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First time consideration of phase equi-
libria in Li-ion battery thermal runaway.
Complex interaction of SEI degradation,
reformation and solvent boiling revealed.
Fragile equilibrium of endo- and exother-
mic processes in self-heating phase.
Unpredictability of thermal runaway re-
lated to presence of LEDC or water.
Rising pressure from reaction gases can
suppress solvent boiling.
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A B S T R A C T

Safety considerations have always accompanied the development of new battery chemistries; this holds
especially for the Li-ion battery with its highly reactive components. An overall assessment and decrease of risks
of catastrophic failures such as during thermal runaway, requires an in-depth and quantitative understanding
of the ongoing processes and their interaction. This can be provided by predictive mathematical models. Thus,
we developed a thermal runaway model that focuses on rigorous modelling of thermodynamic properties
and reactions of each component within a Li-ion battery. Moreover, the presented model considers vapour–
liquid equilibria of a binary solvent mixture for the first time. Simulations show a fragile equilibrium between
endothermic and exothermic reactions, such as LiPF6 and LEDC decomposition, in the early phases of self-
heating. Further, an autocatalytic cycle involving the production of HF and the SEI component Li2CO3 could be
revealed. Additionally, the unpredictability of the thermal runaway could be directly correlated to availability
of LEDC or contaminants such as water. Also, solvent boiling can have a significant influence on the self-
heating phase of a Li-ion battery, due to its endothermic nature. Further analysis revealed that the rising
pressure, stemming from gassing reactions, can suppress solvent boiling until the thermal runaway occurs.
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1. Introduction

During their development in the 80’s it was revealed that Li-ion
batteries are safer alternatives to lithium metal based secondary bat-
teries [1–3]. Still, potential safety hazards under high temperature
abuse exist and have already been known during and before com-
mercialization [2,4–7]. Since then, Li-ion batteries have made their
way into nearly all parts of our daily life. However, progression into
electric mobility and the constantly increasing energy densities made
consideration of safety an omnipresent accompanying issue [8–12]. The
most dangerous safety hazard is the thermal runaway, which is caused
by a cascade of exothermic reactions and which led to high-profile
images of burning electric cars in the media [13–15]. Despite extensive
experimental analysis, there are still a lot of unanswered question. It
remains largely uncertain, when and if a battery will go into thermal
runaway, and what could prevent it.

Various experiments are used to obtain a deeper insight into batter-
ies and their safety. The most common ones are Differential Scanning
Calorimetry (DSC) and Accelerated Rate Calorimetry (ARC) [11,16–
19]. In both methods the battery cell is heated and the response in
terms of released energy is observed. Yet, the way of observation
differs. In a DSC measurement, a fixed heating-rate is applied to the
probe and a reference. From the difference in their temperature change
the exothermic or endothermic heat flow is concluded. Further, tem-
perature ranges in which specific reactions start have been recorded
by means of DSC in prior works [20,21]. In contrast, in an ARC
measurement, a sample is preheated to a given temperature, then an
equilibration period is performed. This is followed by a seek period in
which it is repeatedly checked if a certain threshold of self-heating is
exceeded. This mode is called Heat-Wait-Seek (HWS) mode. In the case
of self-heating, the method switches to adiabatic operation, i.e. without
external heating and cooling. In this so called exotherm mode the setup
tracks and follows the temperature evolution of the sample until reach-
ing a set temperature, e.g. several 100 degrees for thermal runaway
studies. Aside the mentioned experiments many other safety analysis
methods such as nail penetration, crush-tests and oven tests are used
to characterize battery safety [22–24].

Experiments do not allow a direct conclusion on the occurring
processes inside of the battery. Here, the coupling of experiments and
mathematical battery models is a highly potent approach that allows
insight into the underlying processes and to develop effective counter
measures [24–29]. Due to the complexity and variety of phenomena
during the thermal runaway, building a comprehensive model that
covers all occurring effects is an ongoing effort [30].

As the processes connected to battery safety are multiple, models
developed to investigate them are as well. Some models focus on the
temperature distribution and heat propagation within cells or battery
stacks [31,32]. Others investigate the effect of short-circuits as a cause
of thermal events within batteries [33–35]. However, as our focus is
on the interaction of chemical reactions and other processes related to
chemical compounds of the cell, the following literature survey will
focus on these types of models.

First models, using a one-step substitute reaction by
Richard et al. [25], suggested the initial decay of the solid electrolyte
interphase (SEI) as the primary cause of initial self-heating in an ARC
measurement. The model was later extended such that three substitute
reactions, representing the SEI degradation, reaction of intercalated
lithium with the electrolyte and the positive active material degrada-
tion, could replicate an oven test for a whole Li-ion cell [24]. Based on
these prior studies Kim et al. developed a three dimensional battery
model including four degradation reactions, now also considering
electrolyte decomposition [28]. These kind of reaction models have
then been used in several other model types, which are focusing on
different aspects of battery safety such as the ones mentioned above.

However, these models are not considering the battery’s chemical
compounds. This simplification enabled them to calculate highly dis-
cretized temperature distributions of cells or whole battery packs [11,
2

28,29,31]. The downside is the inability to understand the interaction
of the actual cell composites due to the missing balance of reactants
and products as well as the individual influence of each component on
the released heat.

Detailed chemical models exist especially on the atomistic scale.
Here, in previous work we made use of molecular simulation to study
the formation of the SEI. With this we identified a multitude of crucial
reaction pathways [36,37]. Additionally, there are multi-scale models
which on the one side still allow for a heterogeneous SEI description
based on kinetic Monte Carlo and on the other side also allow for
concentration and potential profiles in the cell. This is achieved by
coupling kinetic Monte Carlo to continuum scale models with charge
and mass balances, and it enables the simulation of SEI growth during
the full formation process and during discharge [38,39]. However, such
molecular and multiscale models span usually only short time scales,
below microseconds for the molecular ones, and only few cycles for
the latter one. They further require presently very long computation
times. Here continuum models with detailed micro kinetics come into
play, which can be parameterized with both, molecular simulation or
(preferably dynamic) experiments [40,41]. To the best of our knowl-
edge, the first approach to include actual battery chemistry in processes
connected to high temperature battery degradation was done by Tanaka
in 2013 who simulated the SEI decomposition reaction based on the
chemistry of lithium ethylene dicarbonate (LEDC) as the major SEI
composite [42]. Kupper et al. extended this approach by including
SEI specific calendaric aging mechanisms at various temperatures into
a Pseudo 3D electrochemical model. Besides complex electrochemical
charge transfer and aging reactions, heat and mass transport processes
are implemented in their framework. Thereby, they were able to cap-
ture the nonlinear relationship between calendaric aging, performance
and temperature [43].

In these preceding studies, the aging behaviour in regards to the
SEI growth and decomposition was focused. However, the thermal
runaway, like most reaction related phenomena in batteries [36,41,
44,45], consists of a complex reaction network including degradation
of all battery components [27]. Additionally, phase transitions of the
liquid electrolyte components are induced due to the rapid temperature
increase caused by the thermal runaway. This phenomenon has up until
now only been studied in connection to the venting of cells [46,47].
However, boiling is an endothermic process and its interaction with
exothermic degradation reactions as well as their influence on the self-
heating behaviour during thermal abuse have not yet been studied.
Thus we identified the following open questions:

• How do occurring reactions during the thermal runaway interact
with each other and how would boiling of the electrolytes’ solvent
components influence this interaction.

• To what extent does the pressure build-up through evolution
of gaseous degradation products influence the phase transition
behaviour?

In order to address these questions, we developed and analysed a
thermal runaway model which focuses on crucial chemical compounds,
their reactions and thermodynamic properties such as aggregate phases.
This, for the first time, allows for a detailed investigation of the
occurring reactions, their interaction and influence on the self-heating
phase during thermal abuse of Li-ion batteries. To incorporate the phase
transition, binary solvent phase equilibria models were implemented.
After introducing the parameter identification approach and model, the
model is then used to reveal the complex course of events during an
ARC measurement of a Li-ion battery. Special focus is laid on analysing
the primary stages during the self-heating phase, between 90 °C and
130 °C, where a fragile equilibrium between exothermic events such
as degradation reactions and endothermic processes such as boiling
is present. Ultimately, the influence of evolving reaction gases on the
phase transition behaviour is illuminated. In future this approach will
allow to develop counter measures and extend analysis to the influence
of species, such as SEI components or impurities like water, on the

safety behaviour of batteries including new cell chemistries.
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Fig. 1. (a) General illustration of an ARC measurement adapted from Townsend et al. [52] with the characteristic temperatures of self-heating and thermal runaway 𝑇SH and 𝑇TR,
respectively. (b) Flowchart description of Accelerated Rate Calorimetry algorithm subdivided into the more general experimental green part and the implemented blue part. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
2. Methods

In the following section we introduce the test case of a thermal run-
away which is simulated, the experimental data, the assumed processes,
the model and finally its parameterization.

2.1. Test case and experimental data

For this study, we choose to investigate self-heating and thermal
runaway using ARC because this type of measurement allows to study
and determine the crucial initial phase of the transition into self-heating
of the battery as well as the further transition into thermal runaway.

The left hand side of Fig. 1 graphically explains the afore described
general progression of an ARC measurement. Here the three different
stages have been marked in green (Heat-Wait-Seek), yellow (Exotherm)
and red (Thermal runaway). Note that the second phase, here called
exotherm mode, has different names assigned to it in literature. The
most common ones are: exotherm mode, adiabatic mode and self-
heating phase [48–50]. In this publication exotherm mode is used when
referring to the experimental set-up, and the term self-heating phase
when describing the behaviour of the investigated battery. However, all
terms describe the same stage and could also be used interchangeably.
Additionally, two essential temperatures, the on-set temperature of self-
heating 𝑇SH is marked and the on-set temperature of thermal runaway
𝑇TR, defined as the point, where the temperature gradient [51] exceeds
d𝑇
d𝑡 = 10K s−1. The right hand side shows a more detailed variant in a

flowchart.
Experimental data from Maleki et al. [17] was chosen because the

chemistry is close to the ones used today. In addition, since the ex-
periments were carried out with a commercial cell in 1999, it is safe to
assume that no SEI forming additives like vinylene carbonate (VC) have
been added. This is due to the fact that the first patent covering the
usage of VC as an additive for LIB’s has only been filed in 1998, and first
research articles investigating the effects of VC have not been published
before 2002 [53,54]. Malekis experiments are thus also assumed to not
contain any formation and degradation of polymeric SEI components
resulting from VC degradation. The cell used for the experiments had a
capacity of 550 mAh. The chemistry was reported to be a carbon based
anode, a LiCoO cathode, polyvinylidenefluoride (PVdF) as binder in
3

2

both electrodes and a ethylene carbonate (EC)/ethyl methyl carbonate
(EMC) mixture with LiPF6 as the conductive salt. Yet, since the original
publication is lacking additional data, some assumption have to be
made to achieve a proper set of initial and boundary conditions for the
simulation (see Section 2.3). The full set of calculations used to obtain
the initial conditions can be found in the SI and all used structural as
well as component specific physical parameters.

2.2. Assumed reactions and further processes

During and before the thermal runaway, a multitude of different
reactions can take place. As the used ARC measurement only spans a
temperature range up to 220 °C, only reactions and phenomena known
to occur in this range are in the focus of this work. The main reactions
that are assumed to occur and which are thus selected for this work
are summarized in Table 1, with their respective literature reference,
temperature span at which they start to be visible in DSC and ARC, and
the abbreviation of the reaction used in this work.

The kinetic parameters of the reactions determine when and how
fast each reaction takes place during the runaway at a given temper-
ature and composition. They are thus essential for understanding and
modelling the thermal runaway. The kinetic parameters are unknown
and are hence identified from the ARC measurement described before.
For the parameterization of the activation energies 𝐸A,𝑖 and the reaction
rate constants 𝑘0,𝑖 of all considered reactions 𝑖, we take into account
the following behaviour reported in literature. The initial breakdown
of the SEI is widely assumed to be responsible for the first exothermic
reactions leading to the transition from HWS mode in the ARC measure-
ment to exotherm mode [25]. For this, the decomposition of the main
SEI components, LEDC and Li2CO3 are considered. Salt decomposition
to PF5 and the subsequent decomposition of PF5 to the highly reactive
HF is also known to take place in a similar temperature range and is
assumed to impact ARC measurement. Thus, both reactions are consid-
ered as well. The reported temperature span for the decomposition of
the primary SEI is extremely wide, as it ranges from 60 °C to 120 °C[11,
17,67,68]. The SEI and salt decomposition reactions are followed by
the re-formation of SEI and its main components, Li2CO3 and LEDC.
The combination of SEI build-up and the subsequent re-decomposition
is mainly held accountable for the long self-heating period, before
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Table 1
Degradation reactions and the temperature ranges in which the reactions are observed in DSC and ARC measurements.

Category Abbreviation Eq. 𝑇start/°C

Organic SEI decomposition [55,56] OSD (CH2OCO2Li)2 ←←←←←←←←←←←←←←←←←→ Li2CO3 + C2H4 + CO2 + 0.5 O2 60–120
Inorganic SEI decomposition [57,58] ISD Li2CO3 + 2 HF ←←←←←←←←←←←←←←←←←→ 2 LiF + H2O + CO2 60–120
Organic SEI production [59] OSP 2 LiC6 + 2 C3H4O3 ←←←←←←←←←←←←←←←←←→ (CH2OCO2Li)2 + C2H4 + 2 C6 120–200
Inorganic SEI production [60] ISP 2 LiC6 + C3H4O3 ←←←←←←←←←←←←←←←←←→ Li2CO3 + C2H4 + C6 120–200
Conductive salt decomposition [21,60–63] CSD LiPF6 ←←←←←←←←←←←←←←←←←→ LiF + PF5 60–80
HF production [21,60,61,64] HFP PF5 + H2O ←←←←←←←←←←←←←←←←←→ 2 HF + POF3 60–80
EC decomposition [27,65] ECD 2.5 O2 + C3H4O3 ←←←←←←←←←←←←←←←←←→ 3 CO2 + 2 H2O 180–350
EMC decomposition [27,65] EMCD 4.5 O2 + C4H8O3 ←←←←←←←←←←←←←←←←←→ 4 CO2 + 4 H2O 180–350
Cathode decomposition [17,20,66] CD LizCoO2 ←←←←←←←←←←←←←←←←←→ zLiCoO2 + 1−z

3
Co3O4 + 1−z

3
O2 150–220
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the actual thermal runaway starts (see Fig. 1) [27,69]. The thermal
runaway itself, which starts at a higher temperature around 150 °C is
enerally assumed to be strongly connected to the decomposition of
he cathode and the subsequent combustion of solvent molecules by
eleased oxygen [56,65].

Besides these reactions, the following reactions are reported but will
ot be considered in this work. The reaction Li2CO3 ←←←←←←←←←←←←←←←←←→ Li2O+CO2 is
ot considered even though the experiments of Abraham et al. [67]
eported an extensive amount of Li2O in cells quenched at 150 °C
ompared to ones cycled at room temperature. However, the mentioned
eaction is reported to only occur around 800 °C [70] without the
ddition of catalyzing species. Transitions metals like cobalt, nickel and
anganese present in the positive active material of Li-ion batteries are

lready assumed to have such an effect [71]. This could explain the
easured Li2O, despite no different reaction path connected to thermal

buse of batteries has been proposed yet. A sound integration of Li2O
eactions would thus require more in-depth prior studies. The reaction
f active material with the binder PVdF is attributed to reactions
appening around 300 °C, which is outside the considered temperature
ange. The interaction between the conductive salt and the breakdown
f the primary SEI, reactions CSD, HFP and IDS in our study, has been
roposed differently by Eshetu et al. [72]. They suggested a direct
eaction of PF5 with Li2CO3 as well as LEDC without the intermediate
ormation of H2O and HF. This only works under the assumption that
he formation of these intermediates is not rate determining. Since this
s for now not known we implemented these as the two-step reactions
escribed above.

Also, reactions involving materials like conductive agents and the
urrent collectors are not considered. Whereas they may play a role in
ong-term battery aging due to overcharging or high current operation,
o the best of our knowledge, there are no reactions reported for high
emperature abuse [73]. Additionally, the separator is not considered
s well since for PP/PE separators, aside melting [69], no reactions are
eported, for the context of thermal runaway. However, some reactions
re reported in the context of electrolyte degradation with glass fibre
eparators [74]. Both aspects are not included in our current work,
owever, they might be of interest for future investigations.

Aside from these reactions, the boiling of electrolyte may occur
uring cell heating. The effect is usually ignored in other literature
orks, but as it is a potential heat sink that allows to stabilize the

emperature, we deem it important to include this aspect into our
nalysis to get a full picture of process sensitivities and process interac-
ions. The boiling temperature of the mixture depends on the assumed
lectrolyte composition and the pressure which here are assumed to
e a 1/1 v/v EC/EMC mixture under isobaric atmospheric pressure.
he boiling temperature is, for this initial composition, given with
b,Mixture = 122.45 °C. This we calculated by a binary mixture phase
quilibrium model of EC/EMC which we present in the SI.

.3. Mathematical model

In this section the modelling approach is layed out. First, the
odelled system and the underlying assumptions are presented. This is

ollowed by a more detailed description of kinetics and the respective
pecies and energy balances, including calculations of the exo- and
4

ndothermic heats. Eventually, the solubility model is outlined.
.3.1. Model overview
The modelled scenario is the ARC measurement of Maleki et al. [17],

onducted at OCV and an SOC of 100%. Adiabatic conditions in the
eek and during self-heating periods are assumed. The system is closed.
elf-heating and thermal runaway are driven by the heat of reaction
eleased or consumed. Thus a crucial component of the presented
odel approach is the calculation of reaction heats from the enthalpies

f formation of participating components by Hess’s law [75]. This
pproach has already been utilized for degradation models, first by
anaka et al. and later by Kupper et al. [42,43]. All modelled species
nd their physical parameters can be found in the SI. Furthermore,
n approach for the calculation of the heat of boiling of a binary
lectrolyte mixture based on an equilibrium model is proposed. Finally,
he individual contribution of each reaction or phase change to the
verall produced heat can be calculated and a correlation between the
alance of the species and the heat sinks and sources can be drawn. To
llow a first investigation of the principle interaction of reaction and
hase change during thermal abuse of a lithium-ion battery, diffusion
nd thermal conductivity are not implemented. The distinction between
he different phases inside of a battery is done by four reference phases:
he anode including the SEI, the liquid electrolyte, the cathode and

gas phase. The following further assumptions are underlying this
odelling approach:

• Ideal mixed solution — no spatial discretization. Since the time
constant for diffusion and thermal conductivity is in seconds and
the ARC measurement takes hours, we deem the assumption of a
perfectly mixed system a sound approach for this first study.

• No pressure increase due to gas evolution. This assumption cor-
responds to the initial stages of a highly inflatable pouch cell.

• Within each time step the solvent is in vapour–liquid equilibrium.
• Salt and its degradation products do not impact the vapour–liquid

equilibrium.
• Reactions are irreversible and pseudo-homogeneous.
• The electrolyte consists of a 1/1 v/v mixture of EC and EMC with
1200molm−3 LiPF6.

• The geometry of the cell is assumed to be similar to a commer-
cially available one of the same capacity as the one used in this
study [76].

• The electrode geometry is similar to other published electrodes of
the same chemistry [77,78].

• The threshold for the battery self-heating rate is set to 0.02K min−1

as reported in other publications including ARC tests which were
conducted by Maleki et al. [79].

• The preheating is neglected in the simulation since it does not
supply further information.

.3.2. Set definitions
In the following sections, set notation is used for the sake of brevity

nd completeness. The first set 𝛺SP contains all modelled chemical
pecies. Abbreviations that are subsequently used to refer to certain
pecies are added in brackets.

={(CH OCO Li) (LEDC), Li CO , LiF, LiPF , LiC ,
SP 2 2 2 2 3 6 6
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C6, Li𝑧CoO2, Co3O4,

C2H4, CO2, O2, HF, PF5, POF3, H2O, C3H4O3 (EC),

C4H8O3 (EMC)}

As the species occur in different phases or reactions, subsets of 𝛺SP
are defined as follows:

𝛺G = {𝑔 ∈ 𝛺SP ∣ species 𝑔 is in gas phase}
𝛺L = {𝑙 ∈ 𝛺SP ∣ species 𝑙 is in liquid phase}
𝛺S = {𝑠 ∈ 𝛺SP ∣ species 𝑠 is in solid phase}
𝛺K = {𝑘 ∈ 𝛺SP ∣ species 𝑘 is reactant of reaction 𝑗}

The subsets 𝛺Solv and 𝛺SEI describe the components of the solvent
and the SEI, respectively.

𝛺Solv = {C3H4O3, C4H8O3} ⊆ 𝛺SP,

𝛺SEI = {(CH2OCO2Li)2, Li2CO3, LiF} ⊆ 𝛺SP

Moreover the set 𝛺RE lists all modelled reactions, with abbrevi-
tions added in brackets. The reaction equations are summarized in
able 1.

RE = {Organic SEI decomposition (OSD),
Inorganic SEI decomposition (ISD),
Cathode decomposition (CD)
Organic SEI production (OSP), Inorganic SEI production (ISP),
Conductive salt decomposition (CSD),
HF production (HFP), EC decomposition (ECD),
EMC decomposition (EMCD) }

.3.3. Species balances and reaction kinetics
Since the battery is modelled as a closed system, there is no molar

lux in or out of the battery. This yields the following species balance
or all species 𝑖 and respective reactions 𝑗:
d𝑛𝑖
d𝑡

=
∑

𝑗∈𝛺RE

𝜈𝑗𝑖𝑟𝑗 ,∀ 𝑖 ∈ 𝛺SP. (2)

ere, 𝑛𝑖 is the amount of species 𝑖, 𝜈𝑗𝑖 refers to the stoichiometric
oefficient of component 𝑖 in reaction 𝑗 and 𝑟𝑗 refers to reaction
ate of reaction 𝑗. If not mentioned otherwise, the reaction kinetics
re modelled as power law kinetics combined with Arrhenius law to
escribe the temperature dependency [80,81]:

𝑗 = 𝑘0𝑗 exp
(−𝐸A𝑗

𝑅𝑇

)

∏

𝑘∈𝛺K

,∀ 𝑗 ∈ 𝛺RE∖{𝑂𝑆𝑃 , 𝐼𝑆𝑃 , 𝐶𝑆𝐷}. (3)

Here, 𝑘0𝑗 refers to the pre-exponential factor for reaction 𝑗 and 𝐸A𝑗
the respective activation energy. The dimensionless activity of each
participating component is written as 𝑎𝑘 and their definition is given
in Section 2.3.5.

Eq. (4) represents a special case for reactions of intercalated lithium
with the solvent that also take the thickness of the SEI-layer 𝑑SEI into
account since SEI growth is known to depend on SEI thickness [43]:

𝑟𝑗 = 𝑘0,𝑗
1

𝑑SEI
exp

(−𝐸A,𝑗

𝑅𝑇

)

∏

𝑘∈𝛺K

𝑎
𝜈𝑘,𝑗
𝑘 ,∀ 𝑗 ∈ {𝑂𝑆𝑃 , 𝐼𝑆𝑃 } (4)

Furthermore, it is widely assumed that for the decomposition of
the conductive salt LiPF6, only the non-dissociated part, as in the left
hand site of LiPF6 ⇌ Li+ + PF−6 , is decomposed [61]. Therefore the
issociation constant 𝛼 is introduced in the salt decomposition rate to
escribe this phenomenon [18]. The constant is set to 𝛼 = 0.7 as already
escribed by Stich et al. [61].

𝑗 = 𝑘0,𝑗 (1 − 𝛼) exp
(−𝐸A,𝑗

𝑅𝑇

)

∏

𝑘∈𝛺K

𝑎
𝜈𝑘,𝑗
𝑘 ,∀ 𝑗 ∈ {𝐶𝑆𝐷} (5)

As the ARC is conducted under OCV, no electrochemical reactions
5

re implemented.
.3.4. Energy balance, heat of reaction and phase change
The model for the temperature evolution is divided into two parts

s illustrated in Fig. 1(b). In the first part the step-heating is modelled
sing a simple controller with one constant as follows:

d𝑇
d𝑡

=
𝑇Setpoint − 𝑇

𝐾
. (6)

Here, 𝑇Setpoint corresponds to the temperature set by the ARC-
algorithm which increases by 10 °C after each HWS-step. 𝐾 is a time
onstant that is chosen such that the step-heating could be reproduced
ccurately. In this simplified approach, the Heat period, where the
emperature step is performed, and the Wait period, where the cell
s given time to equilibrate with the temperature of the device in the
xperiment are joined together. This is done, since in our simulation
nly the cell temperature is simulated and the cell is not discretized.
hus, the cell is always in equilibrium. After the Heat-Wait period, the
emperature evolution is calculated as follows within the Seek period:

d𝑇
d𝑡

=

∑

𝑗∈𝛺RE
𝑞𝑗 + 𝑞PT

𝐶p,bat
, (7)

where 𝑞𝑗 and 𝑞PT refer to the rate of production of heat from reaction 𝑗
and of the heat from phase transition of the electrolyte, respectively. If
at the end of the Seek period the self-heating rate of the battery exceeds
d𝑇
d𝑡 = 0.02K min−1, the temperature evolution is further calculated as in

Eq. (7) corresponding to the exothermic mode of the ARC. Otherwise
another Heat and Wait period as in Eq. (6) is performed. For the calcu-
lation of Seek periods as well as during exotherm mode, quasi-adiabatic
conditions are assumed for the energy balance due to the experimental
set-up explained in Section 2.1. Thus, the balance equation reduces to
the form above, containing only heat sinks or sources due to reaction
or phase change.

The isobaric heat capacity of the battery 𝐶p,bat is calculated from the
individual components as follows:

𝐶p,bat =
∑

𝑖∈𝛺SP

𝑐p, 𝑖𝑛𝑖 + 𝐶p,Al + 𝐶p,Cu + 𝐶p,Casing. (8)

The parameters 𝑐p,𝑖, 𝐶p,Al, 𝐶p,Cu and 𝐶p,Casing represent the molar
heat capacity of component 𝑖, the heat capacity of the aluminium and
copper current collector and the casing (in this case pouch-cell foil),
respectively (see SI for more information).

The rate of heat produced or consumed in each reaction 𝑗 is the
product of their respective reaction rate 𝑟𝑗 and the molar heat of
reaction 𝛥r𝐻 𝑗 :

𝑞𝑗 = −𝑟𝑗𝛥r𝐻 𝑗 (𝑇 ), ∀ 𝑗 ∈ 𝛺RE. (9)

The heat consumption rate resulting from the transition of the liquid
solvents of the electrolyte from liquid state ′ to their gaseous state ′′ is
calculated as:

𝑞PT =
∑

𝜎∈𝛺Solv

d𝑛′′𝜎 (𝑇 , 𝑝, 𝑥EC)
d𝑡

⋅ 𝛥vap𝐻𝜎 (𝑇 ), (10)

here 𝛥vap𝐻𝜎 represents the vaporization enthalpy of solvent 𝜎 and
d𝑛′′𝜎 (𝑇 ,𝑝,𝑥EC)

d𝑡 is the boiling rate of solvent 𝜎 which is calculated based on
equilibrium data for 𝑇 , 𝑝 and compositions 𝑥EC. The exact procedure is
explained in the SI.

2.3.5. Solubility model — Concentration, partial pressure and activity
The calculations of concentrations and partial pressures are based

on the four different phases where the reactions occur. Therefore the
concentration in the liquid phase 𝐶𝑖 is calculated as:

𝐶𝑖 =
𝑛′𝑖
𝑉
, ∀ 𝑖 ∈ 𝛺SP, (11)

where 𝑉 refers to the given reference volume listed in Table 2 (a
detailed description how the volumes are calculated is given in the SI).
𝑛′𝑖 refers to the liquid part if the species exists either in liquid or gas
form.
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The partial pressure 𝑝𝑔 of gas 𝑔 is given as the product of the mole
fraction of the component in the gas phase 𝑥′′𝑔 and the given system
pressure as stated through Dalton’s law [82]

𝑝𝑔 = 𝑝 ⋅ 𝑥′′𝑔 , ∀ 𝑔 ∈ 𝛺G. (12)

The system pressure is set to 𝑝 = 101 325 Pa and as isobaric con-
ditions are assumed, the value is kept constant during the whole
simulation. Activities are then defined as follows:

𝑎𝑙 =
𝐶𝑙
𝐶⊖ , ∀ 𝑙 ∈ 𝛺L and (13)

𝑎𝑠 =
𝐶𝑠
𝐶⊖ , ∀ 𝑠 ∈ 𝛺S and (14)

𝑎𝑔 =
𝑝𝑔
𝑝⊖

, ∀ 𝑔 ∈ 𝛺G, (15)

depending on the state of the modelled species. The reference con-
centration for both active materials is set to their respective maximal
concentration of lithium in their solid phase 𝐶⊖ = 𝐶max. In all other
cases the reference pressure and reference concentration is the standard
thermodynamic reference state defined by the IUPAC as 𝑝⊖ = 100 000 Pa
and 𝐶⊖ = 1000molm−3, respectively [83]. Non-idealities, usually
expressed by the activity or fugacity coefficient, may be present for the
species; however, they are mostly not known yet and we thus neglect
them in the here presented first study.

For the calculation of partial pressure, the mole fraction of each
species within the gas phase is calculated as:

𝑥′′𝑔 =
𝑛′′𝑔

∑

𝛾∈𝛺G
𝑛′′𝛾

, ∀ 𝑔 ∈ 𝛺G. (16)

The phase transition of the electrolytes’ solvent components EC and
MC, and thus the molar amount of each solvent in both phases, is
alculated using a phase equilibrium model of the binary mixture. A
etailed explanation is given in the SI. For all other gaseous species
uch as CO2 or C2H4, the solubility is modelled via Henry’s law. Here,
he solubility in both solvents is considered separately. The Henry
oefficient 𝐻𝑔,𝜎 is hence used to obtain the mole fraction 𝑥′𝑔,𝜎 of the
aseous species 𝑔 within the solvent 𝜎 as follows [84]:

′
𝑔, 𝜎 =

𝑝𝑔
𝐻𝑔,𝜎

, ∀ 𝑔 ∈ 𝛺G∖𝛺Solv ∧ ∀ 𝜎 ∈ 𝛺Solv. (17)

Following, by rearranging Eqs. (16), (17) the total maximal amount
𝑛
′ ,max
𝑔 of a gaseous species 𝑔 in both solvents can be calculated as:

𝑛
′ ,max
𝑔 =

∑

𝜎∈𝛺Solv

𝑛′𝜎 ⋅𝑝⋅𝑛𝑔
𝐻𝑔,𝜎 ⋅

∑

𝛾∈𝛺G
𝑛𝛾

1−(𝑛′𝜎 ⋅𝑝⋅𝑛𝑔 )
𝐻𝑔,𝜎 ⋅

∑

𝛾∈𝛺G
𝑛𝛾

, ∀ 𝑔 ∈ 𝛺𝐺∖𝛺Solv (18)

Since the gases are produced due to degradation reactions and are
not present within the system from the start, we assume that they will
stay dissolved until their respective solubility limit, expressed by the
Henry coefficient, is reached. Thus, the calculation of the molar amount
of each species in liquid and gas phase needs to be divided into two
cases as shown below:

𝑛′𝑔 , 𝑛
′′
𝑔 =

{

𝑛′𝑔 = 𝑛𝑔 , 𝑛′′𝑔 = 0 for 𝑛𝑔 ≤ 𝑛′ ,max
𝑔

𝑛′𝑔 = 𝑛′ ,max
𝑔 , 𝑛′′𝑔 = 𝑛𝑔 − 𝑛′ ,max

𝑔 for 𝑛𝑔 > 𝑛′ ,max
𝑔

, ∀ 𝑔 ∈ 𝛺𝐺∖𝛺Solv

(19)

.3.6. Changes in cell volume and pressure
In general, no pressure increase is assumed in the model due to use

f an inflatable pouch cell. However, as there is a limit in the maximal
ouch volume, above this value a pressure increase is expected. To
onitor if and where this threshold is reached, the total gas volume is

nalysed. For this and the further analysis regarding the pressure rise
ue to evolving reaction gases, two phases need to be considered. First
he isobaric time period in which the pouch cell volume increases due
o the decomposition gases. And second the isochoric phase in which
6

able 2
ll species listed with their possible states, their respective initial amount and definition
f the reference volume.
Species States 𝑛𝑖(𝑡 = 0) Reference volume

in mmol

(CH2OCO2Li)2 (LEDC) solid 0.723b 𝑉SEI + 𝑉AM,An.
Li2CO3 solid 1.178b 𝑉SEI + 𝑉AM,An.
LiF solid 3.356b 𝑉SEI + 𝑉AM,An.
LiPF6 liquid 2.655c 𝑉El.
LiC6 solid 24.605c 𝑉AM,An.
LizCoO2 solid 21.670c 𝑉AM,Cat.
Co3O4 solid 0a 𝑉AM,Cat.
C2H4 liquid, gas 0a 𝑉El.
CO2 liquid, gas 0a 𝑉El.
O2 liquid, gas 0a 𝑉El.
H2O liquid, gas 0.0061b 𝑉El.
HF liquid, gas 0a 𝑉El.
PF5 liquid, gas 0a 𝑉El.
POF3 liquid, gas 0a 𝑉El.
C3H4O3 (EC) liquid, gas 16.581d 𝑉El.
C4H8O3 (EMC) liquid, gas 10.095d 𝑉El.

aAssumed.
bCalculated based on assumptions given in text below.
cCalculated from structural data given in the SI.
dCalculated based on assumption of 1/1 v/v EC/EMC mixture.

the pouch cell reached its maximum volume and the gases contribute
to a pressure rise. For this, the cell volume is calculated as

𝑉Cell =

⎧

⎪

⎨

⎪

⎩

𝑉Cell, 0 +
∑

𝑔∈𝛺G∖𝛺Solv

𝑛′′𝑔 ⋅𝑀𝑔

𝜌𝑔
for𝑉Cell < 𝑉Cell, 0 ⋅ 10

𝑉Cell, 0 ⋅ 10 for𝑉Cell ≥ 𝑉Cell, 0 ⋅ 10
. (20)

Where 𝑉Cell, 0 is the volume of the cell at the beginning of the experi-
ment/simulation, 𝜌𝑔 refers to the density of gaseous species 𝑔 which is
either calculated with Helmholtz models implemented in the CoolProp
library or a version of the Peng–Robinson equation of state, see SI
for more Information. The maximum cell volume is assumed to be
10 times the initial cell volume. This approximation is based on the
measurement of Lee et al. who reported a sixfold increase of the
pouch cell volume for cathode only NMC pouch cells stored at 90 °C
for 4 h [85]. To prevent a too conservative assumption leading to a
mistakenly high pressure increase and thus resulting high shift in the
boiling temperature of the mixture, the tenfold increase in volume is
chosen. Thus the calculation of the pressure follows to:

𝑝 =

⎧

⎪

⎨

⎪

⎩

101 325 Pa = const. for𝑉Cell < 𝑉cell, 0 ⋅ 10

101 325 Pa +
∑

𝑔∈𝛺G∖{EC,EMC} 𝑛𝑔 ⋅𝑅⋅𝑇

10⋅𝑉Cell,0
for𝑉Cell ≥ 𝑉cell, 0 ⋅ 10

. (21)

The gas volume of the vaporized electrolytes’ solvent compounds is
not considered. This is done to isolate the influence of emerging degra-
dation gases on the pressure and thus the possibility of vaporization.
This calculations are, in combination with the binary phase equilibrium
of EC and EMC, used to analyse if due to the pressure rise by evolving
reaction gases, a phase transition would occur in such a system. Note
that these considerations are not implemented in the model and are
only analytical calculations performed on the gained results.

2.3.7. Initial conditions and implementation
Table 2 lists all initial values of all modelled species and their

respective reference volumes used for calculating the concentrations.
Underlying assumptions are marked with letters and added as foot-
notes. The initial temperature is given with 𝑇𝑡=0 = 40 °C and the
pressure is hold constant at 𝑝 = 101 325 Pa.

The initial composition of the SEI is defined based on the knowledge
that a pristine SEI mostly consists of organic species like LEDC and will
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change its composition during aging to a more inorganic one. However,
it is also known that a layer of LiF builds up very close to the surface
of the anode. Thus it also takes up a certain volume of the pristine SEI.
From this the following composition of the SEI given in volume fraction
is assumed for the simulation, 𝜖(CH2OCO2Li)2 = 55%, 𝜖Li2CO3

= 25% and
𝜖LiF = 20%. Furthermore, the SEI thickness is assumed to be 50 nm
which is the range of measured SEI thicknesses formed without VC as
an additive [37,86,87].

No data on the actual amount of water in whole battery cells,
neither for freshly assembled nor for aged ones, could be found in
literature. It is known that electrolyte solutions contain a small amount
of usually nowadays 20 ppm water. For our simulations, this value
is further increased because of possible diffusion of water through
the casing and the hygroscopic properties of the cathode material.
50 ppm H2O are chosen under the assumption of a slightly aged
cell [88,89].

Based on the assumptions listed in this section and the consider-
ations regarding the general progression of all reactions discussed in
Section 2.2 the kinetic parameters, 𝑘0 and 𝐸A, have been adjusted
such that two constraints are met: The first one is that the reactions
take place within the reported temperature interval for each given
reaction. The second constraint is that the simulation, can reproduce
the experimental data taken from Maleki et al. [17] as best as possible.
Note that data points after the cell opening, marked as grey stars in
Fig. 2, are excluded from the parameterization since the model, for
now, cannot reproduce this phenomenon. Due to the difference in
reported start temperatures for all reactions, a step-wise parameteri-
zation had to be performed. This has for reasons of complexity been
performed by hand. Since two cases have been considered, one which
assumed a battery case design which is highly inflatable (isobaric) and
one that limits the inflation at 10 times the initial volume (isochoric),
the parameterization has been performed twice. The kinetic parameters
derived by parameterizing both cases against the available data can be
found in the SI.

All presented model equations and parameters as well as presented
submodels are implemented in MATLAB and the simulation was per-
formed using the ode15s solver for stiff systems. All calculations have
been performed with MATLAB Version 2020b [90], i7-9750H proces-
sor, 16 GB RAM. The average simulation time was between one to
fifteen minutes.

3. Results and discussion

The upcoming section first compares temperature abuse simulations
with experiments and analyses the predicted progression of reactions,
their interplay and their contribution to temperature evolution during
the abuse test. Here special focus is given to the transition from the
HWS to exotherm mode. Thereafter, the pressure evolution and its
impact on solvent boiling is analysed.

3.1. Process interplay and temperature evolution during thermal abuse

In Fig. 2, the experimental and simulated change of temperature
during the ARC test are shown. The green crosses and grey stars
illustrate the experimental data points before and after the cell opening,
respectively.

Analysis starts at 𝑇0 = 40 °C, directly followed by a 10 °C heating
step which in turn is followed by a 15 min wait period, and a 35 min
seek period. This HWS pattern proceeds in the experiments until at
108 °C, marked by (I) in Fig. 2, an exothermic event leads to exothermic
mode where the ARC follows the battery cell temperature. Due to
insufficient heat production, the HWS modus starts again and at 110 °C
an additional heating step is performed. Thereafter, other exothermic
events lead to a steady but slow temperature increase from 119 °C
until the experimental cell opening marked by a change in markers
7

from green crosses to greys stars at 148 °C over the course of 12 h.
Fig. 2. Accelerated Rate Calorimetry measurement taken from Maleki et al. [17] and
the parameterized model with (solid black line) and without (dashed grey line) boiling
of electrolyte. Here, (I) marks the first transition from HWS to exotherm mode, (II) the
deviation between simulation and experiment, (III) accelerated temperature increase
(IV) the thermal runaway, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Cell opening leads to venting of the electrolyte and thus cooling of
the battery [46,67,91]. This is assumed to take place here also, even
though the temperature decrease and its correlation to cell opening was
not discussed in the original publication. At this point the experiment
shows a decrease of the temperature to 145 °C. This is followed by
a further temperature increase leading to thermal runaway around
177 °C, marked with a (IV).

The isobaric simulation, i.e. represented by the solid black line, is in
very good agreement with the experiments until around 119 °C, marked
by a (II). Here, the simulation has a higher temperature gradient, and
thus temperature, than the experiment. In the following, the gradient
of the simulation is decreasing while the gradient of the experiment
is increasing again. Therefore, the simulative curve is again in very
good agreement with the experiment until the drop caused by cell
opening. Since the here presented model is isobaric and can, thus, not
reproduce cell opening, temperature deviation between experiment and
simulation after cell opening is expected.

Evolution of the heat sources and sinks from individual processes
that lead to the observed temperature progression. Here, especially
the transition from HWS to exotherm mode, gives crucial insight into
why cells run into thermal runaway and how this can be prevented.
In Fig. 3(a), the endothermic (blue colours) and exothermic heats (red
colours) and their sums are shown in respect to temperature, and the
self-heating threshold that needs to be surpassed such that the ARC
switches to exothermic mode. For better illustration, reactions and
solvent boiling have been clustered, respectively. Individual contri-
butions are given in the SI. The temperature horizon represents the
temperature span in which the transition to the exothermic region
occurs. Non-monotonous progression of heat evolution with local max-
ima and minima are observable throughout the simulation. These can
be attributed to the unsteady heating: The heating steps increase the
temperature of the system and, thus, the reaction rate of all reactions.
In the following Wait and Seek period, the occurring reactions consume
the reactants, leading to a reduction in reaction rates and with it
the produced heats. The corresponding reactants for each reaction are
shown in Fig. 3(b).

The first endothermic reaction taking place is the salt decompo-
sition of LiPF6 to PF5 and LiF. The reaction rate exhibited in our
simulation at 70 °C is comparable to one reported in experiments by
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Fig. 3. (a) Isobaric simulation: produced endothermic and exothermic heats during the experiment leading to thermal runaway. Endothermic heats are presented in different
shades of blue. Exothermic heats are shown in different shades of red. The sum of heat sinks and heat sources is shown in a solid line of blue and red, respectively. The sum of
both together is represented by the dotted line. The self-heating threshold of the ARC is visualized by the dashed line. Inorganic and organic SEI formation as well as boiling of
both solvents are lumped to SEI formation and boiling, respectively. (b) Evolution of molar amount of all reactants taking part in reactions illustrated in (a). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Sloop et al. [62]. However, in our simulation this reaction is, to a
small extent, already present at around 40 °C. Thus, our results differ
slightly from the reported temperature interval for the on-set of this
reaction between 60 °C–80 °C. Considering additional side reactions, for
example of the produced PF5 with linear solvent components, could
help reduce this observed difference between experiments and simu-
lation. The first exothermic reaction is the organic SEI decomposition,
where LEDC decomposes to Li2CO3 and gases at temperatures above
80 °C. In the beginning, the heat consumption due to salt decomposition
prevails and the sum of heat sinks and sources, is endothermic. At
around 105 °C, LEDC decomposition increases drastically, leading to
an exothermic sum of heats. LEDC decomposition is thus identified as
the reason for the first change from HWS to exothermic mode that
was observed in experiments and simulation, confirming the theory of
Richard et al. [56]. The subsequent steep decline in produced heat is
due to slowed LEDC decomposition due to depletion of LEDC within
the system as represented as a solid black line in Fig. 3(b) at (I). This
causes, the sum of heats to approach the self-heating threshold around
110 °C, triggering a further heating step that can be observed in the
experiment and simulation.

In the temperature region after the heating step around 120 °C,
PF5 and H2O react to POF3 and HF, and HF triggers inorganic SEI
decomposition with Li2CO3 and HF reacting to LiF and H2O. These
reactions form an auto-catalytic cycle where HF production is en-
dothermic and Li2CO3 decomposition is exothermic. The sum of both,
however, is exothermic. This leads, in combination with fast kinetics in
both reactions, to a peak in the sum of heats, causing the observable
8

deviation of isobaric simulation (i.e. with boiling) and experiment
at (II) in Fig. 2 (see also discussion in next section). At 123 °C, the
endothermic boiling of EC and EMC sets in. The immediate jump in
endothermic heat leads to a drop of released heats without passing the
self-heating threshold, therefore, no further heating step is performed.
The exothermic formation of inorganic and organic SEI that sets in
due to the primary decomposition of SEI, leads in the following to an
increase in the sum of exothermic heats. Li2CO3 decomposition and
HF production then both exhibit first a rapid decline and a slow rise
in produced heat until at 142 °C both heats vanish. The underlying
complex processes can be explained as follows. The reason for the sharp
decline in inorganic SEI decomposition and HF production at 128 °C is
that the concentration of Li2CO3 almost reached to zero, see the dashed
black line in Fig. 3(b) at (II). Note that HF production depends on water
production, which in turn is produced from Li2CO3. Further, both are
limited by the production of Li2CO3. Until at 142 °C the amount of PF5,
represented as a dotted black line in Fig. 3(b), in the system is used up
and the auto-catalytic cycle stops. This leads to the observable small
dip in the sum of exothermic and endothermic heats. From then on the
steady formation of both, the inorganic as well as organic SEI, and the
subsequent re-decomposition of the organic SEI leads to a continuous
increase in produced exothermic heat. This is partly counterweighted
by the boiling solvent. However, the sum of both heats also increases
steadily leading to the temperature increase that can be observed in the
measurement.

Kupper et al. [35] already revealed that a set of two reactions,
primary formation and decomposition of the SEI, does not release
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sufficient heat to sustain the thermal runaway. They suggested that
further side-reactions needed to be considered in order to simulate an
ARC measurement. With the addition of conductive salt decomposition
and subsequent side reactions such as the HF production and inorganic
SEI decomposition we achieved this goal for the first time.

The solvent decomposition and cathode decomposition are not
shown in Fig. 3 for reasons of better illustration. However, they are,
also in this study, responsible for the thermal runaway occurring
around 177 °C as already reported in literature [11,12,17] (see SI for
ndividual reaction rates over the whole simulated temperature). There-
ore, the general behaviour of all considered reactions, introduced and
iscussed in Section 2.2, could successfully be reproduced. This makes
his model the first ever that is able to reproduce an ARC measurement
olely based on chemical reactions, its participating species and their
hysical and chemical properties such as the heat of formation or heat
apacity. Enabling us to in-depth analyse the interaction among them
nd draw the following conclusions.

The above description of occurring effects allows to reveal two
ompeting phenomena. On the one hand, the rising temperature ac-
elerates the dominating exothermic reactions, on the other hand,
he acceleration of their underlying reactions leads to a decline in
eactants concentration. Thus, we revealed how the concentration of
ain reactants, such as LEDC, can drastically influence the progression

f thermal runaway in real accidents. This adds to the list of effects,
uch as gas venting and localization of internal short circuits, that
ake the thermal runaway and its propagation such an unpredictable
henomenon [69,92].

Additionally, the processes occurring in the analysed region can
e classified into two groups, one which may be limited by reactant
vailability, and the other where sufficient reactant is available. The
irst group contains the organic and inorganic SEI decomposition as
ell as the conductive salt decomposition and the HF production. This

irst group includes all reactions that have a relatively low amount of
eactants within the system and can therefore deplete early, leading to
he fluctuating behaviour of the temperature gradient. Additionally, the
eactants of these reactions can vary among different systems as well as
etween different cells of the same chemistry. For example LEDC, as the
ain SEI component, or H2O as a contaminant can vary from cell to cell

depending on different production environments and procedures or age
of the cell. They make the thermal runaway particularly unpredictable.
The second group contains the organic and inorganic formation of the
SEI. Here, the reservoir of reactants is up to two orders of magnitudes
higher, see Fig. 3(b), which means that these will not be used up
during the early stages of thermal abuse, and will in turn lead to a
monotonously increasing temperature gradient. Therefore, once these
reactions are the main contributors to released heat, at temperatures
130 °C, and above, only rapid cooling can prevent the thermal runaway
of the battery. The reactants, LiC6 and EC, are among the components
hat differ the least among conventional Li-ion chemistries. Thus they
o not, percentage-wise, vary as significantly between systems or even
rom cell to cell as the reactants of the first group. Thus, these reactions
ill, if activated by high temperatures, occur to more or less the same
xtent in all systems.

Eventually, the boiling of the electrolyte taking place at 123 °C uses
p such a significant amount of heat that the gradient of the tem-
erature changes noticeably. Thus, the occurring reactions are slowed
own and the thermal runaway is delayed. On the other hand the
eactions and their released gases might in return also influence the
olvent boiling. This aspect is analysed in more detail in the upcoming
ection.

.2. Pressure build-up and solvent boiling

While the model for now has been isobaric, due to the assumption
f an infinitely inflatable pouch cell, evolving reaction gases in the
9

eal cell may have influenced the pressure and, thus, the boiling point e
of the solvent mixture EC/EMC and the resulting contribution on
the heat balance. In order to shed light on the impact of pressure,
we here analyse in-depth a possible pressure increase and its impact
on phase equilibrium and evaporative cooling during the heat abuse
test.

Fig. 4(a) shows the progression of the relative volume increase and
pressure during the temperature abuse test. Following our assumptions
of a 10 times inflatable pouch cell, the evolving gases will first lead
to a volume increase of the pouch-cell up to a maximum of 10 times
its initial volume (region I). From then on, the system is assumed to
be isochoric and the following evolving gases lead to an increase of
the system pressure (region II). It can be observed that until 1.25 h,
neither the volume ratio nor the pressure is increasing since no sig-
nificant amount of gases are produced. Then, the volume increases
continuously until it reaches the threshold of 10 times inflation at 7.3 h.
The main contributing reactions are the decomposition of LiPF6 and
LEDC, since as discussed above, they are mainly occurring at this time.
Following, the system pressure starts to rise with a steep gradient until
13.2 h. This is the timespan where most gas producing reactions are
happening simultaneously, namely the conductive salt decomposition,
HF production and the organic as well as inorganic SEI decomposition
and production. The depletion of PF5 and the subsequent decline of
gas producing reaction such as HF production and the inorganic SEI
decomposition leads to a more flat gradient until shortly before the end
at 23 h, an almost vertical increase in pressure can be observed. This is
correlated to the release of O2 due to cathode decomposition, and the
subsequent decomposition of the solvent species EC and EMC to CO2
and H2O.

The pressure evolution is taken as input for the binary phase equilib-
rium model to calculate the boiling point of the solvent. The evolution
of the battery temperature relative to the boiling point of the solvent
is shown in Fig. 4(b). The solvent composition of EC/EMC 50/50
(v/v), which was assumed in the experiment and used in simulation,
is indicated by a black line. The threshold in relative temperature
above which boiling occurs, i.e. 𝑇

𝑇𝑏
> 1 is visualized with a dashed

ine.
The step-wise temperature rise caused by the HWS mode of the

RC increases the relative temperature significantly from 0.3 to its
irst maximum of 0.85 at 7.3 h. This first maximum corresponds to the
oment at which the maximum volume of the pouch cell is reached.

ubsequently, the curve first declines to 0.8 due to the pressure in-
rease, followed by a further small increase up to 0.82 at 9 h. Which
s caused by the last heating step that occurs after the first minor
xothermic event, see Fig. 2(I). The pressure increase then leads to
continuous decline to 0.75 at 17 h. At around 13 h, the point where

ue to depletion of PF5, HF production as well as the inorganic SEI
ecomposition fade, the direction of the slope changes. Reactions such
s HF production here take a special role: they are endothermic and
hus slow down the temperature rise while at the same time they
roduce a significant amount of gases that contribute to the suppression
f solvent boiling by a pressure increase. Thus, due to their decline
nd in general the reduction of simultaneously occurring reactions, the
emperature rise starts to dominate over the increase in boiling point.
ereafter, the relative temperature increases sharply, corresponding to

he thermal runaway, where the boiling point of the binary mixture is
eached.

From this analysis it can be concluded that the investigated solvent
ixture would not reach its boiling point before the thermal runaway.
hus, assuming a maximum inflatability of 10 times the initial pouch
ell volume, phase transition does not take place and therefore does
ot influence the processes occurring during the HWS and self-heating
hase of the thermal abuse test.

Solvent boiling is unlikely to occur before the final thermal runaway
f the pouch cell is allowed to inflate. The absence of boiling in the
xperimental system could explain the deviations to the simulated
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Fig. 4. (a) Evolution of the cell volume vs. its initial volume (solid line), and cell pressure with EC/EMC 30/70 (v/v) (b) Corresponding evolution of temperature relative to
boiling temperature for various solvent compositions (c) Heat evolution over temperature for the re-parameterized case without solvent boiling with EC/EMC 30/70 (v/v). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
temperature evolution in Fig. 2. The simulation shows a clear change
in gradient of the temperature evolution caused by the onset of boiling.
To evaluate, how the reactant and reaction evolution would be in the
case without boiling and if a simulation without boiling can reproduce
the experimental temperature evolution better, the presented model
has been re-parameterized to the experimental data without solvent
boiling. All kinetic parameters of both scenarios can be found in the SI.
The results can be seen in Fig. 2 represented by the grey dashed line.
In contrast to the model with boiling, the model without boiling now
almost perfectly reproduces the experimental data points. In compari-
son to the scenario with boiling, the reaction kinetics of HF production,
inorganic SEI decomposition and SEI formation are significantly slower,
see Fig. 4. Here, the inorganic SEI decomposition and HF production
even reach up to temperatures around 180 °C and higher. This results
from the missing endothermic heat of solvent boiling which in the
first scenario outweighed the faster kinetics. Note that, even though
it seems that more heat is released by those two reactions without
solvent boiling, this is not the case. The time it takes to change from
120 °C to 140 °C is around 8.7 h but to reach from 140 °C to 180 °C only
3.7 h.

Other solvent ratios of EC/EMC are also commonly used for bat-
teries [93], the boiling point evolution has also been performed for
EC/EMC 30/70 (v/v) and EC/EMC 70/30 (v/v) to check whether
boiling would be expected for these compositions. As EC is still in
excess in those cases, not much changes of the gas evolution was
assumed and the same gas evolution was used for the calculations. Due
to the fact that EMC is the lower boiling component of the mixture,
the system with EC/EMC 30/70 (v/v) experiences an upwards shift
and the EC/EMC 70/30 (v/v) shows a lower relative temperature. For
both solvent compositions, the boiling point is also not reached before
the thermal runaway. Therefore, it can further be concluded that it is
highly unlikely that a mixture of these two solvents would start to boil
10
before the rapid thermal runaway sets in, if pressure is allowed to build
up.

Besides the investigated solvent mixture, other types of linear car-
bonates such as dimethyl carbonate (DMC) are frequently used as
co-solvents [93] instead of EMC. DMC has a lower boiling point than
EMC. To evaluate whether boiling is expected for such systems, the
same calculation has been performed with a binary equilibrium model
of EC/DMC 30/70 (v/v). The result is shown in Fig. 4(b) as a dotted
line. It can be observed that due to the lower boiling point of DMC, the
boiling point of EC/DMC 30/70 (v/v) is reached before the maximum
cell volume and thus before the pressure starts to rise. What this would
mean for the further progression of the temperature evolution is a
complex matter. Boiling would, due to its endothermic nature, on the
one hand have a cooling effect which would delay thermal runaway. On
the other hand, the comparably high amounts of gases released from
solvent boiling would increase the pressure to an extent that would
most probably suppress further boiling. All of the above shows that the
electrolyte system used in this study, EC/EMC, is very unlikely to reach
the boiling point before the thermal runaway.

Concluding, a pressure build-up during thermal abuse may prevent
phase transition. As the cooling effect of boiling is missing, this may
accelerate transition to thermal runaway. Whether boiling occurs de-
pends strongly on battery composition, especially the solvent but also
of certain reactants such as LEDC. Quantitative prediction will require
further research such as to assess the impact of salts on the boiling
point.

4. Conclusions

This study revealed the impact and interplay of exothermic reac-
tions and solvent boiling during the thermal abuse of Li-ion batteries.
We presented the first successful model approach to reproduce an ARC

measurement rigorously based on the chemical components of a battery
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and their thermodynamic properties. Here, especially in the early stages
of self-heating, a fragile equilibrium between simultaneously occurring
endothermic reactions, exothermic reactions and phenomena, such as
solvent boiling, could be identified.

Occurring reactions could further be divided in two groups. Those,
whose reactants are only present in small amounts. Prominent members
of this group are reactions involving the SEI component LEDC and
the contaminant H2O. Due to the variance in their initial quantity,
or example caused by fluctuations during production and formation,
hese reactants are among the causes that make the thermal runaway
he unpredictable phenomenon it is. The other group contains the
ormation of SEI after its primary decay and its repeated decomposition.
rom the comparably high amount of the involved reactants, it follows
hat, once these reactions are activated by higher temperatures, only
ctive cooling will prevent thermal runaway. Further, we shed light
pon the probability of a possible phase transition and its impact on the
emperature evolution during the self-heating phase. For the isobaric
ase, phase transition is shown to influence the course of the thermal
unaway of an Li-ion battery, as its endothermic nature slows down self
eating.

Gases released by degradation reactions may lead to rising pressure
n the system and thus influence the phase transition behaviour. As-
uming a 10 times inflatable pouch cell, the rising pressure completely
uppressed solvent boiling until the final rapid thermal runaway phase
or all EC/EMC solvent compositions of 30/70 to 70/30 volume ratio.
owever, for a lower boiling EC/DMC 30/70 (v/v) mixture, boiling
f the electrolyte could be shown to occur already shortly before
urpassing the self-heating threshold of the ARC. Therefore, we suggest
o evaluate the behaviour of each electrolyte system individually. It
ould be shown that the complex interaction between gassing reactions,
hase transition and eventually their impact on battery safety is an
ntricate phenomenon. The studies were conducted for cells without SEI
orming additives such as VC. However, as mostly <1–2 wt.-% is used,

they might be expected to have only a small impact on the thermal
runaway behaviour. In conclusion the presented results should be trans-
ferable to chemistries including these additives. Not much research
has so far been conducted on gas/liquid phase equilibria in batteries.
However, this would be needed for a quantitative prediction of the
electrolyte boiling and its impact on the thermal abuse behaviour. As
a first measure to achieve this we propose to implement the pressure
evolution explicitly into future models.
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ppendix A. List of symbols

Symbols
Symbol Description Unit
𝑎 Specific surface area/Activity m2 m−3/-
𝐴 Area m2

𝛼 Dissociation constant of LiPF6 –
𝐶p Heat capacity J K−1

𝑐p Specific heat capacity J kg−1 K−1

𝑐p Molar heat capacity Jmol−1 K−1

𝐶 Concentration molm−3

𝑑 Thickness m
𝐸A Activation Energy kJmol−1

𝜖 Volumetric fraction –
𝛥f𝐻 Enthalpy of formation kJmol−1

𝛥r𝐻 Enthalpy of reaction kJmol−1

𝛥vap𝐻 Enthalpy of vaporization kJmol−1

𝐻 Henry’s coefficient Pa
𝑘 Pre-exponential frequency factor mol s−1

𝑙 Length m
𝑚 Weight kg
𝑀 Molar weight mol kg−1

𝑛 Moles mol
𝜈 Stoichiometric factor –
𝑝 Pressure Pa
𝑞 Produced heat W
𝑟 Reaction rate/Radius mol s−1/m
𝑅 Universal gas constant kJmol−1 K−1

𝜌 Density kgm−3

𝑡 Time s
𝑇 Temperature K
𝑉 Volume m3

𝑤 Width m
𝑥 Mole fraction –
𝑧 Lithium Intercalation fraction –

Sets
Symbol Description
𝛺SP Set of all species
𝛺RE Set of all reactions
𝛺G Set of all gaseous species
𝛺L Set of all liquid species
𝛺S Set of all solid species
𝛺Solv Set of all solvents
𝛺SEI Set of all SEI species

Abbreviations
Symbol Description
ARC Accelerated Rate

Calorimetry
DSC Differential Scanning

Calorimetry
EC Ethylenecarbonate
EMC Ethyl methyl carbonate
DMC Dimethyl carbonate
HWS Heat-Wait-Seek
LEDC Lithium ethylene

dicarbonate
SEI Solid Electrolyte Interface
SI Supporting Information

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.jpowsour.2021.230881.
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