion process occurring in internal combustion 

engines [25], showing similarities between the two phenomena. In an internal combustion 

engine, a cycle can be divided in four steps: intake, compression, combustion, and exhaust. In 

the same way, Li-ion cell failure can be seen like a unique cycle with four steps: assembly of 

the cell, abuse, thermal runaway, eruption of the gases. 

The sequence of major events internal to the cell occurring during thermal runaway can be 

described as follows [3, 11]. First, the exothermic reaction begins with the SEI layer breakdown. 

This reaction occurs at a relatively low temperature (between 100°C and 150°C). In this step, 

the temperature increases slowly and there is no visual manifestation of the reaction. When the 

temperature reaches approximately 150°C, the intercalate lithium in the anode begins to react 

with the organic solvent of the electrolyte. This reaction leads to the SEI regeneration and the 

production of light hydrocarbons, perhaps presenting an explanation for the small venting 

event. This continues until the temperature is high enough for the separator to melt. The 

separator is commonly composed of polyethylene (PE) and polypropylene (PP), that melt 

respectively at approximately 130°C and 160°C. This reaction is endothermic and produces a 

short slowdown in the temperature increase [11]. The melting of the separator leads to an 

internal short-circuit between the two electrodes and this produces more heat. When the 

temperature is high enough (between 150°C and 300°C depending on the cathode composition), 

the cathode breaks down, which releases gases including oxygen and produces a large amount 

of heat. In addition to reactions within the anode, the electrolyte decomposition produces 

flammable and toxic gases. When the pressure exceeds the threshold of the security vent, a 

major venting event occurs and releases the produced gases into the atmosphere. Then, these 

gases can ignite, providing a strong heat feedback to the cell, which can then reach very high 

temperatures. 

Other reactions are also reported in the literature. The binder can react with the electrodes and 

produces additional heat. When the SEI layer decomposes, it can also lead to a reaction between 

the carbon/graphite in the anode and the electrolyte [3]. 

In Figure 2.2, the heat generated by each reaction is presented qualitatively [11, 26], revealing 

that these different reactions can occur simultaneously, and yield the heat-temperature-reaction 

loop that was mentioned previously. In addition to these reactions, that all occurs in the solid 

phase of the cell, the internal short-circuit releases the electrical energy stored in the cell and 
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the combustion of the gases emitted both release additional heat, respectively within and close 

to the cell undergoing thermal runaway. 

 

Figure 2.2: Heat generated by the different reactions and temperature of reaction (abbreviations 

in Table 2.3) [11], reproduced with permission 

Table 2.3: Abbreviations used in Figure 2.2 [11] 

Abbreviation Description 

ISC Internal short-circuit 

Tonset The onset temperature of reaction 

Tpeak The peak temperature of the reaction 

Tend The terminal temperature of the reaction 

Q The maximum heat generation power 

ΔH The enthalpy of the total energy released during reaction 

SEI-d The decomposition of SEI 

SEI regen The decomposition and regeneration of SEI 

PE The melting of the PE separator or PE base 

PP The melting of the PP separator or PP base 

LTO The decomposition of the Li4Ti5O12 (LTO) anode with electrolyte 

LCO The decomposition of the LCO cathode with electrolyte 

NCA The decomposition of the NCA cathode with electrolyte 

NCM111 The decomposition of the NCM111 cathode with electrolyte 

Ele. Decomp. The decomposition of the electrolyte 

Gr/C+Ele The decomposition of the graphite/carbon anode with the electrolyte 
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2.1.3 Gas production during thermal runaway 

During the thermal runaway, a cell releases several different gases. A large proportion of the 

total released gases is made up of CO2 and CO. Hydrocarbons and flammable species such as 

C2H4, CH4, C2H6, C3H6 and hydrogen H2 are also generated [15, 16, 27], as well as very toxic 

and corrosive gases, including HF, HCl, NO or SO2 [17, 18, 28, 29]. Moreover, a small quantity 

of O2 is produced by the cathode decomposition [3], contributing to the risk of fire. 

The literature provides information on the source of these gases [3, 15, 17, 24, 27, 28, 30] but 

there are significant uncertainties. Indeed, although the detection of the different gases is based 

on precise analytical chemistry instrumentation, the detection of their source is more complex. 

Moreover, gas release often occurs through discrete short-lived events, and as a result the 

quantification of the cell outgassing in terms of composition and volume is often uncertain, 

with its origins somewhat speculative. To be more precise, certain studies focused on a single 

component of the Li-ion cell, for instance the combustion of the electrolyte. Nevertheless, 

different parts and different phases can react together during thermal runaway and lead to the 

production of other gases. 

The current understanding of the origins of the different species emitted is as follows. HF, HCl, 

NO or SO2 may come from the decomposition of the additives or the lithium salt in the 

electrolyte. HCl may also come from the binder, the separator, and the packaging of the cell. A 

possible source for H2 is the reaction between the binder and the intercalated lithium. CH4 may 

be produced by the reduction of the electrolyte. C2H4 and C2H6 may come from reactions 

between the components of the electrolyte with the anode. CO2 can be generated by the 

decomposition of the different components of the cell or by the combustion which can take 

place during the thermal runaway. CO may come from the reduction of CO2 on the anode, from 

the decomposition of the cathode or from the reaction of carbonaceous material with the O2 

released by the cathode. CO may also come from the incomplete combustion of other gaseous 

species. Literature shows that during the thermal runaway, CO is first produced inside the cell 

where there is an oxygen-lean atmosphere and then, CO2 is produced when the combustion 

takes place outside the cell in the oxygen-rich atmosphere [29]. 

The quantity of oxygen generated by the decomposition of the cathode is generally not 

sufficient to permit combustion within the cells or in an inert atmosphere. Generally, the 

combustion takes place outside the cell with the oxygen supplied by the atmosphere. The 



12 

 

 

ignition source for the combustion can be an electric arc created by the short-circuit inside the 

battery or sparks generated by the friction of the high-speed gases released through the vent 

valve [11].  

The electrolyte appears to be the source of a large quantity of several combustible gases, a 

problem difficult to avoid since electrolytes are often liquid hydrocarbons and this component 

of the cell plays a major role in its normal operation. Solid-state electrolytes are a promising 

solution to overcome the fire risk induced by the use of a liquid hydrocarbon electrolyte but this 

technology is under development and its performance is still lower than that of liquid-state 

electrolytes [31].  

2.1.4 Safety approaches implemented in Li-ion cells 

Several features integrated in Li-ion cells conception reduce the risk of thermal runaway. A lot 

of work has been done on the choice of materials used in the cells. For example, the use of 

materials resistant to high temperature in the separator delays the risk of internal short-circuit 

to higher temperatures [2]. Additives in the electrolyte can also increase its thermal stability 

and enhance the security of Li-ion cells [5]. Other approaches integrated into the cell conception 

to prevent major security events are detailed in the following paragraphs. 

The “current interruption device” (CID) allows switching off the current in the cell if the 

internal temperature becomes too high [5] or if there is an overcharge during cell use [32]. 

When a CID is integrated into a cell conception, the cell contains additives which generate gas 

pressure before thermal runaway is irreversibly started [32]. The CID is then triggered by the 

internal pressure of the cell, with a threshold typically at approximately 7 bars [22]. This device 

irreversibly disables the cell. The “positive temperature coefficient” (PTC) approach allows the 

current to be limited if the temperature becomes too high [5, 32]. This reversible protection 

device is composed of a ring of metal laminated into a polymer located in the positive cell 

terminal. When the temperature rises, the electrical resistance of this device increases sharply, 

thus limiting the current but generating heat [32]. The “security vent” aims to avoid cell 

explosion by releasing the gases produced inside the cell [5, 18, 22]. It is basically a security 

valve which opens when the internal pressure exceeds a threshold value of several tens of bars 

[5].  

Figure 2.3 illustrates the different security components mentioned previously. 
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Figure 2.3: Cross-section of a typical 18650 Li-ion cell showing the PTC and the CID [33], 

reproduced with permission 

It is important to note that all these security devices only work up to a certain extent. When the 

conditions become too abusive, for instance if there is an external fire or heat source, these 

systems cannot stop thermal runaway. 

2.1.5 The ageing phenomenon 

The ageing phenomenon of Li-ion cells can be decomposed in two parts. There are “calendar” 

and “cyclic” effects. The calendar effects represent the conditions that develop even if the cell 

is not used: they depend on the cell state of charge and the conditions of the environment in 

which it is stored. These effects are important because they build up over a significant part of 

the life of a Li-ion cell. Cyclic effects occur because of the charge/discharge cycles of the cell. 

Several factors must be considered: the number of cycles, the current of charge/discharge, the 

maximum state of charge and the minimum state of discharge, the temperature of the 

environment where the charge/discharge takes place, etc [5]. Therefore, it is important to have 

an exhaustive background of the Li-ion cells use history to assess its thermal runaway 

behaviour, as discussed in the following section. 

Ageing leads to an increase of the cell electrical resistance, higher energy loss during charging 

and discharging and a decrease power for the cell [34]. This is due to several of complex 

mechanisms which take place in the cell chemistry. The major ones are the loss of cyclable 

lithium ions in the electrolyte and the deterioration of the electrodes [5]. On the negative 
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electrode, an increase in the SEI thickness can be observed due to the electrolyte decomposition 

and the loss of active material [2]. For low temperature cycling, a deposition of solid lithium 

(Li plating) on the anode was also highlighted [35]. On the positive electrode, structural 

damages can be noticed due to the insertion/disinsertion of lithium, as well as the formation of 

a film on the electrode surface because of electrolyte decomposition and a loss of active material 

[2, 36]. 

 Certification standards 

This section reviews certification standards that are applied for Li-ion cells and battery systems 

used in the industry. These standards provide performance and safety requirements and are 

particularly important in the aerospace sector. Indeed, governments impose testing prior to 

product certification, with the DO-311A standard a major reference for Li-ion cells and 

batteries.  

2.2.1 The DO-311A standard 

The DO-311A standard is provided by the Radio Technical Commission for Aeronautics 

(RTCA), a non-profit organization based in the United States. This organization sets up 

technical guidelines which are used by the government regulatory authorities and the industry 

[37]. The DO-311A is an international standard for rechargeable lithium batteries and battery 

systems. It establishes testing methods for the verification and characterization of the safety and 

performances of the batteries. These tests are carried out by battery manufacturers, aircraft 

manufacturers and end users within the aviation community. It applies for rechargeable 

batteries which are included in the design of the aircraft [8]. 

Two different requirements are tested in this standard [8]. First, the performance requirements 

test allows the verification of the battery performance. During this test phase, in addition to the 

nominal operating conditions, all the protection systems integrated in the battery are tested by 

submitting them to abusive conditions (overcharge, overdischarge, short-circuit, etc.). Second, 

the battery is submitted to abusive conditions with all the protection systems removed during 

the security requirements test. The security requirements test is the section of interest in the 

present work. All the procedures are described in Table 2.4. 
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Table 2.4: Procedures from the DO-311A standard 

  Procedure Verification 

Performance 

requirements 

Physical 

examination 

Mass, dimensions, marking, manufacturer's 

workmanship standards 

Acceptance test Functionality in nominal condition 

Insulation 

resistance 
Insulation resistance between the poles 

Handle strength Handles of the battery 

Rated capacity Rated capacity shall comply the design documentation 

Capacity at low and 

high temperatures 
Capacity shall comply the design documentation 

Constant voltage 

discharge 
Current of discharge for a constant voltage discharge 

Charge acceptance Chargeability 

Charge retention Storage of energy during a given time 

Cycling Cyclability 

Rapid discharge at 

high temperature 
Battery must operate in these conditions 

Short-circuit 

protection 
Functionality of the protection 

Overdischarge 

protection 
Functionality of the protection 

Overcharge 

protection 
Functionality of the protection 

Safety 

requirements 

Short-circuit Material ejection, flame and gas emission 

Overdischarge Material ejection, flame and gas emission 

Single cell thermal 

runaway 

containment 

Material ejection, flame and gas emission 

Battery thermal 

runaway 

containment 

Material ejection, flame and gas emission 

Explosion 

containment 
Material ejection, flame and gas emission 

Drop impact 

containment 

Material ejection, flame and gas, smoke, soot or liquid 

emissions 

During the security requirements tests, the macroscopic behaviour of the battery is observed 

qualitatively. Thus, they are binary tests: either the battery passes the test, or the battery fails. 

For example, at the end of the “single cell thermal runaway containment”, the battery system 

shall have contained the different fragments and the possible flames, and the gas emission shall 

comply with the battery manufacturer declarations about venting [8]. 
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It is important to note that this standard does not apply to an individual lithium cell but to a 

battery. Nevertheless, a method to trigger the thermal runaway of a single cell via overheating 

(“Test method for single cell thermal runaway via overheating”) is described. In this test, the 

overheated cell is part of a battery assembly, but the method can be adapted to study the thermal 

runaway of a single cell [8]. 

Several aircraft and battery manufacturers have expressed concerns about the DO-311A 

standard. Among these manufacturers, Boeing, Airbus and Saft wrote a letter to explain their 

thought. Their disagreement mostly concerns the single cell thermal runaway containment and 

the battery thermal runaway containment [8]. 

In their opinion, the thermal runaway containment test is too far from the reality. The test is 

done without any protection in the standard, but this situation never happens in a real situation 

because the protection systems are integrated in the design of the battery pack. The DO-311A 

standard also describes two different ways to trigger the thermal runaway, either by overcharge 

or by overheating. According to the manufacturers, these two situations can hardly happen in 

reality where the thermal runaway is most often triggered by a defect in the battery or in the 

cell conception. Moreover, the overcharge leads to an excess of energy and the overheating 

affects the structure of the battery in addition to the cells, therefore these two situations can 

affect the results of the test. In the “battery thermal runaway containment” test, the thermal 

runaway occurs in all the cells at the same time because the whole battery is heated but in a real 

situation, the propagation phenomenon between the cells plays a major role. Overall, the 

manufacturers think that the DO-311A standard does not contribute to improving the battery 

design and they suggest that the test should rely on the most plausible scenario for the trigger 

of the thermal runaway [8]. 

In response, the members of RTCA acknowledge that the test is far from the reality, but they 

think that this is a good way to observe the behaviour of the battery in extreme but consistent 

and easy to implement conditions. They also mention that this standard is intended to validate 

the use of a battery for aeronautic applications and that it does not replace the research work 

required to improve the design of the batteries. They add that other standards for research and 

design improvement exist and are complementary to this one [8]. 
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2.2.2 Other standards 

There are other organizations which provide certification standards or guidelines for lithium-

ion batteries: The American National Standards Institute (ANSI), the United Nations (UN), the 

Underwriters laboratories (UL), the International Electrotechnical Commission (IEC), the 

Institute of Electrical and Electronics Engineers (IEEE), the Society of Automotive Engineers 

(SAE), the Japanese Industrial Standards (JIS), the European Union (EU), etc. Each one of 

these organizations focuses on particular aspects of the Li-ion safety problem (transport, 

conception, safety, etc.) [38, 39]. The safety consideration evaluated by these standards are 

summarized in Table 2.5. 

The United Nations (UN) and the United States Department of Transportation (DOT) 

established the UN/DOT 38.3 standard. It concerns any lithium-ion or lithium metal batteries 

or cells that must be shipped [38, 40, 41]. This standard is composed of eight tests: altitude 

simulation (low-pressure test), thermal test, vibration, shock, external short-circuit, impact, 

overcharge and forced discharge [40]. In particular, the thermal test consists of exposing the 

battery to changes in temperature between -40 °C and +75 °C. The battery is submitted to 10 

cycles of 6 hours of storage at -40 °C and 6 hours of storage at +75 °C [40]. If a battery does 

not meet the requirements of this standard, its shipment will be restricted. 

The Underwriters Laboratories (UL) is an independent product safety certification organization. 

Concerning lithium cells, they wrote the UL 1642 standard [38]. The standard is composed of 

several tests: external short-circuit, overcharge, overdischarge, crush, impact, shock, vibration, 

heating, temperature cycling, low pressure, drop and molded casing heating test [42]. The 

International Electrotechnical Commission (IEC) is a non-profits organization specialized in 

international standards for electrical and electronic technologies. IEC wrote three different 

standards for rechargeable lithium batteries: IEC 61960, IEC 62133 and IEC 62281 [38]. The 

IEC 62281 is similar to the UN/DOT 38.3. The IEC 62133 is very well known in the electric 

battery field and is the reference safety standard for applications in portable devices. The IEC 

62960 is more specialized towards lithium batteries and cells [43]. The Institute of Electrical 

and Electronics Engineers (IEEE) is an international non-profits organization which develops 

standards for the industry [38]. There are two IEEE safety standards for rechargeable Li-ion 

batteries used in portable devices: IEEE 1625 and IEEE 1725. These two standards are more 

guidelines for conception than a description of safety tests. IEEE 1625 is for Li-ion batteries 

used in computing devices and IEEE 1725 is for the ones used in cellular phones [44, 45]. The 
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Society of Automotive Engineers (SAE) is a professional organization for the automotive 

industry [38]. SAE wrote two standards, SAE J 2929 and SAE J 2464, which are used for the 

batteries in electric vehicles. 

Table 2.5: Criteria tested in the different standards 

Criteria 
DO-

311A 

UN/DOT 

38.3 

UL 

1642 

IEC 

62133 

IEC 

62281 

IEEE 

1625 

IEEE 

1725 

SAE 

J 

2929 

DO-

160G 

External short 

circuit 
• • • • • • • •   

Overcharge • • • • • • • •   

Overdischarge • • • • •     •   

Crush     • • •     •   

Impact • • •   •       • 

Shock   • • • •     • • 

Vibration   • • • •     • • 

Heating • • • •   • •   • 

Temperature 

cycling 
  • • • •     • • 

Low pressure   • • • •       • 

External fire •   •     • • • • 

Drop •     •   • • •   

Molded casing 

heating test 
      •           

Isolation 

resistance 
•     •       •   

Internal short 

circuit 
      •           

The European Council for Automotive Research and Development (EUCAR) have created a 

scale for hazard levels concerning the Li-ion batteries. There are eight hazard levels that can be 

seen in Table 2.6: the higher the level is, the more critical is the situation [46, 47]. This scale is 

used in the automotive sector and aims to precisely define the expectations for Li-ion cells 

safety in the certification tests. Contrary to the DO-311A where the verdict of the tests is 

pass/fail, this approach allows a ranking of the hazards observed in tests.  
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Table 2.6: EUCAR hazard levels and descriptions [47] 

Hazard 

Level 
Description Classification Criteria and Effect 

0 No Effect No effect. No loss of functionality. 

1 
Passive protection 

activated 

No defect; no leakage; no venting, fire, or flame; no rupture; 

no explosion; no exothermic reaction or thermal runaway. 

Cell reversibly damaged. Repair of protection devices needed. 

2 Defect/damage 

No leakage; no venting, fire, or flame; no rupture; no 

explosion; no exothermic reaction or thermal runaway. Cell 

irreversibly damaged. Repair needed. 

3 
Leakage 

∆mass < 50% 

No venting, fire, or flame; no rupture; no explosion. Weight 

loss <50% of electrolyte weight (electrolyte = solvent + salt). 

4 
Leakage 

∆mass ≥ 50% 

No fire or flame; no rupture; no explosion. Weight loss ≥50% 

of electrolyte weight (electrolyte = solvent + salt). 

5 Fire or flame No rupture; no explosion (i.e. no flying parts). 

6 Rupture No explosion but flying parts of the active mass. 

7 Explosion Explosion (i.e. disintegration of the cell). 

 State of the art on the thermal runaway of Li-ion cells 

2.3.1 Experimental studies 

This section provides a state of the art of the experimental investigations focused on the thermal 

runaway of Li-ion cells. The first part presents the facilities required for fire-calorimetry 

studies. The second part is focused on the key results obtained by fire-calorimetry methods. 

The last part outlines complementary results from other calorimetry studies and shows the 

influence of the ageing effect on the thermal stability of Li-ion cells. 

2.3.1.1 The experimental setup for combustion studies 

Combustion tests are commonly conducted in a cone calorimeter. This instrument is designed 

to evaluate the fire resistance of combustible materials by measuring the heat release rate (HRR) 

following exposure of samples to an external heat source. The standard ISO 5660-1 calorimeter 

[9] can be slightly modified to evaluate the heat released as a battery undergoes thermal 

runaway and combustion. The basic operations principle is usually the following: the heat 

released during the combustion is calculated based on the amount of oxygen that reacts. An 

example of cone calorimeter is presented schematically in Figure 2.4. 
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Figure 2.4: A cone calorimeter used for combustion analysis [30], reproduced with permission 

First, the temperature of the sample is increased by a heating device, for instance a gas burner 

or an infrared heater. The advantage of an infrared heater is that it does not interfere with the 

combustion of the sample, as there is no additional fuel provided. A continuous flow of air is 

supplied below the sample holder and the weight of the sample is measured during the entire 

test to determine the mass loss rate. An igniter, usually a spark generator, is placed over the 

sample and ignites the gas released by the pyrolysis of the heated sample. The combustion gases 

are then diluted with air, collected by an exhaust hood, and analysed by different methods. This 

approach typically yields a simultaneous measure of the temperature of the combustion gases, 

the partial composition of the exhaust gases and the heat released rate (HRR) of the burning 

sample [17, 30, 48, 49]. 

The HRR is the rate at which a fire releases thermal energy, it is the power of the combustion, 

and it can be expressed in watts (W). There are different ways to measure the HRR. It can be 

determined by oxygen consumption, by mass loss or by the analysis of the production rates of 

CO2, CO and soot [28]. Oxygen consumption is the most commonly used method and is based 

on the approximately constant heat released per unit of oxygen consumed for most 

hydrocarbons. This approach has many advantages. On the one hand, it is relatively easy to 

implement because the only values needed are the flow rate and the oxygen concentration in 

the exhaust pipe. On the other hand, the composition of the fuel is also not needed. The main 
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limitation of this method for lithium cell calorimetry is that it does not take account of oxygen 

produced by the cathode during thermal runaway. Nevertheless, literature shows that the 

oxygen produced by the cathode contributes for less than 13 % of the total energy released 

during the thermal runaway of a fully charged Li-ion cell [48]. This value was found by 

comparing the HRR obtained by the mass loss rate method with that obtained by oxygen 

depletion on LCO Li-ion cells.  However, the literature also mentions that the very short 

duration of the thermal runaway distorts the results obtained by oxygen consumption and that 

correction algorithms exist to resolve this issue [50]. Conversely, the advantage of using the 

mass loss rate or the production of CO, CO2 and soot for the analysis of Li-ion cell combustion 

is that these methods are not influenced by the oxygen that can be produced by the cathode 

during the thermal runaway. 

The detailed testing method for combustion studies using a cone calorimeter is described in the 

ISO 5660-1 standard. This standard aims to measure the HRR and the dynamic smoke 

production rate of samples exposed to controlled irradiance with an external igniter [9]. In this 

method, the sample is heated continuously, without stopping when exothermic reactions 

become significant. 

Different diagnostic tools can be used to analyse the gas composition [30, 48, 49, 51, 52] The 

oxygen analyser allows the measurement of the amount of oxygen in the combustion gases. For 

combustion studies in general, since the proportion of oxygen in the input is known, the HRR 

can be calculated from the oxygen consumption. Several types of oxygen sensors exist, the most 

common uses the paramagnetic sensibility of the oxygen molecule. The non-dispersive infrared 

(NDIR) analyser is used for the measurement of the concentration of CO and CO2. It uses the 

principle of infrared absorbance of these two gases. The Fourier-transform infrared (FTIR) 

analyser allows the determination of the detailed composition of the combustion products and 

gives the concentration of each different gas. It uses the absorbance profile of a gas sample in 

the infrared spectrum to determine its composition. The flame ionization detector measures the 

total hydrocarbon content (THC) of the product of combustion. It is based on the detection of 

ions in the products of combustion. The gas chromatographer - mass spectrometer (GC-MS) 

allows a precise measurement of the composition of a gas. It works by the measurement of the 

mass-to-charge ratio of the ions created by ionization of the combustion product. 



22 

 

 

2.3.1.2 Key results from fire-calorimetry studies 

This section reviews the results of several studies that were conducted to characterize the 

combustion of the outgassing during the thermal runaway of Li-ion cells. In particular, the 

literature reveals the effects of the state of charge (SOC) on the heat release rate (HRR) and the 

gas composition. In these experiments, the gas mixture released during the thermal runaway of 

a Li-ion cell or battery is intentionally ignited with air to obtain information on its heat of 

combustion, which can constitute a major heat feedback mechanism to the adjacent cells and 

therefore multiply the fire hazard. 

The state of charge of the Li-ion cell has a large impact on the thermal runaway. This is due to 

the quantity of energy stored inside the cell and to the chemical composition of the electrodes 

(the intercalated lithium moves from the cathode to the anode during the charge). The literature 

shows that when the SOC increases, the time to thermal runaway is reduced [30, 48], the HRR 

peak magnitude increases [17, 30, 48, 49, 53] and the maximal temperature increases [30, 48, 

50]. Therefore, a fully charged cell is significantly more dangerous than a discharged cell. 

Moreover, due to the possible combustion of its solid components and of the gases released, a 

Li-ion cell thermal runaway can generate significantly more thermal energy than what is stored 

in the form of chemical energy during the charge. 

Figure 2.5 shows a typical profile for the cell temperature and HRR measurements for different 

SOC during a combustion test on 18650 LCO Li-ion cells [48]. The profile of temperature was 

obtained for a fully charged cell and all measurements were realized in a cone calorimeter with 

the same incident heat flux of 50 kW/m². It appears that there are two peaks of HRR during the 

Li-ion cell failure. The first peak rises to 1 kW or 1.5 kW for a few seconds and occurs when 

the burst disk cracks and liberates a small quantity of gases. This event does not seem to be 

affected by the SOC. The second peak reaches between 5.8 kW and 6.8 kW for cells within a 

high SOC (65 % to 100 %). For cells with a lower SOC (0 % to 50 %), the HRR in this second 

peak corresponding to the thermal runaway itself is much lower (1.1 kW to 1.5 kW). It therefore 

appears that the SOC has a strong influence on the magnitude and the timing of this second 

HRR peak. The higher the SOC is, the more dangerous is the thermal runaway. It is also 

interesting to note that these Li-ion cells did not explode with less than 50 % SOC and that 0 % 

SOC is the safest case with the lowest HRR. Moreover, the SOC has also an influence on the 

timing of the second HRR peak, the latter occurring sooner when the SOC increases. 
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Figure 2.5: Classic profiles of cell temperature (a) and HRR (b) for different SOC during the 

thermal runaway of 18650 LMO Li-ion cells [48], reproduced with permission 

In contrast to the increase of the HRR peak, the total energy released becomes less important 

when the cell is charged. Indeed, by integrating the HRR curves over time, total energy released 

is 100 kJ, 101 kJ, 104 kJ, 120 kJ and 109 kJ for 100 %, 70 %, 65 %, 50 % and 0 %, respectively. 

This counter-intuitive observation can be an artefact of the testing method used, as the thermal 

runaway of a fully charged cell happens very quickly, possibly resulting in a restriction of 

oxygen and an incomplete combustion [30, 53].  

The total amount of released gas (or the mass loss of the cell) is not affected by the SOC and 

follows the behaviour expected for the combustion of the different hydrocarbons inside the 

battery [30, 51]. However, the composition of the released gases is affected. CO and CO2 

increase with the SOC, but hydrogen fluoride (HF) follows an opposite trend. HF is a very 

corrosive gas that can accumulate into confined areas and react with water to form hydrofluoric 

acid, a highly corrosive and toxic compound. SO2 does not follow a clearly identifiable trend 

and may depend on the composition of the electrolyte salts, because results differ significantly 

between studies [17, 30, 54]. The literature also reveals that the majority of the toxic gases (HF, 

SO2, NO, HCl, etc.) are the result of the combustions of the solvent and salts inside the 

electrolyte [17, 28]. A study on the degradation of the electrolyte showed that the majority of 

the gases came from the thermal degradation of the electrolyte with major components being 

ethylene carbonate (EC) and dimethyl carbonate (DMC) [52]. The study also reveals that a 

minority of gases (ethyl methyl carbonate (EMC), diethyl carbonate (DEC), CH3CH2F, C2H4 

and C2H6) were only detected for cycled cells. This suggests that they may arise from 

compounds formed during cycling electrochemical reaction [52]. 
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The overall combustion efficiency can be quantitatively estimated from the results of Ribière 

et al. [30]. It appears that the total amount of gas produced increases with SOC for CO but 

decreases for CO2. Therefore, the combustion is less efficient when the SOC increases, perhaps 

as discussed above from the lack of sufficient O2 in high SOC combustion experiments where 

gas release is very violent. This is also revealed by the amount of THC measured, revealing that 

the proportion of the fuel that has not burnt completely increases when the SOC increases. This 

study also provides production trends for corrosive and toxic gases. Nitrogen oxide (NO) peak 

production rate increases when the SOC increases but its production time is shortened. Sulphur 

oxide (SO2) is found in higher concentration when the SOC increases. The total quantity of 

hydrochloric acid is not affected by the SOC but differences in the kinetics of its production 

appear. For hydrogen fluoride (HF) both the quantity and the production kinetics are affected 

by the SOC. When the SOC increases, although the production peak magnitude increases, the 

total quantity of HF and the production time decrease. 

2.3.1.3 Effect of cell ageing 

The influence of ageing phenomenon on the thermal stability of Li-ion cells is less obvious that 

the influence of the SOC. An analysis of the literature reveals that the main factors that 

influence the thermal stability of an aged cell are the SEI layer thickening and the Li plating on 

the anode surface [55, 56]. This is because more material can be exothermically decomposed 

with a thick SEI layer and because the Li plating results in an increase of the global impedance 

of the cell. The thermal stability of an aged cathode remains nearly the same as a fresh one 

whereas the reaction between an aged anode and the electrolyte seems more severe than with a 

fresh one [55, 56]. 

The correlation between the calendar ageing and the thermal stability of a Li-ion cell is weak. 

In their study, Röder et al. have tested 18650 Li-ion cells with LiMn2O4 (LMO) as cathode 

material after a storage at 60 °C for 36 weeks (100 % SOC) [56]. It appears that the heating rate 

of the aged cells follows the same pattern as that of new cells. The initial temperatures of TR 

were included between 100 °C and 120 °C and the maximum heating rate was slightly inferior 

for the aged cell. D. Ren et al. have studied a Lix(NiCoMn)1/3O2 (NMC) pouch Li-ion cells 

which were stored at 55 °C for 200 days (100 % SOC) [55]. They found that in comparison to 

a fresh cell, the calendar ageing had improved the resistance against TR by increasing of the 

initial temperature of TR and by decreasing the heating rate in the early stage of TR. 
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Cyclic ageing deteriorates the thermal stability of Li-ion cells. Larsson et al. tested prismatic 

Li-ion cells and did not find a clear correlation between the number of cycles and the thermal 

runaway performances [34]. Their results reveal that thermal runaway is triggered at lower 

temperature and the weight loss is more important when the cell went through a few hundred 

cycles. This study revealed that the most critical scenario in terms of cell temperature and 

weight loss appears to be after approximately 160 cycles for the type of cell they studied. 

Whether this trend represents a general behaviour of cycled cells is questionable considering 

the limited number of data points in the study. Wu et al. studied the cyclic ageing effects during 

thermal runaway for 18650-type LixCoO2 (LCO) cells in an oven test [57]. The cells were 

cycled at 45 °C. The thermal runaway appears earlier in the aged cells. Moreover, the cells 

subjected to 400 cycles experienced an explosion instead of the typical venting episode. This 

observation is surprising as an aged cell has less electrical energy storage capacity than a fresh 

one. The authors advance the hypothesis that this explosion is caused by the decay of a safety 

mechanism strength. Fleischhammer et al. tested 18650-type Lix(NiCoMn)1/3O2 (NMC) cells 

under different ageing conditions [35]. They compared unaged cells, high-rate cycled cells 

(charge rate of 4.33 C and discharged rate of 16 C) and low temperature (-10 °C) cycled cells. 

The cells were cycled until their capacity dropped below 80 %. Their results show that both the 

high rate cycled cells and the low temperature cycled cells have lower thermal runaway onset 

temperature. The worst performing cells are those cycled at low temperature, with self-heating 

starting at temperatures between 30 °C and 53 °C. 

2.3.2 Solid phases modelling 

A complete simulation of the thermal runaway of Li-ion cells combining detailed chemical 

reactions in the solid phases, combustion reactions in the gas phase and thermal/mass transfers 

between the two phases does not exist yet. The modelling of solid phase reaction in a Li-ion 

cell alone is complicated by several difficulties. First, the composition of the cells is 

heterogeneous and not always known precisely. Second, the chemical mechanism for the 

reactions occurring in each solid constituent of the cell is also not known. Finally, transport 

limited reactions occur in each and between solid phases, which are difficult to model and 

require precise values of transport properties [6]. Nevertheless, several attempts to model at 

least partially solid-phase reactions in a Li-ion cell undergoing thermal runaway can be found 

in the literature.  



26 

 

 

Several approaches can be found in the literature to model the chemical mechanisms of the 

solid phases of a Li-ion battery. The amount and the composition of the vented gases as well as 

the effective heat of combustion can be calculated by taking the composition of the solid phases 

inside the cell into account [17, 28, 30, 58]. Golubkov et al. measured the composition of the 

solid phases and the composition of the vented gas for NCA and LFP cells. By listing the 

chemical reactions taking place in the cell, they succeeded in calculating “utilization numbers” 

that defined how often each of the reactions was applied [58]. This experiment was conducted 

for discharged and fully charged cells.  The “utilization numbers” were determined by a linear 

algorithm and give a possible set of chemical equations that describe the reactions inside the 

cell during the thermal runaway. Nevertheless, an important part of the gases was not detected 

by the gas chromatography system and the modelling was not used to predict the quantities of 

gases but rather to retrieve the measured ones. Therefore, this type of modelling cannot be used 

to predict the thermal runaway behaviour under different conditions unless experimental data 

for the gases emitted is also available in these conditions. 

In his paper, K. Leung describes in detail the initial stages of the ethylene carbonate (EC) 

decomposition on the cathode, a solvent commonly used in the electrolyte of Li-ion cells [36]. 

From numerical simulations, the mechanisms of this decomposition are understood, and this 

work represents a first approach in the electrolyte breakdown modelling. 

Several general-purpose chemical models for polymer pyrolysis have been developed and can 

be used for Li-ion cell separator thermal degradation [59-61]. For example, Kruse et al. 

developed a polypropylene pyrolysis model that includes over 24000 reactions and tracks 213 

polymeric species [59]. Levine et al. developed a high-density polyethylene pyrolysis model 

that includes over 11000 reactions and tracks 151 polymeric species [60].  

Despite the considerable difficulty to assemble a global cell model from sub-models of 

individual condensed-phase components, attempts can be found in the literature. Kim et al. 

developed a three-dimensional finite volume model for a Li-ion cell [62]. This model considers 

an oven test simulation where the thermal runaway is triggered by an internal short-circuit 

represented by a localized heat source. It considers the non-isotropic properties resulting from 

the different layers of material inside the cell. Several exothermic reactions are modelled 

including the SEI layer decomposition, the anode-solvent reaction, the cathode-solvent 

reaction, and the decomposition of the electrolyte. This simulation highlighted that thermal 

runaway is more easily triggered in cells with a large volume because the surface/volume ratio 
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is less important and contributes to a worse heat dissipation. The model developed by Melcher 

et al. is similar [63]. This model considers several exothermic reactions and the heat generated 

by the electric current inside the cell. Nevertheless, the simulation cannot determine the 

duration of the thermal runaway because it considers the concentrations of the species as 

constants. 

Tanaka provides a good overview of model development for several chemical reactions which 

take place in Li-ion cells [64]. Chemical reactions including the SEI formation, the SEI 

decomposition, the oxygen release on the cathode and the solvent oxidation are explained and 

models are described. 

2.3.3 Gas combustion modelling 

This section reviews the state of the art on the models for the combustion of the gases released 

during the thermal runaway. These models aim to describe what happens when the outgassing 

meets an oxidizer and burns. 

Quintiere [50] calculated the energy of combustion of the vented gases using two methods, one 

by considering the THC and another by considering only methane and ethylene. The relative 

error between the results was approximately 30%. This result reveals that simple measurements 

can be useful to estimate heat of combustion if the detailed composition is not known. 

Johnsplass [65, 66] has simulated the combustion of the vented gases of three different Li-ion 

cell technologies (LCO, LFP and NMC) in his master’s thesis. The objective was to determinate 

properties such as the laminar burning velocity, the volume expansion ratio at constant pressure, 

the pressure generated from constant volume combustion and the deflagration index. He used 

the software Cantera 2.3.0 to implement a detailed chemical simulation based on the two 

chemical mechanisms: GRI-Mech 3.0 and the DMC-Mech. He relied on data from a calorimetry 

study where Golubkov et al. [24] measured the composition of the vented gases for three Li-

ion cells. These properties were then used to simulate the turbulent premixed combustion flow 

of the vented gases in a confined area with the software OpenFOAM, which was compared with 

an experiment. The results show that the vented gases have approximately the same combustion 

properties as methane and propane. Nevertheless, the validation of such results with real 

experimental data is not trivial because of large uncertainties in the measurements. 



28 

 

 

 Discussion on the test methods in certification standards 

The literature review presented here reveals significant differences between the certification 

standards and the test methods available in the scientific community. These differences are 

easily explained because these two activities serve very different purposes. Certifications are 

only meant to assess the ability of a product to serve a specific purpose, while the scientific 

studies discussed are designed to increase the understanding of the phenomenon at play during 

thermal degradation. Certification standards are made to validate a design of Li-ion cells or 

batteries and consequently they are developed to yield clear pass/fail verdicts while relying on 

simple instrumentation, to be in line with the needs of the industry. On the contrary, test 

methods implemented in scientific studies are much more complex and give access to a lot of 

information. The literature shows that significant effort has to be made to develop and improve 

tools adapted for the field of lithium-ion cells. For example, cone calorimeter measurements do 

not appear in Li-ion cells certification standards but allow the quantification of parameter 

dependencies for the heat release rate. 

The thermal runaway is a very complex phenomenon because of the close coupling between 

phenomena arising from different disciplines, including chemistry, combustion, solid and fluid 

mechanics. A lot of work has been made in these different domains but complete models that 

consider them together as well as their interaction in Li-ion cells do not exist. Regarding 

combustion studies, a lot of progress has been made in recent years. Fire calorimeters allow for 

the determination of several combustion parameters, including the temperature of combustion, 

the heat release rate, and the volume of vented gases. Modern gas analysis methods can also 

yield the composition of the vented gases. Nevertheless, in-line gas analysis is still very 

challenging when the composition of the gas changes rapidly, which is the case for the 

outgassing of Li-ion cells undergoing thermal runaway. Finally, complete combustion 

simulations coupled with detailed solid-phase chemistry still need to be developed to have a 

better understanding of the risks associated with thermal runaway. 

 Project objectives 

The literature review reveals that the thermal runaway has been extensively studied over the 

last few decades. The understanding of this phenomenon remains however incomplete, 

especially when it comes to the combustion of the outgassing generated during thermal 

runaway. This combustion is responsible for the main fire threat to adjacent structures in an 
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aircraft and can drive cascade failure of neighbouring cells. Moreover, the effects of important 

parameters such as the heating rate or cell ageing remains largely unknown. In previous studies, 

different gas analysis techniques were used to characterize the outgassing of the cell and 

characterize the fire hazard it represents, including FTIR and GC-MS. Unlike GC-MS, FTIR 

allow the measurement of the gas species concentration as a function of time but is not as 

sensitive. To close this gap, it could be interesting to implement on-line mass spectrometry 

(MS) to combine the sensitivity of GC-MS with the time resolution of FTIR.  

Li-ion cells have a complex composition, and the flames observed following thermal runaway 

are driven by the combustion of the hydrocarbons they contain. The resulting flame is dirty and 

results in the formation of particulate matter, known to have severe detrimental health and 

environmental effects. The size distribution of the particulate matter emitted upon thermal 

runaway has not been studied significantly and represents a serious knowledge gap that must 

be closed to enable the development of modelling tools sufficiently powerful to capture all 

threats associated with Li-ion battery fires. 

In this project, a cone calorimeter is used to test and collect data from the combustion of gases 

released during the thermal runaway of Li-ion cells. The heating system used to impose a 

thermal stress on the cells controls the temperature and the heating rate, logging the conditions 

that can then be replicated on further studies. The effects of heating rate and ageing are studied 

using temperature, heat release, smoke production rate and mass loss measurements. 

Temperature measurements acquired with an infrared camera are compared to thermocouple 

measurements to evaluate the suitability of this tool. The composition of the outgassing is 

studied with a mass spectrometer and the particle size distribution is obtained with two particle-

size spectrometers operating simultaneously.  

A limited numerical simulation effort is also undertaken in this project, including three models 

of simplified combustion configurations. The first is a basic premixed 0D combustion 

simulation where a mixture of gas emitted during a Li-ion cell thermal runaway is burned with 

air. The second is a 1D counterflow diffusion flame simulation where the combustion takes 

place between a jet representative of the cell outgassing and an opposed air flow. The third is a 

1D premixed flat flame simulation where a mixture of air and combustible is projected through 

a specific burner (e.g. a porous material inlet) to create a burner-stabilized flat flame. 
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 TEST PROTOCOL AND MODELLING APPROACHES 

 Experimental methods 

The following details the equipment, the test protocol and the data that is measured during the 

tests. This first section ends with an error analysis and a critical discussion. 

3.1.1 Equipment 

3.1.1.1 Cone calorimeter 

The cone calorimeter was assembled in Polytechnique by a PhD student (Stefan Cristian 

Boanta). It was designed in accordance with the ISO 5660-1 standard. This setup allows the 

measurement of mass loss, temperature of combustion and heat release rate by oxygen 

consumption. The data from the sensors are recorded using LabVIEW. An overview of the 

entire setup can be seen in Appendix A. The general operating principle is as follows: the heat 

released during the combustion is calculated based on the amount of oxygen that reacts. 

Generally, a sample to be tested is heated by an infrared heater and a continuous flow of air is 

supplied below the sample holder. An igniter is placed over the sample and initiates the 

combustion of the gas released by pyrolysis in the sample. The burnt gases are then diluted with 

air and collected by an exhaust hood to be analysed. The weight of the sample is also measured 

during the entire test. 
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Figure 3.1: Picture of the cone calorimeter at Polytechnique Montreal 

Two acquisition cards are used in the setup. The first one acquires data from the cone 

calorimeter and the second one acquires data from the thermocouples on the heating system. 

The data are read using the LabVIEW software environment. The first acquisition card is the 

USB-6351 from National Instruments. It has 16 analogue inputs, 2 analogue outputs, 24 digital 

inputs/outputs and an acquisition frequency of 1.25 MHz. The second acquisition card is the 

USB-9213 from National Instruments. It has 16 thermocouple inputs and a maximum 

acquisition frequency of 75 Hz. 

A paramagnetic oxygen sensor is used to obtain the O2 concentration in the exhaust (Paracube 

Premus-α from Hummingbird). This model was selected because of its precision-cost ratio. It 

measures the oxygen concentration in the exhaust gases. Knowing the concentration of O2 in 

air, the O2 consumption by the combustion process can be calculated to determine the heat 

release rate. The specifications certify an intrinsic error of ±0.1 % O2 maximum and an output 

fluctuation of ±0.01 % O2. Thus, the total measurement error is ±0.11 % O2. 

A pressure sensor is required to determine the flow rate of the exhaust gas. It measures the 

pressure differential before and after the orifice plate of the cone calorimeter. The sensor is a 

P993-1B from Sensata-Kavlico. The specifications certify a measurement error of 2 % on the 

maximal span. 
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The smoke obscuration measurement instrumentation has been assembled in accordance with 

the ISO 5660-1 standard. It is composed of a red HeNe laser from Meredith Instruments (ref. 

HNS-2P-663), with lenses, beam splitters, filters and photodiodes from Edmund Optics and 

opto-mechanical parts from Newport. A detailed schematic representation of the setup with an 

exhaustive list of the parts is presented in Appendix B. 

The mass sensor is from Bolsen Tech (ref. AREEY470) and is composed of a small aluminium 

beam equipped with four strain gauges that operate on the principle of the Wheatstone bridge. 

The measurement error of this sensor is not known but can be approximated by ±0.01 g in view 

of the measurements taken. However, considering the thrust exerted on the battery by the 

violent venting during thermal runaway, the measurement of the mass loss rate within the cone 

calorimeter will be subject to unknown uncertainties. This sensor, in combination with a 

conventional scale will therefore also be used to calculate the total mass loss during a test. 

3.1.1.2 Li-ion cells and battery charger 

The cells used for this study are the SAMSUNG 18650 25R with 2.5 Ah capacity and a 3.6 V 

nominal voltage. They are widely used rechargeable Li-ion cells. 

 

Figure 3.2: Picture of the SAMSUNG 18650 25R Li-ion cells 

The battery charger is a basic model (B083SH6BB3 from VIWIPOW). This device allows four 

cells to charge simultaneously and gives the current state of charge for each cell. No 

measurement error on the state of charge is given and cells will be charged at full capacity. 

3.1.1.3 Heating system 

The heating profile is controlled by a PID controller, model CN16DPT-440 from OMEGA, 

allowing the definition of several programs to control the heating rates and the temperatures. 
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The temperature is measured by a thermocouple located on the surface of the cell. This system 

sends a DC pulse signal to a solid-state relay that controls the electric current in the heating 

cable (ON/OFF heating). The solid-state relay (SSR) used is the SSRL240DC25 from OMEGA. 

It is controlled by a DC pulse signal from 3 to 32 Vdc and can support a 24 to 280 AC line 

voltage. The heating cables are high-temperature heaters for pipes and tubes from McMaster 

(ref. 3641K22). These 30 cm long cables can reach 482 °C and have a maximum heating power 

of 50 W. 

Type K thermocouples are used to measure the temperature of the cell, over a range between 0 

°C and 1100 °C, sufficient for thermal runaway experiments. Type R thermocouples are used 

for temperature measurements of the gases released and of the flame. This type of thermocouple 

has a temperature range between 0 °C and 1450 °C. For temperature measurements in the gas 

released and the combustion environment, these R-type thermocouples are coated with a thin 

layer of inert material (ceramic cement) to avoid catalytic heating effects, that can increase the 

temperature measured, while maintaining a fast response time. The sensors are grounded for 

the temperature measurements of the cell casing. These thermocouples have a measurement 

error of ±0.75 %. A diagram of the setup is exposed in Figure 3.3. 

 

Figure 3.3: Schematic representation of the heating setup 

3.1.1.4 Additional instruments 

Measurements of gas composition as a function of time are realized with a mass spectrometer 

(Cirrus 1 (LM99) from MKS Instruments). It is an on-line gas analysis system designed to work 
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at atmospheric pressure. This instrument is very sensitive with a detection limit of 100 ppb. 

However, the response is highly variable as a function of the nature of the species measured 

and of the overall composition of the mixture. An extensive calibration is required to obtain 

quantitative measurements in multicomponent gas mixtures [67], such as the one expected 

following thermal runaway. The mass spectrometer can measure over the 1-200 atomic mass 

units (amu) range, with a full scan requiring approximately 90 seconds. Thus, a limited number 

of species will be considered to reduce the scan time. 

Particle size distribution in the flame is investigated during the experiments with two particle 

size spectrometers operating simultaneously. The first one is a 3775-3082 scanning mobility 

particle sizer (SMPS) from TSI. This device has an adjustable measuring range from 10 nm to 

1000 nm. In this project, the spectrometer has been set to scan particles with a diameter included 

between 18.8 nm and 532.8 nm and to have a scan duration of 1 minute and 16 seconds. The 

second one is the Mini-LAS model 11-R from Grimm Aerosol Technik. This device has a fixed 

measuring range from 0.25 μm to 32 μm and has been set to have a scan duration of 6 seconds. 

A multispectral camera is used to record infrared videos of the experiments. The camera is a 

MS M350 from Telops. This camera has a rotating wheel that includes eight filters with 

different temperature ranges and transmittances over different spectral bands. Filters 1, 2 and 3 

allow measurements over the whole spectral band of the camera sensor (1.5 μm to 5.4 μm) but 

are calibrated for different temperatures, the temperature range for each filter is given in the 

last column of Table 3.1. Filters 4 and 5 focus on the emission peaks of H2O and CO2, 

respectively. Filters 6, 7 and 8 allow to see through the flame as their transmission peaks 

correspond to low absorption valleys in the H2O and CO2 spectra. This camera can record with 

a maximal resolution of 640x512 pixels at a frame rate of 500 Hz. 
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Table 3.1: Description of the eight filters of the multispectral infrared camera 

Filter 

number 
Description λmin [nm] λmax [nm] Transmittance 

Temperature 

[°C] 

1 
Broadband 

window 
1500 5400 95.00 % 10-338 

2 OD 1.65 1500 5400 2.33 % 207-1500 

3 OD 3 1500 5400 0.10 % 539-1500 

4 H2O 2987 3038 70,90 % 408-1440 

5 CO2 red spike 4382 4597 85.00 % 155-850 

6 Through flame 1 3649 3763 80.00 % 225-1194 

7 Through flame 2 3773 3809 71.60 % 297-1500 

8 Through flame 3 3945 3983 71,71 % 282-1500 

A high-speed camera is also used to record the tests. This allows the determination of the flame 

shape and the visualization of the thermal runaway process, as it can be seen in Figure 3.4. The 

camera is a Fastcam Mini AX200 from Photron. This model can record colour video at a rate 

included between 6 400 fps (1024x1024 pixels) and 900 000 fps (128x16 pixels). 

 

Figure 3.4: High-speed camera recording of Li-ion cell TR 

A conventional camera is used to record normal-speed footages of the tests. It also allows to 

record the sound emitted during the thermal runaway. The camera is a RX100 III from Sony. 

3.1.2 Test protocol 

The test protocol implemented in this study is based on the section “Test method for single cell 

thermal runaway via overheating” of the DO-311A standard from the Radio Technical 

Commission for Aeronautics (RTCA). This document is an international standard for 
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rechargeable lithium batteries and battery systems, it establishes testing methods for the 

verification and characterization of the safety and performances. The protocol has been slightly 

adapted for the needs of this project. The cell is not part of a battery, thus the “element under 

test” specified in the standard is a single cell. The heating rate can be higher than the standard 

specification (maximum heating rate in the DO-311A: 10 °C/min). To ensure that combustion 

is observed in all our tests, the heating ramp resumes and continues until thermal runaway 

occurs if nothing happens after the first venting and if the cell temperature falls back below 55 

°C. 

The protocol is based on the following: 

- The cell is charged at 100 % state of charge (SOC). 

- The ambient temperature is approximately 25 °C. 

- The temperature at the surface of the cell is stabilized at 55 °C during 3 min. 

- The cell is heated at a rate included between 5 °C/min and 20 °C/min until 200 °C where 

the temperature is maintained.  

- When the first venting appears, the heating system is stopped. 

- If the thermal runaway does not happen as the cell temperature falls back below 55 °C, 

the heating ramp starts again and continues until the thermal runaway is triggered. 

3.1.3 Error analysis 

The uncertainty of the temperature measurement is given in the thermocouple datasheet.  

∆𝑇

𝑇
= 0.0075 = 0.75 % 

The heat release rate �̇�(𝑡) is determined from the O2 consumption using the relation given in 

the ISO 5660-1 standard: 

�̇�(𝑡) = 1.10 ∗
∆ℎ𝑐

𝑟0
∗ 𝐶 ∗ √

∆𝑝

𝑇𝑒
∗

𝑋𝑂2

0 − 𝑋𝑂2
(𝑡)

1.105 − 1.5𝑋𝑂2
(𝑡)

 

Where the ratio between the net heat of combustion and the stoichiometric oxygen/fuel mass 

ratio 
∆ℎ𝑐

𝑟0
 is taken as 13.1*103 kJ/kg as specified in the ISO 5660-1 standard. 𝑋𝑂2

0  is the average 

of the oxygen analyser output (mole fraction of oxygen) during 1 min without combustion, 
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𝑋𝑂2
(𝑡) is the mole fraction of oxygen at time t (considering the delay time of the oxygen 

analyser), 1.10 is the ratio of molecular weights of oxygen and air, ∆𝑝 is the difference of 

pressure at the orifice plate of the cone calorimeter, 𝑇𝑒 is the temperature of the gas mixture at 

the orifice plate and 𝐶 is a calibration constant. 

The calibration constant 𝐶 is calculated using: 

𝐶 =
�̇�𝑏

1.10 ∗ (12.54 ∗ 103)
∗ √

𝑇𝑒

∆𝑝
∗

1.105 − 1.5𝑋𝑂2

𝑋𝑂2

0 − 𝑋𝑂2

 

Where �̇�𝑏 is the heat release rate in kW for the methane supplied during the calibration test (�̇�𝑏 

= 5 ± 0.5 kW) and 
∆ℎ𝑐

𝑟0
= 12.54 ∗ 103 for methane. 

The total relative uncertainty on the heat release rate is given by (see appendix C for the 

development): 

∆�̇�

�̇�
= 0.1 +

∆𝑇𝑒

𝑇𝑒
+

∆(∆𝑝)

(∆𝑝)
+ 2 ∗

∆𝑋𝑂2

0 + ∆𝑋𝑂2

|𝑋𝑂2

0 − 𝑋𝑂2
|

+ 2 ∗
∆𝑋𝑂2

𝑋𝑂2

 

Where 0.1 is the relative uncertainty on �̇�𝑏. 

 Modelling 

Combustion simulations are implemented on Cantera using the GRI-Mech 3.0 reaction 

mechanisms. This mechanism considers 53 chemical species and 325 reactions and is widely 

used to model the combustion of light hydrocarbons such as methane or propane. All the 

governing equations used in these simulations are summarized in Appendix D and Appendix 

E. 

3.2.1 Modelling approaches 

3.2.1.1 0D combustion simulation 

The 0D simulation is a simple model that allows the determination of the properties of a reactive 

gas mixture at chemical equilibrium, following combustion. It requires as inputs the 

composition and the temperature of the gas mixture that is vented out of the cell, as well as the 

fuel-air equivalence ratio for the combustion process. It allows the calculation of the 

composition of the exhaust gas, as well as the temperature and the enthalpy change once the 
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chemical equilibrium is reached. It also allows the flammability limits of the gas mixture to be 

investigated and provides the ignition delay (generally a few tens of milliseconds). It does not 

consider the propagation of the combustible species into the surrounding atmosphere. 

Therefore, to yield useful results, the composition of the gas mixture must be representative of 

what is ejected from the cell and mixed with an amount of ambient air controlled by the 

surrounding fluid mechanics. The air proportion in the mixture can be adjusted by changing the 

value of the fuel-air equivalence ratio (Φ), defined as the ratio of the actual fuel-to-oxidizer 

ratio (
𝑛𝑓𝑢𝑒𝑙

𝑛𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟
⁄ ) to the stoichiometric fuel-to-oxidizer ratio 

((
𝑛𝑓𝑢𝑒𝑙

𝑛𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟
⁄ )𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐). Therefore, there is an excess of fuel compared to the 

stoichiometric reaction (complete combustion) when Φ is greater than one and the opposite is 

true when Φ is lower than one. The temperature of the gas mixture and the ambient pressure 

are also required as input. 

Φ =

𝑛𝑓𝑢𝑒𝑙
𝑛𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟

⁄

(
𝑛𝑓𝑢𝑒𝑙

𝑛𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟
⁄ )𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

 

With Φ [-] the fuel-air equivalence ratio, 𝑛𝑓𝑢𝑒𝑙 [mol] the number of moles of fuel mixture and 

𝑛𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟 [mol] the number of moles of air. This simulation uses the 

“IdealGasConstPressureReactor” class in Cantera. This class considers a homogeneous, 

constant pressure and zero-dimensional reactor for ideal gas mixtures combustion.  

Table 3.2: Overview of the inputs/outputs of the 0D simulation 

Inputs/Parameters Outputs 

• Temperature of the gas mixture 

• Composition of the gas released by the 

Li-ion cell 

• Fuel-Air equivalence ratio 

• Composition of the combustion gas 

• Flammability limits 

• Temperature of combustion 

• Enthalpy of combustion 

3.2.1.2 1D flame simulations 

The 1D simulations add realism compared to the previous 0D configuration by considering 

species and heat transport to the reaction zone, in addition to the stoichiometry of the reaction. 

Outputs include the temperature and the thickness of the flame, the gas species repartition 

(flame structure), and the HRR per unit area of the flame. Two approaches are implemented: a 

counterflow diffusion flame and a premixed flat flame. The counterflow diffusion flame 
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considers the case of the gas mixture encountering an opposed jet of air. Therefore, this 

approach is adapted to model the thermal runaway combustion of a cell directly exposed to an 

oxidizing atmosphere. In the premixed flame approach, the mixing between the vented gas and 

air is assumed to be complete prior to ignition. 

The counterflow diffusion flame configuration considers two axisymmetric inlets with flows in 

opposed directions. Figure 3.5 shows a schematic representation of this type of model. The gas 

flow exiting the left inlet is composed of the gases emitted by the Li-ion cell during thermal 

runaway. The gas flow entering from the right inlet is air (78 % mol N2; 21 % mol O2; 1 % mol 

Ar). The flame is located close to the stagnation plane between the two inlets. Here, the 

transport and the energy equations are solved in 1D (along the jet axis). A diffusion flame is 

what is expected at the cell vent during the combustion phase of the thermal runaway. However, 

the opposed air jet is obviously an oversimplification of what is encountered in practice as the 

fuel mixture is emitted in quiescent air. Nevertheless, this configuration is a common test case 

useful to qualitatively investigate ignition and flame structure. 

 

Figure 3.5: Schematic representation of the counterflow diffusion flame model 

This model is implemented using the “CounterflowDiffusionFlame” class in Cantera. The 

simulation requires gas temperatures, gas compositions and mass flow rates per unit area of the 

two inlets. The distance between the two inlets and the environment pressure are also required. 

Realistic gas temperatures, flow rates and composition were chosen from experimental data 

measured on Li-ion cell thermal runaway tests performed by Safran. 
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Table 3.3: Overview of the inputs/outputs of the counterflow diffusion flame model 

Inputs/Parameters Outputs 

• Temperature, composition, and mass flow 

rate per unit area of the released gas mixture 

• Temperature, composition, and mass flow 

rate per unit area of the atmospheric air 

• Temperature of the flame 

• Heat release rate (HRR) 

• Gas species repartition in the 

flame 

The premixed flat flame model considers a homogeneous mixture of fuel and oxidizer flowing 

through a porous inlet to create a burner-stabilized flat flame. This configuration is relatively 

easy to reproduce experimentally and is therefore a great approach to study premixed flame. 

This aims to model what would happen in the vents of a battery module, where the outgassing 

could mix with air prior to combustion. Figure 3.6 shows a schematic representation of this 

model. The combustion takes place downstream the porous inlet. The fuel mixture is composed 

of the gases released during a Li-ion cell thermal runaway, premixed with air (78 % mol N2; 21 

% mol O2; 1 % mol Ar) added as an oxidizer. 

 

Figure 3.6: Schematic representation of the premixed flat flame 

This approach uses the “BurnerFlame” class in Cantera. The simulation requires the inlet gas 

mixture temperature, composition, and mass flow rate per unit area. The composition can be 

adjusted with the fuel-air equivalence ratio (Φ). It also needs the environment pressure and the 

width of the spatial domain. 

Table 3.4: Overview of the inputs/outputs of the premixed flame model 

Inputs/Parameters Outputs 

• Temperature, composition, and mass 

flow rate per unit area of the released gas 

mixture 

• Fuel-Air equivalence ratio 

• Temperature of the flame 

• Heat release rate (HRR) 

• Gas species repartition in the flame 
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3.2.2 Critical discussion. 

It can be observed that the GRI-Mech 3.0 reaction mechanism does not consider all the chemical 

species that can be found in Li-ion cell thermal runaway. This reaction mechanism is an 

optimized model for natural gas combustion where species such as SO2, HCl or HF are not 

found. Therefore, the hypothesis that these gas species do not participate in the combustion 

process is required. Moreover, the configurations implemented in the simulations cannot be 

experimentally verified in this project due to the specific setup required.  

The oversimplification in the different models must be also highlighted. The 0D combustion 

model considers a homogeneous gas mixture, which is not the case in reality. The 1D flame 

simulations consider a constant composition of the gas mixture. However, the gas mixture 

expelled off the cell constantly changes in reality. The geometry and air flow in battery case 

vent are also not considered in the 1D flame simulations, and this is critical to determine the 

real flame chemistry. Moreover, the counterflow diffusion flame model considers an opposed 

air flow, which does not exist in reality, outgassing likely exiting in quiescent atmospheres. A 

value must be assumed for this parameter to obtain plausible results.
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 Abstract 

Thermal runaway (TR) is a major issue in the development of Li-ion cells, causing security concerns 

for end-users, especially in the transportation. Here we investigate the TR of 18650 Li-ion cells under 

constant heating rate in a cone calorimeter. The effect of the heating rate was observed on the 

outgassing and cell casing temperatures, as well as on the thermal power of the flames produced and 

resulting smoke characteristics. Analysis of outgassing based on four main gases was enabled through 

mass spectrometry and the size distribution of the particulate emission was measured with aerosol 

spectrometers. The results revealed that the heating rate (from 5 °C/min to 20 °C/min) had an impact 

on the course of TR events, with high heating rates resulting in more violent TR. The initial 

temperature of the first venting also increased with higher heating rates. However, cell and outgassing 

temperatures did not seem to be impacted by this parameter. Cells subjected to an intermediate heating 

rate (i.e. 10 °C/min) showed maximum heat release rate and minimum smoke production. Mass 

spectrometry measurements revealed that the first venting mainly released vaporized electrolyte 

(DMC) with a small quantity of CO2. During the combustion associated with the major venting event, 

the gases released were mainly CO2 and H2O, with small quantities of H2 and DMC, and sporadic 

detection of C3H6, LiF and C6H6. The high-resolution size distributions obtained for the particulate 

emission showed a bimodal distribution, characteristic of very rich diffusion flames. 
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 Introduction 

Interest for rechargeable batteries is rising with the global increase in energy consumption combined 

with the need to reduce reliance on fossil fuels. Li-ion batteries are currently the dominating 

technology, as demonstrated by their extended use in the portable device and electrical vehicle (EV) 

markets [68, 69]. These developments were  made possible by Li-ion cells properties: high energy 

density and high nominal voltage [1]. The counterpart of these advantages is a significant thermal 

instability [11, 70] leading to the so-called thermal runaway (TR) phenomenon. TR is the result of an 

uncontrolled exothermic reaction chain which produces flammable and toxic gases [15, 71-75] and 

can lead to flaming combustion (i.e. combustion with a visible flame) and explosions [11, 76]. TR can 

be the result of fabrication defects [77] or triggered by exposure to abusive environments or operating 

conditions (e.g. overcharging or overheating). 

Among the different TR initiation methods, overheating warrants special attention as several causes 

can generate it within a battery pack : i) failure of the cooling battery management systems, ii) heat 

transfer from adjacent cells undergoing TR resulting from internal defects (short-circuit), or iii) 

unexpected high temperature from the environment (external flames). Depending on the heating rate 

applied and cell state (e.g. state of charge (SOC), state of health (SOH), ageing), TR behaviour can be 

drastically modified [34, 78, 79]. Understanding the key parameters influencing TR is of paramount 

importance to develop safe battery pack, especially when targeting aircraft applications [80] where 

resistance to fire is assessed through stringent certification requirements [81]. Here we investigate the 

effect of the heating rate on the thermal power released during the flaming combustion associated with 

the TR of 18650 Li-Ion cells and provide insights on the gaseous species temporal evolution and 

particulate matter emitted. 

The different phases of the TR phenomenon can be described as shown in Figure 4.1: 1) cell heating, 

2) outgassing inducing a slight decrease of the cell heating rate and 3) the thermal runaway itself, when 

a temperature threshold is reached. This leads to violent exothermic reactions within the cell inducing 

a large outgassing that ejects most of the cell material and often results in the production of flames and 

smoke. Cell casing rupture and explosion can also be observed. 
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Figure 4.1: Li-ion cell temperature evolution during TR 

The opening of the cell safety vent and the subsequent major venting event are critical to characterize, 

as the risk of fire and explosion is high. The flammable gases emitted have different origins: they can 

stem from the evaporation or pyrolysis of the organic solvent in the liquid electrolyte or can be the 

result of thermal decomposition in other components: electrolyte additives, lithium salt,  electrode 

binder, separator, or cell packaging [30]. When a cell is undergoing thermal runaway, the risk of 

flaming combustion is closely related to the temperature, composition and flow rate of flammable 

gases emitted. Unfortunately, these parameters evolve quickly during TR, with a timescale of a few 

seconds, and information that would allow modelling of the risks associated with this combustion is 

still scarce in the literature. In this work, we are implementing advanced diagnostic tools in the single 

cell thermal runaway containment test, as described in RTCA’s DO-311A standard [8], to provide 

time-resolved measurement of the combustion heat-release rate, outgassing composition, smoke 

density, flame and cell casing temperature as well as particle concentration and size distribution.  

The combustion phase of the TR has been extensively studied in the literature. Calorimetry-based 

experiments typically focus on quantifying the heat released within and around the cells [82-85]. In a 

cone calorimeter, heat release rate (HRR) measurements are usually based on the oxygen consumption 

principle [9], and therefore only the energy associated with the combustion taking place outside the 

cells with ambient air as oxidizer can be measured [86]. From the time-dependent signal obtained, the 

duration, peak HRR and total energy associated with combustion can be extracted to characterize the 

fire risk posed by the TR. To capture the total heat release, including exothermic processes internal to 
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the cell and combustion driven by the oxygen it contains, more advanced calorimeters are needed, 

typically featuring an adiabatic test section or one where the heat flux can be measured [50]. It is 

interesting to note that material decomposition energy was shown to be as high as 2 times the cell 

electrical energy while the combustion-linked energy can be up to 6 times the cell electrical energy 

[87]. 

The effect of the heating rate on the combustion associated with TR has only been studied partially, 

but this parameter appears to have a significant influence as the HRR and thus the severity of the fire 

risk have been observed to increase with the heating power [79]. The heating method must also be 

considered as local heating can trigger a violent TR while a more uniform temperature increase 

typically leads to non-explosive TRs [88].  

The composition of the outgassing during thermal runaway has been measured using Fourier transform 

infrared spectrometry (FTIR) and gas chromatography coupled with mass spectrometry (GC-MS). 

Unlike GC-MS, FTIR allows online gas analysis with a good temporal resolution but has a lower 

sensitivity. GC-MS is very sensitive, but the results depend on the database used to identify the gas 

compounds and are dependent on both the concentration and the ionization propensity of each gas 

specie [67, 89]. Ribière et al. analysed the outgassing of pouch-type Li-ion cells by FTIR on a cone 

calorimeter, quantifying the concentrations of combustion related gases such as CO, CO2, O2 and of 

toxics gases such as HF, NO, SO2 and HCl [30]. Larsson et al. also studied the gas emission of pouch-

type Li-ion cells and focused their work on the emission of toxic species such as HF and POF3, 

revealing that the amount of HF decreases with the decrease of SOC [49]. Spinner et al. analysed the 

outgassing of cylindrical Li-ion cells by FTIR, focusing on the concentration of CO2, CO, SO2, O2 and 

CH4 [29]. Chen et al. used GC-MS and analysed lower explosive limit (LEL) as a function of SOC 

and heating power [72]. They revealed that the LEL increases and then decreases with the increase of 

the SOC and that the LEL decreases with the increase of heating power. Gachot et al. developed a very 

sensitive gas analysis tool using gas chromatography (GC) coupled with FTIR and mass spectroscopy 

(MS) [89], but unfortunately it does not allow online measurements. Abd-El-Latif et al. used 

accelerating rate calorimetry (ARC) coupled with a mass spectrometer (MS) to perform online gas 

analysis on both unaged, cycled and overcharged Li-ion cells, revealing the presence of DMC and 

EMC during cell venting and of C2H4, CO2 and POF3 during cell explosion [85]. 

The increased use of Li-Ion batteries in transportation systems, both terrestrial and airborne, means 

that in addition to thermal aspects, particulate emissions associated with TR must also be considered 

to ensure the safety of the occupants. Knowledge of the particle size distribution resulting from the 
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combustion of the TR outgassing is very limited, for instance Zhang et al. reported sizes and 

compositions, but only for prismatic cells [90]. They revealed that the particulate emission accounts 

for 11.20 % of the cell initial mass and that the particles median size is 198 µm, but the use of sieves 

for particulate emission analysis limited the precision and the size range of the results. 

In this work, we first perform a quantification of the thermal aspects of the TR of 18650 Li-ion cells 

using a cone calorimeter, focussing on the effects of the heating rate. We implement multispectral 

infrared imaging to complement temperature measurements obtained from thermocouples. The effects 

of the cell heating rate during TR initiation on the cell and outgassing temperatures, heat release rate, 

volumetric smoke production and mass loss are described. In the second part of the paper, the 

outgassing is analysed using a mass spectrometer and two particle size spectrometers, yielding time-

resolved information on the gas composition and the particles size distribution. 

 Experimental methodology 

4.3.1 Li-ion cells and heating system 

The most extensively used Li-ion cell format is the cylindrical 18650, with an 18 mm diameter and a 

65 mm height. In this study, the cells tested were 18650, with 2.5 Ah capacity and a 3.6 V nominal 

voltage. All the cells were new and fully charged up to 4.2 V (100 % SOC), with the plastic wrapping 

surrounding the casing removed to facilitate heating. 

The heating system is composed of a cylindrical holder (stainless steel) filled with thermal insulation 

(Fiberfrax HAS from Unifrax). The cell was wrapped with a heating wire (McMaster ref. 3641K22) 

and inserted within the holder as shown in Figure 4.2. A PID controller (Omega engineering, 

CN16DPT-440) and a K-type thermocouple (TC0) in contact with the cell casing ensured a controlled 

and constant heating rate. The cell temperature was also measured using two K-type thermocouples 

(TC1 and TC2). The outgassing and flame temperatures were obtained 2 cm (TC3) and 12 cm (TC4) 

above the positive pole of the cell using R-type thermocouples. TC3 and TC4 were coated by a thin 

layer of liquid ceramic (Omega engineering, Omegabond 500) to prevent catalytic heating effects with 

the platinum-based thermocouple material.  
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Figure 4.2: Overview of the heating setup: schematic representation (a) and picture of the real setup 

with TC0, TC1 and TC2 visible (b) 

4.3.2 Cone calorimeter 

The analysis of the heat released by the outgassing combustion was done using a cone calorimeter with 

an exhaust flow rate of 24 L/s. The cell holder was placed inside an open chamber made of four 

Plexiglas panels, located immediately below the cone calorimeter fume hood, to limit leakage. The 

calorimeter is based on the ISO 5660-1 standard [9], with the heat release rate measured through the 

oxygen consumption method, using an O2 sensor (Hummingbird, Paracube Premus-α). The total 

energy released during the combustion was then calculated by integrating the heat-release-rate over 

time. It is important to note that only the energy released by the combustion can be measured with this 

method. Other energy fluxes such as exothermic reactions within the cell and heat transfer with the 

environment are not considered. The volumetric smoke production rate was measured in the exhaust 

pipe of the cone calorimeter using a helium-neon laser, again following the procedure described in 

ISO 5660-1 [9]. The total amount of smoke was then calculated by integrating this value over time. 

4.3.3 Particle size spectrometers 

Two particle spectrometers were used to cover a size spectrum as wide as possible. An optical aerosol 

spectrometer (Grimm Aerosol Technik, Mini-LAS model 11R) focused on particles with a diameter 

ranging from 250 nm to 32000 nm and provided a full size distribution every 6 seconds. The sampling 

rate was 1.2 L/min. Smaller particles with sizes ranging from 17.5 nm to 532.8 nm were analysed using 

a scanning mobility particle sizer (SMPS) (TSI, model 3775-3082), sampling aerosols at 0.3 L/min 

and requiring 76 s to perform a complete scan. The samples drawn by both instruments were taken in 

a diluted probe lowering the aerosol concentration by a factor 40, to quench the reactions, prevent 
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aggregation and avoid detector saturation. The sampling approach is shown schematically in Figure 5, 

with the probe itself built from a 6 mm outer diameter brass tube with a 4 mm orifice, allowing a 

sampling flow rate of 0.9 L/min and positioned 15 cm above the positive pole of the cell undergoing 

thermal runaway. The vacuum pump had a flow rate of 36 L/min. 

 

Figure 4.3: Overview of the gas sampling line 

4.3.4 Mass spectrometer 

The analysis of the outgassing composition was performed using a mass spectrometer (MKS 

Instruments, Cirrus 1 LM99). Gas samples were collected using the same nozzle as previously 

described for aerosol analysis (Figure 4.3) but were sent to the mass spectrometer without dilution 

with a flow rate of 0.2 ml/min. To minimize scan time, a limited number of molecular masses were 

considered to detect species of interest (m/Z ratio in parenthesis): H2 (2), CH4 (15; 16), DMC (15; 45), 

H2O (18), HF (20), LiF (25), C3H6 (39; 41), CO2 (44), C6H6 (78), POF3 (85; 104). These species were 

selected following complete scans to identify the most relevant species and are consistent with similar 

choices made in the literature [15, 72-74]. This enabled a rapid scan time of 6s, with a detection limit 

for individual species corresponding to an ionic current of 1*10-13 A. Prior to the tests, a calibration 

was performed for four species of interest (H2, H2O, CO2 and DMC) to enable the relative 

concentration of these species to be quantified. However, since the mixing between the cell outgassing 

and the surrounding atmosphere is uncontrolled and the resulting dilution ratio unknown, the absolute 

concentrations cannot be quantified using this approach.  
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4.3.5 Infrared and high-speed cameras 

A high-speed multispectral infrared (IR) camera (Telops, MS M350) was used to simultaneously 

acquire images through 8 spectral bands or broadband attenuations over the 1.5 μm and 5.4 μm range. 

The maximum acquisition frequency in multispectral mode was 120 Hz (300 x 500 pixels), while up 

to 500 full frame images per second (640 x 524 pixels) can be acquired when a single filter position is 

used. This enabled calibrated thermographic measurements over the very broad temperature ranges 

encountered during TR, from room temperature to over 1000 °C. Moreover, the multispectral 

capabilities were leveraged to measure the temperature of the cell positive pole cap by using filters 

that had spectral wavebands designed to see through the flame (3649-3763 nm, 3773-3809 nm and 

3945-3983 nm). Finally, other filters centred on the absorbance peaks of H2O and CO2 (2987-3038 nm 

and 4382-4597 nm, respectively) were used to estimate the flame temperature [91]. For these 

measurements, the Plexiglass enclosure was removed to maintain the camera calibration and allow 

optical access to the positive pole and cell casing.  

A high-speed camera (Photron, Fastcam Mini AX200) was also used to capture the flame emissions 

in the visible spectrum, with a 50 mm lens (Nikon). This model records video at up to 6 400 full frames 

per second (1024 x 1024 pixels). 

4.3.6 Experimental methodology 

A total of 20 Li-ion cells were tested with three heating rates (5 °C/min, 10 °C/min and 20 °C/min), 

with an effective heating rate calculated post-hoc from measurements of the cell casing temperature. 

They were realized in the cone calorimeter with the four Plexiglass walls installed, combined with 

particle size and mass spectrometry. An additional test with the plexiglass enclosure removed and the 

heating setup reduced to the heating wire was performed to improve optical access and allow a better 

visualization of the cell outgassing and cell casing. All the tests were performed at room temperature 

(25 °C) and followed the same test protocol based on the DO-311A standard, with the resulting 

evolution of the cell casing temperature shown in Figure 4.4. The cells were initially brought to 55 °C 

with a heating rate of 6 °C/min. The temperature was then kept constant at 55 °C for three minutes. 

The desired heating rate was then applied (5 °C/min, 10 °C/min or 20 °C/min) until the first venting 

was observed. At this point, the heating was stopped, and the cells were left to either undergo thermal 

runaway or cool down. If no thermal runaway was observed following this initial heating ramp and 

the cell temperature decreased below 55 °C, a second heating ramp was initiated and was maintained. 

It is worth noting that self-heating already occurs in the cell during the initial heating ramp, but that 
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this does not necessarily lead to TR. Since our investigation focuses on the combustion associated with 

TR, this dual heating ramp protocol allowed us to observe flames for every test. In the following, cells 

are said to undergo spontaneous TR if a single heating ramp was required while if two heating ramps 

were needed the TR is referred to as non-spontaneous. 

 Results 

4.4.1 Cell, outgassing and flame temperature 

The main stages of TR are illustrated in Figure 4.4 and can be summarized as follows: (i) the security 

vent opens, and a small venting occurs, (ii) the temperature of the cell stabilizes or slowly increases, 

(iii) the temperature of the cell surges and reaches several hundred degrees Celsius, quickly followed 

by a major venting event accompanied by sparks and unstable flames, (iv) the gas ejection speed 

decreases and yields a stable flame, (v) the flame extinguishes and the cell cools down.

 

Figure 4.4: The main stages of TR

Figure 4.5 shows an example of the temperature recorded by the 4 thermocouples implemented as 

described in Section 4.3.1. The first venting temperature was defined as the maximum cell temperature 

measured by TC1 or TC2 when the security vent opens. The highest temperatures of the cell casing 

were recorded by these same thermocouples shortly after, typically following sharp increases 

associated with the major venting events. The maximum temperature of the outgassing and of the flame 

are recorded in the gas phase above the cell, as very short spikes when combustion occurs. However, 
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as the positive pole features three venting ports and cell motion occurs during venting, the temperature 

measured at these two discrete points does not always capture the conditions inside the vented jets and 

flames, as shown in Figure 4.4. 

 

Figure 4.5: Description of the temperature measurements 

The cell casing and flame temperature obtained from the multispectral infrared camera was compared 

against measurements from thermocouples. The use of “through flame” filters also allowed the direct 

measurement of the temperature of the positive pole during outgassing and combustion. Figure 4.6 

shows these three areas of interest, namely the location of TC2 on the cell casing, the positive pole and 

the location of TC3 above the cell. For each location, the temperature reported below is the average 

value calculated over all pixels inside the designated area.  
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Figure 4.6: Frames extracted from high-speed infrared imaging, for an effective heating rate of 

14°C/min. (a) Images taken just before TR when the casing temperature is 95 °C and the positive 

pole temperature is 130°C. (b) During TR, the positive pole and outgassing temperatures are 700°C 

and 450°C, respectively 

Figure 4.7 shows comparisons between the temperature measured with the infrared camera and the 

thermocouple for the cell casing and outgassing (TC2 and TC3). Infrared measurement yields a peak 

temperature 115 °C higher for the cell casing (Figure 4.7a), demonstrating that although the 

thermocouple is firmly pressed against the surface, the imperfect contact still prevents the true 

temperature to be obtained [92, 93]. The resulting thermal inertia is easily visible in Figure 4.7a by 

comparing the two temperature rises at approximately 840 seconds. Moreover, the emissivity of the 

casing might evolve as its temperature increases and its surface undergoes physical and chemical 

changes. For this measurement, the emissivity of the surface was taken as 0.8 for the cell casing (cold-

rolled steel [94]). For the outgassing or flame temperature, the radiometric temperature is somewhat 

lower, by approximately 100 °C, and should be considered an estimation as the emissivity of the gas 

plume is unknown but assumed to be unity for the calculation. These measured outgassing and flame 

temperatures are relatively low at approximately 500 °C for this test for which both IR and TC 

measurements are available. This reveals that the unknown emissivity of the gas results in large errors 

in radiometric temperatures and that for this particular test the thermocouple was not aligned to capture 

the hottest point in the flame. A more detailed representation of the range of flame temperatures 

measured is presented in the following section. The through-flame infrared measurement allowed a 
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detailed measurement of the temperature evolution of the positive pole during TR, quickly reaching 

725 °C during the combustion phase (Figure 4.8). This is significantly higher than for the cell casing 

(see Figure 4.7a) and is a good proxy to estimate the temperature of the outgassing flow as it exits to 

the open atmosphere. 

 

Figure 4.7: Comparisons between the infrared camera and the thermocouple measurements 

 

Figure 4.8: Infrared camera measurements of the positive pole temperature during combustion using 

a through-flame infrared filter



54 

 

 

The IR camera also revealed phenomena not apparent in the visible spectral, as shown in Figure 4.9a, 

with “t0” representing the instant the security vent opens. 50 ms after t0, liquid ejections of electrolyte 

are observed, quickly followed by liquid electrolyte spilling over the positive pole of the cell and 

flowing along the cell casing (50 ms to 300 ms after t0). For a few seconds (0 s to 32 s after t0), gas 

ejection due to electrolyte decomposition begins and progressively increase in intensity until the major 

venting (t0 + 33 s). This observation confirms that no combustion occurs before the major venting 

event. Only then incandescent particles, sparks and flammable gases are expelled from the cell. The 

high initial velocity prevents a diffusion flame from stabilizing, meaning that most of the material in 

the initial ejection remains unburned. Stable ignition is observed 35 seconds after t0 and continues 

until the combustible material presents inside the cell is exhausted. The stable flaming combustion 

phase typically last for about 10 seconds. The last three phases described here are also shown in the 

visible spectrum in Figure 4.9b. 

 

Figure 4.9: Frames extracted from infrared (a) and high-speed (b) imaging recorded during the 

thermal runaway of a Li-ion cell (both videos are available as supplemental material). The infrared 
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frames were recorded with two broadband filters that have different temperature ranges. “t0” 

represents the opening of the security vent 

4.4.2 Effect of the heating rate 

Thermal runaway was induced in cells with heating rate ranging from 5 °C/min to 20 °C/min, with 

simultaneous measurement of cell and outgassing temperature, as well as heat release rate (HRR) and 

volumetric smoke production. The weight of each cell was measured before and after each test to 

calculate the mass loss. The outgassing composition and particle size distribution were also measured 

and are presented in the following section. 

As it can be seen in Figure 4.10, the spontaneity of the TR is highly affected by the heating rate. For 

the lowest heating rate (5 °C/min), no cells experienced a spontaneous TR while the opposite was 

observed for the highest heating rate (20 °C/min). For a moderate heating rate (between 10 °C/min and 

14 °C/min), six out of seven cells required a second heating ramp to undergo TR. The spontaneity of 

the TR thus increases as the heating rate increases. The first venting temperature is also affected by 

the heating rate (Figure 4.8), being higher when the heating rate increases. 

 

Figure 4.10: First venting temperature of the cell as a function of the heating rate 

The maximum temperature reached by the cell casing (TC1 and TC2) during TR does not appear to be 

significantly affected by the heating rate or the spontaneity of the TR, as it can be seen in Figure 4.11a. 

The maximum temperature is between 375 °C and 560 °C at the bottom of the cell (TC1) and between 

192 °C and 471 °C at the top (TC2). This difference can be due to several factors such as a loss of 

contact between TC2 and the cell, a temperature gradient between the bottom and the upper part of the 
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cell or convective effects in the upper part of the heating setup. The maximum temperature in the flame 

zone as a function of the heating rate is shown in Figure 4.11b, reaching up to 1280  °C for the 

measurement position closest to the cell vent (TC3). The flame temperature does not seem affected by 

either the heating rate or the spontaneity of the TR. Again, the large variability can be explained by 

the spatially discrete measurement obtained from the thermocouple, not necessarily aligned with the 

narrow flames escaping the three cell vents.  

 

Figure 4.11: Max TC1 and Max TC2 (a), Max TC3 (b) as functions of the heating rate

The peak HRR and the total energy released are shown in Table 4.1. Both appear to be higher for cells 

subjected to a moderate heating rate (i.e. 10 °C/min). The cells subjected to a high heating rate (i.e. 20 

°C/min), and that thus underwent spontaneous TR, seem to have relatively low peak values with a low 

variability for the HRR, as it can be seen with relatively small standard deviation. It is also important 

to note that the HRR and the total energy released during the combustion phase of the TR follow 

similar trends. The maximal heat release measured was up to 92 kJ, well exceeding the electrical 

energy stored in this type of cell (i.e. 32 kJ). 
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Table 4.1: Maximum heat release rate and total energy released for the different heating rates 

  Peak heat release rate [kW] Total energy released [kJ] 

Nominal 
heating rate 

[°C/min] 
Mean Minimum Maximum 

Standard 
deviation 

Mean Minimum Maximum 
Standard 
deviation 

5 3.90 2.53 8.09 2.11 37.20 22.80 76.00 19.79 

10 5.41 3.61 8.41 1.67 51.68 29.20 92.00 19.64 

20 2.29 1.68 2.72 0.33 19.89 5.50 29.40 6.82 

The peak value of the smoke production rate and the total amount of smoke produced are shown in 

Table 4.2. Both appear to be lowest for cells subjected to a moderate heating rate. It is worth 

mentioning that the maximum volume of smoke measured was up to 100 L, a very large value 

considering the dimensions of 18650 Li-ion cells. 

Table 4.2: Maximum volumetric smoke production rate and total volume of smoke for different 

heating rates 

  Peak volumetric smoke production rate [L/s] Volume of smoke [L] 

Nominal 
heating rate 

[°C/min] 

Mean Minimum Maximum 
Standard 
deviation 

Mean Minimum Maximum 
Standard 
deviation 

5 10.79 6.79 14.99 3.02 51.99 31.99 99.91 24.45 

10 8.55 3.85 14.48 3.87 34.36 17.58 57.12 13.53 

20 11.49 6.57 19.41 4.69 57.89 36.23 103.69 20.41 

No significant effect of the heating rate nor the spontaneity of the TR was observed on the cell mass 

loss, as it can be seen in Table 4.3, with between 45 % and 70 % of the initial cell weight lost during 

TR. The results were highly variable, even for similar heating rates. For a heating rate of 10 °C/min, 

the mass losses were all above 54 %, which is higher than for lower or higher heating rates.  

Table 4.3: Mass loss for different heating rates 

  Mass loss [%] 

Nominal heating rate 
[°C/min] 

Mean Minimum Maximum Standard deviation 

5 53.60 45.59 67.35 8.77 

10 60.81 54.57 69.76 4.77 

20 58.45 46.70 66.28 7.18 
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4.4.3 Gas emission 

The mass spectrometer measurements revealed no major difference in the gas composition between 

spontaneous and non-spontaneous TR, apart from the timing of the outgassing, as seen in Figure 4.12. 

The outgassing associated with the first venting (i.e. the opening of the security vent) is detected in 

both cases, with CO2 and DMC present. As the gas sample is collected after an important dilution 

occurred with ambient laboratory air, water vapor is also detected. However, the lack of significant 

shift in the H2O concentration following the first venting indicates that combustion does not take place 

at this time. For spontaneous TR, the gas production continues with a slight decrease over a few 

minutes, until the major venting occurs. For non-spontaneous TR, the gas production follows the same 

trend but stops completely for 2 to 5 minutes. During the major venting event, H2, H2O, CO2 and DMC 

were always detected. Traces of C3H6 were found in three tests, while LiF and C6H6 were found in 

only one test. The increased presence of water vapor is indicative of combustion while the 

simultaneous detection of H2 and DMC reveals that this combustion is incomplete or that combustible 

gases escape before the flame establishes itself, as discussed in Section 4.4.1 dealing with the IR 

thermography measurements. The presence of H2 can also be due to the reaction between water vapor 

and lithium [95, 96]. The main combustible species emitted appears to be the electrolyte itself, DMC, 

with a peak concentration reached during the first venting, prior to the apparition of flames. 

 

Figure 4.12: Comparison of mass spectrometry measurements between spontaneous (a) and non-

spontaneous (b) TR. The first peak in both cases is associated with the initial venting without flames, 

while the second follows TR and combustion of the outgassing
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Figure 4.13 presents the relative peak gas concentration values for the calibrated species during 

the first venting and the combustion following the major venting event, combining the results 

of all the tests, no matter the heating rate. The results confirm that the maximum concentration 

of DMC takes place during the first venting (Figure 4.13a), being 8 times more abundant than 

CO2, and that this outgassing is mainly due to the evaporation of the electrolyte. During the 

combustion following the major venting, CO2 and H2O are mostly detected, with small amount 

of H2 and DMC (Figure 4.13b), as expected for gases sampled in a turbulent diffusion flame. 

 

Figure 4.13: Relative gas concentration for major species after calibration, during the first 

venting (a) and the combustion following the major venting (b). The error bars represent 

standard deviations 

The particle size distributions discussed below are representative of the peak concentration 

observed during the major venting and the flaming combustion of the outgassing. The results 

of all the tests, no matter the heating rate, are gathered in Figure 4.14 and Figure 4.15. Figure 

4.14 shows the size distributions measured with the GRIMM by considering the number of 

particles (Figure 4.14a) and the mass of particles (Figure 4.14b). The majority of the particles 

detected have a diameter smaller than 800 nm. However, the peak concentration appears to be 

located below the lower size detection limit of the instruments and the size distribution is 

therefore incomplete (Figure 4.14a). Nevertheless, when considering the particles mass, the 

peak concentration is located for particles with diameters around 10 µm (Figure 4.14b), 

revealing that despite the important number of particles with diameters smaller than 800 nm, 

most of the cell mass loss by particle emission is reached with the formation of larger 

particles. 
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Figure 4.14: Particle size distributions measured by the number of particles (a) and by the 

mass of the particles (b) with the GRIMM spectrometer. The standard deviation is represented 

by the shaded area 

The size distribution obtained from SMPS measurements appears to be bimodal, as shown in 

Figure 4.15a, with a first peak for particles with a diameter below 50 nm and another at 

approximately 125 nm. This type of bimodal distribution is common in soot formation [97]. 

The first peak corresponds to incipient primary particles and the second to the growth of 

aggregates. It is worth noting that with the SMPS measurements the first peak was not detected 

in all measurements and that variability between experiments was significantly higher than with 

the GRIMM measurements. Both observations are likely the result of the relatively long 

scanning time of the SMPS instrument. As the combustion associated with TR is a relatively 

short event, it is likely that some scans only partially capture it, resulting in a lower measured 

concentration of truncated size distributions. Considering the particles mass (Figure 4.15b), the 

concentration becomes greater when the particles diameter increases, but the peak 

concentration seems to be located out of the SMPS measurement range. 
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Figure 4.15: Particle size distribution measured by the number of particles (a) and by the mass 

of the particles (b) with the SMPS spectrometer. The standard deviation is represented by the 

shaded area 

 Discussion 

Our results clearly reveal that a larger heating rate is associated with a more spontaneous onset 

of the TR. The first venting temperature is also observed to be higher compared to cells reaching 

TR slower, as it can be observed in Figure 4.10. This could be the result of the difference 

between the heat that can be dissipated to the environment compared to both the heat supplied 

and the heat generated within the cell. Faster heating rates prevent the cell from dissipating 

energy at a sufficient rate and this results in a more severe reaction. The heating rate is therefore 

highly affecting the TR course and should be considered when analysing abusive tests 

performed on Li-ion cells and battery such as those in the DO-311A standard. It is worth noting 

that when considering cascading failure in battery packs, the effective heating rates encountered 

are likely to be much higher than those tested here, strengthening the need to study the gas-

phase combustion and its role in heat transfer to adjacent cells. 

The slightly higher HRR observed for cells exposed to intermediate heating rates of 

approximately 10 °C/min can be linked to the duration of the major venting (phase iii on Figure 

4.4). This ejection appears to be a little shorter for cells displaying high HRR and total energy 

release, as shown in Table 4.4. This more violent ejection is therefore associated with more fuel 

available for combustion in the gas phase and more energy release. However, heat release 

measurements might be affected by slight leakage occurring during some major venting events, 

as shown in Figure 4.16. Importantly, it appears that there is limited combustion during this 
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phase of the TR, which we attribute to the high velocity of the outgassing that prevents flame 

stabilization, and for the most part chemical reactions in the gas phase appear as sparks, which 

are well captured by the exhaust hood and therefore properly accounted in the heat release rate 

calculations.  

Table 4.4: Major venting duration for different heating rates 

  Major venting duration [s] 

Heating rate [°C/min] Mean Minimum Maximum Standard deviation 

5 2.18 0.87 2.93 0.85 

10 0.93 0.64 1.37 0.23 

20 2.03 0.92 3.12 0.78 

 

Figure 4.16: Comparison before (a) and during (b) the major venting of the TR 

The use of high-speed multi-spectral infrared thermography allowed flame and cell 

temperatures to be obtained by two independent measurement techniques. Comparison between 

the two revealed the magnitudes of the uncertainties associated with the dry contact between 

the thermocouples and the cell casing. The unknown emissivity in the gas phase prevented the 

acquisition of precise temperature measurements in the flame. The direct measurement of the 

positive pole temperature using through-flame filters allowed a reliable value to be obtained for 

the outgassing temperature prior to and during the combustion phase of the TR. Moreover, a 

precise visualization of the first venting confirmed that no combustion occurs during this phase. 

To improve repeatability between tests, the positive pole cap was removed prior to TR initiation 

for a few cells. By allowing a vertical outgassing and flame, probe positioning was easier. A 

similar approach was implemented by Mao et al. [98] but we did not follow through with this 

idea as the outgassing failed to ignite. It seems that the narrow vents in the positive pole cap 
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play an important role in the gas ignition by increasing its temperature and creating sparks by 

friction during the major venting event. 

The measured total smoke production rates obtained through laser obscuration appeared to be 

minimal for intermediate heating rates. This result, together with the fact that heat release and 

mass loss are greater for intermediate heating rates, supports the hypothesis that better 

combustion takes place. Smoke production measurements are rarely available for TR 

experiments, but as electrical energy storage becomes more prevalent in transportation systems, 

occupant safety considerations must cover exposure to particulate matter. The total smoke 

produced was on the order of 50 L, with peak production rates reaching 11 L/s. Although, these 

results might also be affected by the smoke leak described earlier. The results provided for the 

particle size distribution cover the full size distribution and reveal a bi-modality typical of fuel-

rich combustion processes where both soot nucleation and aggregation processes are present. 

Particle size playing a key role in human health and environmental effects [99], this 

microstructure information is of great interest and can contribute to the better design of risk 

mitigation approaches. 

The mass spectrometry measurements provided a glimpse of the temporal variation of the 

concentration of the main species present in the initial outgassing and during the combustion 

phase. Considering the short duration of these events and the complexity of the gas mixtures 

released, these results are however incomplete. Moreover, CO cannot be detected using this 

technique as its mass coincides with that of nitrogen, with the unknown dilution with laboratory 

air also preventing quantitative concentration measurements.  The instrument calibration 

however allowed the relative concentrations of H2, H2O, CO2 and DMC to be estimated, 

revealing the abundance of DMC during the first venting and a mixture of H2O and CO2 during 

the combustion phase. Mass spectrometry and particle size distribution results are a valuable 

addition to the literature that can be useful to guide the design and provide validation for 

numerical models of the gas phase combustion associated with Li-Ion cells TR. 

 Conclusion 

The combustion associated with the thermal runaway of 18650 Li-ion cells was investigated 

using a cone calorimeter, with a focus on the effects of heating rate. In addition to the heat 

release and cell temperature, gas-phase measurements were implemented to obtain the 
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outgassing and flame temperature, as well as the outgassing composition, smoke production 

and particle size distribution following combustion. 

The heating rate had a significant impact on the spontaneity of the thermal runaway, with high 

heating rates associated with spontaneous onset and higher cell temperatures at the first venting. 

However, maximum cell and outgassing temperatures did not seem affected by the heating rate. 

Intermediate heating rates (i.e. approximately 10°C/min) have produced the maximum heat 

release and the minimum smoke production. Multispectral infrared imaging was used to obtain 

the temperature of the vents on the positive pole prior to and during combustion, revealing 

outgassing temperatures exceeding 700 °C.  

Time-resolved mass spectrometry measurements allowed the identification of the main gas 

species released during thermal runaway. The electrolyte DMC and a small quantity of CO2 are 

released during the first venting, followed by CO2 and H2O as well as small quantities or traces 

of H2, DMC, C3H6, LiF and C6H6 during the combustion following the major venting event. 

The analysis of the particulate matter emitted during combustion revealed a bimodal 

distribution, typical of turbulent fuel-rich diffusion flames where both soot nucleation and 

aggregative growth are present. 
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 AGEING EFFECTS 

 Design of experiment 

The results presented in this chapter aimed to study the effects of both the heating rate and the 

cell ageing, including measurements of gas composition and particle size distribution in the 

outgassing during the thermal runaway of 18650 Li-ion cells. Part of the data collected is 

included in the scientific article presented in Chapter 4, with results specific to the effect of 

ageing presented here. 

Table 5.1 gives an overview of the tests that were performed. Three types of ageing (calendar, 

cyclic or none) and three heating rates (5 °C/min, 10 °C/min and 20 °C/min) were considered. 

A total of 12 aged cells were available for those tests, thus a maximum of 4 tests could be 

conducted for each ageing type, limiting the parameter range and interactions that could be 

investigated. The capacity loss (CL) is correlated with the ageing, being between 1 % and 4 % 

for fresh cells, between 5 % and 6 % for those subjected to calendar ageing and between 10 % 

and 12 % for those subjected to cyclic ageing. The column “Spontaneous TR?” indicates if the 

thermal runaway of the cell appeared spontaneously after the first heating ramp or if a second 

heating cycle was required. 

Table 5.1: Overview of the experiments 

Cell 

number 
Ageing type 

Capacity loss 

[%] 
Heating rate [°C/min] Spontaneous TR ? 

19 

Calendar 

6 5,54 No 

23 6 11,92 Yes 

18 5 7,8 No 

26 6 23,62 Yes 

16 

Cyclic 

12 5,57 No 

20 12 10,33 No 

22 10 12,24 No 

24 11 22,35 Yes 

15 

None 

1 5,01 No 

17 2 8,89 No 

21 4 11,13 Yes 

25 3 22,24 Yes 
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 Results and discussion 

5.2.1 Temperatures 

The cell temperature at the onset of the first venting is presented in Figure 5.1 as a function of 

CL. This temperature is defined as the highest temperature measured between TC1 and TC2 

when the security vent opens. It appears that there is no clear correlation between cell 

temperature at first venting and the CL. At 20 °C/min, the temperature appears to be higher for 

the cells that underwent calendar ageing (CL between 5 % and 6 %) while no clear trend is 

visible for the other heating rates. It appears that the cells that experienced a spontaneous 

thermal runaway have higher cell temperature at first venting, regardless of the ageing type. 

This tendency was previously identified in Section 4.4.2 as a consequence of the increased 

heating rate. Considering the limited number of cells tested for the results presented here, 

further investigations are required to validate those observations. 

 

Figure 5.1: Cell temperature at first venting as a function of CL 

The maximum cell temperature measured by TC1 and TC2 as a function of CL is shown in 

Figure 5.2. No clear trend is visible for the temperature measured next to the negative pole of 

the cell by TC1. However, the temperatures measured around the positive pole by TC2 appear 

to be higher for cells subjected to calendar ageing (CL between 5 % and 6 %). Nevertheless, a 

test campaign with more cells is again required to confirm this observation. 
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Figure 5.2: Maximum temperatures measured by TC1 (a) and TC2 (b) as functions of CL 

The maximum temperatures measured by TC3 and TC4, corresponding to the flame 

temperature, as a function of CL are shown in Figure 5.3. No clear tendency could be extracted 

from these results. This variability is most likely the result of the flame position as it depends 

on whether or not the flame touched the thermocouple during the test. 

 

Figure 5.3: Maximum temperatures measured by TC3 (a) and TC4 (b) as functions of CL 

5.2.2 Heat release rate and total energy released 

The maximum heat release rate and total energy released as a function of CL are presented in 

Figure 5.4. It appears that these two values are slightly lower for cells subjected to calendar 

ageing (CL between 5 % and 6 %), as it can be seen for heating rates of 5 °C/min and 20 °C/min. 

Two tests provide high values of HRR at approximately 8 kW. This might be caused by the 

smoke leak around the exhaust chimney that affected the repeatability between the tests, as 

HRR measurement strongly depends on the amount of combustion gas mixture collected by the 

cone calorimeter. This issue will be more extensively discussed in Section 8.1. 
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Figure 5.4: Maximum HRR (a) and total energy released (b) during the thermal runaway as 

functions of CL  
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 MODELLING 

 0D simulation 

A sample of results of the simulation is presented in the following to illustrate its capabilities. 

The initial temperature is set at 600 °C (approximately the temperature of the cell casing during 

the outgassing) and the initial gas composition is chosen to match with previous experimental 

results given by Safran (CO2: 0.32720 mol; CO: 0.12614 mol; CH4: 0.01600 mol; NO: 0.00050 

mol; NO2: 0.00004 mol; C2H2: 0.01717 mol; C2H4: 0.00153 mol; CH2O: 0.00019 mol; H2: 

0.02515 mol). It is important to note that this composition was observed by Fourier-transform 

infrared spectroscopy (FTIR) and that combustion events might have happened prior to the gas 

sampling. Three values for the fuel-air equivalence ratios are chosen (Φ = 0.5, 1 and 2) to 

illustrate the behaviour of lean, stoichiometric, and rich flames. The environment pressure is 

set at one atmosphere. 

Figure 6.1 shows examples of the gas compositions for different values of fuel-air equivalence 

ratios (Φ). The gas species plotted can be any of the 53 considered in the GRI-Mech 3.0 

mechanism, with major species shown here. Unsurprisingly, the equivalence ratio has a strong 

impact on the molar fraction of CO2 and CO present at equilibrium. The proportion of CO after 

the combustion becomes more important when Φ increases, and the production of CO2 is more 

important when Φ decreases.  
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Figure 6.1: Gas composition as a function of time for Φ = 0.5 (a), Φ = 1 (b) and Φ = 2 (c) 

Temperature profiles as a function of time for the different values of Φ are plotted in Figure 

6.2. As expected, the temperature is maximal for complete combustion (Φ = 1) and reaches 

approximately 1600 °C. As a comparison, the maximum temperature measured experimentally 

was approximately 1100 °C. In the thermal runaway experiments, the combustion is incomplete 

because the flammable gas mixture is released in a quiescent air atmosphere, and mixing is 

therefore imperfect. Thus, the flame is non-premixed and equivalence ratio value changes 

depending on the location in the flame. The simulation shows that the temperature is strongly 

affected by the equivalence ratio and decreases rapidly as the equivalence ratio deviates from 

unity, explaining that the temperature measured experimentally is lower than 1600 °C. This 

difference between experimental and simulated results can also be due to the radiation losses 

on the thermocouple surface. Indeed, no radiation correction for the thermocouple 

measurements has been done in this project. It also seems that the time to ignition (ignition 

delay) of the gas mixture becomes longer as Φ decreases. 
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Figure 6.2: Temperatures profiles over time for different fuel-air equivalence ratios 

Figure 6.3 shows the absolute values of enthalpy of combustion for the three equivalence rates 

considered. This value is expressed in kilojoules per kilomoles of gas mixture released during 

the thermal runaway. As expected, more energy can be converted to heat for the complete 

combustion case (Φ = 1). Nevertheless, no comparison with the experimental results can be 

done because the gas composition values measured by the mass spectrometer are not 

sufficiently precise. 

 

Figure 6.3: Enthalpy of combustion for different fuel-air equivalence ratios 
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 1D simulations 

6.2.1 Counterflow diffusion flame 

The counterflow diffusion flame configuration considers two axisymmetric inlets with opposed 

flows. To achieve representative values for the momentum fluxes directed at the reaction zone, 

the envelope surface of the flame estimated from high-speed videos was used as the area of the 

fuel inlet. For simplicity, the flame was considered to be a cylinder 2 cm in diameter (2-3.5 cm 

experimentally) with a height of 15 cm (14-17 cm experimentally). It is important to note that 

this simulation does not provide any geometrical value of the flame shape. Indeed, although a 

flame with this configuration could be realized in practice, the simulation is far from the flame 

observed in our ignition tests and any interpretation in terms of flame position is not possible 

with such a simple model. Therefore, the results that will be presented and discussed are the 

flame temperature, the flame structure, and the heat release rate peak value. 

The following results consider these parameters: fuel temperature = 600 °C; air temperature = 

25 °C; air mass flow rate per unit area = 0.500 kg/(m2.s); fuel mass flow rate per unit area = 

1.043 kg/(m².s); distance between the two inlets = 20 cm; environment pressure = 1 atm. The 

fuel gas composition is based on experimental data from Safran (CO2: 0.32720 mol; CO: 

0.12614 mol; CH4: 0.01600 mol; NO: 0.00050 mol; NO2: 0.00004 mol; C2H2: 0.01717 mol; 

C2H4: 0.00153 mol; CH2O: 0.00019 mol; H2: 0.02515 mol). 

Figure 6.4 shows the temperature as a function of the distance from the fuel inlet. The reaction 

zone is located approximately 15 cm from the fuel inlet and the maximum temperature reaches 

1330 °C. This temperature value is not far from the maximum temperature measured 

experimentally (1280 °C). The difference can be due to the location of the thermocouple in the 

flame and to radiation losses that are not accounted for on the thermocouple surface. 



73 

 

 

 

Figure 6.4: Gas temperature as a function of the distance from the fuel inlet 

Gas composition as a function of the distance from the inlet (i.e. the flame structure) is presented 

in Figure 6.5. The gas composition at the fuel inlet (i.e. on the left of the graph) is mostly CO2 

and CO while the oxidizer gas (i.e. on the right of the graph) is air. Chemical reactions take 

place in the flame at 15 cm from the security vent, a value not linked to the approximation used 

for the flame envelope surface calculation. 

 

Figure 6.5: Gas composition as a function of the distance from the fuel inlet 
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Figure 6.6 shows the volumetric heat release rate as a function of the distance from the fuel 

inlet. The peak value again represents the flame position. This value is expressed in kilowatts 

per volume of flame (in other words, volume of gas that is reacting). By integrating the 

volumetric heat release rate over the spatial domain, thus capturing the thermal power released 

by the flame per unit area over its thickness, and by multiplying this value with the envelope 

surface of the flame (i.e. a cylinder of 2 cm diameter with a height of 15 cm), a peak value of 

the heat release rate during the combustion can be calculated. In this example, the heat release 

rate peak value is 8.3 kW. This value is coherent with the experimental measurement. Indeed, 

the measurements were included between 8.6 kW and 9 kW for the three tests at 10 °C/min 

with the chimney mounted around the setup. 

 

Figure 6.6: Volumetric heat release rate as a function of the distance from the fuel inlet 

6.2.2 Premixed flame 

The premixed flat flame model considers a homogeneous mixture of fuel and oxidizer flowing 

through a porous burner to create a stabilized flat flame. This model cannot be used to simulate 

the thermal runaway combustion of an isolated single cell. Indeed, in such a configuration, the 

flow of gas emitted by the cell is not directly mixed with air and there is no inlet to redirect the 

gas flow and to create a flat flame. However, this model is implemented to simulate a thermal 

runaway that could take place inside a battery module. In this configuration, the gas emitted 

during thermal runaway could mix with the air circulated inside the module with the porous 
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material representing a module outlet or vent. An external heating source (i.e. fire or spark) 

would in this case be required to ignite the gas mixture and create a flat flame. 

For the results presented here, the simulation has been run with the following parameters: gas 

mixture temperature = 800 °C; mass flow rate per unit area = 103.138 kg/(m².s); Φ = 0.5; spatial 

domain width = 40 cm; environment pressure = 1 atm. The fuel composition is again obtained 

from experimental data. The mass flow rate per unit area considers the thermal runaway of one 

Li-ion cell and a security vent with a surface corresponding to the security vent of the cell (i.e. 

disk of diameter 9 mm). 

Gas temperature as a function of the distance from the burner face is presented in Figure 6.7. 

The flat flame is located at approximately 12.5 cm from the inlet and the temperature reaches 

values over 1400 °C at 40 cm from the inlet. 

 

Figure 6.7: Gas temperature as a function of the distance from the inlet 

Figure 6.8 shows the gas composition as a function of the distance from the inlet. Chemical 

reactions begin to take place 12.5 cm from the inlet but continue with a lower intensity until the 

maximum temperature is reached. The proportions of CO2 and H2O increase while the 

proportion of CO and hydrocarbons decreases. Concentrations of other minor gas species are 

very low upstream and downstream the flame. 
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Figure 6.8: Gas composition as a function of the distance from the inlet 

Volumetric heat release rate as a function of the distance from the inlet is plotted in Figure 6.9. 

This value is expressed in kilowatts per unit volume of flame. The peak value is reached close 

to the burner face, shortly after the chemical reactions are initiated. As previously mentioned 

for the counterflow diffusion flame, the heat release rate peak value can be calculated from this 

profile. In this configuration, a peak value of 14.1 kW is obtained from the simulation. 

Nevertheless, since the configuration of this model does not represent the experimental setup, 

there is no experimental value to validate this result. 
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Figure 6.9: Volumetric heat release rate as a function of the distance from the inlet 

 Critical analysis 

As previously mentioned, these three simulations are very simple compared to reality and are a 

first step toward more complex work. Nevertheless, results such as gas temperature, gas 

composition and heat release rate are of the same order of magnitude as experimental data and 

can be used to assist in the interpretation of experiments, especially to understand the effect of 

critical parameters. In the following, key simplifications that had to be implemented are 

explained and discussed. 

The three simulations are implemented on Cantera using the GRI-Mech 3.0 mechanism. This 

mechanism is largely used to simulate the combustion of light hydrocarbons such as propane 

and methane. Therefore, several gas species released during the thermal runaway of Li-ion cells 

such as hydrogen fluoride (HF), hydrogen chloride (HCl), dimethyl carbonate (DMC), ethylene 

carbonate (EC) and propylene carbonate (PC) are not considered. In particular, dimethyl 

carbonate is one of the three major species (with CO2 and CO) released during thermal runaway 

and has a high energy content. Therefore, it may influence the results of the simulation, 

especially in terms of total energy released. 

The 0D simulation is the simplest of the three but is still useful to have approximations of gas 

temperature and composition. The major uncertainty is the fuel-air equivalence ratio. Indeed, 

there is no proper way to obtain this value experimentally, as it depends strongly on the 
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geometrical and flow configurations. Nevertheless, this model is a great tool to know the 

exhaust gas composition. 

The 1D counterflow diffusion flat flame is a more realistic configuration that allows the 

investigation of complete combustion, while avoiding the difficulty of having to choose an 

equivalence ratio. The model requires a mass flow rate of air to calculate the equilibrium 

between the two inlets and to create the flat flame, but this is not the case in reality for our 

experiment where the thermal runaway takes place in a quiescent atmosphere. Because of this, 

it is not possible to predict the shape of the flame with this simulation.  

As previously mentioned, the 1D premixed flat flame is not representative of a Li-ion cell 

thermal runaway. Indeed, in reality the gas mixture released by the cell is not homogeneously 

mixed with the air and no specific inlet is present to redirect the gas flow and to create a flat 

flame. Nevertheless, in case of a battery module design that would allow air to be mixed with 

the outgassing prior to combustion, the simulation yields interesting results such as the laminar 

flame speed and flame temperature, but this could not be verified in this project.  



79 

 

 

 GENERAL DISCUSSION 

The experimental setup can be improved to concentrate and decrease the amount of smoke that 

escapes the exhaust of the cone calorimeter during the major venting. To investigate this issue, 

three TR tests were performed with a stainless-steel chimney mounted around the heating setup, 

allowing the cell outgassing to be captured more efficiently by the cone calorimeter. HRR was 

strongly impacted by the smoke leak (Figure 7.1a), doubling the mean value of the 

measurements and highly improving the repeatability as shown by the decreased standard 

deviation. However, the smoke production measurements did not seem significantly affected 

by the presence of the chimney (Figure 7.1b). Surprisingly, the measurements with the chimney 

mounted revealed a slight decreased of smoke production rate. Such a configuration, although 

preventing visualization of the thermal runaway, could therefore improve the calorimetry 

measurements in future work. 

 

Figure 7.1: Comparison with or without the chimney for: (a) HRR and (b) smoke production 

rate. Uncertainties are represented as standard deviations 

Several points for improving the results presented in this work can be highlighted. The number 

of tests was limited due to their relatively long overall duration, which is a concern for a 

phenomenon as random and unsteady as the thermal runaway. This prevented definitive 

conclusions and further work is required to validate the results gathered in this work. 

Repeatability was not studied and could be interesting to investigate in a forthcoming work 

since the thermal runaway of Li-ion cells is highly variable under certain conditions. The 

situation becomes even more complicated due to the two types of thermal runaway observed in 

this project: spontaneous and non-spontaneous. Indeed, as observed in the mass spectrometry 

results, internal reactions in the Li-ion cell are taking place between the two heating ramps 

when thermal runaway does not occur spontaneously. This must influence the behaviour of the 
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cell during the combustion phase and the comparison between the two types of thermal runaway 

may be improved by further studies. Also, the cone calorimeter only allowed the measurement 

of the heat released associated with the combustion of the outgassing, other forms of energy 

such as what is released through electrical effects were therefore neglected.  

This work demonstrated that the use of a multispectral infrared camera can significantly 

improve the temperature measurements of both the cell casing and the outgassing. Indeed, 

despite having a good accuracy and being easy to use, the thermocouples measure the 

temperature locally and their results are highly affected by their position and by the quality of 

the contact with the cell. This not optimal in thermal runway studies because the cell 

temperature is not homogeneous, and the outgassing geometry is unpredictable. Finally, it could 

be interesting to perform the tests in a controlled atmosphere. In the current setup, CO is not 

detectable because its mass spectrum overlaps N2 in the mass spectrometry measurements. The 

use of an ambient gas other than air could remedy this problem. Finally, the numerical 

simulations implemented were very simple and only considered the combustion of the released 

gases. The chemical reactions that take place inside the cell, the heat transfer between the 

different surfaces and the flow physics of the outgassing were neglected.  
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 CONCLUSION, IMPACT AND OUTLOOK 

 Conclusion 

The state of the art related to the thermal runaway of Li-ion cells explained the phenomenon 

and summarized the current available knowledge. To expand this knowledge, the effects of 

heating rate and ageing were studied experimentally. The initial temperature of thermal 

runaway increased with the heating rate and the thermal runaway was more spontaneous for 

high heating rates (approximately 20 °C/min) while the effects of ageing could not be clearly 

identified due to a limited number of tests. The temporal evolution of the concentrations of 

several gas species in the outgassing (H2, H2O, CO2, DMC, C3H6, C6H6 and LiF) were identified 

by mass spectrometry. The particle emissions were successfully analysed with two particle-size 

spectrometers running simultaneously. The results showed two peaks in the particle 

distribution, the first one being for particles with a diameter below 50nm and the second one 

for particles with a diameter between 100 and 150nm. Temperature measurement by infrared 

analysis was compared with thermocouple measurements. This new technique could potentially 

improve the measurements in thermal runaway testing by providing a complete map of 

temperature. The temperature of hard-to-reach areas such as the positive pole through the flame 

was monitored by using the multispectral camera. Finally, the combustion models implemented 

in this work were able to give good temperature approximations and allowed the study of the 

combustion products. 

 Impact and outlook 

The modification of a standard cone calorimeter implemented in this work enabled the precise 

quantification of the combustion-mediated heat release during the thermal runaway of Li-ion 

cells. The heating system allowed the effect of the heating rate to be investigated. These 

instruments were extensively tested during this study and constitute a strong basis for future 

experimental work. The results gathered confirm data found in the literature in terms of 

outgassing composition and extends them to provide temporal information and the effects of 

heating rate. This method could be an alternative to FTIR measurements, allowing the detection 

of minority gas species with a better sensitivity. Novel results are also presented on the particle-

size distribution resulting from the combustion and the use of a multispectral camera to obtain 

temperature information. To our knowledge, particle size distribution during the thermal 
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runaway of Li-ion cells was never characterized prior to this study. Infrared imaging 

measurements appear to be a powerful tool to acquire temperature of both the cell casing and 

the outgassing and to measure the temperature of hard-to-reach areas. It also allowed a clear 

visualization of both venting events and of the flame.   
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APPENDIX A   WIRING DIAGRAM OF THE SETUP 
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APPENDIX B   SMOKE OBSCURATION SYSTEM (TAKEN FROM S.C. BOENTA)
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APPENDIX C   UNCERTAINTY ON THE HEAT RELEASE RATE 

(HRR) 

Data: 

HRR can be determined by O2 consumption. The relation is given in the ISO 5660-1 standard: 

�̇�(𝑡) = 1.10 ∗
∆ℎ𝑐

𝑟0
∗ 𝐶 ∗ √

∆𝑝

𝑇𝑒
∗

𝑋𝑂2

0 − 𝑋𝑂2
(𝑡)

1.105 − 1.5𝑋𝑂2
(𝑡)

 

Where 
∆ℎ𝑐

𝑟0
 is taken as 13.1*103 kJ/kg (unless a more accurate value is known), 𝑋𝑂2

0  is the average 

of the oxygen analyser output (mole fraction of oxygen) during 1min without combustion, 

𝑋𝑂2
(𝑡) is the mole fraction of oxygen at time t (considering the delay time of the oxygen 

analyser), 1.10 is the ratio of molecular weights of oxygen and air, ∆𝑝 is the difference of 

pression at the orifice plate of the cone calorimeter, 𝑇𝑒 is the temperature of the gas mixture at 

the orifice plate and C is a calibration constant. 

The calibration constant C is calculated using: 

𝐶 =
�̇�𝑏

1.10 ∗ (12.54 ∗ 103)
∗ √

𝑇𝑒

∆𝑝
∗

1.105 − 1.5𝑋𝑂2

𝑋𝑂2

0 − 𝑋𝑂2

 

Where �̇�𝑏 is the HRR in kW of the methane supplied during the calibration test (�̇�𝑏 = 5 ± 0.5 

kW) and 12.54 ∗ 103 is 
∆ℎ𝑐

𝑟0
 for methane. 

Uncertainty calculation: 

The relative uncertainty of the HRR is: 

∆�̇�

�̇�
=

∆𝐶

𝐶
+ 0.5 ∗

∆(∆𝑝)

(∆𝑝)
+ 0.5 ∗

∆𝑇𝑒

𝑇𝑒
+

∆𝑋𝑂2

0 + ∆𝑋𝑂2

|𝑋𝑂2

0 − 𝑋𝑂2
|

+
∆𝑋𝑂2

𝑋𝑂2

 

Where 
∆𝑋𝑂2

0 +∆𝑋𝑂2

𝑋𝑂2
0 −𝑋𝑂2

 is the relative uncertainty of 𝑋𝑂2

0 − 𝑋𝑂2
. 

Moreover, the relative uncertainty on C is: 

∆𝐶

𝐶
=

∆�̇�𝑏

�̇�𝑏
+ 0.5 ∗

∆(∆𝑝)

(∆𝑝)
+ 0.5 ∗

∆𝑇𝑒

𝑇𝑒
+

∆𝑋𝑂2

0 + ∆𝑋𝑂2

|𝑋𝑂2

0 − 𝑋𝑂2
|

+
∆𝑋𝑂2

𝑋𝑂2

 

And 
∆�̇�𝑏

�̇�𝑏
=

0.5

5
= 0.1. 
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Therefore, the total relative uncertainty of HRR is: 

∆�̇�

�̇�
= 0.1 +

∆𝑇𝑒

𝑇𝑒
+

∆(∆𝑝)

(∆𝑝)
+ 2 ∗

∆𝑋𝑂2

0 + ∆𝑋𝑂2

|𝑋𝑂2

0 − 𝑋𝑂2
|

+ 2 ∗
∆𝑋𝑂2

𝑋𝑂2
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APPENDIX D   GOVERNING EQUATIONS FOR THE 0D 

SIMULATION 

Reactors 0D are the simplest combustion simulations in Cantera. They are composed of a 

homogeneous control volume 𝑉. Several state variables are defined in this type of model: 𝑚 

[kg] the mass of the reactor’s content, 𝑉 [m3] the reactor volume, 𝑌𝑘 [-] the mass fractions for 

each species and a variable (𝑈 [J] the total internal energy, 𝐻 [J] the total enthalpy or 𝑇 [K] the 

temperature) describing the energy of the system. 

The model implemented in this project is an “Ideal Gas Constant Pressure Reactor” reactor. 

Therefore, the gas is considered as an ideal gas and the pressure inside the reactor is constant 

over time. In order to keep a constant pressure, the simulation constantly adapts the reactor 

volume 𝑉. 

Three governing equations permit calculating the steady state of the system: the mass 

conservation, the species conservation and the energy conservation equations. The following 

development is based on the work of Kee et al. and precisions are given on Cantera website 

[100, 101]. 

• Mass conservation 

The total mass of the mixture inside the reactor is continually changing due to the flow through 

the inlets and the outlets: 

𝑑𝑚

𝑑𝑡
= ∑ �̇�𝑖𝑛 − ∑ �̇�𝑜𝑢𝑡

𝑜𝑢𝑡𝑖𝑛

 

With 𝑚 [kg] the total mass of the mixture inside the reactor, �̇�𝑖𝑛 [kg/s] the mass flow rate from 

one of the inlets and �̇�𝑜𝑢𝑡 [kg/s] the mass flow rate from one of the outlets. 

• Species conservation 

The mass production rate for a given specie 𝑘 is: 

�̇�𝑘,𝑔𝑒𝑛 = �̇�𝑘𝑊𝑘𝑉 

With �̇�𝑘,𝑔𝑒𝑛 [kg/s] the mass production rate of specie 𝑘, �̇�𝑘 [mol.m-3.s-1] the molar production 

rate by homogeneous chemical reactions of specie 𝑘, 𝑊𝑘 [kg.mol-1] the molar mass of specie 𝑘 

and 𝑉 [m3] the volume of the reactor. 

Inside the reactor, the rate of change in the mass of each species is: 
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𝑚
𝑑𝑌𝑘

𝑑𝑡
= ∑ �̇�𝑖𝑛𝑌𝑘,𝑖𝑛 − ∑ �̇�𝑜𝑢𝑡𝑌𝑘 +

𝑜𝑢𝑡𝑖𝑛

�̇�𝑘,𝑔𝑒𝑛 

With 𝑚 [kg] the total mass of the mixture inside the reactor, 𝑌𝑘 [-] the mass fraction of specie 

𝑘 inside the reactor, �̇�𝑖𝑛 [kg/s] the mass flow rate from one of the inlets, 𝑌𝑘,𝑖𝑛 [-] the mass 

fraction of specie 𝑘  in the flow of one of the inlets and �̇�𝑜𝑢𝑡 [kg/s] the mass flow rate from 

one of the outlets. 

• Energy conservation 

The total enthalpy is expressed as a function of the temperature: 

𝐻 = 𝑚 ∑ 𝑌𝑘ℎ𝑘(𝑇)

𝑘

 

With 𝐻 [J] the total enthalpy inside the reactor, 𝑚 [kg] the total mass of the mixture inside the 

reactor, 𝑌𝑘 [-] the mass fraction of specie 𝑘 inside the reactor and ℎ𝑘(𝑇) [J/kg] the specific 

enthalpy of the specie 𝑘 at temperature 𝑇. 

From this formulation, the derivative of 𝐻 as a function of time can be expressed as: 

𝑑𝐻

𝑑𝑡
= ℎ

𝑑𝑚

𝑑𝑡
+ 𝑚𝑐𝑝

𝑑𝑇

𝑑𝑡
+ 𝑚 ∑ ℎ𝑘

𝑘

𝑑𝑌𝑘

𝑑𝑡
 

With 𝑐𝑝 [J.K-1.kg-1] the heat capacity of the gas mixture inside the reactor. 

The energy conservation equation in a constant pressure reactor is: 

𝑑𝐻

𝑑𝑡
= −�̇� + ∑ �̇�𝑖𝑛ℎ𝑖𝑛 − ℎ ∑ �̇�𝑜𝑢𝑡

𝑜𝑢𝑡𝑖𝑛

 

With �̇� [J/s] the rate of heat transferred to the system and ℎ𝑖𝑛 [J/kg] the specific enthalpy of the 

mixture in one of the inlets. 

By combining these two previous equations with the species conservation equation, a new 

formulation is found: 

𝑚𝑐𝑝

𝑑𝑇

𝑑𝑡
= −�̇� − ∑ ℎ𝑘

𝑘

�̇�𝑘,𝑔𝑒𝑛 + ∑ �̇�𝑖𝑛(ℎ𝑖𝑛 −

𝑖𝑛

∑ ℎ𝑘

𝑘

𝑌𝑘,𝑖𝑛) 
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APPENDIX E   GOVERNING EQUATIONS FOR THE 1D 

SIMULATIONS 

Flame models in Cantera are steady axisymmetric stagnation flow simulations and compute the 

solution along the stagnation streamline. These equations can be used to model different flame 

types such as freely propagating premixed laminar flames, burner-stabilized premixed flames, 

counterflow diffusion flames or counterflow premixed flames. In this project, a counterflow 

diffusion flame and a burner-stabilized premixed flame are implemented. 

Four governing equations permit to simulate this type of flame: the continuity equation, the 

radial momentum conservation equation, the energy conservation equation, and the species 

conservation equation. The following development is based on the work of Kee et al. and 

precisions are given on Cantera website [100, 101]. 

The system of equations is derived from the steady-state three dimensional Navier-Stokes 

equations by considering a flow only in the z-r plane. A similarity solution is used to reduce the 

three-dimensional governing equations to a single equation. 

• Continuity (or mass conservation) 

𝜕𝜌𝑢

𝜕𝑧
+ 2𝜌𝑉 = 0 

• Radial momentum conservation 

𝜌𝑢
𝜕𝑉

𝜕𝑧
+ 𝜌𝑉2 = −Λ +

𝜕

𝜕𝑧
(𝜇

𝜕𝑉

𝜕𝑧
) 

 

• Energy conservation 

𝜌𝑐𝑝𝑢
𝜕𝑇

𝜕𝑧
=

𝜕

𝜕𝑧
(𝜆

𝜕𝑇

𝜕𝑧
) − ∑ 𝑗𝑘𝑐𝑝,𝑘

𝜕𝑇

𝜕𝑧
𝑘

− ∑ ℎ𝑘𝑊𝑘�̇�𝑘

𝑘

 

 

• Species conservation 

𝜌𝑢
𝜕𝑌𝑘

𝜕𝑧
= −

𝜕𝑗𝑘

𝜕𝑧
+ 𝑊𝑘�̇�𝑘 

With 𝜌 [kg/m3] the density of the gas mixture, 𝑢 [m/s] the axial velocity, 𝑣 [m/s] the radial 

velocity, 𝑉 [s-1] the scaled radial velocity (𝑉 = 𝑣/𝑟), Λ the pressure eigenvalue independent of 
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z (Λ =
1

𝑟

𝜕𝑝

𝜕𝑟
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡), 𝜇 [Pa.s] the dynamic viscosity, 𝑐𝑝 [J.K-1.kg-1] the specific heat 

capacity of the gas mixture, 𝑇 [K] the temperature, 𝜆 [W.m-1.K-1] the thermal conductivity, 𝑗𝑘 

[kg.m-2.s-1] the diffusive mass flux of specie 𝑘, 𝑐𝑝,𝑘 [J.K-1.kg-1] the specific heat capacity of 

specie 𝑘, ℎ𝑘 [J/kg] the specific enthalpy of the specie 𝑘, 𝑊𝑘 [kg.mol-1] the molar mass of specie 

𝑘, �̇�𝑘 [mol.m-3.s-1] the molar production rate by homogeneous chemical reactions of specie 𝑘 

and 𝑌𝑘 [-] the mass fraction of specie 𝑘. 

The diffusive flux 𝑗𝑘 is computed according to a mixture-averaged formulation: 

𝑗𝑘
∗ = −𝜌

𝑊𝑘

�̅�
𝐷𝑘𝑚

′
𝜕𝑋𝑘

𝜕𝑧
 

and 

𝑗𝑘 = 𝑗𝑘
∗ − 𝑌𝑘 ∑ 𝑗𝑖

∗

𝑖

 

With �̅� [kg.mol-1] the mean molecular weight of the gas mixture, 𝐷𝑘𝑚
′  [m2/s] the mixture-

averaged diffusion coefficient for specie 𝑘 and 𝑋𝑘 [-] the mole fraction of specie 𝑘. 

The second equation applies a correction to ensure that the sum of the mass fluxes is zero. This 

condition is not guaranteed by the mixture-averaged formulation alone. 

The mixture-averaged diffusion coefficient for specie 𝑘 (𝐷𝑘𝑚
′ ) is expressed as: 

𝐷𝑘𝑚
′ = (1 − 𝑋𝑘) ∗ (∑

𝑋𝑗

𝒟𝑘𝑗
𝑗≠𝑘

)

−1

 

With 𝒟𝑘𝑗 [m2/s] the binary diffusion coefficient (or multicomponent Stephan-Maxwell 

diffusivity). 

The different types of flame (i.e. counterflow diffusion flame or burner-stabilized premixed 

flame) are defined by the boundary conditions. For a counterflow diffusion flame with a one-

dimensional spatial domain [𝑧𝑠𝑡𝑎𝑟𝑡, 𝑧𝑒𝑛𝑑], the two boundary conditions are an inlet at 𝑧 = 𝑧𝑠𝑡𝑎𝑟𝑡 

and an opposed inlet at 𝑧 = 𝑧𝑒𝑛𝑑. For a burner-stabilized premixed flame with a one-

dimensional spatial domain [𝑧𝑠𝑡𝑎𝑟𝑡, 𝑧𝑒𝑛𝑑], the two boundary conditions are an inlet at 𝑧 = 𝑧𝑠𝑡𝑎𝑟𝑡 

and an outlet at  𝑧 = 𝑧𝑒𝑛𝑑. 

• Inlet boundary 
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For an inlet located at 𝑧 = 𝑧0 with a temperature 𝑇0, a mass flow rate per unit area �̇�0𝑠𝑢𝑟𝑓, a 

scaled radial velocity 𝑉0 and species mass fractions 𝑌𝑘,0, the equations are: 

𝑇(𝑧0) = 𝑇0 

𝑉(𝑧0) = 𝑉0 

�̇�0𝑠𝑢𝑟𝑓𝑌𝑘,0 − 𝑗𝑘(𝑧0) − 𝜌(𝑧0)𝑢(𝑧0)𝑌𝑘(𝑧0) = 0 

𝜌(𝑧0)𝑢(𝑧0) = �̇�0𝑠𝑢𝑟𝑓 

• Outlet boundary 

For an outlet located at 𝑧 = 𝑧0, the equations are: 

Λ(𝑧0) = 0 

𝜕𝑇

𝜕𝑧
|

𝑧0

= 0 

𝜕𝑌𝑘

𝜕𝑧
|

𝑧0

= 0 

𝑉(𝑧0) = 0 

 


