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Abstract 

The urgent need for reducing the carbon dioxide emissions has led to the powertrain 
electrification at different levels such as hybridization or pure electric vehicles. Despite 
the benefits in terms of local pollution reduction and lower carbon dioxide footprint that 
may be achieved with this technology, new hazards have been introduced. Among them, 
the combustion of the battery pack due to abuse conditions, also known as thermal 
runaway, is one of the biggest concerns. It can lead to the vehicle combustion under 
unnoticed failure conditions, threating the driver security. In this sense, different 
investigations have been carried out with the aim of providing a proper description of 
the reactions that lead to this phenomenon. Reaction mechanisms have been proposed 
in the literature for lithium-ion battery considering the most common battery 
chemistries. Nonetheless, their application leads to different results, which may hinder 
their utilization in modelling critical operating conditions for thermal runaway. This 
investigation proposes a detailed assessment of the most common reaction 
mechanisms, comparing their capability on reproducing the different reaction paths that 
lead to thermal runaway conditions to explore and depict state of the art of thermal 
runaway modelling. Additionally, a detailed analysis is performed to define the 
differences in terms of decomposition and formation reactions for each one of them. 
The results of this investigation demonstrate that the mechanism proposed by Kriston 
provides the best results trade-off considering different investigations in differential 
scanning calorimeter and accelerated rate calorimeter. In addition, it was found that 
some mechanisms have been adjusted to perform similar to the experimental results, 
even in the case of not having a physical meaning.  
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1. Background 

Different outlooks suggest that the passenger cars energy vectors will change 

significantly in the next years [1]. While internal combustion engines will be still 



dominant [2] and be improved regarding its fuel injection [3][4][5] and combustion 

system design [6] [7], alternative concepts as plug-in hybrids electric vehicles (PHEV) and 

battery electric vehicles (BEV) [8]will increase their market share consistently [9] due to 

their benefits in fuel consumption improvements [10] [11] and emission reductions [12]. 

This modification is a consequence of the different mandates, that require an effective 

reduction on the total tank-to-wheel CO2 emissions [13], which cannot be accomplished 

by the conventional ICE propelled vehicles[14]. There are associated issues which are 

referred as market barriers for BEV and PHEV, as the vehicle autonomy and performance 

at harsh conditions (extreme cold temperatures)[15]. Despite the impact on the 

technology acceptance, these issues do not imply a hazard to the driver. By contrast, the 

battery thermal runaway phenomenon concerns to the manufacturers [16], since it may 

result in a complete vehicle burning in a short time period [17]. This phenomenon can 

be originated by several type of abuse conditions as mechanical, electrical and thermal 

abuse [18]. Once an abuse occurs, it gives origin to  a chain of reactions that start to 

decompose the battery compounds in a high exothermic process[19], increasing the 

temperature of the cell [19]. This process also forms flammable gases and oxygen, which 

can be ignited by different mechanisms as high local temperatures, short-circuit, etc. 

[20]. This flame can be sustained out of the cell while the gases are vented and provoke 

the thermal runaway of the neighbourhood cells [21][22]. Thus, understanding the 

mechanisms behind the thermal runaway initiation to enable strategies that assure a 

safe battery operation is of utmost importance[23][24]. In this sense, different authors 

have provided contributions on the description of this phenomenon, determining the 

most important reactions in each one of the elements and their impact on the thermal 

runaway process. To provide a structured discussion, the review of the reactions that 

take place inside the cell is divided for each one of the elements of the battery. 

1.1. Decomposition reactions 

As previously introduced, during thermal abuse conditions, the increase of local 
temperature enables the decomposition of some of the compounds in the battery in an 
exothermic manner which may enable a chain reaction, i.e., thermal runaway, whenever 
the temperature levels exceed specific thresholds [25]. The importance of determining 
the paths that may lead to the thermal runaway have pushed the investigation in this 
field towards this direction. This led to the specification of dominating routes which are 
correlated with the main components of the battery cell. They are specified in Figure 1, 
which is a simplified scheme showing the main parts of a battery cell: cathode, anode, 
electrolyte and separator. Additionally, the binder also plays a fundamental role on the 
battery, being responsible for providing a media to intercalate both anode and cathode 
materials. In the following subsections, the reactions that take place in each one of the 
parts are described according to different authors.  



 

Figure 1. Scheme of a battery cell depicting the cathode, anode and electrolyte. 

Solid Electrolyte interface reactions 

Solid electrolyte interface (SEI) is originated by the electrochemical reduction of the 
solvent and electrolyte salt. This reaction is enabled by the contact of the electrolyte 
with the graphite surface, creating a mixture of several surface species [26]. The 
resultant layer works as an insulator for the electrons while allowing the flow of Li+ [27]. 

Richard and Dahn [28] proposed one of the first mechanisms that describes the different 
processes that take place in the solid electrolyte interface during a thermal abuse 
reaction. The SEI is composed by both stable and metastable components. In their 
investigation, Richard and Dahn have initially considered 𝐿𝑖2𝐶𝑂3 as stable component 
and (𝐶𝐻2𝑂𝐶𝑂2𝐿𝑖)2 as metastable components, identifying that the last can react as:  

(𝐶𝐻2𝑂𝐶𝑂2𝐿𝑖)2 → 𝐿𝑖2𝐶𝑂2 + 𝐶2𝐻4 + 𝐶𝑂2 +
1

2
𝑂2 r.1 

or  

2𝐿𝑖 +  (𝐶𝐻2𝑂𝐶𝑂2𝐿𝑖)2 → 2𝐿𝑖2𝐶𝑂3 + 𝐶2𝐻4 r.2 
 

The consumption of the metastable component results in heat release, increasing the 
temperature of the cell. The start of this depletion was verified in temperature values 
bellow 100 oC, with its maximum values around 110 oC according to Richard and Dahn 
[28]. Similar observations were made by different authors as Maleki et al. [29] and Zhang 
et al. [30]. Yet, Spotnitz and Franklin [31] report that the energy release and the shape 
of the peak in the process are strongly influenced by the electrolyte composition.  

Electrolyte 

Reactions accounting for the electrolyte decomposition are not common in reaction 
mechanisms since there is no clear understating about the role of this component in the 
temperature increase. Authors as Wang et al. [32] and Campion et al. [33] have found 
evidence that the electrolyte reacts with LiPF6 salt in temperature ranges from 200 oC 
to 230 oC. Nonetheless, these evidences were not observed by Yang et al. [34]. Kriston 
et al. [35] suggests that his divergence can be a product of the measurement conditions 
of each experiment.  In spite of not being considered in most of the mechanism, several 
experiments demonstrate a significant energy absorption in the temperature profile 
evolution near to the temperature ranges of the electrolyte evaporation [36]. Based on 



this, Kriston aimed at identifying specific reactions to be included in the mechanism, 
allowing to capture the effect of the temperature decrease during the electrolyte 
evaporation.  

Graphite anode reactions 

Graphite anode has been widely employed as host structure for the lithium-ion in the 
negative electrode [37]. Nonetheless, as the SEI decomposition occurs, different paths 
are open for further reactions between the electrolyte, the graphite electrode and the 
intercalated Li+. Based on a literature review, Kriston et al. [35] suggested that once the 
SEI decomposes, ethylene carbonate (EC) may reach the surface of the graphite. 
Therefore, it can start to react with the intercalated Li+ by means of different reactions: 

𝐶3𝐻4𝑂3 + 2𝐿𝑖(𝐶6) → 𝐿𝑖2𝐶𝑂3 + 𝐶2𝐻4 r.3 
 

2𝐿𝑖(𝐶6) + 2𝐸𝐶 → 𝐿𝑖 − 𝑂 − (𝐶𝐻2)4 − 𝑂 − 𝐿𝑖 + 2𝐶𝑂2 r.4 
 

It is interesting to note that both reactions are highly exothermic, resulting in a 
significant temperature increase. Nonetheless, they originate an inorganic layer that 
leads to a slowdown of the process. This was evidenced first by Richard and Dahn 
[28][38], concluding that the reaction with intercalated Li+ leads to a thicker SEI layer in 
the electrode surface, as the Li+ concentration decreases. To account for this 
phenomenon a two-equation model was proposed by the authors, addressing first a 
fast-tunneling process that is shifted to a diffusive transport as the SEI thickens. Kriston 
et al. [35] also suggest that the new SEI prevent further EC-Li reactions for temperatures 
below 250 oC. Nonetheless, as the temperature rises above this threshold, the new SEI 
is also consumed, contributing to the thermal runaway process. Different from the 
previous authors, Kriston et al. [35] propose a three-step mechanism to model the 
anode decomposition.  

Cathode reactions 

Distinct cathode chemistry such as Nickel-Manganese-Cobalt (NMC) or LixCoO2 are used 
in battery cells, having different temperature requirements to decompose. Regarding 
the last chemistry, Biensan et al. [39] reported that the decomposition reactions occur 
from 220 oC to 500 oC. A comprehensive investigation has been also performed by Peng 
[40] and Jiang [41], who have considered 5 different cathode materials (LiCoO2, 
LiNi0.8Co0.15Al0.05O2, Li1.1(Ni1/3-CO1/3 Mn1/3)0.9O2, LiMn2O4), reporting that NMC cathode 
has one of the highest thermal stability among those evaluated together with the 
LiMn2O4, which requires temperatures higher than 275 oC to be decomposed. 

Li et al. [42] also concluded that the oxygen species suffer irreversible changes during 
the delithiation process, having great influence on the structural and thermal stability of 
NMC cathodes. Ren et al. [43] have also monitored the oxygen evolution of the cathode, 
observing a high oxygen generation from temperatures higher than 200 oC. Despite the 
complex process, in general, the cathode decomposition is approximated by means of a 
single decomposition reaction. Due to this, Kriston et al. [35] have presented a detailed 
investigation to understand the decomposition mechanism and propose a multi-step 
decomposition process of the cathode. From their results, it was inferred that four 



different steps are responsible for the cathode decomposition, allowing to propose a 
multi-step mechanism to capture each one of the important zones. It is also worth to 
mention that the heat released by the cathode decomposition was significantly lower 
than that from the anode reactions. 

Binder  

The binder has a fundamental role in the battery cell, being responsible for gluing the 
active materials and conductive agent with the current collector [44][45]. Binder is also 
considered an important compound that decomposes in an exothermic manner, being 
included in most of the abuse mechanisms for battery cells. Generally, it is accounted 
inside of the description of both anode and cathode decomposition. Nonetheless, its 
decomposition is a direct consequence of the temperature increase provided by the 
reactions that may occur with the anode, cathode and SEI decomposition. In his 
investigation, Kriston was able to identify the temperature ranges in which the binder 
that exists in the NMC cathode decomposes, concluding that temperatures in the range 
from 400 oC to 500 oC are required to initiate this reaction. On the anode side, the 
simultaneous analysis of heat flow and Fourier transformed infrared spectroscopy (FTIR) 
have allowed kriston et al. to conclude that the binder decomposition occurs at much 
lower temperatures, from 270 oC. Different authors have evidenced the reaction of the 
electrolyte and binder at this temperature range. 

From the previous discussion, it can be inferred that the understanding of the chemical 
reactions that take place inside of the battery cell during abuse conditions is of utmost 
importance to assure reliable usage of batteries and extend their power density. In spite 
of that, the available reaction mechanisms still differ in the paths that are considered 
for the decomposition and consumption of the battery compounds. In this sense, a 
detailed analysis to understand the differences and impacts of each reaction mechanism 
must be accomplished. 

This investigation aims to propose a numerical tool (TRKIN) to perform detailed 
assessment of the differences of the most common reaction kinetic mechanisms used 
for describing the cell abuse and thermal runaway phenomenon for different cell 
geometries and chemistries. This was accomplished by means of Differential Scanning 
Calorimeter (DSC) simulations to stress the particularities among different reaction 
mechanisms regarding the reaction rates of each component under controlled 
conditions. Both LiCoO2 and NMC cells were investigated with the respective reaction 
mechanisms. Finally, simulations addressing Accelerate Reaction Calorimeter (ARC) 
tests were proposed to quantify the impact of the different mechanisms in the 
prediction of the temperature onset for battery thermal runaway occurrence. To do this, 
the ARC was operated in oven mode and it was modelled considering the heat transfer 
balance and reaction kinetics. 

2. Tools and methods 

This section intends to describe in detail the different battery chemistries that are 
considered in this investigation as well as the reaction kinetics mechanisms that are used 
to describe their decomposition. Finally, the solution framework that was developed to 
accommodate each one of the mechanisms in a single solution environment is 
described.  



2.1. Kinects mechanisms 

Different reaction kinetics mechanisms were proposed along the years to describe the 
concentration evolution of the battery components under abuse conditions. The earlier 
mechanisms were developed considering cylindrical cell geometries, with LiCoO2 
cathode chemistry as the one proposed by Hatchard et al. [46] and later  discussed in 
detail by Kim et al. [47]. Recently, other mechanism has been suggested in the literature 
for both cylindrical and pouch cell geometries. Among of them, the mechanisms 
proposed by Ren et al. [36], Feng et al. [48], kriston et al. [35]  and Bilyaz [49] have 
demonstrated to be able to address the thermal runaway process. Despite that, the 
development process and the reaction modelling differ among them as discussed in the 
introduction section. The main differences among the different mechanisms are 
summarized in Table 1. As it can be seen, the mechanism proposed by Kim relies on 
using 4 reactions in total to describe the thermal runaway process. By contrast, Kriston´s 
mechanism uses 9 different reactions, providing a more comprehensive relation 
between the numerical model and the phenomena in discussion.   

Table 1. Number of reactions considered in the description of the thermal runaway process for each 
mechanism used in the investigation. 

 Reactions 
for Anode 

Reactions 
for Cathode 

Reactions for 
Electrolyte 

Reactions 
for Binder 

Cat-An 
interaction 

Kim 2 1 1 -  

Kriston 2 2 3 2  

Ren 2 1 - 2 1 

Feng 2 2 1 1 1 

Bilyatz 2 3 1 2  

 

2.2. Battery chemistries evaluated 

As previously discussed in the introduction section, batteries may be produced 
considering different compounds in their structure. Generally, lithium-ion batteries use 
graphite (Gr) as compound for the anode due to its excellent cycling stability [37]. By 
contrast, a broad spectrum of elements has been reported as possible candidates to be 
applied for the cathode as Li[NixCoyB1−x−y]O2 [50] and LiNi0.8Co0.07Fe0.03Mn0.1O2 [51]. 
Nonetheless, both NMC and LiCoO2 are still two of the most used components for the 
battery cathode. In this investigation, different chemistries were evaluated according to 
the reaction mechanism in discussion. Table 2 summarizes the different chemistries for 
the anode, electrolyte and cathode for each one of the mechanisms that were 
considered. As it can be seen, both Ren and Feng mechanisms were developed 
considering the same materials for each cell, being directly comparable. It is also worth 
to state that, in spite of not specifying EMC in the composition of the electrolyte, it is 
believed that the mechanism from Kriston can be also compared to the mechanism from 
Ren et al. and Feng et al.. Themechanism suggested by Kim et al., which relies on the 
work proposed by Hatchard et al., considers a LiCoO2 composition for the cathode and 
uses a cylindrical cell with different anode/cathode ratios than the remaining 



mechanism, which hinders its comparison with those. Finally, the mechanism proposed 
by Bilyaz et al. considers the different mechanisms to build its own, without considering 
the battery chemistry as a prohibitive feature to implement the mechanism. In this 
sense, this mechanism is herein used only for comparison purposes. As a final remark, it 
is interesting to remark that the level of detail and component description of each 
mechanism has been increasing along the years, facilitating the understanding of the 
mechanism development as well as providing the basis for its comparison and 
application in real problems.  

Table 2. Compounds of Anode, Cathode, Electrolyte, and binder as well as the geometry of each cell that 
investigated in this research. 

 
Anode Cathode Electrolyte Binder Geometry 

Kim et al. Gr LiCoO
2
 

 
- Cylindrical 

Kriston et al.   Gr NMC111 EC:DMC CMC - 

Ren et al.  Gr NMC111 EMC:EC:DMC - Pouch 

Feng et al.  Gr NMC111 EMC:EC:DMC - Pouch 

Bilyaz et al.   Gr LiCoO
2
 EMC:EC:DMC CMC* Pouch* 

 

2.3. TRKIN: Numerical approach 

The solution scheme was developed with the aim of providing a global tool in Python®, 
which may be used to simulate the battery thermal runaway phenomenon by specifying 
a few input parameters as the battery chemistry, geometry, and mechanism to be used. 
To do so, the mechanism was implemented in different sub-functions and the Arrhenius 
coefficients of each reaction (energy of activation and pre-exponential factors) were 
included as look-up tables for each component and mechanism. Two different devices 
to assess the mechanisms were developed: a differential scanning calorimeter and an 
accelerated rate calorimeter, allowing to emulate tests under different conditions. The 
former was modelled considering a constant heating rate of 𝑑𝑇/𝑑𝑡=10 oC/min. The ARC 
implementation was made by solving the heat equation for the battery, given by: 

𝑑𝑇

𝑑𝑡
=

1

𝑚𝑏𝑎𝑡 ∙ 𝑐𝑝
∙ (𝑚𝑎𝑐𝑡𝑖𝑣𝑒 ∙

𝑑𝑄

𝑑𝑡
+ ℎ𝑐𝑜𝑛𝑣 ∙ 𝐴 ∙ (𝑇𝑜𝑣𝑒𝑛 − 𝑇)) Eq.1 

 

The ARC was operated in oven mode, applying different target temperatures to assess 
the temperature onset at which the thermal runaway begins. Table 3 presents the 
temperature ranges that were assessed for each mechanism as well as the temperature 
step, which was defined according to the sensibility of the mechanism according to 
temperature modifications. 

 



Table 3. Temperature ranges and steps used in oven test evaluation for kriston, Ren and Feng reaction 
mechanisms. 

Mechanism Temperature Range (ºC) Temperature Step (ºC) 

Kriston et al. [120-200] 5 

Ren et al. [110-150] 5 

Feng et al. [140-235] 2 

 

Independently on the mechanism, a similar setup was considered regarding the battery 
and oven thermal properties. Each battery consisted of 1100 g, with a total active 
material mass of 800 g. The composition of the anode, cathode, electrolyte and binder 
were given by each mechanism that is evaluated.  Finally, the specific heat 𝑐𝑝 was set to 

1.27 J/g·K, the total heat transfer area 𝐴 to 0.0841 m2 and the convective heat transfer 
coefficient was 7.5 W/m2K for all the tests. Giving the set of boundary conditions to be 
evaluated, the problem was defined in a differential equation system and solved using 
the Runge Kutta integrator provided by the Python’s library SciPy RK45. Figure 2 
presents a schematic representation of the numerical framework that was developed to 
perform the investigations. 

 

Figure 2. Schematic representation of the solution method and the different devices that were emulated 
in the TRKIN tool. 

2.4. Mechanism implementation 

The review of the reaction mechanisms for the thermal runaway description allows to 
identify different formulations for each one of the decomposition reactions as 
previously discussed. Nonetheless, the implementation process generally faces different 
challenges in terms of defining non-reported values by the authors or even small 
modifications that are not precisely commented. This lack of information can lead to 
unreasonable results and unsuccessful mechanisms implementation. Therefore, this 
subsection intends to describe the implementation procedure of each one of 
the mechanisms. Additionally, a detailed description of the modifications that were 
done and the different phenomena that needs to be accounted for guaranteeing the 
reproducibility of the original results is provided. . The final problem formulation for 



each mechanism is detailed in Annex A, where the text in bold and Italic stands for the 
modifications that were done to enable the mechanism implementation.  

 

2.4.1. Kim-Hatchard mechanism 

First, the mechanism proposed by Hatchard et al. [46] and reported in a new format by 
Kim et al. [47] was implemented, considering the set of reactions provided in Annex A. 
Nonetheless, modifications were made to attain the proper matching that is depicted in 
Figure 3 due to different issues. Initially, a thermal validation was attempted, consisting 
of solving the convective heat balance from the oven to the battery cell. Nonetheless, 
the heating rate that is achieved using the original convective heat transfer as well as 
the surface area is not able to provide similar results as those from the experiments. 
Having in mind that the energy balance during the oven test may be described by 𝑄 =
ℎ ∙ 𝐴 ∙ ∆𝑇, where ℎ is the convective heat transfer coefficient, 𝐴 is the cell area for heat 
transfer and ∆𝑇 is the difference between the oven and battery temperature, and the 
battery heat capacity and mass are known, the heat balance has an analytical solution. 
Therefore, any difference with respect to the experiments should be a consequence of 
improper determination of the heat transfer equations. It is worth to mention that the 
radiation heat transfer is also included by the authors in the original manuscript [47].  

To match the thermal behavior at non-reactive conditions a modification in the input 
parameters of the battery was made. Two different approaches were considered. First, 
the convective heat transfer coefficient was modified. Nonetheless, the temperature 
profile differences were not decreased, independently on the value used. Lastly, the 
surface-to-volume ratio was swept in a broad range of values. The best results were 
obtained by modifying the surface-to-volume ratio from the original value of 48.37 to 
300. With this adjustment, the heating rate of the battery was perfectly matched at the 
same time of the consumption of the components.  

 

Figure 3. Comparison of simulated and experimental instantaneous temperature evolution (left) and 
concentration (right) for the Hatchard/Kim mechanism for the oven tests. 

2.4.2. Mechanism from Kriston et al. 

The mechanism from Kriston et al. [35] has presented the simplest implementation 
among the mechanisms. This mechanism was developed using DSC tests, having no oven 
test or ARC evaluation to be compared with. The set of values provided in the 
manuscript as well as the reactions allowed a proper replication of the heat generation 



in the DSC tests, except for the electrolyte vaporization, which was modified to match 
the first peak of heat release. The results of its implementation compared with those 
from the experiments are presented in Figure 4. As it can be seen, a good agreement is 
verified independently on the temperature range evaluated, which is a good indicator 
of the robustness of the mechanism development. 

 

Figure 4. Comparison of simulated and reference (from original manuscript) instantaneous heat release 
for the anode (left) and cathode+electrolyte (right) components for the mechanism proposed by Kriston 

et al. in differential scanning calorimeter evaluations. 

 

2.4.3. Mechanism from Ren et al. 

The development of the mechanism proposed by Ren et al consisted of both DSC and 
ARC investigations. Therefore, the implementation was performed in two steps. First, 
the DSC tests were intended to be replicated with the mechanism provided by the 
authors (Figure 6). Nonetheless, the authors have used a definition of heating value that 
is normalized with the total battery mass, which is 9.4 grams.  In the case of the anode, 
the sample was prepared with the same mass as the battery. But for the cathode, the 
sample mass considered was only 6.8 grams, requiring a rescaling of the energy released 
by a factor of 1.468 to obtain the same energy output than those of the DSC tests. This 
small modification has allowed to obtain the same energy release than that presented 
in the original manuscript. 

  

Figure 5. Comparison of simulated and reference (from original manuscript) instantaneous heat release 
for the anode (left) and cathode (right) reactions for the mechanism suggested by Ren et al. in 

differential scanning calorimeter evaluations. 

The replication of the ARC tests was somewhat difficult (Figure 6). The issues verified 
can be divided into three different parts. The first problem was related to the lack of 



information about the electrolyte evaporation. In spite of mentioning that this 
phenomenon has a fundamental role in the early stages of the thermal runaway 
reactions, no specific formulation was proposed. Even though, it is believed that the 
energy absorption during this phenomenon is considered in the authors calculations. 
This assumption is based on the fact that the temperature progression and the thermal 
runaway onset would be not properly matched if the electrolyte evaporation is not 
considered. Additionally, in the graphs provided by the authors regarding the 
temperature change rate, a sharp decrease in the heating rate can be observed around 
150 0C, which could be associated to the evaporation of the electrolyte. As a solution for 
these issues, the inclusion of the electrolyte evaporation equations from the mechanism 
proposed by Kriston et al. to consider the impact of this component in the problem 
description is proposed in the current research. The next issue was related to the 
operating modes of the ARC. Despite presenting an ARC operation in heat-search 
method, most of the investigations have been performed in oven tests. For these tests, 
different schemes are presented to define the switching threshold for the different 
methods (heating, waiting, cooling, etc.). Nonetheless, if the methodology is followed, 
the oven tests lead to unreasonable results. In this sense, a modification has also done 
in this work, defining the switch from waiting to cooling mode as always as the battery 
temperature achieves a value of 20 0C higher than that of the oven.  

Finally, differences were also verified in the cooling phase of the tests if the values 
reported in the paper are considered to calculate the heat balance. Again, the modelling 
process of this phenomena is very simple and relies on using a convective heat balance 
with the oven walls. In this sense, it is believed that the authors are using a much higher 
cooling rate than that presented in the work. Since the interest of the mechanism is to 
determine the temperature onset as well as the maximum battery temperature, no 
correction has been proposed for this issue. In this sense, the temperature evolution 
during the cooling phase is based on the heat balance inside the oven with the original 
heat transfer coefficient with a much slower temperature decrease than that presented 
by the authors in the original manuscript. 

 

Figure 6. Comparison of simulated and reference (from original manuscript) instantaneous temperature 
change rate (left) and evolution (right) for the mechanism from Ren et al. 

2.4.4. Mechanism from Feng et al. 

Feng mechanism validation was not accomplished due to different reasons. The main 
limiting factor was the absence of important parameters to replicate the accelerate rate 
calorimeter test that was used in its investigation. In this sense, it was decided to not 



pursue the validation of this mechanism. Even though, this mechanism was used for 
comparison purposes considering the oven tests and DSC investigation proposed by 
other authors.  

 

2.4.5. Mechanism from Bilyaz et al. 

Finally, the mechanism from Bilyaz et al. [49] was implemented considering the set of 
reactions presented in their work. As commented, the mechanism consists of coupling 
reactions from the different mechanisms that were previously presented. In this sense, 
the implementation process is straightforward, obtaining the solid lines presented in 
Figure 7. As it can be seen, the simulation results match those reported in the original 
paper most of the time. However, with the information provided in the manuscript, and 
the set of equations, it is not possible to replicate the discontinuity that is verified in the 
original work. It is assumed that this type of behavior should come from using specific 
criteria to limit or even stop certain reactions during the simulation. As this information 
is not presented in the original work, the present evaluation has considered the original 
formulation and used this mechanism only for comparison purposes.  

  

Figure 7. Comparison of simulated and reference (from original manuscript) instantaneous heat release 
of an oven test at 10 °C/min heating rate (left) and at 100 °C/min heating rate (right) for the mechanism 

proposed by Bilyaz. 

3. DSC analysis of reaction rates  

The DSC results for both cathode and anode elements considering the LiCoO2 are 
presented in Figure 8 for Bilyaz and Kim mechanism. It is worth to mention that the 
results are presented normalized by the maximum value obtained in each test for each 
mechanism.  

As previously discussed, Bilyaz mechanism is a recompilation of the remaining 
mechanism, and therefore, its behavior will be the same as the one that was originated 
from. On the other hand, Kim mechanism considers only four equations to represent 
the degradation of the components of the cell.  Regarding the solid electrolyte interface 
decomposition, it can be concluded that the start of the reactions occurs at a similar 
temperature. However, it is evident that the Kim decomposition infers higher energy 
release in lower temperatures, i.e., the distribution of energy occurs at lower 
temperature values. This may lead to an early temperature onset during thermal 
runaway simulation. Since Kim mechanism does not consider further SEI regeneration, 
the remaining part of the heat that could be observed in the anode is attributed to the 



anode decomposition. Nonetheless, as discussed in detail in the introduction section, 
this does not represent the succession of events that occurs in the SEI. A better 
description is provided by Kriston, which was therefore, accounted in the Byliaz 
mechanism. This strategy is argued to be valid since the anode and electrolyte materials 
are the same in both mechanisms.  

In this sense, it is possible to see a second heat release in the Byliaz mechanism that is a 
consequence of the decomposition of the SEI regenerated in temperature ranges from 
120 oC to 270 oC which is more relevant than the first SEI degradation. From this 
temperature a high exothermal process can be observed in the Bilyaz mechanism, 
comprehending the degradation of the anode and the further reaction of the binder. On 
the other hand, Kim mechanism has a much earlier peak of heat release which cannot 
be correlated with any of the reactions observed in Kriston mechanism. Therefore, it is 
suggested that this mechanism may lead to an early occurrence of thermal runaway.  

 

Figure 8 Comparison of instantaneous heat release for the anode and SEI (left hand side) and cathode 
(right hand side) components for the Bilyaz et al and Kim et al mechanisms in differential scanning 

calorimeter evaluations. 

An early reaction rate is also observed for the cathode reactions. As it is observed in 
Figure 8 (right), Kim et al. mechanism predicts that the cathode reactions initiate almost 
50 oC earlier than the mechanism proposed by Byliaz et al. Moreover, the single reaction 
description proposed by Kim et al. also infers a localized heat release in a very narrow 
temperature range. By contrast, the mechanism from Bilyaz et al. relies on a three-stage 
decomposition of the cathode. Nonetheless, this approach may be further investigated, 
since the mechanism considers the equations proposed by kriston et al. to model the 
cathode decomposition. This mechanism is based on a NMC111 cathode chemistry and 
some of the phenomenology of the cathode decomposition is a direct consequence of 
the cell composition, which may hinder the validity of this approach.  

The same study was repeated for the NMC 111 cells, applying the mechanisms from 
Kriston et al., Ren et al. and Feng et al. in DSCs tests. The results of this evaluation are 
presented in Figure 9. The first interesting observation is the similarity of the 
mechanisms regarding their peak position and temperature range in which reactions are 
occurring for the anode material. On the other hand, there is a significant difference in 
the individual reactions. First, the SEI decomposition starts early for the mechanism 
proposed by Kriston et al., while the one proposed by ren et al. has a very delayed 
reaction rate for this component. The mechanism from Ren et al. seems to be in an 
intermediate temperature range. Nonetheless, its behavior is conditioned by thresholds 



which are not necessarily correlated to real phenomena. Both mechanisms proposed by 
Ren et al.  and Kriston et al. present a very similar behavior for the anode decomposition, 
with clear zones associated with the battery chemistry. The differences among each 
other can be a direct consequence of the reaction triplet adjustments and the testing 
method and probes preparation.  

Finally, the modelling of the cathode decomposition is compared. As it can be observed 
in Figure 9 (right), again the mechanisms proposed by Ren et al.  and Kriston et al. have 
a similar distribution of the heat release for the temperature range evaluated. There are 
some small differences regarding the peak values and the final stage of the heat release 
curve. The last is a consequence of the addition of a dedicated equation to describe the 
cathode decomposition and to enhance the modelling of this process by Kriston et al. in 
their recent work.  

 

Figure 9. Comparison of instantaneous heat release for the anode and SEI (left) and cathode (right) 
components for the mechanisms from Kriston et al., Ren et al. and Feng et al. in differential scanning 

calorimeter evaluations. 

From this analysis, it can be observed that the different mechanisms infer distinct heat 
releases in the conditions that were evaluated. While LiCoO2 battery have very distinct 
behavior according to the mechanism applied, NMC 111 presents two mechanisms with 
similar behavior (Kriston et al. and Ren et al.). In this sense, it is believed that the 
application of them may lead to similar results in the determination of the temperature 
onset of the thermal runaway phenomenon. It is however interesting to remark that the 
mechanism from Ren et al.  has a more exothermic peak at lower temperatures for the 
cathode material, which may lead to thermal runaway at lower environment 
temperatures. To validate this assumption, dedicated analyses in oven test were 
performed for the different mechanisms and are presented in the next subsection.  

4. Mechanisms comparison in oven tests for NMC111 chemistry 

As previously discussed, the mechanisms for LiCoO2 chemistry have significant 
differences in terms of the reaction description and are not able to provide a comparison 
basis. However, both mechanisms proposed by Ren et al. and Kriston et al., that were 
developed for the NMC111 cathode chemistry, demonstrated similar results in the DSC 
tests. Therefore, their performance in quantifying the temperature onset and the 
thermal runaway description was assessed in oven tests. The mechanism suggested by 
Feng et al. was also included for comparison purposes since it fulfills the restrictions 
concerning battery composition. It is worth to mention that the heat transfer 



parameters such as convection heat transfer coefficient and environment temperature 
and ARC characteristics were maintained for all the mechanisms. 

Figure 10 presents the results obtained for the oven tests with the mechanism from 
Kriston et al. To determine the temperature onset, i.e., the temperature at which the 
battery cell enters in thermal runway, the oven temperature was swept considering 
values from 120 oC to 200 oC in steps of 5 oC. The analysis of the results allows to identify 
that at low oven temperatures (≈130 oC), in spite of having a partial decomposition of 
the SEI (see Figure 10), the battery does not enter in a thermal runaway process. This 
can be attributed to the fact that the energy released in the process can be absorbed by 
the oven. In this sense, as the battery temperature is maintained at low values, the 
decomposition of the SEI is not fully completed, inhibiting the internal short-circuit 
associated reactions.  

 

Figure 10. Comparison of simulated and experimental instantaneous temperature evolution (left) and 
concentration (right) for the Kim et al. mechanism. 

Nonetheless, as the temperature is increased, more energy is released by the SEI 
decomposition promoting a temperature increase and a consequent activation of other 
reactions such as the anode decomposition. Once the oven achieves the critical 
temperature value of 160 oC, the components decomposition leads to a significant 
temperature increase, achieving the temperature threshold of 200 oC, which enables 
the cathode decomposition (the most exothermic process). The abrupt increase of 
temperature can be observed in the graphs. This is a consequence of the almost 
exponential increase in the total heat released during the decomposition reactions as 
shown in Figure 10. In a phenomenological manner, this would be the time where an 
internal short circuit is enabled, and the anode and the cathode are connected. As it can 
be observed, the maximum battery temperature achieved once the SEI, cathode and 
anode are consumed is very similar, with maximum values of almost 700 oC. 

The next mechanism evaluated is the one proposed by Ren et al. The first remarkable 
difference is the required temperature values to enable the thermal runaway. While the 
mechanism from Kriston et al. only reaches this condition with oven temperatures of 
160 oC, the mechanism from Ren et al. already fulfill conditions for BTR at 136 oC.  This 
can be justified by both the results from the DSC evaluation (Figure 9) and those 
presented in Figure 11. The former has allowed to conclude that the mechanism 
suggested by Ren et al. predicts a delayed decomposition of the anode with respect to 
the results provided by the mechanism proposed by Kriston et al. Nonetheless, as 



previously discussed, the energy released by the anode decomposition is a small fraction 
compared to that originated in the cathode reaction. This last reaction has a much 
earlier peak for the mechanism proposed by Ren et al., which may be one of the reasons 
for a lower temperature onset compared to the mechanism suggested by Kriston et al. 
It is also worth to mention that the mechanism from Ren et al. also predicts a higher SEI 
decomposition for the case of 130 oC. This may seem contradictory with the previous 
results provided in the DSC evaluation. Nonetheless, it is important to remark that the 
DSC results are shown in a normalized basis, which may hinder the visualization of low 
heat releases of the SEI. Additionally, the SEI decomposition predicted by Ren lasts for a 
longer temperature range. If a fixed time of observation, e.g., 150 min, is considered, 
each mechanism provides similar results in terms of SEI concentration. Once the oven 
temperature is slightly increased (6 oC), the battery enters in thermal runaway because 
of the early cathode decomposition. The heat release analysis for each oven 
temperature allows to identify an almost binary behavior, much more abrupt than the 
one obtained with the mechanism suggested by Kriton et al. This may lead to stiffness 
problems, since low time steps are required in the solution to capture this transition.   

 

Figure 11 Comparison of simulated and experimental instantaneous temperature evolution (left) and 
concentration (right) for the Ren et al. mechanism. 

Finally, the mechanism proposed by Feng et al. was assessed considering the proposed 
oven test configuration. As it can be observed in Figure 12, this mechanism presents the 
highest temperature onset for thermal runaway prediction, requiring oven 
temperatures higher than 200 oC to observe the phenomena. The analysis of both 
concentration graphs of Figure 12 (right) and the heat released for each oven 
temperature allows to conclude that there is a wide range of temperatures where the 
mechanism has a constant reaction rate. This is justified by the fact that the mechanism 
considers a temperature threshold to activate the cathode decomposition reaction. In 
this sense, despite of the temperature increases from 175 oC to 210 oC, no noticeable 
difference is perceived in the battery temperature. This feature leads to a non-physical 
relation between the issue and the modelling approach.  

 



 

Figure 12. Comparison of simulated and experimental instantaneous temperature evolution (left) and 
concentration (right) for the Feng et al. mechanism. 

Considering the results of the analysis provided by the three mechanisms, it can be 
argued that remarkable differences are obtained for both temperature onset and 
concentration evolution.  From a conservative perspective, the mechanism suggested 
by Ren et al. seems to be more suitable, since it results in low temperature onsets. 
Nonetheless, this may be a consequence of oversimplification of the reaction paths. 
Kriston et al. mechanism, with a more detailed mechanism, presents a less binary 
behavior compared with that from Ren et al. and Feng et al., avoiding discontinuities in 
the solution. The temperature onset presented by Kriston et al. mechanism is higher 
than that from Ren et al., but still aligned with the results from fundamental 
investigations in DSCs. Each mechanism presents a good accuracy on reproducing their 
own experiments. However, as introduced in the methodology section, several tuning 
parameters were identified, mainly for the mechanism suggested by Ren et al. In this 
sense, further experimental investigations are required to avoid biased comparisons and 
asses the accuracy of each reaction mechanism in describing the experimental 
temperature evolution. It is also interesting to remark that this modelling approach can 
also be coupled with advanced and robust control strategies as the one proposed by 
Wang et al. [52] enhancing the vehicle safety. Table x summarizes the advantages and 
disadvantages of each mechanism based on the considerations evidenced in both DSC 
and ARC evaluations. 

 Advantages Disadvantages 

Kim-
Hatchard 

-Widely studied and validated, including CFD 
simulations. 

-Simple to be extended to other batteries. 
- Dependent on heat transfer definition. 
-No effect from binder and cathode-anode 
interaction. 

Kriston -At the moment is the most complex one. 
-Includes different phenomena related to 
evaporation and oxidation that can affect 
thermal runaway. 
-Consistent with a good explanation of the 
most relevant stages during thermal 
runaway. 

-Only defined for DSC tests. 
-No validation on oven tests with the 
complete battery. 
-No reaction associated to cathode-anode 
reactions. 

Ren -Includes several reactions related to binder 
degradation and anode-cathode reaction 
-Reaction’s definition is consistent with the 
physics. 

-No reactions related to electrolyte. 
-Needs definition of electrolyte 
evaporation. 



-Oven tests have been a challenge due to 
discrepancies in the definition of the test 
procedure. 

Feng -Includes several reactions related to binder 
degradation and anode-cathode reaction. 

-Unnatural behavior of the reactions due 
to defining a piecewise function for the 
parameters. 
-SEI reactions have significantly lower 
impact on BTR prediction compared to 
other mechanisms. 
-Cathode reactions do not follow the same 
trends that can be found in the literature. 

Bilyatz -Includes a variety of reactions. -Inconsistent in the selection of 
mechanisms as they do not match the 
experimental composition 
-Inconsistent in the selection of reactions 
as they are defined and validated for 
different battery compositions within the 
same battery element. 

 

5. Conclusions 

This manuscript has presented a detailed investigation addressing the effect of reaction 
mechanism in the prediction of battery thermal runaway phenomena using an in-house 
built Python plug-in (TRKIN). A comparison considering differential scanning calorimeter 
and accelerated rate calorimeter simulations was performed for each mechanism 
considering batteries with different cathode chemistry to obtain an evaluation of the 
status of thermal runaway modelling. The DSC investigations have allowed to draw 
important conclusions about the decomposition reactions::  

 The comparison of mechanisms for LiCoO2 has shown that the modeling 
approach for the thermal runaway can differ significantly in terms of anode 
and cathode decomposition.  

 The modelling of battery thermal runaway for NMC111 chemistry cathode 
shows much lower dispersion in the temperature range for decomposition. 
Nonetheless, the peak of the reactions differs in some extent, which may 
lead to differences in the temperature onset description.  

 The mechanism proposed by Kriston et al. provides the most 
phenomenological description of the processes which occur in the different 
components, including reactions for phenomena that are generally not 
considered in the remaining mechanism as the case of electrolyte 
decomposition. 

Finally, the ARC investigations have allowed to understand the impact of having 
different reaction rates for similar battery chemistry regarding the occurrence of battery 
thermal runaway phenomena for NMC 111 chemistry. The main findings can be 
summarized as: 

  It was demonstrated that despite of small differences in the DSC, the results 
from ARC presents significant differences in the thermal runaway prediction. 



 Both mechanisms proposed by Ren et al. and Feng et al. have provided an 
almost binary behavior between conditions that have TR and conditions 
where TR is not present. 

  The mechanism suggested by Kriston et al. seems to have more continuity 
between the reactions.  This highlights the importance of selecting a robust 
mechanism for assess the early reactions that may indicate the thermal 
runaway, assuring the safety and providing the required time to employ 
protective measures.  

In this sense, it can be concluded that this papers has successfully implemented and 
compared the most relevant thermal runaway mechanisms for LiCoO2 and NMC cathode 
chemistries. The differences evidenced in this work highlights the need of dedicated 
investigations to improve the accuracy and agreement of the mechanism. To do this,  
further investigations are still required to compare the results from simulation with 
those from experiments to avoid a biased comparison with the original papers.  
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Abbreviations and symbols 

A Area 

BEV Battery Electric Vehicles 

BTR Battery Thermal Runaway 

C2H4 Ethylene 

CO2 Carbon Dioxide 

DMC Dimethyl Carbonate 

DSC differential scanning calorimeter 

EC ethylene carbonate (EC), 

EMC ethyl methyl carbonate 

FTIR 
Fourier transformed infrared 
spectroscopy 

Gr graphite 

hconv Convective heat transfer coeffiecients 

ICE Internal Combustion Engine 

Li Lithium 

NMC Nickel-Manganese-Cobalt 

O Mononuclear Oxygen 

O2 Oxygen 

PHEV plug-in hybrids electric vehicles 

Q Heat 



SEI Solid electrolyte interface 

T Temperature 

TR Thermal Runaway 
 

APPENDIX 

Kim et al. mechanism 

The general formulation to determine the reaction rates is given by r.5. It is used 
independently n the mechanism. Each parameter can be replaced in the equation 
according to the tables that follows. It is worth to mention that the parameters modified 
with respect to the original mechanism are marked by a bold and italic font.  

 
r.5 

 

Where, 

 

Table 4 Parameters for the mechanism proposed by Kim. 

 

 

Table 5 Initial concentrations of the components considered in the Kim mechanism. 

 

 

Table 6 Thermal parameters that were considered in the Kim mechanism. 

 



 

 

 

 

Kriston et al. mechanism 

 

Table 7 Parameters for the mechanism proposed by Kriston. 

 

Table 8 Initial concentrations of the components considered in the Kriston mechanism in the cathode. 

 

Table 9 Initial concentrations of the components considered in the Kriston mechanism in the anode. 

 

 

 

Ren et al. mechanism 



Table 10 Parameters for the mechanism proposed by Ren. 

 

Table 11 Initial concentrations of the components considered in the Ren mechanism in the cathode and 
anode. 

 

Table 12 Initial concentrations of the components considered in the Ren mechanism in the binder. 

 

 

Feng et al. mechanism 

Table 13 Parameters for the mechanism proposed by Feng. 

 

 

Table 14 Initial concentrations of the components considered in the Feng mechanism in the cathode and 
anode. 

 



Table 15 Initial concentrations of the components considered in the Feng mechanism in the cathode. 

 

 

 

 

 

 

Bilyatz et al. mechanism 

Table 16 Parameters for the mechanism proposed by Byliaz. 

 

 

Table 17 Initial concentrations of the components considered in the Byliaz mechanism in the cathode 
and anode. 

  

Table 18 Initial concentrations of the components considered in the Byliaz mechanism in the cathode 
and binder. 

 

 

 


