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Abstract: If a lithium-ion cell in a large-scale energy storage system goes into thermal runaway,
there is a possibility that thermal runaway will cascade through the system. While losses and heat
release associated with single cells are modest, cascading failure is much more severe. An un-
derstanding of the heat losses and heat transfer pathways from a cell or stack of cells undergoing
thermal runaway is important to informing mitigation strategies. Identification of the most sensitive
parameters involved in these predictions can aid in defining limits of propagating failure. We exam-
ine these parameters in the context of experimental measurements and finite element modeling of
stacks of pouch cells with and without passive mitigation.
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1. Introduction

Lithium-ion batteries have energy densities that are typically in the range of 300 to 800 kJ /kg with
specific heats of approximately 0.8 kJ/kg/K, which means that discharging the stored energy can
raise the cell temperature between 400 and 1000 K. In addition, these cells are constructed with
highly reactive active materials, a lithium-intercalated graphite forms the anode that represents the
“fuel” while an over-oxidized metal oxide cathode plays the role of the “oxidizer.”[1] These ma-
terials are separated in the cell by an electrolyte which nominally would be unreactive with either
at normal operating temperatures. However, the high energy densities of the cell are tied to high
reactivities of both the anode and cathode. Efforts to minimize the reactivity with the electrolyte
have led to the selection of alkyl-carbonate-based solvents with lithium hexafluorophosphate salts
as the most common electrolyte. Under normal operation the electrolyte reacts minimally with
the cathode but reacts to form a passivation layer on the anode referred to as the solid-electrolyte
inter-phase (SEI) [2-6].

If batteries are subject to abusive conditions where temperatures exceed normal operation, a
sequence of reactions are observed to occur. First, there is a chemical breakdown of the SEI layer
that is mildly exothermic around 100°C. This is followed by reactions where the anode reduces
the electrolyte [5—8] and at slightly higher temperatures (around 150°C to 250°C under ignition
conditions) the cathode begins to oxidize the electrolyte [9—11]. Both of these latter reactions
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are significantly exothermic and can lead to violent heat release. This heat release also causes
a fraction of the electrolyte to be vented into the surrounding air where it is capable of flaming
combustion [12].

For larger scale installations, energy storage is generally provided by stacking large numbers
of smaller cells together. There is the possibility that a localized failure or external abuse condition
will lead to thermal runaway of one of the cells. The heat release associated with single cells might
be 50 to 500 kJ but the energy of the complete installation could be one thousand times greater,
and a significant question is the extent to which a single point failure will propagate to the rest of
the system. This is referred to as cascading failure.

Cascading failure is related to premixed flame propagation since the internal structure can often
be treated as a homogenized mixture, but there are several complexities. First, there is no reactant
diffusion so that analyses associated with thermal-diffusive instabilities need to be applied. Second,
the propagation through cells is often unsteady due to the interference of gaps between cells. This
work addresses the prediction of cascading failure propagation through a stack of lithium-ion cells.

In this work, we compare a finite element model with experimental measurements for ther-
mal runaway in a system consisting of 3 AH LiCO;-graphite pouch cells arranged in a stack of
5 cells [13]; several different thermal configurations are considered as discussed in the results.
These simulations were conducted using the SIERRA/Aria finite element software package [14].
In addition to comparing to thermocouple (TC) measurements, we use the model to examine the
implications of choices of the specific model forms used in this implementation.

2. Experimental overview

The system studied in this work consists of 5 pouch cells with and without metal spacer plates
placed between each cell. Thermocouples were used to measure skin temperatures of the cells
at the locations depicted in Figure [Il. Additionally, the voltage was measured at each cell. The
dimensions of each cell were 13 cm by 3.55 cm by 0.74 cm.

In each test, thermal runaway was initiated by penetrating cell 1 with a 3 mm diameter steel nail.
For the cases without plates, the initial state of charge (SOC) was varied between 50% and 100%.
In the spacer plate cases, the SOC was 100% and copper or aluminum plates with thicknesses of
1/8", 1/16", or 1/32" were inserted between each of the cells (see Fig. [1)). The stack of cells was
constrained by a metal assembly with phenolic end blocks placed between the assembly and cells
I and 5.

3. Finite element model

The finite element model used in this study was the SIERRA multimechanics module: Aria [14].
We approximate the stack of phenolic end blocks, cells, and spacers with a thin domain of hex-
ahedron elements as conductivity in the plane of the electrodes is large relative to conductivity
between electrode layers. The result is a quasi-1-D model of the system where the domain is dis-
cretized through the stack. In this direction, the spatial discretization is 0.1 mm in the cells, 0.2 mm
in the spacers, and 0.4 mm in the end blocks with the domain dimensions tangent to the plane of
the electrodes being 0.2 mm each.

Several notable assumptions were made in addition to the quasi 1-D approach. Bulk thermal
properties are used for the cells, spacer plates, and end blocks, and the metal holder assembly is not
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Figure 1: Expanded side view of the experimental system of cells (‘C#’) and plates (‘P#’) where
thermocouple locations are depicted by numbered dots for the no-plate arrangement (top) and
spacer plate arrangement (bottom).

modeled as the end blocks are assumed to provide adequate insulation. Species transport between
elements and venting of electrolyte are not modeled. Heat losses to the surroundings are assumed
to be convective only with a heat transfer coefficient of 5 W /m? /K.

3.1 Conservation equations

The model solves the energy and species conservation equations for temperature (7') and species
concentration (p;).

aT
pep5- =V (KVT)+¢" (1)

The following thermal properties are defined for each material in the system: density (p),
specific heat (c,), and thermal conductivity (K). The volumetric heat source term depends on the
reaction rates (r;) and energy release (AH) for each of the N, reactions.

Ny
q" =Y AHjr; )

g=1
The species conservation equation is given by

d i Ny
H L (=i )

where species are indexed by subscript i, reactions are indexed by subscript j, and vl’; is the stoi-
chiometric coefficient of species i being produced in reaction j and v/ ; 1s the stoichiometric coef-
ficient of species i being consumed in reaction j.
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Convective boundary conditions are applied to the surface of the stack, and the heat transfer
coefficient (h) is adjusted for the change in volume (V) and area (V') from the full domain (subscript
1) to the quasi-1-D domain (subscript 2).

hy =h;—— “4)

3.2 Reaction models

In this work, we model thermal runaway in these specific cells with four global reactions that
represent distinct processes: a nail short circuit, decomposition of the solid electrolyte inter-phase
(SEI), the anode critical thickness model, and a single step cathode model. These reactions are
typically modeled with Arrhenius forms where the model constants are calibrated by comparison
to calorimetry measurements such as differential scanning calorimetry (DSC) and accelerating
rate calorimetry (ARC). These measurement techniques succeed in capturing the onset of thermal
runaway, but may have difficulty keeping up with the rapid heat release after onset depending
on the size of the sample and configuration of the calorimeter. The calorimetry data is typically
only accurate within the range from ambient temperature to 250°C. Cells undergoing thermal
runaway experience heat release occurring up through significantly higher temperatures, and more
heat release data is needed from 300 to 1000°C. Here we present the models from literature that
are used in the current finite element model reserving discussion of the adjustments to the model
constants for Section 4.

Within a cell, lithium intercalated in graphite, C¢Li, represents a fuel that reacts electrochemi-
cally with an over-oxidized metal oxide like CoO;. The products of this reaction are LiCoO; and
Ce. During thermal runaway, an internal short circuit reaction can allow this reaction to proceed,
releasing the chemical energy internally. The short circuit reaction resulting from nail penetration
is only applied over a 2 mm wide section of cell 1. The reaction is represented as

CeLi+ CoOy — LiCoO; +Cg (&)

to capture lithium transport from the anode to cathode. The reaction rate is constructed to approx-
imate the relationship between voltage and state of charge as follows

ri=A1pe (6)

where the constant A is inversely proportional to a short resistance parameter that was adjusted to
match the onset of heating observed by thermocouples adjacent to cell 1.
The SEI decomposition reaction proposed by Richard and Dahn is given as [7, 8]

ry = poAsexp(—Ey /RT) (7)

where the SEI is assumed to be converted to a Li>CO3 salt and a lumped gas.

At high temperatures, the lithium anode reacts with the electrolyte, represented here as ethylene
carbonate, C3H403. An update to the work of Richard and Dahn from Shurtz, et al. [5, 6] for the
reaction of the lithiated graphite anode and electrolyte is given as

2CeLi+ C3H403 — 2C¢ + Lip,CO3 + Gas 8)
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where the electrolyte is abbreviated EC in future equations and additional Li,CO3 and gas are
produced. The reaction rate is given as

PEC %Agexp(—E3/RT)exp(—z,) 9)

13 = PCeli—
PEC + P50 Ao

where

dz; - _ i G (10)
dt dt (aBET/a())”’
for z; <z and % is equal to zero otherwise and x; is the moles of intercalated lithium normalized
by moles of graphite. The edge and BET areas (a, and apgr) are material dependent and the reader
is directed to [5, 6] for details on the model parameters psg, C;, 1y, and ag.
Also at high temperatures the cathode oxidizes the electrolyte. We approximate the cathode
reaction with a single step based on Hatchard, et al. [15]

2 1
CoOy + EC3H4O3 — §CO304 + Gas (11)

where the Co30y is assumed to be inert and any gaseous products are lumped in with gases pro-
duced from other steps. The reaction rate is an autocatalytic form

¥4 = PCoy0,PCo0,A4exp(—E4/RT) (12)

where the heat of reaction is significantly increased from Hatchard, et al. to match the experimen-
tally measured peak temperatures in the five cell system.

Table [I] summarizes the major reaction model parameters, and the reader is directed to the
respective sources for additional parameters and model details. We note that the constant A is given
in 1/s and appropriate unit conversions are required depending on the concentration function to
give the reaction rates (r;) in terms of the density of reactants per second. Additionally, all heats
of reaction (AH)) are listed in energy per mass of total reactants.

Table 1: Reaction rate model parameters.
Reaction A E AH
1/s kJ/mol | kJ/kg
1] 0417 N/A | -2384.3
2| 1.667e15 | 1350 | -635.0
3| 2.1el3 135.0 | -2287.1
41 6.667ell | 122.52 | -1469.3

3.3 Material properties

Thermal properties for the cells, spacer plates, and end blocks are listed in Table 2. Thermal

properties for the spacer plates are from Incropera [16], and the end blocks are taken from [17].
The cells are approximated with bulk thermal properties, where the initial mass of individual

species, density, and specific heat come from a tear-down of the cells components. There is some
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Table 2: Material properties for system components.

Material | Thermal Conductivity | Specific Heat | Density

W /m/K J/kg/K kg/m?
Bulk Cell 0.5 778 1816
Aluminum 237 903 2702
Copper 401 385 8933
End Block 0.36 1500 1356

uncertainty associated with the amount of SEI, electrolyte, and inert components (i.e. casing,
separator material, etc.). The anode and cathode masses are 8.57 g and 21.43 g respectively per
cell, and we estimate each cell initially contains 3.77 g of electrolyte. The remaining inert materials
make up 28.24 g.

There is significant uncertainty in the estimation of a bulk thermal conductivity perpendicular
to the plane of the electrodes. Hatchard, et al. [15] estimates this value to be 3.4 W/m/K for
cylindrical cells, while Vishwakarma, et al [18] estimate a value of 0.24 W /m/K for a LiCoO;
cathode half-cell. For this work, we have found 0.5 W /m/K to be an acceptable starting value,
but due to the sensitivity of the speed of the reaction front to thermal conductivity, a more detailed
analysis should be done in the future.

Thermal contact resistance is expected to play a major role in cell to cell propagation of thermal
runaway. A higher thermal contact resistance will delay the onset of thermal runaway in cells
adjacent to a failed cell, however swelling of the cell container pouch can increase pressure between
cells thereby decreasing thermal contact resistance. For this work, a contact resistance of 2e-3
m?K /W was found to adequately capture the cell-to-cell propagation times.

4. Comparison of experiments and model results

We begin with a comparison of the quasi 1-D finite element model and experimental results for
the no-spacer case at 100% SOC (referred to as the base case). This simulation uses the original
reaction rates determined from low-temperature (below 250°C) measurements as noted above. The
simulated and experimental thermocouple temperatures are shown in Figure 2. The speed of the
reaction front through the stack is greatly over-predicted as the simulated cell stack finishes thermal
runaway in ~20 seconds while the experimental cells take ~100 seconds for the propagation front
to reach thermocouple (TC) 10.

The thermal runaway propagation front crosses each cell in approximately 10 seconds in the
experiment and 1 second in the simulation presented in Figure 2. With literature reaction-rate con-
stants calibrated using data for the onset of thermal runaway (around 150 to 200°C) whereas the
peak temperatures measured by the thermocouples are between 600 and 700°C, the high temper-
ature rates are highly uncertain. We wish to preserve the onset behavior while limiting the high
temperature rates.

Reactions 3 and 4 (anode and cathode) are the primary contributors to fast chemistry in the
cells due to the Arrhenius form and higher heat-release rate than the SEI decomposition reaction.
To preserve the onset behavior, we must adjust the pre-exponential factor (A) and activation energy
(E) together. Fixing the rate constant (k) at the onset temperature (7,,) gives
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Figure 2: Baseline 100% SOC no spacer case where dashed lines are simulated thermocouples and
solid lines are experimental measurements.

Al'exp(—E' /RT,y) = Aexp(—E /RT,n) (13)

where A’ and E’ are the scaled pre-exponential factor and activation energy, respectively. From
laminar premixed flame theory, the burning velocity scales as

v Vatk (14)

where « is the thermal diffusivity and k is the reaction rate constant. At the peak temperature
(Tpear), we wish to reduce the velocity from v to V' by a factor ¢

VvV = ¢v (15)

substituting the expression for burning velocity and simplifying we get

kl(Tpeak) = ¢2k(Tpeak) (16)

followed by substituting the Arrhenius expression for & to arrive at

A/exp(_El/RTpeak) = ¢2Aexp(_E/RTpeak) (17)

Given T,, and T),.q, we solve Equations 13 and [17 for A’ and E’ with the desired ¢ scaling.
Using the Arrhenius plot in Figure 3, this is equivalent to adjusting the slope and intercept of the
line about a point fixed at 1/7 and [n(k) for the onset temperature (taken to be 150°C) shown here
for Reaction 3 with a value of ¢ = 1/20.

Preliminary investigations of scaling the propagation velocity for reactions 3 and 4 showed im-
proved predictions with ¢ equal to 1/20 and 1/40 respectively (Fig. 4). The propagation velocity
is still over-predicted with a time to completion of thermal runaway of ~80 seconds in the simula-
tion compared to ~100 seconds in the experiment. The predicted peak temperatures of the internal
thermocouples (TC 2 - TC 7) lie between 600°C and 700°C while the peak experimental temper-
atures are seen to decrease from thermocouple 3 to 7, indicating either experimental variability or
the presence of physics not captured in the quasi 1-D model approximation.
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Figure 3: Example Arrhenius plot of the anode with ¢ = 1/20.
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Figure 4: Baseline 100% SOC no spacer case with velocity scaling where dashed lines are simu-
lated thermocouples and solid lines are experimental measurements.

The temperature profiles for the internal thermocouples (TC 2 - TC 7) exhibit four distinct
heating regions followed by a slower cooling region. The first slow increase in temperature is
due to conduction ahead of the propagation front. The next heating region is marked by a rapid
increase in temperature to around 400°C which signifies the arrival of the propagation front (i.e.
the propagation front reaching the end of the battery to the left of the TC in Figure [1)). Then the
heating rate slows as heat from a failed cell is transferred across the gap containing the TC into the
next cell in the stack. The duration of this region is primarily determined by the thermal contact
resistance between cells and the amount of thermal energy that is needed to heat the next cell to
thermal runaway. The final rapid increase in temperature signifies the next cell in the stack entering
thermal runaway.

The heating rate at the onset of thermal runaway is also under-predicted (the second temper-
ature rise in the internal TCs, e.x. TC 3 around 35 seconds). This could be an unintended con-
sequence of the reaction rate scaling used here where rates at intermediate temperatures (between
onset and peak temperature) may be depressed. Conversely, the heating rate when the propagation
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front reached the end of a cell is over-predicted. This behavior can be seen in greater detail by
examining the temperature profile in cell 2 at several points in time during thermal runaway as
seen in Figure 5.
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Figure 5: Temperature at several times in cell 2 of the baseline 100% SOC no spacer case. Vertical
dashed lines represent the modeled contact resistance region between cells.

The onset of thermal runaway can be seen at 19.4 seconds and 20 seconds where a peak in the
heating rate occurs inside the cell about 2 mm from the boundary with cell 1. Some of the heat
from this delayed peak travels back towards cell one which can be seen in the slow temperature rise
in TC 2 between 450 and 650°C in Figure 4. Propagation of thermal runaway progresses steadily
through the cell as exemplified by the temperature at 22 seconds. When the propagation front
approaches the right edge of cell 2, another rapid heating event occurs due to the contact resistance
slowing down heat transfer away from the reaction front and to cell 3. Based on this observation,
an improvement to the relative magnitude of the contact resistance and thermal conductivity of the
cells may improve this behavior.

With the improvements in propagation velocity, we can examine a variety of other scenarios
for which experimental data is available. The state of charge is an indication of the energy stored in
the system; partially discharged batteries have depleted the reactants. Beginning with the state of
charge (SOC), experiments were run at 100%, 80%, 75%, and 50% SOC. Thermal runaway only
propagated through all five cells in the 100% and 80% cases. Figure 6 shows the model predictions
for the 80% SOC case compared to experimental measurements. It can be seen that in the simula-
tion, the nail short circuit reaction does not provide enough energy to trigger thermal runaway in
the remaining reactions and propagation does not occur. In the experiments, propagation occurs,
but the time for the propagation front to reach the end of cell five is approximately twice as long as
the 100% SOC case. Additionally, peak temperatures measured by the thermocouples are ~100°C
lower than the 100% SOC case as there is less energy available to drive the reactions.

The current simulations fail to propagate below 95% SOC, while experimental results show
that propagation is possible down to 80% SOC with the 75% SOC case failing to propagate. In
other words, the simulation is more sensitive to variations in the stored energy than the measure-
ments suggest. Due to the large uncertainty in many of the model parameters, there are several
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Figure 6: 80% SOC no spacer case where dashed lines are simulated thermocouples and solid lines
are experimental measurements.

possible causes of this discrepancy. One potential source of this error is the heat of reaction for the
cathode reaction (reaction 4). This value was estimated to combine the heat release from what is
traditionally represented as a two step reaction, and further detailed analysis should be conducted
to determine an appropriate value for the single step approximation. The velocity limiter may be
introducing a source of error in the intermediate temperature ranges between the initiation temper-
ature and maximum temperatures. While the limiter effectively regulates the propagation velocity
at the maximum temperature, it may be inhibiting propagation from proceeding in intermediate
temperature regions.

Experiments were conducted with copper and aluminum spacer plates with thicknesses of
1/32", 1/16", and 1/18". These spacer plates also provide another means of ’diluting’ the reac-
tants, here with additional thermal mass in between cells. Propagation through the entire stack of
cells was only observed with the 1/32" spacer cases. Figure [7 shows the comparison of simulated
and experimental temperature for the 1/32" aluminum spacer case. We note that the thermocouples
have been relabeled with respect to Figure [1] for ease of identifying the location of each thermo-
couple with respect to the cells and plates. The legend describes the adjacent cell number as ‘T
Cell #’, and the location in the plane of the electrodes is signified by ‘M’ for the middle of the
cell. The final value in the legend key is either ‘O’ for the outside of the cell next to an end block,
or ‘P# for the adjacent plate number. For example ‘T Cell 2 (M-P2)’ corresponds to TC 7 from
Figure 1| (bottom) as it is the thermocouple located between to cell 2 and plate 2.

Similar to the 100% SOC base case, the simulated propagation velocity is slightly faster than
the observed experimental velocity for the 1/32" aluminum spacer case. We note that the TC
between cell 3 and plate 3 failed during the experiment. The trends in the peak temperatures are
also similar to the base case with a tendency towards under-prediction in the first four cells and
over-prediction around the last cell. During the lag time between cells 1 and 2 undergoing thermal
runaway, the thermocouples on either side of plate 1 measure a greater difference in temperature
compared to the simulation (TCs 1 M-P1 and 2 M-P1). This could be a result of the estimated
contact resistance between the spacer and cell casing being too low.

However, in the 1/32" copper spacer case, the simulation fails to predict propagation while full
propagation is observed in the experiment as seen in Figure 8. The peak temperature in cell 1 and

10
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Figure 7: 100% SOC with 1/32" aluminum spacer plates where dashed lines are simulated ther-
mocouples and solid lines are experimental measurements.

subsequent temperature rise in cell 2 are predicted well, but initiation of thermal runaway does not
occur.
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Figure 8: 100% SOC with 1/32" copper spacer plates where dashed lines are simulated thermo-
couples and solid lines are experimental measurements.

For both 1/16" spacer materials, full propagation did not occur in both the experiments and
simulations. The 1/16" copper spacer case is shown in Figure 9. Similar to the 1/32" case, the
thermocouples around plate 1 measure a larger gap than what is predicted. Contrary to the obser-
vations from the base case, predictions of conductive heat transfer ahead of the cell undergoing
thermal runaway closely follow the experiments as seen in TCs 2 (M-P2) and 3 (M-P2).

To diagnose the difference between the predictions of propagation in the 1/32" aluminum
spacer case and no propagation in the 1/32" copper spacer case, we examine the simulated temper-
ature profiles at the beginning of thermal runaway in cell 2 (Fig. [10). At a time of 51.5 seconds,
both reactions 3 and 4 are active at the left edge of cell 2, but the copper case will not reach the
higher rates and the heat will be dissipated while the aluminum case will continue propagating.

11
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Based on observations from the literature [15], temperatures over 150°C should be sufficient to
trigger thermal runaway. In the simulation, cell 2 in the copper case is reaching 300 °C and not
progressing to thermal runaway. This adds evidence to the hypothesis that the velocity limiter is
having an adverse effect on predictions at intermediate temperatures by decreasing the reaction
rate. A different model form that captures onset, intermediate temperature, and high temperature

behavior should be explored in the future.
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Figure 10: Temperature at the onset of thermal runaway in cell 2 for the 1/32" spacer cases. Black
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5. Conclusions

In this work, we examined finite element model predictions of propagation of thermal runaway
through a stack of pouch cells compared to experimental temperature measurements. These pre-
dictions were made with a set of nominal parameters describing the material properties and reaction
model constants. Adjustments were made to slow the propagation speed at the peak temperature.
This improved predictions in the 100% SOC case, but the limits of propagation were more sensitive
to reduced energy content and more sensitive to thermal masses placed between cells than observed
in the experiments. Additional insights were drawn from the model behavior with respect to the ex-
perimental measurements that will be beneficial for improving model parameters and model forms
in future studies. Most notable among these insights were the effects of reaction-rate damping at
intermediate temperatures and the effect of the interplay between thermal conductivity and contact
resistance on inhomogeneous thermal energy transfer near the cell boundaries.
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