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Modeling Li-Ion Battery Temperature and Expansion Force during
the Early Stages of Thermal Runaway Triggered by Internal Shorts
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Thermal runaway of Li-ion batteries is a major safety issue. It is a complex process involving high heat generation, fast temperature
rise and significant amounts of generated gas. Modeling thermal runaway will enable a better understanding and earlier detection of
the phenomenon. Since the majority of the thermal runaway incidents are triggered by an internal short circuit, this paper presents
a model describing lithium-ion battery thermal runaway triggered by an internal short. In this study, two internal short circuit
experiments were conducted on two nickel manganese cobalt oxide pouch cells, one that was fully charged and one half charged. The
fully charged cell went into a quick thermal runaway, while the half-charged cell evolved only into a slow, self-discharge process.
Both of these experiments demonstrate that a huge battery swelling force signal can be detected prior to the surface temperature rise
during an internal short circuit event. This thermal runaway model is the first attempt to connect gas generation with force signal,
and successfully capture the early stages of thermal runaway, including the early rise of force signal, after parameter tuning. This
model’s use of force measurement enables higher confidence in the early detection of thermal runaway induced by an internal short.
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Lithium ion batteries are widely used in energy storage and offer
significant improvements in electric vehicles. However, the growth in
battery energy density increases the risk and severity of battery fail-
ures. With the increasing numbers of electric vehicles and consumer
electronics applications of large capacity Li-ion batteries, battery fires
and explosions accidents are increasing worldwide. Many of these
accidents start with an overcharge, over-discharge, or a battery sepa-
rator penetration due to mechanical abuse1 that lead to battery tem-
perature elevation, self-heating and finally thermal runaway (TR). In
many cases, this process begins with an internal short circuit (ISC)
that causes self-heating and can elevate the battery temperature above
130◦C. This, in turn, can result in side reactions including a break-
down of the Solid Electrolyte Interface (SEI) layer.2 These side reac-
tions quickly produce additional heat and can lead to battery thermal
runaway. Common hazards of battery thermal runaway include toxic
off-gassing, smoke, fire, and even an explosion.3

To develop an early detection method, it is important to model
the thermal runaway process. The proposed model divides the battery
into three sections: core, middle layer, and surface layer,4 and iden-
tifies the heat released per the electrochemical energy stored in each
section. The model contains four sub-models: an electrical model for
the internal short circuit process, a side reactionsmodel for exothermic
reactions of active materials, a thermal model for battery temperature
and a gas evolution model to predict early gas generation.

Many researchers have made an effort toward a battery thermal
model that explains battery temperature evolution. Hatchard5 used
a spatially discretized thermal model, with N concentric rings, to ac-
count for the radial temperature distribution of a battery during thermal
runaway. This showed that there is very little difference in the onset
temperature for thermal runaway (3◦C) during oven testing, as com-
pared to the lumped thermal mass approach. Furthermore, since the
entire cell is at an elevated temperature when the exothermic process
begins, the reaction progresses more uniformly along the radius of the
cell. Coman6 used lumped thermal models to describe battery temper-
ature during thermal runaway. The lumped thermal model assumes a
uniform temperature distribution and one temperature state to repre-
sent the whole cell. This assumption is valid for an 18650 cell, which
has a small Biot number (Bi = 0.051),6 and they showed the battery
surface temperature from the model is very close to the experiment
measurement. In the case of a local internal short circuit, however, the
ohmic heat generation will be concentrated in a small localized area,

∗Electrochemical Society Member.
zE-mail: tingcai@umich.edu

causing a large spatial temperature gradient in a focused space. To ad-
dress this inhomogeneity, others have used a finite element approach,
with high computation cost and difficulty in tuning.7,8 By using the
proposed three-section thermal model, a reasonable trade-off can be
achieved between computational complexity and accuracy.

In modeling the internal short, the resistance of the ISC is a critical
parameter for determining the severity and time to onset of the TR
event.9 However, few papers address calculation of the short resistance
depends on the area of the separator failure. Guo10 explained the ISC
caused by over-discharge and used experimental data to fit a curve
of ISC resistance with over-discharge capacity. Coman6 developed a
model for energy released due to the ISC with an efficiency factor that
was fitted to their experiment data. The fitting approach worked well
with the specific cells in the experiment, but is difficult to be applied
to varying Li-ion battery chemistries. This study presents an electrical
model that describes ISC and proposes a finite element method for
solving ISC resistance of the battery for small geometric areas.

Side reaction models are well established for major exothermic
reactions during a TR event. Previous studies already provide
robust reaction kinetic parameters measured from Accelerated
Rate Calorimetry (ARC) experiments during thermal runaway.5,11

Hatchard5 developed these side reaction models for major exothermic
side reactions including SEI decomposition, anode decomposition,
and cathode decomposition. Kim12 extended the model to include
electrolyte decomposition, and these models have been used by many
researchers over the years. Ren13 developed a set of thermal runaway
side reaction chemical kinetics based on DSC testing that includes six
exothermic reactions in the model, SEI decomposition, anode-binder
reaction, anode-electrolyte reaction, cathode-electrolyte reaction,
cathode-binder reaction, and cathode decomposition.

During the early stage of thermal runaway, a significant amount
of gas and electrolyte is vented to the outer regions of the battery.14

Coman15 studied and modeled this electrolyte and ejecta venting dur-
ing thermal runaway. They showed how the amount of ejectedmaterial
impacts the peak temperature of thermal runaway due to the Joule-
Thomson effect during venting and removal of hot materials from the
cell during the later stages of thermal runaway. Previous experimental
studies for commercial 18650 Li-ion batteries from Lammer et al.16

on the composition of vented gas showed that most of the gas is CO2

during the first gas venting event. Other studies have demonstrated
that SEI decomposition is the primary source of CO2 generation dur-
ing the early stages of thermal runaway.1 Pannala17 characterized a
battery swelling and the immediate rise of force signal during a pouch
cell thermal runaway event, and hot gases were detected after the force
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Figure 1. Three Section Model with Battery Discretized into Core, Middle Layer and Surface Layer.

drops. Based on these results, our study assumes that gas from SEI
decomposition is the most significant contributor to battery swelling
and force signal rise during the first few seconds following an ISC
event. This study is the first attempt to make a connection between
side reactions and force of battery swelling for modeling purposes.

To tune the model, two experiments were conducted with 4.5 Ah
pouch cells for which an ISC was triggered at 57◦C with different
initial State of Charge (SOC). In a previous study, the battery inter-
nal short circuit was emulated by triggering a shape memory alloy to
penetrate the separator.18 Here we used a wax-based melt device in
the separator to trigger the internal short19 for model validation. In
our experiments, we demonstrated two modes for the ISC event. The
cell with 50% SOC didn’t trigger thermal runaway, while the cell with
100% SOC went into a quick thermal runaway. The model fits well
for temperature and force signal on both experiments, by capturing
the surface temperature rise and gas volume change inside the cell
compared with force measurement. The model and experiments with
the early rise of force signal show the potential of using the mechan-
ical behavior as an early indicator for ISC induced thermal runaway.
The model developed here is not predictive, and can only capture the
observed experimental results after parameter tuning. Future work is
needed to validate and enable the predictive ability of this model.

The major contributions of this paper are:

• Three section discretization is proposed and parameterized to
capture the high rate of core temperature change and the peak tem-
perature; while at the same time, matching the surface temperature
with the measurements. The prior work on TR modeling either em-
ployed a fine mesh using the Finite Element Method8 or used a single
bulk temperature state.6 The model presented here represents a trade-
off between computational complexity and accuracy and is useful for
online model-based fault detection.

• Detailedmodelingwork is developed on ISC resistance as a func-
tion of its spatial area. The model also couples cell SOC with the
anode decomposition process. Since multiple reactions compete for
available lithium at the negative electrode, including the impact of
self-discharge caused by the ISC on SOC is crucial for predicting TR.
With these improvements, the proposed model can better evaluate the
peak temperature and SOC change during an ISC event which triggers
TR.

• Two experiments are shown for two different SOC levels with a
triggering ISC. The cell with high SOC led to a quick thermal runaway,
and the other cell with low SOC led to a slow self-discharge after
triggering ISC. The model can capture both phenomena after proper
parameter tuning, including the type of ISC mode in the event.

• Matching the model and experiments with the force signal show
the potential of using the mechanical behavior as an early indication
for ISC-induced thermal runaway.

Thermal Runaway Model

The battery’s internal temperature states are divided to three sec-
tions, and the mass of each section is scaled proportionally to its vol-
ume fraction. This uneven coarse discretization better captures the
relatively small area adjacent to the internal short circuit which heats
more rapidly than the surrounding volume. The remainder of the cell
mass, which lags in heating, contains the bulk of the cell material. As
Fig. 1 illustrates, the overall thermal runaway model includes a three-
state thermal model, a side reaction model which tracks the consump-
tion of active materials, and an electrical equivalent circuit model.
The model has three temperature states, four side reaction states in
each section, and one state for the cell state of charge according to an
electrical equivalent circuit model. In total, the three-section model
consists of 16 states. The nomenclature can be found in the appendix.

Three-state thermal model.—For thermal runaway triggered by
ISC, the ISC area has a significant volumetric heat rate and will have
a relatively fast temperature rise compared to the surface of the cell.
To address this inhomogeneity of temperature within the battery, we
need to discretize the battery into several sections.We found that three
sections for temperature discretization achieved good accuracy while
at the same time maintained reasonable computational complexity.

A three-state thermal model describes battery core temperature
(Tc), middle layer temperature (Tm), and surface layer temperature (Ts).
The battery core represents the area in which the ISC first occurs. In
Figure 1, this location is schematically shown at the center of the cell.
However, it need not necessarily be located at the geometric center.
The proposed model also applies to cases where the ISC is located
near the surface, as shown later in the experimental results. It is the
relative volumes rather than the specific ISC location, that is critical for
capturing the temperature rise during thermal runaway. Specifically,
the dynamic evolution of the core temperature state is

Cpmcore
dTcore
dt

= (Q̇exo,core + Q̇ohmic,core) + Tmid − Tcore
rc2m

[1]

where Tcore and Tmid represent the core and middle layer temperatures
respectively and rc2m is the thermal resistance between the core and
middle layer. Similarly the middle and surface layer temperatures are
given by

Cpmmid
dTmid
dt

= (Q̇exo,mid + Q̇ohmic,mid )

− Tmid − Tcore
rc2m

+ Tsur f − Tmid
rm2s

[2]

Cpmsur f
dTsur f
dt = (Q̇exo,sur f + Q̇ohmic,sur f )

+ Tamb − Tsur f
rs2a

− Tsur f − Tmid
rm2s

[3]
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The rc2m, rm2s, rs2a terms are equivalent thermal resistance.
The battery core section refers to the battery area affected by initial

ISC, and the mcore parameter can be derived if the ISC area is known.
Theoretically, the mass ratio of each layer equals to the volume ratio
of the each layer when assuming uniform density (mcore = mcell

Vcore
V cell ,

mmid = mcell
Vmid
V cell ), where mcell is the battery cell mass, and Vcore and

Vmid are the volumes of core and middle layer). In this study, for a cell
with a wax-based separator, the core mass ideally can be calculated
by the area of the wax part separator and the electrode sheet thickness.
The volume of a cylindrical ISC area can be expressed as

Vcore = πr2shortH [4]

where rshort is the radius of the short circuit region, andH is the height
of the cylindrical short area, which is the sum of two electrode sheets
thickness and the separator thickness. However, the initial ISC also
heats up regions outside of ISC area during the internal short circuit
process, so the relative size of the volumes for three sections are tuned
in this study. The correlation between the three section sizes and the
ISC device volume will be explored in subsequent work with more
available data.

The total heat generation by the side reactions is given by

Q̇exo,∗ = Q̇an,∗ + Q̇ca,∗ + Q̇SEI,∗ [5]

where ∗ corresponds to the core, middle and surface layers. The to-
tal heat rate from all side reactions depends on the three exothermic
decomposition reactions in each layer. These reactions drive the tem-
perature rise, and the temperature rise will accelerate these reactions,
leading to thermal runaway.

Electrical model.—During a thermal runaway event, besides
exothermic side reactions that generate heat, the battery short cir-
cuit will also generate ohmic heat. The thermal and decomposition
evolution depends on the rate of this ohmic heat generation and its
dissipation rate to the surrounding material. This paper focuses on the
internal short circuit that occurs in a small region of a battery and
presents a model for its local heating. The battery terminal voltage
can be represented by an equivalent circuit model

VT = U (SOC) − I · Rcell [6]

where I is the discharge current, which is equal to the short current
Ishort when there is no load, as shown in Fig. 2a. The nominal cell
internal resistance is Rcell and U (SOC) is the battery open circuit
voltage (OCV). The OCV is a function of SOC, as shown in Fig. 2b.

Rheinfeld20 used the 1 kHz impedance as cell resistance to evaluate
the theoretical maximum short circuit at the first few seconds of the
internal short process. Here, 1 kHz impedance of the cell from EIS
testing (R1kHz = 4.76m�) will be used to represent cell resistance for
an modeling internal short circuit.

Equivalent circuit model for ISC.—From the ISC resistance, an
equivalent circuitmodel can be developed to describe the internal short
circuit process. Previous studies on ISC mechanisms have also used
an equivalent circuit model with area dependent resistance.10 In this
study for a self-induced thermal runaway case, we assume no external
wires connecting the positive and negative electrodes of the cell. The
corresponding equivalent circuit model is shown in Fig. 2a. Therefore
short circuit current can be found using Kirchoff’s laws directly for
the simple circuit.

Ishort = U (SOC)

Rcell + Rshort
[7]

The total heat release due to self discharge is given by,

Q̇ohmic = I2short (Rcell + Rshort ) [8]

To be noted, the ohmic heat I2Rshort is distributed only in the short
circuit area, and the overall heat rate I2Rcell is distributed among all
cell. Specifically, when the ISC starts in the battery core, the ohmic
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heat will be distributed as following:

Q̇ohmic,core = I2shortRshort + mcore

mcell
I2shortRcell [9]

Q̇ohmic,mid = mmid

mcell
I2shortRcell [10]

Q̇ohmic,sur f = msur f

mcell
I2shortRcell [11]

where the subscript core, mid, surf corresponds to the core, middle and
surface layers of the battery respectively. Adjusting the resistance val-
ues can increase the heat rate in the short circuit area to bemuch higher
than the rest of cell so that the short area will experience significant
temperature rise before the rest of the cell.

ISC resistance.—Four major types of internal short circuits have
been discussed in previous studies,18 with Cathode to Anode ISC (or
called Type A ISC) being the most common type of ISC. Typically
the ISC area is small in comparison with the total cell area. In cathode
to anode ISC, if the ISC area is caused by a penetrated separator and
the cathode and anode is connected through high conductivity materi-
als, such as iron, then the resistivity of the electrode’s active material
dominates the resistance of the short. A zero-th order approximation
of true electric resistance can be derived using geometric resistance:

Rgeo = ρ
L

S
[12]

where ρ is electric resistivity, L is the length and S is the cross-sectional
area for uniform resistive property material.

For small areas, however, the distribution of the potential field near
the edge cannot be ignored. Thus, a Comsol simulation was developed
for a unit current flowing through the ISC area. The simulation solves
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Ohm’s law in 3D at a fixed applied current to compute the electric
field:

E = ρJ [13]

with J being the current density. Then R3D is calculated numerically
by:

R3D = − ∫
E · dx
I

[14]

where dx is the element of the path along electric field, and I is the
total applied current, which equals to the integration of current density
over the cross-sectional area (I = ∫

Jdxdy).
Figure 3a shows a 2-D slice of the electrical potential distribution of

ISCcurrent path at the short circuit areawith a unit applied current. The
ISC resistance is obtained numerically from this simulation for a range
of areas. The ISC resistance is nearly inversely proportional to the ISC
area, where a smaller ISC area will have larger short resistance. As
Fig 3b indicates, geometric resistance estimates the ISC resistancewell
for large ISC areas. However, for small areas, the geometric resistance
overestimates the ISC resistancewhere the edge effects are significant.
Detailed results for the comparison of equivalent ISC resistance (R3D)
and geometric resistance (Rgeo) are shown in Fig. 3a. Based on this
result,Rgeo is a good estimation ofR3D when the ISC resistance is lower
than 5�. For ISC resistance greater than 5� the area dependence is
non-linear, and the full 3D potential field should be evaluated as shown
in Figure 3a, if the short area is known. In the following study, R3D

will be adopted for ISC resistance Rshort greater than 5� based on the
error shown in Figure 3a.

Temperature dependency for cell resistance.—As the cell temper-
ature increases significantly during the thermal runaway process, the
temperature dependency for electrical resistance needs to be taken into
consideration. The diffusivity of ion transport increases exponentially
with temperature.21 The cell resistance is then assumed to decrease
exponentially with battery core temperature rise, while the short cir-
cuit resistance is assumed constant with temperature change. Under
this assumption, an exponential temperature dependency relation is
selected from Lin22 to represent the cell resistance:

Rcell = Re,re f exp
(
Tre f /T

)
[15]

whereRe,re f is the reference resistance value at a reference temperature
Tre f . The exponential relationship is directly adopted fromLin,22 while
the reference resistance value is selected to reflect the measured 1 kHz
impedance at 20◦C. In this study, Re,re f is taken as 0.0246m�, and Tre f
is taken as 1543K .22

However, since the cell temperature is discretized in this model, so
the cell resistance should be expressed as a function of three sections
temperature. The cell resistance can be represented by the three sec-
tions, where the temperature dependency comes from the temperature
of each section:

Rcell = 1

1/Rcell,core + 1/Rcell,mid + 1/Rcell,sur f
[16]

where Rcell,core, Rcell,mid , Rcell,sur f is the cell electrical resistance based
on core, middle layer and surface layer. The temperature dependency
for each of the electrical resistances can be expressed as:

Rcell,∗ = R∗,re f exp
(
Tre f /T∗

)
[17]

where ∗ corresponds to core, middle layer and surface layer. R∗,re f is
the reference resistance value for layer ∗, and is a function of mass
ratio of layer ∗.

R∗,re f = Re,re f

m∗/mcell
[18]

where m∗ is the mass of layer ∗, and Re,re f is the reference resistance
value for the whole cell (0.0246m�).

Additional assumptions for short circuit.—We assume that the core
part structure collapses at the melting temperature of the current col-
lector and will interrupt the short. We then assume that the internal
short circuit at that high-temperature area will stop. Further, due to
heat propagation, the neighboring area will trigger an internal short
circuit once the separator in neighboring areas melts. For simplicity,
we assume that the short circuit happens only at one place at a time and
that the neighboring area develops an internal short after the previous
section collapses.

Side reaction model.—To simplify the study, the side reaction
model includes only three major side reactions, SEI decomposition,
anode decomposition, and cathode decomposition.5 The side reaction
model used in this work is based on the work of Coman,6 where the
Arrhenius equations for the temperature dependent reaction rates of
thermal runaway side reactions are included. To match the NMC cath-
ode material used in our experiment, all side reaction parameters are
adopted from Dong.23 Most of the reaction parameters are the same as
Coman,6 although some parameters are different, including the heat
release, activation energy, pre-exponential term of NMC cathode de-
composition, and the pre-exponential term of SEI. Detailed values and
sources for side reaction parameters are listed in Table II.

Solid electrolyte interface (SEI) decomposition.—The SEI starts to
decompose first at temperatures above 130◦C.2

dxSEI,∗
dt

= −ASEI · xSEI,∗ · exp
(

−ESEI

kbT∗

)
[19]

where xSEI,∗ is the fraction of Li in the SEI in layer ∗ (∗ =
core,mid, sur f ), ASEI is the frequency factor for SEI decomposition
and ESEI is the activation energy for SEI decomposition, kb is Boltz-
mann’s constant, and T∗ is the temperature in layer ∗. The heat released
by SEI decomposition in each layer ∗ is given by:

Q̇SEI,∗ = −man,∗ · hSEI · dxSEI,∗
dt

[20]

where hSEI is the reaction enthalpy of SEI decomposition. The mass
fraction of anode material in each layer is given by the total anode
mass multiplied by the mass fraction of the layer to the cell total mass
man,∗ = man · m∗/mcell .

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 141.212.177.39Downloaded on 2019-08-12 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 166 (12) A2431-A2443 (2019) A2435

Anode decomposition.—Intercalated lithium in graphite starts to
react with the electrolyte at high temperature. This side reaction starts
at around 180◦C.24

dxan,∗
dt

= −Aan · xan,∗ · exp
(

− Ean

kbT∗

)
· exp

(
− z∗
z0

)
[21]

where xan,∗ is the fraction of Li in the anode in layer ∗, Aan is the
frequency factor for anode decomposition and Ean is the activation
energy for anode decomposition. In addition, the relative SEI thickness
(z) is also considered in anode decomposition (tunneling effect11).

dz∗
dt

= Aan · xan,∗ · exp
(

− Ean

kbT∗

)
· exp

(
− z∗
z0

)
[22]

where z∗ is a dimensionless number representing relative SEI thickness
in layer ∗. The heat released by decomposition of the anode in each
layer ∗ is given by:

Q̇an,∗ = −man,∗ · han · dxan,∗
dt

[23]

where han is the reaction enthalpy of anode decomposition.

Cathode decomposition.—Finally at the highest temperature, the
cathode material starts to decompose releasing oxygen and heat. For
theNMCbattery chemistry, this side reaction usually starts at 240◦C.25

The rate of conversion, of the cathode active material is given by:

dα∗
dt

= α∗(1 − α∗) · Aca · exp
(

− Eca

kbT∗

)
[24]

where α∗ is the degree of conversion of cathode decomposition in layer
∗. The reaction stops when α∗ = 1 and all of the cathode material in
that layer has been consumed. Aca is the frequency factor for cathode
decomposition and Eca is the activation energy for cathode decompo-
sition. The heat generation in each layer is proportional to the rate of
conversion given by:

Q̇ca,∗ = mca,∗ · hca · dα∗
dt

. [25]

where hca is the reaction enthalpy of cathode decomposition. Similarly
to the anode, themass fraction of cathodematerial in each layer is given
by the total anode mass multiplied by the mass fraction of the layer to
the cell total mca,∗ = mca · m∗/mcell .

Equations 19–25 describe the thermal runaway side reactions. The
temperature in Eqs. 19–25 should be the local temperature (core, mid-
dle, surface layer). At different regions of the battery, we will see
different reaction rates for the side reactions.

Coupling ISC and anode decomposition.—The anode decompo-
sition and self-discharge due to ISC are coupled in this work, as they
both consume Li in the anode. As shown in Figure 4, both processes
cause SOC to decrease. The SOC is an important parameter in the side
reaction model and the electrical model which impacts the total heat
release. Higher initial SOC increases the chance of thermal runaway
since the heat released during the ISC is larger. After coupling, SOC
can be expressed as the weighted average fraction of Li of the anode
in all layers (xan,∗).

SOC =
∑

∗

m∗
mcell

xan,∗
xan,0

[26]

where xan,0 is the initial Li fraction in an anode for fully charged cells.
Then anode decomposition and SOC change of a cell with capacity C
can be re-written as:

dSOC

dt
= − Ishort

C
− 1

xan,0

∑
∗

m∗
mcell

Aan · xan,∗

· exp
(

− Ean

kbT∗

)
· exp

(
− z∗
z0

)
[27]

where ∗ here represents core, middle layer or surface layer, and xan,∗
represent local xan in core,middle layer or surface layer. Assuming that

Figure 4. Coupling ISC and Anode Decomposition.

Ishort depletes lithium in all sections proportionally, then the fraction
of lithium in each section is computed by:

dxan,∗
dt

= −Aan · xan,∗ · exp
(

− Ean

kbT∗

)
· exp

(
− z∗
z0

)
− xan,0

Ishort
C

[28]

instead of solving Eq. 21, where T∗ is the local temperature for the
core, middle and surface layer.

Gas evolution model.—Previous studies have assumed the main
component of SEI is (CH2OCO2Li)2.1 They showed the SEI decom-
position reaction mechanism, which will release CO2.1,26

(CH2OCO2Li)2 → Li2CO3 +C2H4 +CO2 + 0.5O2

Experiments on commercial 18650 Li-ion batteries from Lammer
et al.16 showed that during the first venting, most of the gas is CO2.
Based on these results, we assume that CO2 is the main component
of vented gas and it causes the gas pressure buildup process inside
the cell before venting. Our study only models the initial gas genera-
tion of CO2 coming from SEI decomposition which is important for
early indication of a potential thermal runaway. The quantity of SEI
consumed in mol can be expressed as:

n(CH2OCO2Li)2 =
∑

∗ man,∗(xSEI,0 − xSEI,∗)
2MC6

[29]

whereMC6 is the mass per mol (g/mol) forC6, the main component of
anode when completed delithiated, and n(CH2OCO2Li)2 is the quantity of
lithium-containingmetastable species in SEI consumed in the reaction
in mol. Since the SEI decomposition reaction mechanism shows the
proportional constant for generatedCO2 and the consumed SEI quan-
tity is 1, then the quantity of gas generated in mol can be expressed
as:

nCO2 = n(CH2OCO2Li)2 =
∑

∗ man,∗(xSEI,0 − xSEI,∗)
2MC6

[30]

Hence the thermal model can be used to predict the gas pressure
using the ideal gas law. As nCO2 is a small number, for convenience,
nCO2 will be shown in mmol units in the following discussions.

The gas evolution model can be used to predict battery force
changes during the early stage of a thermal runaway if the volume
is known. During the early stages of TR, the cell’s mechanical behav-
ior is mainly due to the increased internal gas pressure within the cell.
The force and gas pressure have different units, but the gas pressure
can be used to predict the overall trend of cell mechanical behavior.
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Table I. Pouch Cell Specification.

Cell Specification Value

Anode Thickness (Double Sided with
Current Collector)

125μm

Cathode Thickness (Double Sided with
Current Collector)

135μm

Current Collector Thickness Anode 13μm
Current Collector Thickness Cathode 13μm
Separator Material PE
Separator Porosity 40%
Separator Thickness 12μm
Anode Active Material Mass Fraction
(Graphite:PVDF)

95:5

Cathode Active Material Mass Fraction
(NMC111:CB:PVDF)

94:3:3

Electrode Active Material Loading (Anode
Single Side)

8.55g/cm2

Electrode Active Material Loading (Cathode
Single Side)

18.5g/cm2

Number of Double Sided Electrode Sheets
Anode

15

Number of Double Sided Electrode Sheets
Cathode

14

Electrolyte 1M LiPF6
Organic Solvent in Electrolyte 2% EC:EMC (3:7)

Experimental

The batteries used in this experiment were manufactured at the
University of Michigan Battery Lab. The pouch cell size is 133 mm×
89 mm×4 mm. As shown in Figure 5a, a thermal runaway experiment
using a 4.5 Ah Nickel Manganese Cobalt Oxide (NMC) pouch cell
was set up to validate the model. The pouch cell was assembled with
a hole in the separator covered by wax in one of the outer layers of
the cell, the hole size is around 10 mm radius. The 1 kHz impedance
of cell, from EIS testing, was 4.76 m� at 20◦C. The experiment was
performed for two pouch cells, one with 50% SOC and the other
cell was fully charged (100% SOC). The battery specifications are
provided in Table I.

The instrumented cell fixture was slowly heated in an Accelerat-
ing Rate Calorimeter (ARC) until the wax melted at around 57◦C,
and triggering an internal short circuit. The ambient temperature was
measured with a T-type thermocouple. The thermocouple was placed
between the current collecting tabs, and the reading was 63◦C before
the thermal runaway event. The whole ARC chamber was continu-
ously heated at around 0.7◦C/min and reached 63◦C before the onset
of the internal short circuit event. When the core part in the pouch cell
reached its melting point (around 57◦C) it triggered the ISC. A sketch
of the sectional view of pouch cell tested is shown in Fig. 5b, to better
illustrate the location and size of the initial ISC area.

The experiment measures battery surface temperature using an ar-
ray with six thin film platinum RTD sensors,27 as shown in Fig. 5a
and Fig. 5b. At the same time, force is measured on the fixture using
four load washers attached to the four corners of the fixture. The force
signal is used to measure the expansion of the battery against the fix-
ture. The peak force measured exceeds 400 pounds and is the result of
gas pressure that built up inside the pouch during thermal runaway be-
fore cell venting. The ISC location and sensor locations are shown in
Figure 5a and Figure 5b. Further details of the experiment and the
tested battery cell are in Pannala’s work17 and Table I.

Results and Analysis

The model is compared with the two internal short circuit test
results— Test One for the 100% SOC cell, Test Two for the 50% SOC
cell. The cell with 50% SOC didn’t go to thermal runaway, and instead

Figure 5. Experiment Setup (a) Cell Before Internal Short Test (b) Sensor
Locations from Cross-Sectional View (c) Cell After Thermal Runaway.

experienced a slow self-discharge. The fully charged cell experienced
a quick thermal runaway, as shown in Fig. 5c.

Before further discussing the experiment and comparing ourmodel
and the experimental results, a few assumptions have been made for
the model. First, the relative volumes of the core and middle layer
are tuned to match the experimental data. The core mass used for our
simulation is chosen to be 1% of total mass to match the duration of
the internal short circuit for 50% SOC cell. The middle layer is 4.5%
of total battery mass based on a minimum least square error of the
model and experimental surface temperature measured by sensor #5
in Fig. 5a.

The hole in the separator is around 10 mm in radius, and from
previous discussion of ISC resistance, Eq. 12 can be used to estimate
the short circuit resistance. The estimated Rshort for this pouch cell
is 3.68m�. The melting point of Aluminum is 660◦C, and around
1000◦C for Copper, so the current collector will melt and at that point,
the battery structure collapses. We can then assume that the internal
short circuit will stop at sections with temperatures above 660◦C. As
the heat propagates to neighboring areas, an internal short starts in the
neighboring areas after that collapse.

The equivalent thermal resistance can be calculated using cell
heat conductivity (λx = 21 W/(m · K ),λy = 21 W/(m · K ),
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Table II. Model Parameters.

Parameter Value Unit Source Physical Meaning

Aan 2.5 × 1013 s−1 [6, 22] Frequency factor for anode decomposition
Aca 2.55 × 1014 s−1 [22] Frequency factor for cathode decomposition
ASEI 2.25 × 1015 s−1 [22] Frequency factor for SEI decomposition
Ac2m 628 mm2 Approximated Contact area for core to middle layer
Am2s 1711 mm2 Approximated Contact area for middle layer to surface
C 4.5 Ah Measured Capacity of the Battery
Cp 1100 J kg−1K−1 [9] Specific heat capacity of battery core
Cp,Al 897 J kg−1K−1 Approximated Specific heat capacity of aluminum fixture
�dc2m 1 mm Approximated Core to middle layer mass center vertical distance
�dm2s 1.38 mm Approximated Middle layer to surface mass center vertical distance
Ean 2.24 × 10−19 J [6, 22] Activation energy for anode decomposition
Eca 2.64 × 10−19 J [22] Activation energy for cathode decomposition
ESEI 2.24 × 10−19 J [6, 22] Activation energy for SEI decomposition
han 1714 J g−1 [6, 22] Enthalpy of anode decomposition
hca 790 J g−1 [22] Enthalpy of cathode decomposition
hSEI 257 J g−1 [6, 22] Enthalpy of SEI decomposition
man 19.107 g Measured Mass of anode
mca 36.56 g Measured Mass of cathode
mcell 103.75 g Measured Total mass of cell
mcore 1.038 g Fitted Mass of battery core
mf ix 1100 g Measured Mass of Aluminum fixture
mmid 4.67 g Fitted Mass of battery middle layer
msur f 98.04 g Estimated∗ Mass of battery surface layer
rc2m 3.18 K ·W−1 Estimated∗ Thermal resistance between core and middle layer
rm2s 1.61 K ·W−1 Estimated∗ Thermal resistance between middle layer and surface
rs2a 1.00 K ·W−1 Estimated Thermal resistance between surface layer and fixture
r f ix 1.73 K ·W−1 Estimated Thermal resistance between fixture and ambient air
R1kHz 4.76 m� Measured 1 kHz cell impedance at 20◦C
Re,re f 0.0246 m� Approximated Reference electrical resistance
Rshort 3.68 m� Estimated∗ Short circuit resistance
SOC0 1 - Approximated Initial State of Charge
Tamb 63 ◦C Measured Ambient temperature
Tre f 1543 K [21] Reference temperature
xan,0 0.75 - [6, 22] Initial fraction of Li in anode for fully charged cells
xSEI,0 0.15 - [6, 22] Initial fraction of Li in SEI
z0 0.033 - [6, 22] Initial dimensionless SEI thickness
α0 0.04 - [6, 22] Initial degree of conversion of cathode decomposition

∗Thermal resistance rc2m, rm2s are estimated by Eq. 31.
∗Rshort is estimated by Eq. 12.
∗msur f is estimated by conservation of mass (mcore + mmid + msur f = mcell ).

λz = 0.5 W/(m · K )9) and geometry of the three regions. As the
shape of the pouch cell is long and flat, the thermal resistance in x and
y direction is large. So we can approximate the thermal resistance by
using the thermal resistance in z direction:

ri = �di
λzAi

(i = c2m,m2s) [31]

where ri is the thermal resistance for core to middle, or middle to
surface, �di is the vertical distance between the mass center of the
core to middle layer, or the middle layer to surface layer, and Ai is
the contact area in the x and y plane for core to middle, or middle to
surface layer. In calculating thermal resistance,we assume the core and
middle layer to be cylinders, with core layer cylinders at the center of
themiddle layer. For the core, as the ISC radius is 10mmradius, and the
core volume ratio is 1% from tuning result, We can then assume it as a
cylinderwith 10mmradius and1.51mmheight,whichwill correspond
to 1% core volume ratio. For themiddle layer, we assume its radius and
height are proportional to the dimensions of the core and scaled by the
4.5% volume ratio, so it is a cylinder with 16.5 mm radius and 2.5 mm
height. To be noticed, for the core and middle layer cylinders, the
radius is much longer than the height, which satisfies the condition
of using Eq. 31. If a case for small radius ISC is studied, and the

cylinder radius and height are similar, then the thermal resistance on
x and y direction needs to be considered. Although some assumptions
are made in calculating thermal resistances, parametric study results
show that multiplying or dividing the thermal resistances rc2m and rm2s
by 10 won’t significantly change the model results, which shows that
the assumptions made here have limited impact on the model results.
Based on these, �di and Ai will be calculated and provided in Table II
that are used to calculate rc2m and rm2s.

In addition, the experiment setup contains a compliant rubber foam
pad and an aluminumfixture, which should be considered in themodel
to accurately represent the heat transfer to the ambient environment.
The equivalent thermal resistance rs2a now represents the thermal re-
sistance between the battery surface and the aluminum fixture, so that
the Tamb term in Eq. 3 will now be Tf ix . The aluminum fixture is not
an ideal heat sink, in this case, the temperature rise of the fixture can
be expressed as:

Cp,Al · mf ix
dTf ix

dt
= Tsur f − Tf ix

rs2a
+ Tamb − Tf ix

r f ix
[32]

where thermal resistance terms rs2a and r f ix are correlated with the
rubber foam properties and heat transfer process from air to fixture.
For convenience, these two thermal resistance terms will be given in
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Figure 6. Test One Result (Catastrophic Thermal Runaway). (a) The Timings of the Voltage Drop and Temperature Rise with Battery Internal Pressure Build-up
are Well Captured by the Model (b) Side Reaction Parameters Show the Side Reactions Sequence During a Thermal Runaway.

Table II directly. Other model parameters for the fully charged cell
are also presented in Table II. The parameters come from existing
literature, direct measurement, fitting, or an estimation based on the
equations in this paper. The comparison between experiment result
and model result for both tests will be shown in the following.

Test one: fully charged cell.—The first experiment was performed
with a cell at 100% SOC, and it resulted in a thermal runaway. The
behavior of fast voltage dropwithout recovering is referred to asMode
B in previous studies,28 except in this case a quick thermal runaway
eventwas triggered. As described by Feng,1 the shrinkage and collapse
of the separator following the shutdown caused a massive ISC, trig-
gering a quick thermal runaway in the tested battery cell. The model
assumes that for the fully charged cell, the propagation of ohmic heat
leads to additional short-circuit regions after the initial short circuit
area burns out.28

A function εISC_t1 is implemented here to control the state of ISC
of Test One. εISC_t1 = 0 represents no massive ISC, while εISC_t1 = 1
represents an ongoing ISC in the cell.εISC_t1 is a function of maximum
core temperature recorded in the model before time t0, defined as
Tmax = max{Tcore|t≤t0 }, and can be expressed as:

εISC_t1 =
{
1, if Tmax > 57◦C.
0, otherwise. [33]

The Test One result is shown in Fig. 6a. The solid line shows the
experimental result, and the dashed line is the model result. The side
reaction parameters and SOC predicted by the model are shown in
Fig. 6b.

Voltage analysis.—The voltage drop at t = 2.1s in Fig. 6a repre-
sents the start of the internal short circuit event. When the voltage
drops to zero, the ohmic heat generation stops. The oscillation in the
measured voltage is the result of the intermittent connection of the
ISC due to structural changes at high temperature. The model predicts

a stepwise voltage drop because we assume the ISC area will expand
to the neighboring area, and as discussed above, the larger ISC area
will decrease the Rshort , and decrease the terminal voltage. The model
voltage increases at 3 to 5 seconds and this is due to Rcell decrease
with temperature rise, while the Rshort stays constant with temperature
change.

To be noticed, voltage is also a function of SOC. However, the
SOC-voltage curve is relatively flat, as seen in 2b. The influence of
the SOC change in voltage is relatively small in this thermal runaway
event. On the overall time scale, the model matches with experiment
data and captures the total battery failure time with the experiment.

Temperature analysis.—The RTD sensors are located in different
regions of the pouch cell, as seen in Figure 5a. The ISC trigger device
is located near the surface, as described by Pannala.17 As seen from
the sensor locations of Fig 5b, the RTD sensor #2 corresponds to the
surface layer in the model but is physically located directly above the
ISC area. RTD sensor #1, #3 and #4 measure the temperatures at the
surface, each RTD sensor is spaced 1.75 mm apart,27 RTD sensor #5
measures the temperature of the bulk surface.

The second subplot in Figure 6a shows the comparison of model
and experimental temperatures. The experimental data above 450◦C
has been ignored, because the melting point of Kapton used in RTD
sensor is 400◦C. The readings from RTD sensor #1 and #2 are very
similar due to their close proximity, the same for RTD sensor #3 and
#4. RTD sensor #6 was damaged prior to installation, and could not
be used. For readability, only data from sensor #2, #4 and #5 will be
presented and analyzed.

The RTD sensor #2 is at the surface layer of the battery model,
but it is located above the middle layer and core part, so its response
should be close to our modeled middle layer temperatures. The exper-
imental data fromRTD sensor #2 (the purple solid line in the plot) is in
between the modeled middle layer temperature (dashed red line) and
the modeled surface temperature (dashed yellow line), and this is due

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 141.212.177.39Downloaded on 2019-08-12 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 166 (12) A2431-A2443 (2019) A2439

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time /s

40

50

60

70

80

90

100

Te
m

pe
ra

tu
re

 /°
C

Experiment Sensor No.2
Experiment Sensor No.4
Experiment Sensor No.5

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time /s

0

1

2

3

4

V
ol

ta
ge

 /V

Figure 7. Test Two Result (Slow Self-discharge), Showed the Terminal Voltage and Temperature Profile of the 50% SOC Cell over 10000 seconds. No Thermal
Runaway was Observed, but a Slow Self-discharge Process After Triggering ISC.

to the small middle layer chosen in this study, so the RTD sensor #2
response will be slower than the modeled middle layer temperature.
RTD sensor #4 (green solid line) and #5 (blue solid line) measure the
surface temperature and match well with the modeled surface layer
temperature.

The model matches well with the temperature measured experi-
mentally, which indicates that this pouch cell can be modeled using
the proposed three-section model. However, a highly discretized dis-
tributed model or 3D finite element method is recommended if the
temperature at different points of the cell surface is the main focus.

At around 5.8 seconds, the model shows a sudden surface temper-
ature rise. This sudden rise is due to cathode decomposition in the
surface layer which released a vast amount of energy in a short time
around 5.8 seconds, as shown in Fig. 6b. The sudden rise of surface
temperature also increased other exothermic reactions including anode
decomposition, which depleted SOC in the cell. At 5.8 seconds, the
cell reached peak surface temperature, and it completed the exother-
mic reactions and internal short circuit process in this thermal runaway
event.

Force & gas analysis.—As there is no good way of measuring bat-
tery core temperature directly in the experiment, the force measure-
ment is the chosen alternative for early detection of thermal runaway
inside the battery.

From the experimental data, we see a sharp rise and drop of force
measurement. Compared with the battery force signal at the start of
the experiment, the force increased 2.5 pounds due to battery thermal
expansion caused by a 30◦C temperature increase. After the short
circuit, before venting, the peak force rose over 400 pounds. The sharp
rise of force is the result of pressure that is built up due to formed gas.

Pannala17 using a thermocouple placed between the tabs also detected
vented hot gases following a quick drop of force. So the quick drop of
force is the result of venting of the pouch.

In the model, the primary source of CO2 during the early stage of
thermal runaway is assumed to come from SEI breakdown. Themodel
force comes from gas pressure buildup due to SEI breakdown in the
core section.

According to the observed decomposition reactions of each layer
in the three-section model, the predicted gas generation will include
additive contributions from each of three sections, core, middle layer,
and surface layer. A significant amount of gas is generated when the
middle layer and surface layer reach the critical temperature. How-
ever, since the pouch breaks soon after the first stage gas pressure
buildup, only the CO2 generated in core section is presented in the
third subplot of Fig. 6a. Also, since the force measurement and gas
pressure have different scale units, so the force data and gas pressure
are both normalized to 1 using themaximumvalue over the experiment
duration.

From the third subplot of Fig. 6a, the two peaks of force and pre-
dicted gas pressure aligns well. The model successfully captures the
battery core temperature rise prior to surface temperature rise, and the
timing of core temperature rise matches well with our experimental
force measurement. The model is able to capture the feature of gas
pressure buildup during a fast internal short circuit event.

Test two with 50% SOC cell.—For the cell with 50% SOC, that
was also heated to 57◦C, an ISC was triggered but didn’t evolve into
a catastrophic thermal runaway. In Test Two, the cell experienced
a rapid decrease and subsequent recovery of voltage after the ISC
was triggered. It then progressed to a slow self-discharge process that
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Figure 8. Test Two Result (Slow Self-discharge). (a) The Model Matches the Measured Voltage, Temperature, and Build-up of Internal Pressure Well (b) Side
Reaction Parameters Show the SEI Decomposition Is the Only Active Side Reaction.

completely used up the available lithium ions after 8000 seconds.
Fig. 7 shows this behavior in our experiment over 10000 seconds.
This behavior is similar to the result in a previous study on internal
short-circuit, described as Mode A28 or fusing phenomenon.29 In the
fusing phenomenon, the shutdown of the internal short circuit and the
quick voltage recovery happen because of the burnt-out of the area
around the initial ISC. Then a following small-scale ISC event occurs
resulting in a slow self-discharge process.29

Kim28 used an infrared camera and showed the peak temperature
for the nail penetration region in a Mode A short is around 200◦C
to 210◦C. In the current model, 200◦C will be used as the critical
temperature of Mode A. The ISC stops after the core region reaches
200◦C. This temperature range fits well with both experimental and
model data in this study.

For Test Two, the internal short circuit was assumed to shut down
when the core temperature reached 200◦C. Similar to Test One, a
function εISC_t2 is implemented here to control the state of ISC of
Test Two. εISC_t2 = 0 represents no massive ISC, while εISC_t2 = 1
represents an ongoing ISC in the cell. Defined same as test one, Tmax =
max{Tcore|t≤t0 }. εISC_t2 is a function of Tmax , and can be expressed as:

εISC_t2 =
{
1, if Tmax > 57◦C & Tmax ≤ 200◦C.
0, otherwise. [34]

Test Two result is shown in Fig. 8a. The solid line represents the
experiment results, and the dashed line is the model prediction. The
side reaction parameters predicted by the model are given in Fig. 8b.

Voltage analysis.—The first subplot of Fig. 8a is a comparison
of voltage from the experiment and model. The voltage drop at t =
2.65 s represents the start of the internal short circuit event. The model
matches with experimental data on the timescale and overall trend. It
also successfully shows the interruption of the ISC and the voltage
recovers to its nominal working range.

Temperature analysis.—Temperature sensor locations for Test Two
are the same for Test One. In this test, the cell didn’t trigger a quick
thermal runaway.

As the core temperature reached 200◦C, the ISC stopped due to
burn-out of the short circuit region, so the ISC process only lasted for
a small period of time and caused core layer temperature rise only.
RTD sensors located on the battery surface showed few changes in
their readings during the ISC process. The model prediction matches
well with the middle layer and surface layer temperature, and at the
same time predicts core temperature rise (blue dashed line), which
cannot be measured by RTD sensors in the experiment.

Force & gas analysis.—Similar to Test One, force measurements
can be used to detect potential ISC within the cell. From the third
subplot of Fig. 8a for Test Two, the time for the peak of force and
the rising time for gas pressure align well. The model captures the
battery core temperature rise, and while at the same time shows that
the battery didn’t progress into a quick thermal runaway.

Analysis for different ISC modes.—Both Test One and Test Two
were conducted under the same conditions, except for cell SOC but
each progressed to a different ISC event. The fully charged cell
went into thermal runaway while the 50% SOC cell experienced
fusing phenomenon and didn’t explode. However, SOC is not the
only factor in determining the ISC mode. Previous nail penetration
experiments and computational analysis pointed out that SOC, sep-
arator material28 and ISC radius29 will all affect the types of ISC
mode.

It is possible that the temperature increase speed for core and neigh-
boring layers is the dominant factor for ISC mode. Unlike the fully
charged cell, the 50% SOC cell had a slower temperature rise and a
smaller spatial temperature gradient, which in the end didn’t trigger a
massive additional short circuit that can lead to a catastrophic thermal
runaway.
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Figure 9. Model Parametric Study on ISC Resistance, Core Mass Ratio and ISC Radius. (a) Temperature, (b) Voltage, (c) CO2 Generation by SEI Decomposition
in Core Area.

In this study, different model settings of ISC modes are given for
Test one and Test two to describe the results. However, future work
with more internal short circuit tests is required to study the criteria
to predict whether the cell triggers thermal runaway or not during an
ISC event.

Model Parametric Study

Most of the parameters in the proposed model come from the bat-
tery’s physical properties. In this study, with the ISC area known,
parameters like ISC resistance can be estimated. However, when ap-
plying this model to a real case, the ISC resistance and ratio of core
mass to total cell mass are usually unknown and need to be tuned to
match the experimental data. A parametric study of the thermal run-
away model will help to explore the sensitivity of parameters on the
model. In this parametric study, ISC resistance, core mass ratio and
ISC radius will be studied.

For a parametric study of ISC radius, anode to cathode ISC will
be the focus, as an anode to cathode ISC is the most common type of
ISC.18 In such a case, changes made to the ISC radius will be applied
to both ISC resistance and core mass ratio. As discussed in previous
sections, ISC resistance is a function of ISC radius, and the increase
of ISC radius will decrease ISC resistance as a result of the larger ISC
area. The core mass ratio is also a function of the ISC radius. The core
section is the battery area affected by the initial ISC, and as expressed
by Eq. 4: Vcore = πr2shortH , where rshort is the radius of short, and H
is the height of the cylindrical short area. The increase of ISC radius
will increase the core mass. The parameters used in experimental ses-
sions will serve as a benchmark case for our model parametric study,
with ISC resistance 3.68 m�, core mass ratio 1%, and ISC radius of
10 mm.

ISC resistance.—In this section, ISC resistance will be changed
to study the influence of model parameters on the prediction of the
electrical, thermal andmechanical behavior. Feng9 usedRshort = 20 �

to study the online detection of ISC. For comparison, ISC resistance
will be chosen 5 � in this parametric study, while the benchmark ISC
resistance is 3.68 m�.

The second subplot for Fig. 9a and red dashed line in Fig. 9b shows
the temperature and voltage predicted by themodel given different ISC
resistances. From the plot, we see the temperature rise of a cell with
low ISC resistance is much quicker and depletes its active material in
less than 10 seconds. The cell with high ISC resistance releases the
heat slowly, and won’t trigger a thermal runaway event. Increasing the
resistance will slow the ISC process and possibly prevent a potential
thermal runaway event.

Large ISC resistance will have a slow temperature rise, and usually
represents micro-shorts in the battery or separator penetrated by a low
electric conductivity material. The parametric study of this model can
be used to predict the severity of an ISC event, and based on its short
circuit radius, it may predict whether the cell will trigger thermal
runaway or not.

Fig. 9c shows the amount of CO2 generated by core SEI decom-
position. With ISC resistance so large, the core area will not reach its
SEI decomposition critical temperature, even after a few minutes. In
this case, the amount of gas generated is limited and can hardly be
detected by force or gas sensors.

Core mass ratio.—In this section, we demonstrate the effect of
changing the core layer mass ratio. The core layer mass ratio is chosen
to be 20% of total cell mass, while the benchmark core mass ratio is
1%.

The third subplot for Fig. 9a andyellowdashed line inFig. 9b shows
the temperature and voltage predicted by the model given different
core mass ratios. From the plot, we see that with high core mass ratio,
the time to reach thermal runaway has been delayed. This is due to
the increased effective thermal mass of the core area which decreases
the rate of temperature rise and delays the time at which a critical
temperature for exothermic reactions is achieved.
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Cathode to anode ISC with different ISC radius.—Previous para-
metric studies have revealed the influence of critical ISC parameters
on model performance. For the most common Cathode to Anode ISC,
with high conductivity material crossing the separator, core mass ra-
tio and ISC resistance are both a function of ISC area, as indicated by
Eq. 4 and Eq. 12. Changes in ISC area will influence the ISC resistance
and core mass ratio.

In this study, the ISC radius is chosen as 40 mm, while the bench-
mark is 10 mm. From the previous discussion of Thermal runaway
model section, for ISC radius of 10mm and 40mm, the geometric
resistance (Rgeo) is sufficient for calculation. The resulting electric re-
sistances are 3.68 m� and 0.23 m�, respectively. The core mass ratio
for our benchmark is 1%, and with the ISC radius increase to 40 mm,
the core mass ratio will now increase from 1% to 16%. The increased
mass ratio reflects the increased ISC area. The thermal resistance term
rc2m also changes accordingly with the change of contact area for the
core to middle layer by Eq. 31. The simulation results with the dif-
ferent ISC radius are presented in the fourth subplot of Fig. 9a and
Fig. 9b.

From the plot, we see that for Cathode to Anode ISC, at large ISC
radius, the temperature distribution in the battery is more uniform. The
difference between the three temperature states is small throughout the
whole process of thermal runaway. A large ISC radius will make the
ISC process seem to approach an external short circuit process. In
this specific condition, the three-state thermal model predicts similar
temperature dynamics as a lumped thermalmodel, and a lumpedmodel
would be accurate enough.

Conclusions

A model for Li-ion battery thermal runaway has been formulated
using a three section discretization. The three sections correspond to
three battery temperature states: the core temperature, middle layer
temperature, and surface layer temperature. A side reaction model,
an electrical model, a gas evolution model are also developed and
integrated in a unified framework. The model matches well with the
experiment results after parameter tuning. Especially, the predicted
gas pressure from the gas evolution model matches well with battery
force during the early stage of thermal runaway. This force behav-
ior indicates a potential method for the early detection of thermal
runaway.

In the experiment, an internal short circuit is triggered at the core
part of two pouch cells. Test One cell with 100% SOC triggered quick
thermal runaway, while the other test cell, with 50% SOC, didn’t go
to thermal runaway. The model captures the voltage, temperature, and
force well for both cases when given the type of ISC mode. The three-
section model can describe both an ISC induced thermal runaway
event, as well as an event where the hard short was interrupted leading
to gradual self-discharge without sufficient temperature rise to trigger
TR.

The significant difference between our two tests is whether the
ISC shuts down or leads to additional ISC after the burn-out of the
initial ISC. This difference leads to two different results, a catas-
trophic thermal runaway or a safe, slow self-discharge process. Fu-
ture work including more internal short circuit experiments is needed
to study the criteria that differentiate such cases. The model now
has three adjustable parameters (mcore, mmid , εISC). With future work
on ISC mode criteria, we can reduce the tuned parameters to two
(mcore, mmid ). With more experiments to validate the model, we will
enable the full predictive capability of this low order three section
model.

We have demonstrated experimentally that force measurement can
be useful for describing the initial stages of an ISC event regardless
of whether or not thermal runaway follows. Combined with a three-
section thermal model describing the chemical reactions of material
break down, this measurement can be used for diagnosing ISC or

thermal runaway events faster and with higher confidence levels than
voltage and temperature sensing alone.
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List of Symbols

Aan Frequency factor for anode decomposition, s−1

Aca Frequency factor for cathode decomposition, s−1

ASEI Frequency factor for SEI decomposition, s−1

C Capacity of the Battery, Ah
Cp Specific heat capacity of battery core, Jkg−1K−1

Cp,Al Specific heat capacity of aluminum, J · kg−1 · K−1

Ean Activation energy for anode decomposition, J
Eca Activation energy for cathode decomposition, J
ESEI Activation energy for SEI decomposition, J
ha Enthalpy of anode decomposition, J · g−1

hc Enthalpy of cathode decomposition, J · g−1

hs Enthalpy of SEI decomposition, J · g−1

Ishort Short circuit current, A
kb Boltzmann constant, J · K−1

kr ISC resistance temperature coefficient, K
man Mass of anode, g
mca Mass of cathode, g
mcell Total mass of cell, g
m∗ Mass of battery layer ∗, g
mf ix Mass of aluminum fixture, g
Q̇an Heat rate of anode decomposition,W
Q̇ca Heat rate of cathode decomposition,W
Q̇SEI Heat rate of SEI decomposition,W
Q̇exo,∗ Heat rate of exothermic side reactions in layer ∗,W
Q̇ohmic,∗ Heat rate of short circuit ohmic heat in layer ∗,W
rc2m Equivalent thermal resistance between battery core and

middle layer, K ·W−1

rm2s Equivalent thermal resistance between battery middle
layer and surface layer, K ·W−1

rs2a Equivalent thermal resistance between battery surface
layer and ambient, K ·W−1

r f ix Equivalent thermal resistance between fixture and its am-
bient air, K ·W−1

Rcell Cell electrical resistance, �
R3D Electrical resistance calculated by 3D simulation, �
Rgeo Geometric electrical resistance, �
Rshort Short circuit resistance, �
SOC State of Charge, -
SEI Solid Electrolyte Interface, -
T∗ Temperature of battery layer ∗, ◦C
Tamb Ambient temperature, ◦C
Tf ix Temperature of aluminum fixture, ◦C

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 141.212.177.39Downloaded on 2019-08-12 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 166 (12) A2431-A2443 (2019) A2443

U (SOC) Battery open circuit voltage vs SOC, V
xan,∗ Fraction of Li in anode in layer ∗, -
xan,0 Initial fraction of Li in anode, -
xSEI,∗ Fraction of Li in SEI in layer ∗, -
xSEI,0 Initial fraction of Li in SEI, -
z∗ Dimensionless SEI thickness in layer ∗, -
z0 Initial dimensionless SEI thickness, -

Greek

α∗ Degree of conversion of cathode decomposition in
layer ∗, -

α0 Initial degree of conversion of cathode decomposition, -
εISC_t1 State of internal short circuit of test one, -
εISC_t2 State of internal short circuit of test two, -
ρ Electrical resistivity, � · m

Subscripts

∗core core layer, -
∗mid middle layer, -
∗sur f surface layer, -
#an anode, -
#ca cathode, -
#SEI SEI, -
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