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1 | INTRODUCTION

Summary

Li-ion cells suffer from significant safety and performance problems due to
overheating and thermal runaway. Effective thermal management can lead to
increased energy conversion efficiency and energy storage density. Critical needs
towards these goals include the capability to predict thermal behavior in extreme
conditions and determine thermal management requirements to prevent thermal
runaway. This paper presents an experimentally validated theoretical model to
predict the temperature distribution in a cell in response to nonlinear heat gener-
ation rate that is known to occur during thermal runaway. This problem is solved
by linearization of the nonlinear term over successive time intervals. Experimen-
tal measurements carried out on a thermal test cell in conditions similar to ther-
mal runaway show good agreement with the theoretical model. Experimental
measurements and model predictions indicate strong dependence of the fate of
the cell on its reaction kinetics, thermal properties, and ambient conditions. Spe-
cifically, a sudden change in thermal runaway behavior is predicted once the
ambient temperature crosses a certain threshold, consistent with past experimen-
tal observations. The impact of increasing cell thermal conductivity on improved
thermal runaway performance is quantified. Results presented here provide a
fundamental understanding of thermal runaway, and may lead to improved
performance and safety of Li-ion-based energy conversion and storage systems.
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temperature. This nonlinear phenomenon, where heat
generated by one process triggers a new decomposition

While Li-ion cells offer several technological advantages
for electrochemical energy conversion and storage in
multiple applications, the temperature sensitivity of
Li-ion cells continues to pose serious concerns related to
safety and reliability. Thermal runaway is a widely inves-
tigated hazard in electrochemical energy storage systems
comprising Li-ion cells.”? Thermal runaway usually
occurs when the cell temperature exceeds a certain
threshold, triggering a series of heat-generating decompo-
sition processes and reactions that further increase cell

process that generates even greater amount of heat, even-
tually leads to fire and catastrophic failure. Thermal run-
away is believed to be responsible for several well-
publicized product failures in the recent past and there-
fore has gained much research attention.

The cascade of temperature-sensitive electrochemical
reactions responsible for thermal runaway has been well
studied.”*® Key processes and reactions relevant for ther-
mal runaway include decomposition of solid electrolyte
interphase  (SEI)’, chemical reactions involving
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electrolyte and binder,®®'® decomposition of negative
and positive electrodes,'’ and decomposition of electro-
lyte.” Heat generation rates of these exothermic reactions,
usually governed by Arrhenius reaction kinetics, have
been well studied both theoretically>'*'* and experimen-
tally.>*'*!> Experimental measurement of reaction rate
and heat generation rate has been reported using differ-
ential scanning calorimetry and accelerated rate calorim-
etry.>®'*!> Temperature measurements during thermal
runaway have been reported.*'® Thermal and mechanical
abuse has been mimicked in experiments through oven
tests, " short circuit tests,”®>* and nail penetration tests.*>**

In comparison to the comprehensive literature avail-
able on experimental measurements, relatively lesser
work exists on thermal modeling of a Li-ion cell undergo-
ing thermal runaway. Thermal computations has been
carried out based on numerical solution schemes'**>2°
as well as commercial finite-element software.
Thermal abuse modeling that treats the cell as a lumped
mass has been reported.”*** One-dimensional®® and
three-dimensional'>*”*® thermal models have also been
developed to simulate thermal runaway in Li-ion cell.
Numerical models have also been used for understanding
thermal runaway propagation in a battery pack and the
effect of cell arrangement in a battery pack.'®*

While numerical models allow for computing temper-
ature fields in a Li-ion cell during thermal runaway, there
is clearly a need for developing analytical thermal models
that solve the underlying energy conservation equations
and provide closed-form solutions to predict whether
thermal runaway will occur under realistic conditions.
While such an approach is inherently challenging due
to the nonlinear nature of thermal runaway, it will pro-
vide a computationally efficient and versatile model to
predict thermal runaway under a wide range of scenarios.
This may help develop tools for real-time monitoring and
analyzing effect of heat transfer parameters, including
evaluation of thermal runaway prevention strategies.
Further, analytical modeling of thermal runaway will
help understand the interplay between the crucial physi-
cal processes including heat generation, intracell heat
conduction, and heat dissipation to the ambient that ulti-
mately governs whether thermal runaway occurs or not.
A recent work addresses this important research need
by formulating a nondimensional Thermal Runaway
Number (TRN) that governs whether thermal runaway
is imminent or not.>! However, this was a somewhat sim-
plistic approach that assumed a single decomposition
reaction, did not account for Arrhenius kinetics, and did
not explicitly predict the evolution of cell temperature.
The non-dimensional Thermal Runaway Number (TRN)
has also been used to predict critical temperature in the
Li-ion cell considering different decomposition

27,28

reactions.*” Clearly, more comprehensive work needs to
be carried out to develop analytical models for predicting
temperature fields in a Li-ion cell under abuse conditions.

This paper presents an experimentally validated, ana-
lytical thermal model to predict cell temperature as a
function of time and therefore predict the transition of a
cell from safe operation to the onset of thermal runaway.
While thermal modeling of a Li-ion cell has been carried
out in past work, the novelty of the present work lies in
the capability to account for realistic processes such as
multiple decomposition reactions and reactant consump-
tion within the framework of an analytical model. The
model solves the governing energy equations that include
nonlinear, temperature-dependent heat generation
within the cell by piecewise linearizing heat generation
rate as a function of temperature. The model is validated
through experiments on a thermal test cell subjected to
temperature-dependent heat generation. Measurements
of the cell temperature as a function of time in these
experiments under a variety of heat generation conditions
similar to those encountered in thermal runaway of a Li-
ion cell are shown to be in good agreement with predic-
tions from the analytical thermal model. It has been
shown through the model and validated by experiments
that an increase in thermal conductivity results in signif-
icant improvement in thermal runaway performance of
the cell. The model is also used to analyze the effect of
various heat generation, heat transfer, and heat dissipa-
tion parameters on the thermal state and temperature of
the cell, thereby determining thresholds of these parame-
ters that trigger thermal runaway. Analysis and measure-
ments presented in this work provide fundamental
insights into thermal runaway and may form the basis
of technologies that predict and mitigate thermal run-
away in electrochemical energy storage systems.

2 | MATHEMATICAL MODELING

Consider a cylindrical Li-ion cell of radius R, radial thermal
conductivity k,, and radial thermal diffusivity o,, shown
schematically in Figure 1A. The cell experiences internal
heat generation primarily due to Ohmic heat, active polari-
zation heat, and entropic heat during normal operating con-
ditions. The combined heating due to these different
mechanisms is defined as the nominal heat generation
(Qn). In addition to nominal heat generation, exothermic
heat (Qg) due to material decomposition is considered under
abuse conditions. External cooling due to coolant flow
occurs on the outer surface, resulting in a convective heat
transfer coefficient 4. While Qy is largely constant, Qg is, in
general, a strong function of temperature due to the Arrhe-
nius nature of the multiple exothermic reactions that occur
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FIGURE 1 A, Schematic of a cylindrical Li-ion cell considered here. B, Experimental setup for validation of thermal model and
characterization of thermal behavior of cell under various conditions. C, Schematic showing the mechanism utilized to impose
temperature-dependent heat generation in the cell [Colour figure can be viewed at wileyonlinelibrary.com]

in conjunction with each other.? The interest is in predicting
the temperature distribution in the cell as a function of time,
and specifically, whether the cell enters thermal runaway.
The mathematical modeling of this problem is inherently
challenging due to the temperature-dependent heat
generation from the exothermic electrochemical reactions,
which makes the governing energy equation nonlinear. This
problem is solved in an iterative fashion by dividing the time
duration of interest into multiple intervals, during each of
which, the nonlinear term is suitably linearized. The linear-
ized governing energy equation is solved to compute temper-
ature distribution in each interval. Temperature distribution
at the end of an interval is used as the initial temperature dis-
tribution for the next interval. In this fashion, temperature
distribution for the entire time duration of interest is deter-
mined. The governing energy equation for temperature rise
0(r,t) during the i™ time interval is given by

3%6; 196; Qv +Qp 106 )
or:  ror k,  a,ot
subject to
@ =0 atr=0, 2)
or
and

—k, <661) =h-6; atr =R, 3)
or

Gi = Goﬁi(r) att = 0, (4)

where 6, (r) refers to the temperature field at the end of
the previous interval, which serves as the initial condition
for the present interval. Note that in Equations 1 to 4,

=T - T (5)
where T; and T, are the temperature field in the cell and
the ambient temperature respectively.

As discussed in Section 4.3, multiple decomposition
reactions contribute towards the exothermic heat genera-
tion term Qg This is further complicated by reactant
consumption during thermal runaway. In order to
account for these nonlinear phenomena, Qp is approxi-
mated by a piecewise linear function. By doing so,
Equation 1 can be simplified to

(6)

8’6, 196, Qv Br(6i+Ts) 106
(6r2+r6r>+k_,+ k; a0t

where §3; is the coefficient to be multiplied with T; for piece-
wise linear approximation of Qg within the time interval of
interest. The coefficient (3; is approximated to be constant
throughout the time interval and is computed at the start
of the time interval. The duration of the i time interval
is determined based on the deviation of the §;T; term from
the actual exothermic heat generation rate. When this devi-
ation exceeds the specified tolerance, the time interval is
reset and the value of §3; is recomputed for the next time
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interval. In general, for a given tolerance, the greater the
nonlinearity in Qg, the shorter is each time interval, and
hence, the greater is the overall computational cost.

In order to solve Equation 6 for a given time interval,
it is noted that heat generation comprises a constant com-
ponent Qu, and a temperature-dependent term S;7T},
which have fundamentally different impacts on the ther-
mal fate of the cell. The constant component is relatively
small and by itself unlikely to lead to thermal runaway.
On the other hand, heat generation due to decomposition
reactions increases with temperature and therefore may
trigger thermal runaway. Specific details of the compo-
nents of these decomposition reactions, including the
effect of reactant consumption, are discussed in Section
4.3. In order to derive a solution for Equation 6 for a
general heat generation profile, the solution is written
as follows:

ei(r’t) :Si(r)+wi(ra t)v (7)

where s;(r) represents the steady-state component and
wy(r,t) is the remainder. The solution for s,(r) is derived
by combining the general solution with a particular solu-
tion, obtained using the method of undetermined coeffi-
cients. The solution for the transient component is
obtained using the separation of variables method. The
resulting solutions for s;(r) and wy(r,t) are found to be as

follows:
()= e = ®
) o B9
and

0 . 2
wi(r,t) = 2::1 Cindo (%) - exp (oc <£—; - ’;%) -t) )

where J, and J; are the Bessel functions of the first kind
of order 0 and 1 respectively, C;, are constant coeffi-
cients, and u, are nondimensional eigenvalues given by
the roots of the equation.

Bl]o(X) - X.Il (X) =0. (10)

hR
Note that Bi = o is the Biot number.?
r

The coefficients C;, in Equation 9 are obtained using
the principle of orthogonality of eigenfunctions and the
initial condition for the temperature field during the i™
time interval.

R

() ar

Equations 7 to 9 and 11 represent the final solution for
the temperature distribution during the i time interval.
Temperature distribution at the end of this interval is cal-
culated and used as the initial condition for the next time
interval, thereby marching forward in time. The deviation
between actual value of Qp and its linearized value in
Equation 6 is tracked, in order to determine when the next
interval must be considered and f3; must be recomputed.

Time stepping is a key component of this approach that
affects the accuracy of temperature prediction. If the time
stepping is not small enough, the model might not capture
the temperature dependent behavior effectively. This may
lead to underestimation in temperature prediction or
incorrect prediction of thermal runaway. On the other
hand, unnecessarily small-time stepping would increase
the computation time significantly without much increase
in accuracy. Similarly, the accuracy of piecewise linear
approximation in following the exponentially increasing
heat generation with temperature also plays a key part in
the accuracy of temperature computation. A higher accu-
racy requires tighter tolerance limit for the linearization,
which will be reached more frequently, thereby requiring
larger number of time intervals and more frequent compu-
tation of the coefficients that appear in the solution. Opti-
mization of both time stepping and piecewise linear
approximation has been carried out to ensure minimal
computational time without losing accuracy.

3 | EXPERIMENTS

Experimental validation of a thermal runaway model
for a Li-ion cell presents several challenges. Accurate
measurement and control of heat generation rate and
its variation with temperature in real time is not
straightforward. Heat generation in abuse conditions in
a Li-ion cell occurs due to a variety of decomposition
processes. Even though several papers have estimated
the reaction kinetics of these processes,'*?’ the heat
generation rates are not known exactly and may vary
depending on experimental conditions. Further, tempera-
ture measurement inside a Li-ion cell during abuse condi-
tions is also not straightforward.** Most past research on
temperature measurement in a Li-ion cell is limited to
the surface temperature,'®'® whereas thermal runaway
may originate inside the cell where the temperature is
higher than the surface.
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In order to overcome these experimental difficulties, a
thermal test cell is designed and fabricated. The thermal
test cell closely matches the geometry and thermal prop-
erties of a 26650 Li-ion cell,>"***° thereby ensuring that
experiments are representative of a realistic Li-ion cell
undergoing thermal runaway. The thermal test cell also
enables close control of temperature-dependent heat gen-
eration rate as well as temperature measurement.*3*3>
Experiments are carried out at temperatures much lower
than actual thermal runaway temperature to ensure
safety of the thermal test cell and prevent fire and explo-
sion. The nature of temperature-dependent heat genera-
tion used in experiments is the same as in an actual
thermal runaway event as expressed by Arrhenius reac-
tion kinetics.® Therefore, these experiments capture the
strong, temperature-dependent dynamics of heat genera-
tion in real thermal runaway events, despite the lower
temperature in these experiments. This ensures that the
nonlinearity of heat generation during thermal runaway
is effectively captured in the experiments, while ensuring
safety.

3.1 | Fabrication of thermal test cell
The design and fabrication of a thermal test cell used in
this work has been described in recent papers.>"***° In
brief, the thermal test cell comprises a tightly wound roll
of thin metal foil in a 26650 casing. First, a thin metal foil
of thickness 0.025 mm is insulated using Kapton tape,
and then wrapped around a thin rod to form a roll with
radius and height very close to that of a 26650 Li-ion cell.
Seven T-type thermocouples are placed at different
lengths on the metal foil, which results in thermocouples
at different radii after rolling. To make electrical connec-
tion to the metal foil roll, thin metal wires are soldered
to the two ends of the metal foil. The roll is then inserted
into a metal casing usually used for a 26650 Li-ion
cell. The thin rod used for rolling is carefully removed
from the casing. A small hole is made in the cap of the
casing, through which the heater and thermocouple
wires are routed out. In order to fill up air voids inside
the cell, it is filled with uncured poly-dimethylsiloxane
(PDMS), a commonly used electrically insulating soft
polymer. PDMS is then cured for 2 hours at 60°C.
PDMS is filled and cured twice in order to ensure
complete purging of air. Finally, the test cell is sealed by
putting the cap on and securing it with an epoxy. Pictures
of the test cell fabrication process may be found in a
recent paper.**

Multiple such thermal test cells are fabricated using
this process and used for experiments described in subse-
quent sections. Radial thermal conductivities of these
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cells, measured using an adiabatic radial heating
method,* are found to be in 0.20 to 0.25 W/mK range.
This is close to the measured thermal conductivity of a
26650 Li-ion cell.*®

3.2 | Experiments for
temperature-dependent heat generation in
thermal test cell

Experiments with temperature-dependent heat genera-
tion induced in the thermal test cell are carried out.
Figure 1B and 1C show a picture of the experimental
setup, and a schematic of the mechanism to induce
temperature-dependent heat generation behavior. Electri-
cal current is passed through the metal foil of the thermal
test cell using a Keithley 2401 sourcemeter to produce
Joule heating. Since the heat generation rate needs to
increase with increasing cell temperature in accordance
with Arrhenius kinetics, the amount of current passing
through the thermal test cell is increased as the cell tem-
perature increases. This is accomplished by temperature
measurement through embedded thermocouples using a
NI cDAQ 9213 data acquisition unit controlled by
LabView software running on a 64 bit computer, followed
by changes in the current sourced from the Keithley 2401
sourcemeter, which is also controlled by LabView. The
software uses the measured temperature at one second
intervals as an input to determine the electrical current
required to obtain any desired temperature-dependent
heat generation, Q(T), such as an Arrhenius profile
with any desired values of activation energy and pre-
exponential factor. Potential difference across the metal
foil in the thermal test cell is also measured by a Keithley
2100 multimeter in order to precisely measure the heat
generation rate in the cell. For safety, experiments are
terminated when the cell temperature reaches 55°C.
Through this approach, any desired temperature-
dependent heat generation, similar to exothermic
reactions responsible for thermal runaway in a Li-ion
cell, can be imposed on the thermal test cell.

This mechanism to mimic temperature-dependent
heat generation has been used in a recent paper on
theoretical analysis of thermal runaway.*"

4 | RESULTS AND DISCUSSION
4.1 | Experimental validation

Temperature-dependent heat generation due to a process
governed by Arrhenius kinetics is given by
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(12)

Eq
ot (-2,

where R, is the universal gas constant and T is the
temperature. Activation energy, E,, and pre-exponential
constant, Q,, are the two key Arrhenius parameters that
govern temperature-dependent heat generation during
thermal runaway in a Li-ion cell. Experiments are carried
out to measure peak temperature in the thermal test cell
for different values of these parameters and compared
against predictions from the analytical thermal model.
Figure 2A presents this comparison for different values
of activation energy E, while Q, remains fixed at
1.0 x 10** W/m?. There is very good agreement between
measurements and analytical model across multiple
values of E,. Similarly, Figure 2B presents results when
Q, is varied while holding E, constant at 2.45 x 10° J/
mol. Similar to Figure 2A, there is good agreement across
the entire range of variations investigated here. A value of
10.5 W/m’K is used for the convective heat transfer coef-
ficient, which is well within the typical range for natural
convection. While multiple reactions occur during ther-
mal runaway, only a single reaction is considered here
for simplification. This is justified because each of the
reactions during thermal runaway is known to follow
Arrhenius kinetics,” which is captured in both experi-
ments and theoretical model shown in Figure 2. A chain
of multiple decomposition reactions is implemented next.

4.2 | Modeling multiple reactions

For thermal runaway prediction under realistic condi-
tions, four key electrochemical reactions, namely, SEI
decomposition, negative electrode-solvent reaction, posi-
tive electrode-solvent reaction, and electrolyte decompo-
sition, are considered for exothermic heat generation.

) o
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Effect of separator collapse and resulting internal short
circuit has not been considered. This is because ceramic
coated separators collapse at a temperature much higher
than the onset temperature for thermal runaway.?’
Therefore, accounting for separator collapse and resulting
internal short circuit are not critical for thermal runaway
prediction purposes. Heat generation due to the four key
reactions depends on their reaction rate. As a function of
temperature T, the total exothermic heat generation is
given by’

() (i) 4ot
QE = WcHseiCseiAseie T/ 4 W(:Hnecnee e Anee Ral /.
_E,

+WP9HP€aP€(1 - O‘pe)Apee(%) + WeHeCeAee(;i%e)
(13)

Here, W, H, A, and E, are amount of active content, reac-
tion heat, frequency factor, and activation energy, respec-
tively. Subscripts denote the corresponding reaction for
each term. As these reactions proceed, the participating
reactants get consumed and the rate of consumption is
governed by a set of ordinary differential equations
(ODEs)?

dcgei

(_Easei)
it = —CgejAgeil\ RuT /7 (14)
de (=), (oo
e _ _ce\oe) A e( T (15)
dt
dt i (lsi) —Eane
dS;1 = Cnee \ ™ Anee( m) (16)
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FIGURE 2 A, Comparison of experimental measurement of cell core temperature (r = 0) as a function of time with analytical model for
different values of activation energy. B, Comparison of experimental measurement of cell core temperature (» = 0) as a function of time with
analytical model for different values of the preexponential constant. In both cases, good agreement is observed over a range of these

parameters [Colour figure can be viewed at wileyonlinelibrary.com]
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dotye “Fape
Zf = ape(1— ocpe)Apee( mt ), 17)
% = —ceAee(%). (18)

Here, c is the nondimensional concentration of reac-
tant in different reactions. As the reactions take place, con-
centration of reactant decreases and value of ¢ approaches
zero. The subscripts here denote the respective reaction.
tsi is the thickness of the SEI layer, which increases as
the reaction between negative electrode and solvent takes
place. Similarly, a,. is the conversion factor which
increases to a value of one as the reaction between positive
electrode and solvent progresses. More details on these
reactions and values of each parameter can be found in
the literature.>'**° The finite difference technique is used
to solve the ODEs given by Equations 14 to 18 along with
the governing energy equation given by Equation 1.

4.3 | Validation with numerical finite
element method solver

In addition to experimental validation, the analytical
model is also validated by comparison with finite element
simulations. In this case, the effect of heat generation due
to four decomposition reactions—SEI decomposition,
negative electrode solvent reaction, positive electrode
solvent reaction, and electrolyte decomposition—is
accounted for. The kinetics of these reactions has been
described in past papers>*** and is summarized in Equa-
tion 13 in Section 4.3. The effect of consumption of partic-
ipating reactants is captured by well-known ODEs shown
in Equations 14 to 18. Under these realistic conditions,
Figure 3 shows a comparison of the surface temperature
of the cell as a function of time predicted by the model
and simulations. In this case, temperature at the surface
of the cell is predicted when exposed to a high ambient
temperature such as in an oven test. Effect of all four
key exothermic electrochemical reactions related to
thermal runaway’ is considered. Thermal conductivity
and convective heat transfer coefficient are taken to be
0.2 W/mK and 10 W/m?K, respectively. The good agree-
ment between the analytical model and finite-element
simulation results, as shown in Figure 3, provides further
validation of the analytical model. Although piecewise
linearization of heat generation terms is used in the
analytical model, it still results in good agreement with
finite-element simulations where such linearization has
not been done. This clearly shows that the simplification
made in the analytical model is not at the expense of
accuracy and applicability of the model to capture
thermal runaway phenomenon.

RESEARCH
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FIGURE 3 Comparison of cell surface temperature as a function
of time predicted by the analytical model and finite-element
simulations for a 26650 cell undergoing oven test with oven
temperature of 150°C and temperature-dependent heat generation
corresponding to all four key decomposition reactions [Colour
figure can be viewed at wileyonlinelibrary.com]

4.4 | Effect of heat transfer parameters

Effect of heat transfer parameters on thermal behavior of
a Li-ion cell is investigated next. Figure 4 presents exper-
imental measurements where temperature-dependent
heat generation similar to experiments for Figure 2A
and 2B is mimicked in two different thermal test cells.
These experiments are carried out in still air, and there-
fore, heat transfer from the cell to the ambient occurs
through natural convection. Similar to Figure 2A and
2B, a value of h = 10.5 W/m?’K is used for modeling con-
vective heat transfer in the analytical model. The two
cells used here, labeled A and B, differ slightly in their
construction. While PDMS is poured into cell A during
its fabrication, it is not for cell B. Consequently, cell B
has air voids inside the casing, resulting in significantly
lower thermal conductivity compared with cell A
(0.13 W/mK compared with 0.20 W/mK based on mea-
surements). Figure 4, which plots temperature at the cell
core (r = 0) as a function of time when both cells are sub-
jected to the same temperature-dependent heating, shows
dramatically different thermal behavior. While the lower
thermal conductivity cell enters thermal runaway, the
higher thermal conductivity cell does not. In both
cases, there is good agreement between experimental
measurements and theoretical model. This highlights the
critical importance of thermal conductivity of the cell in
preventing thermal runaway and is consistent with a
recent paper that showed that thermal conductivity is
one of the thermal transport parameters that determines
the value of the Thermal Runaway Number (TRN), which
in turn governs whether thermal runaway occurs or not.*'
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FIGURE 4 Comparison of thermal runaway characteristic of
cells with high and low thermal conductivity between
experimental measurements and theoretical model prediction of
cell core temperature. High thermal conductivity cell is seen to
withstand thermal runaway while the low thermal conductivity cell
is not [Colour figure can be viewed at wileyonlinelibrary.com]

There has been much research focus on improving
cell thermal conductivity as well as cooling conditions
external to the cell. The model discussed in Section 3
can be used to evaluate the effect of such improvements
on thermal runaway performance. This is examined in
Figure 5. The impact of thermal conductivity on the
temperature of the cell is plotted in Figure 5A. These
computations use the same thermal conditions as in
Figure 4 while accounting for the four key exothermic
reactions. Ohmic heating corresponding to a discharge
rate of 10C is considered. The temperature plotted in this
figure is calculated at r = R/2. Figure 5A shows that in
this particular case, even a small increase in thermal con-
ductivity can fundamentally change the thermal behavior
of the cell from being unstable to stable, thereby avoiding
thermal runaway. This is consistent with the experimen-
tal demonstration of effect of thermal conductivity on
thermal runaway behavior, shown in Figure 4. Such a
dramatic impact of thermal conductivity is expected to
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occur when the overall thermal resistance of the cell is
dominated by the heat conduction resistance within the
cell regime. When the cell is not being cooled effectively
by external convection, a larger increase in thermal
conductivity may be required to influence the thermal
runaway behavior of the cell. Some work has been
carried out on improving cell thermal conductivity by
improving material and interfacial thermal transport.**>°
Figure 5A helps evaluate the actual impact of such
improvements on the thermal runaway performance of
the cell.

Similarly, the effect of convective heat transfer coeffi-
cient is also investigated using the experimentally vali-
dated thermal model. Using the same heat generation
parameters as before, Figure 5B plots temperature at
r = R/2 in the cell as a function of time for different
values of the convective heat transfer coefficient. This fig-
ure shows very strong influence of convective heat trans-
fer coefficient on the thermal behavior of the cell. For a
given thermal conductivity, heat transfer rate is limited
by convective heat transfer coefficient until the coefficient
becomes large enough. A small increase in the convection
coefficient can increase overall heat dissipation capability
of the system, which enables the heat dissipation rate to
match up to heat generation rate at higher temperature.
This results in change in the thermal behavior of the cell
from unstable to stable. Unlike the case of thermal con-
ductivity, a certain minimum increase in convection coef-
ficient leads to prevention of thermal runaway, but a
smaller increase does not significantly delay the onset of
thermal runaway.

4.5 | Effect of Arrhenius parameters and
Ohmic heating

The experimentally validated analytical model is used to
examine the effect of changing Arrhenius parameters

E,. and W, on temperature in a Li-ion cell. Figure 6A
presents predicted temperature of the cell at r = R/2 as
a function of time for different values of E,_ while
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FIGURE 5 Effect of A, radial thermal conductivity, k, and B, convective heat transfer coefficient, h, on the thermal runaway
characteristics of the cell [Colour figure can be viewed at wileyonlinelibrary.com]
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holding rest of the parameters related to the four key
decomposition reactions constant. This analysis is carried
out considering thermal abuse as the trigger mechanism.
Oven temperature of 150°C with convective heat transfer
coefficient of 10 W/m?K is applied for thermal abuse.
Figure 6A shows that increasing E,, delays onset of
thermal runaway; however, it does not eliminate the
risk of thermal runaway. Increasing E,_ increases the
temperature required to initiate the SEI decomposition
and negative electrode-solvent reaction, thereby causing
delay in the onset of thermal runaway. For E,, > Eg,,
the positive electrode-solvent reaction would initiate first
due to thermal abuse condition ultimately leading to
chain of reactions causing thermal runaway. This can
be clearly observed from temperature prediction for
E,, > 1.65 x 10° J/mol in Figure 6A. Here, increasing
the E,_ beyond this value does not delay onset of thermal
runway as the onset temperature is no longer determined
by the SEI decomposition or negative electrode-solvent
reaction. As soon as the temperature of the cell is suffi-
ciently high to generate enough heat due to the positive
electrode-solvent reaction, thermal runaway initiates
irrespective of the value of E,_,.These results clearly show
that delaying one reaction may not be enough to prevent
chain reaction from being initiated. Under the same
abuse conditions, effect of change in W, on the thermal
behavior of the cell is shown in Figure 6B. Similar to
the effect observed in the previous analysis, reduction in
W, also causes delay in the onset of thermal runaway
but does not change the behavior of the cell from unsafe
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to safe. The underlying explanation for this is very
similar to the one provided to explain the behavior
observed in Figure 6A. Although reduction in W, does
not directly change the temperature at which these
reactions activate, it has an effect on the amount of heat
generated during these reactions at a given temperature.
With reduction in W, the temperature required for
sufficient heating to trigger the chain reaction might be
higher, thereby causing delay in the onset of thermal
runaway. Also, a large reduction in W, may help make
the cell safer but it would be at the expense of reduced
capacity and performance of the cell. Such a tradeoff
may not always be acceptable.

Ohmic heating is a key contributor to total heat
generation in Li-ion cells during nominal, non-runaway
operation. Since this heating is largely temperature-
independent and only occurs while the cell is being
charged/discharged, it is not the primary mechanism of
heat generation responsible for thermal runaway.
However, temperature rise due to ohmic heating may
activate other electrochemical reactions governed by
Arrhenius kinetics, for which heat generation rate rises
with temperature, thereby possibly causing thermal
runaway. Threshold temperature for such reactions is
well known.>'* Figure 7A plots peak temperature as a
function of time for Ohmic heating corresponding to
different discharge rates. The ohmic heat generation
values used in this analysis are taken from previously
reported measurements for a 26650 Li-ion cell.*’ The
initial and outside temperature during discharge is fixed
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FIGURE 7 Effect of A, Ohmic heating in the cell and B, ambient temperature on cell core temperature as a function of time [Colour figure

can be viewed at wileyonlinelibrary.com|
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at 60°C for the computations shown in Figure 7A. It can
be seen that ohmic heating corresponding to a discharge
of 10C causes the cell to enter thermal runaway. This
happens primarily because ohmic heating at 10C dis-
charge rate causes large enough temperature rise to
trigger the chain of reactions given by Equations 13 to
18, thereby causing thermal runaway.

Figure 7B analyzes the effect of ambient temperature
on the cell. Ohmic heating corresponding to a discharge
rate of 10C is assumed, and the ambient temperature is
varied from 40°C to 60°C in steps of 5°C. Plots for each
ambient temperature show that a discharge rate of 10C
does not cause enough temperature rise to push the cell
into thermal runaway if the ambient temperature is less
than 60°C. Once the ambient temperature exceeds
around 60°C, however, thermal runaway occurs. This fur-
ther demonstrates the capability of the present model to
predict temperature rise and onset of thermal runaway
in practical scenarios. These plots indicate that a combi-
nation of extreme ambient conditions and large internal
heating within the cell are needed to push the cell into
thermal runaway.

4.6 | Thermal response during oven test

The thermal model can also be utilized to predict
temperature during oven tests that are commonly used
to simulate thermal abuse condition for Li-ion cells and
study thermal runaway phenomena. Figure 8 presents
peak temperature as a function of time for different ambi-
ent temperatures under natural convection conditions.
Exothermic heating due to the four key electrochemical
reactions occurring during thermal runaway, given by
Equations 13 to 18, is used, with no Joule heating.
Figure 8 shows that temperature stays bounded until an
ambient temperature of about 135°C. At ambient temper-
ature of 140°C, temperature of the cell begins to increase
very rapidly, indicating onset of thermal runaway. The
existence of such a sharp threshold for the ambient
temperature that triggers thermal runaway has also been
observed in past experiments.'®'*** Threshold values of
the ambient temperature for thermal runaway from
these experiments have been observed to be about
150°C, which is close to the predictions from the present
work. The small difference in threshold temperature can
be due to the use of 18650 cylindrical Li-ion -cells,
whereas the present work considers 26650 cylindrical
cells. Further, other conditions such as convective heat
transfer coefficient for the experimental measurements
may have been different from the value used in the
present work.
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FIGURE 8 Effect of oven temperature (Toye,) on the thermal
runaway characteristics of the cell during an oven test [Colour
figure can be viewed at wileyonlinelibrary.com]

4.7 | Thermal behavior in presence of
multiple reactions

Thermal runaway in Li-ion cells is known to be caused by
a cascade of exothermic electrochemical reactions that
feed into one another and ultimately cause thermal run-
away. Figure 9 demonstrates the capability of the analyt-
ical model to account for the complicated coupling
between multiple temperature-dependent heat generation
processes. Figure 9 plots peak temperature as a function
of time for four reactions—SEI decomposition, negative
solvent reaction, positive solvent reaction, and electrolyte
decomposition individually as well as for a situation
where all four reactions occur. Recently reported values
of the Arrhenius parameters for these processes are
used.>'*'®?*> None of these reactions lead to thermal
runaway individually in the present analysis. However,
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FIGURE 9 Core temperature of the cell as a function of time for
four individual heat-generating reactions, as well as for all four
reactions combined [Colour figure can be viewed at
wileyonlinelibrary.com]
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when the total sum of all four reactions is considered, SEI
decomposition increases the temperature enough to
activate negative electrode solvent reaction and positive
electrode solvent reaction which ultimate activates
electrolyte decomposition, leading to thermal runaway,
as shown in Figure 9. This is indeed the mechanism
behind thermal runaway and is well captured by the
model shown in Figure 9, which signifies the importance
of the cascading effect and the capability of the analytical
model to account for the effects of cascading. Note that
the behavior of the cell under positive electrode solvent
reaction and electrolyte decomposition, as shown in
Figure 9, is very similar to each other when considered
individually. This is because neither of these two reactions
would initiate on their own under the conditions
considered in this analysis. Thus, for both the cases, the
observed behavior of the cell is only due to the nominal
heating considered during the discharge. This further
signifies the critical role of the cascading effect of
reactions on safety of the cell.

5 | CONCLUSIONS

Thermal runaway is a serious technological challenge
that affects the safety and performance of Li-ion cells.
This work addresses a key knowledge gap in this field
by presenting an experimentally validated model for cell
temperature prediction due to nonlinear heat generation
in the cell, thereby determining whether thermal run-
away will occur or not in given conditions. This is used
for identifying the limits of various thermal parameters
in order to ensure safety of the cell. Such an approach
can be very useful for designing cells to better withstand
thermal runaway, as well as run-time thermal manage-
ment and load balancing in order to prevent thermal
runaway during operation. The result that a high
thermal conductivity cell is inherently more resistant
to the onset of thermal runaway is also potentially
of much practical significance, as it may quantify the
benefit of thermal conductivity improvement in a
Li-ion cell.

It is important to note that the theoretical model
does not account for changes in thermal properties of
the cell with temperature. Also, a uniformly distributed
heat generation rate is assumed, which may not be the
case for specific thermal runaway triggers such as inter-
nal short circuit. Finally, since the values of the Arrhe-
nius parameters play a key role in model predictions,
the model may need to be computed again for other
battery chemistries that may have different values of
these parameters.
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