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H I G H L I G H T S

• Understanding resistive dynamics in-
forms thermal runaway mitigation
strategies.

• Internal resistance at high discharge
rates is dynamic and nonlinear.

• Electrical resistances dictate short cir-
cuit current in crucial first seconds.

• Rapid polarization depletes lithium-
ion presence in electrolyte of cathode
region.

• Ionic resistances throttle short circuit
heating rates upon cell polarization.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Lithium-ion battery
Thermal runaway
Safety
Short circuit
Resistance
Polarization

A B S T R A C T

Internal resistance and temperature measurements are made for LIR2450 format LiCoO2/graphite 120mA h coin
cells upon abusive discharge conditions. The dynamic contributions of electrical and ionic resistances to joule
heat generation are investigated in the earliest stages of battery failure. It is shown that while ohmic, primarily
electrical resistances initially dictate the joule heating rates, polarization, primarily ionic resistances become
dominant as time progresses. Ionic conductivity and resistance of LiPF6 salt in ethylene carbonate/ethyl methyl
carbonate solvent are examined through concurrent concentration, viscosity, and temperature measurements to
elucidate the intricacies of electrolyte polarization. Comparative analysis suggests that upon polarization at high
discharge rates, resistance is concentrated in the electrolyte within the cathode region due to rapid depletion of
lithium-ions available to facilitate charge transfer. Expected consequences are corroborated in external shorting
and nail penetration experiments. The findings are used to predict how a cell would respond if electrical or ionic
resistances are exacerbated upon shorting, so as to identify effective thermal runaway mitigation strategies.

1. Introduction

Lithium-ion batteries (LIB) carry safety risks inherent to their en-
ergy-dense chemistries and flammable components, which are of no-
table concern due to complications associated with thermal runaway
[1,2]. LIB safety is particularly important for cells and modules in
electric vehicles, which are prone to physical abuse in collision events

[3,4]. When short circuit joule heating causes temperature to accrue to
a critical point between 110 °C and 150 °C in high capacity cells [5],
cascading exothermic electrochemical reactions and chemical decom-
positions compound to accelerate temperature increase, which can
reach more than 500 °C in a matter of seconds [6]. These conditions
lead to electrolyte ignition and possibly unit explosion [7]. Reported
battery failures have gained the attention of both academic and
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industrial researchers to identify the causes, and to understand the
progression of events that beset thermal runaway. These objectives
serve to minimize risk by informing responsible day-to-day operation
and aiding in development of effective failsafe technologies [8,9].

Risks associated with joule heating and electrochemical degradation
during normal operation are well controlled in electric vehicles.
Intelligent battery management system (BMS) algorithms [10,11] cou-
pled with efficient battery thermal management system (BTMS) designs
[12–14] ensure that the temperature throughout the battery pack is
maintained in a suitable temperature range below 40 °C at all times.
Additionally, the state of health is constantly monitored by the onboard
computer system [15,16], which identifies any hazardous conditions to
be addressed [17]. As a result, thermal runaway is of minor concern
under normal operating conditions. However, vehicles may still catch
fire in accidents if the battery pack is physically damaged. Collisions
can cause the formation of short circuit discharge pathways which the
BMS cannot control, nor the BTMS can manage. The battery pack is
afforded extensive protection to minimize the possibility and extent of
damage, but it is acknowledged that unmitigated damage may still take
place in certain circumstances [4,9].

The exothermic decomposition events encompassing thermal run-
away have been extensively studied [5,6]. By understanding the nature
of how heat generation accelerates as temperature rises, thermal run-
away mitigation technologies can be incorporated within the cells and
modules to halt temperature increase, and specialized battery materials
can be employed to tolerate excessive temperature [9]. Most failsafe
features are thermally triggered, taking effect at a specific temperature
above the normal LIB operating range (> 80 °C), but below the critical
acceleration point (< 150 °C) [8,18–27]. They typically involve phase
change materials or positive temperature coefficient materials that slow
down temperature increase upon activation. Such technologies are

capable of handling short circuits of moderate power, but may fail to
manage severe short circuits in large-format LIB cells. In the event of a
vehicle crash, it is preferable that LIBs have inherent failsafe features
that take effect in the joule heating regime, irrespective of temperature
and immediately upon shorting, but work in this area is uncommon
[28–31].

In severe short circuit scenarios, joule heating dynamics are dictated
by the internal resistance of the LIB cell [32–34]. The sum of the re-
sistive contributions from a multitude of internal components limit the
discharge current and consequent temperature increase [35,36], which
in turn alters the resistance of those components in various ways. The
resistive influence of fast kinetic processes manifest rapidly. Those
processes include charge transfer between the electrode and electrolyte,
as well as electron movement through the composite electrode and
across current collector interfaces [37]. Resistive effects of slower
processes, like charge-carrying ion diffusion in electrolyte and solid-
state ion diffusion within active electrode particles, become apparent
on longer timescales [38]. Initially, the resistive kinetic contributions
are more significant, such that the short circuit is ohmically-controlled,
but as time progresses and resistive diffusion phenomena become
dominant, the aggressive discharge transitions to be polarization-con-
trolled. Surveying those resistive phenomena in the diverse network of
sensitive materials organized in unwieldy and inaccessible arrange-
ments within an LIB cell is difficult, particularly when engaged in fast,
dynamic electrochemical and chemical processes [34,39].

Many experimental studies concerning severe short circuit failure
have been performed on large-format LIB cells [34–36,40–44]. These
tests produce fast temperature increases that often result in fire or ex-
plosion. Such study is critical to understanding the dangerous heat
transfer propagation characteristics within cells and through modules.
However, they do not offer systematic information concerning the

Nomenclature

A ionic conductivity relation proportionality constant
(S·Pa·s·m2·mol−1·K−1)

cp effective system heat capacity (J·g−1·K−1)
C lithium-ion concentration of electrolyte (mol·m−3)
C0 lithium-ion concentration of unpolarized electrolyte

(mol·m−3)
Ci average lithium-ion concentration of electrolyte in select

region (mol·m−3)
EA activation energy of electrolyte viscosity (J·mol−1)
EA,1 first parameter defining activation energy of electrolyte

viscosity (J·mol−1)
EA,2 second parameter defining activation energy of electrolyte

viscosity (m3·mol−1)
∗hdis heat dissipation frequency coefficient (Hz)

Ix current rate for select discharge type (A)
m cell system mass (g)
qḋis rate of heat dissipation (W)
qġen rate of heat generation (W)
qṅet net rate of heating/cooling (W)
Q charged current capacity (A·h)
rp,i specific resistance of polarized electrolyte in select region

(Ω)
R ideal gas constant (J·mol−1·K−1)
Relec resistance of electrolyte (Ω)
Rext external shorting resistance (Ω)
Rint internal resistance (Ω)
Ro ohmic resistance (Ω)
Rp polarization resistance (Ω)
Rp,i polarization resistance contribution of electrolyte in select

region (Ω)

t time (s)
tini initial time of heat dissipation frequency coefficient mea-

surement interval (s)
T temperature (K)
T0 ambient temperature (K)
Vemf electromotive force (V)
Vt terminal voltage (V)

Greek

δi thickness of select region (m)
ε permittivity of electrolyte solvent
ε1 first parameter defining permittivity of electrolyte solvent
ε2 second parameter defining permittivity of electrolyte sol-

vent (K−1)
μ viscosity of electrolyte (Pa·s)

∗μ reference viscosity of electrolyte (Pa·s)
∗μ1 first parameter defining reference viscosity of electrolyte

(Pa·s)
∗μ2 second parameter defining reference viscosity of electro-

lyte (m3·mol−1)
σ ionic conductivity of electrolyte (S·m−1)

Subscribe

i select region, =a, c, or s
x select discharge type, =app or sc
a anode
c cathode
s separator
app applied
sc short circuit
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fundamental joule heating dynamics that seed the energy to trigger all
the other undesirable energetic phenomena.

Large-format LIB cells impose challenges to in-situ determination of
the resistive contributions from individual components, as well as the
progression of events which might alter their significance to the re-
sultant current, as short circuit discharge proceeds. Their short circuit
dynamics are aggressive to the point where measurements of joule
heating are convoluted by other exothermic decomposition phenomena
and nonuniform conduction [33]. Information on the dynamics of how
internal resistance changes during the shorting process to define the
joule heating rate in the early stages of shorting are limited to com-
putational simulations, which are challenging to verify experimentally
[32,33,35,36]. Development of experimental methods to examine the
resistive dynamics of LIB cells under shorting conditions is critical to
informing LIB safety protocols and improving cell safety features
[33,36].

The goal of this study is to gain a better understanding of how the
internal resistance dynamics of LIB cells influence the initial stages and
progression of a short circuit failure induced by severe mechanical
abuse. Using experimental methods designed specifically to study the
joule heating regime, the nature and influence of those phenomena are
analyzed. A framework is discussed for the identification and devel-
opment of effective thermal runaway mitigation strategies addressing
short circuit discharge at its earliest stages, which bridge the gap be-
tween primary protection structures and thermally triggered failsafe
features.

2. Experimental procedure and data processing

2.1. Reference cell system

Internal resistance and temperature measurements were taken
during abusive discharge and short circuit experiments using LIR2450
format LiCoO2/graphite 120mA h coin cells, obtained from Xiamen
TOB New Energy Technology. The LIR2450 coin cells were chosen as
the reference system specifically to investigate the joule heating regime.
When severely abused, their current capacity was sufficient to produce
consequential cell temperature increase up to 100 °C. Such temperature
accruement was measured over a resolute timescale on the order of
minutes, without reaching the critical temperature range where de-
composition events characteristic of thermal runaway might occur. In
this manner, joule heating data measurements were not convoluted by
other exothermic phenomena. Furthermore, the simple geometry of the
rigid 304 stainless steel case structure of LIR2450 cell ensured secure
electrical and thermal contact within, even during nail penetration
experiments. The large mass contribution of the thermally conductive
cell case aided in heat generation measurement, which allowed for an
assumption of isothermal character when measuring the temperature
externally, despite the fact that most heat was generated from its in-
ternal components where the temperature might be slightly different.

2.2. Direct current internal resistance testing

Internal resistance (Rint) dynamics under healthy and abusive ap-
plied constant current (Iapp) discharge conditions were determined
through direct current internal resistance (DCIR) analysis using a
Neware BTS3000-5V6A Battery Analyzer. The electromotive force
(Vemf ) and terminal voltage (Vt) were compared to differentiate the
ohmic, primarily electrical resistance and polarization, primarily ionic
resistance contributions. The ohmic resistance (Ro) was characterized
by the instantaneous potential drop upon resistor application, while
polarization resistance (Rp) collectively described all additional over-
potential manifestations as time (t) progressed. DCIR measurements
were taken for cells subject to constant current discharge pulses with
rates ranging from 0.2 C (24mA) to 10 C (1200mA). Cell temperature
(T ) was simultaneously monitored using a type-K gage-40

thermocouple affixed to the center of the cell case on the cathode side
by polyimide tape. Data were sampled once every second.

= +R t R R t( ) ( )int o p (1)

The LIR2450 cells were preconditioned by cycling twice between
3.0 V and 4.2 V at a constant applied current rate of 0.1 C. The elec-
tromotive force was measured by tracking the terminal voltage from
4.2 V during the second discharge cycle, as a function of charged cur-
rent capacity (Q) [45]:

= =V Q V Q I( ) ( , 0.1 C)emf t app (2)

The obtained data were used to assess how the electromotive force
changes with the state of charge (SOC) [46]:

= = −Q t Q t I t( ) ( 0) app (3)

DCIR tests were performed by applying constant current discharge
pulses at various applied current rates on 2-min intervals. For each test,
the cell was charged at 0.1 C to the starting potential of 4.0 V and al-
lowed to rest for 1 h, ensuring stable open circuit voltage prior to dis-
charge. The ohmic resistance was calculated from the initial potential
drop based on the first voltage measurement made upon discharge in-
itiation, sampled at 1 s after external resistor application [16,47–49]:

= = − =R V t V t
I

( 0) ( 1s)
o

emf t

app (4)

The dynamic polarization resistance was measured as discharge
progressed with respect to terminal voltage deviations from the elec-
tromotive force, accounting for the ohmic resistance bias:

= − −R t V Q t V t
I

R( ) ( ( )) ( )
p

emf t

app
o

(5)

Ohmic resistance was assumed constant for the testing duration
while polarization resistance was differentiated.

The 4.0 V starting potential of the DCIR measurement was selected
in recognizing the influence of SOC on charge transfer resistance and
other kinetic processes. Those kinetic phenomena are notably more
resistive when a cell is fully charged or discharged, but relatively
constant between 30% and 80% SOC [38,48]. Furthermore, the elec-
tromotive force was measured at a rather slow discharge rate, such that
the ohmic overpotential bias is low and any minor polarization dis-
turbances incurred would have ample time to develop and reach steady-
state by 4.0 V, where it is compared with the terminal voltage [49]. The
2-min measurement period was selected to capture expected non-line-
arities in polarization resistance and produce consequential joule heat
generation at abusive discharge rates for analysis over resolute tem-
perature and time scales, while remaining within the described SOC
range for the entire duration of all DCIR experiments.

2.3. External shorting and nail penetration testing

The short circuit responses of the LIB cells were tested externally via
constant resistance discharge in a similar manner to the constant cur-
rent tests, as well as internally via nail penetration. In both cases, the
LIB cells were preconditioned by cycling twice between 3.0 V and 4.2 V
at a rate of 0.1 C, tracking the electromotive force in terms of charged
current capacity during the second discharge cycle. They were then
fully charged to 4.2 V and allowed to rest for 1 h prior to short circuit
initiation.

External shorting was performed using the BTS3000-5V6A Battery
Analyzer, in which the positive and negative terminals of the cell were
connected by a 110mΩ resistor (Rext) for a 2-min period. The short
circuit current response (Isc) was measured directly using the analyzer.

Internal shorting was induced by driving a stainless steel nail
(3.8 mm diameter, 50mm long) through the cell at its center point
using a drill press. In the absence of directly measured terminal voltage
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and current data, the short circuit current response was calculated in-
directly. Without an external resistor to accept energy upon discharge,
all current moves through the internal components of the cell, which
act as the only resistors in the circuit. In this event, all stored energy is
discharged as joule heat. The power of the discharge is driven by the
entire electromotive force of the cell and the short circuit current al-
lowed by its internal resistance, which dictates the rate of joule heat
generation (qġen). Hence, the rate of joule heat generation can be esti-
mated through analysis of the dynamic temperature response and
compared with the electromotive force, in order to determine the short
circuit current [6,42]:

=I t
q t

V Q t
( )

̇ ( )

( ( ))sc
gen

emf (6)

Changes to electromotive force as a function of temperature were
not considered in this calculation.

Prior to shorting via nail penetration, the charged cells were secured
to a 12mm thick polyurethane base holder using masking tape. The
assembly was fastened to the drill press in order to facilitate quick nail
penetration through the center point, without any lateral movement or
large cell deformation. A type-K gage-40 thermocouple was affixed
6mm from the center of the cell on the cathode side and temperature
response was measured over a 20-min period. Details of the joule heat
generation rate calculation are given in Section 2.4.

The ohmic resistance and dynamic polarization resistance responses
of the cells were determined by comparing short circuit currents with
the electromotive force, accounting for bias of the applied resistor in
the external shorting scenario [42,49]:

= =
=

R V t
I t

( 0)
( 1s)o

emf

sc (7)

= − −R t V Q t
I t

R R( ) ( ( ))
( )p

emf

sc
o ext (8)

The depth of discharge was tracked with reference to the short
circuit current, so as to distinguish how the electromotive force changes
as time progresses [46]:

∫= = −
=

Q t Q t I t t( ) ( 0) ( )d
t

t

0 sc (9)

Data were sampled for the short circuit experiments once every
second.

The fully charged, 4.2 V starting potential for the short circuit tests
was selected to produce the largest temperature signal possible, for
analysis of the most severe scenarios. The anticipated degree of polar-
ization is well in excess of any minor polarization disturbances incurred
in the 0.1 C electromotive force measurements. Moreover, the SOC
undergoes large variations upon shorting.

2.4. Determining heat transfer characteristics

A convective heat transfer relation was employed to correlate joule
heat to the temperature response, taking into consideration the con-
tributions of the heat generation rate and the heat dissipation rate (qḋis)
to the net heating/cooling rate (qṅet) of the cell [50,51]:

= −q t q t q ṫ ( ) ̇ ( ) ̇ ( )net gen dis (10)

The net heating/cooling rate reflected in the rate at which the cell
temperature changes, is related to the cell mass (m) and the effective
system heat capacity (cp):

=q t mc T t
t

̇ ( ) d ( )
dnet p (11)

The heat generation rate is coupled to the measured current (Ix

representing Iapp or Isc where appropriate) and the internal resistance
[6,42]:

=q t I t R ṫ ( ) ( ) ( )gen x
2

int (12)

The heat dissipation rate is governed by the magnitude of the dif-
ference between cell temperature and ambient temperature (T0), as well
as a heat dissipation frequency coefficient ( ∗hdis) that reflects the thermal
conductivity and external orientation of the system:

= −∗q t mc h T t Ṫ ( ) [ ( ) ]dis p dis 0 (13)

Entropic and radiative heat transfer effects were not considered in
this relation.

The heat dissipation frequency coefficient was determined irre-
spective of the system mass and effective system heat capacity by
tracking the cell temperature upon cooling over a 2-min interval after
discharge, when all heat generation was presumed to have stopped
[51]:

= = − ⎡
⎣⎢

−
−

⎤
⎦⎥

−∗h q T t T
T t T

t t( ̇ 0) ln ( )
( )

/[ ]dis gen
0

ini 0
ini

(14)

The initial time of the measurement interval (tini) for the DCIR
testing scenarios was 1min after induced discharge had ceased. This
interval was chosen to avoid any interference from heat of mixing ef-
fects within the electrolyte as it recovered from polarization during the
initial relaxation period [39,51], but while measured temperature was
sufficiently different from the ambient temperature to produce a re-
solute, dynamic cooling signal.

After the cell mass was identified using a Fischer Scientific
Analytical Balance and the heat dissipation frequency coefficient was
known, the effective system heat capacity could be deduced. The value
was determined based on the proportionality between the total joule
heat generated by the end of the DCIR tests, as calculated from the
applied current rates and internal resistances, versus the consequent
temperature accruement associated with the joule heating phenom-
enon, accounting for the heat dissipated from the system mass over the
duration of the discharge timeframe:

∫ ∫= ⎡
⎣

⎤
⎦

⎡
⎣⎢

⎡
⎣

+ − ⎤
⎦

⎤
⎦⎥=

=

=

= ∗c I R t t m T t
t

h T t T t( )d / d ( )
d

( ( ) ) d
t

t

t

t
p 0s

120s
app
2

int 0s

120s
dis 0

(15)

The 6 C, 8 C, and 10 C DCIR scenarios were selected to assess these
heat transfer parameters, and the average determined coefficient values
were applied for all DCIR data analyses. The lower discharge rate DCIR
scenarios were not considered for heat transfer parameter determina-
tion, due to the insufficient temperature accruement.

The system mass, effective system heat capacity, and heat dissipa-
tion frequency coefficient were different for the nail penetration test.
They were recalculated to account for the added mass and altered
geometry introduced by the protruding nail, as well as the insulation
provided by the polyurethane base holder. The mass of nail was mea-
sured using the balance and considered with the cell mass.
Furthermore, the effective system heat capacity, as measured from the
DCIR tests, was adjusted to account for the additional heat capacity of
the 304 stainless steel nail, based on the known specific heat of 304
stainless steel [52]. The 2-min measurement interval of the heat dis-
sipation frequency coefficient began 10min after the nail penetration
was performed. At the selected point in time, all stored energy had been
expended and any heat generation had stopped, but a high temperature
differential for parameter assessment remained as the cell cooled during
the evaluation period.

The testing results used to determine the heat dissipation frequency
coefficient and the effective system heat capacity are shown in Section
4.1. The determined values of all coefficients used in the heat transfer
analyses are summarized in Table 1.

2.5. Electrolyte conductivity and viscosity measurement

Electrolyte conductivity measurements for LiPF6 salt in ethylene

D.J. Noelle et al. Applied Energy 212 (2018) 796–808

799



carbonate (EC)/ethyl methyl carbonate (EMC) solvent solutions were
made using a Yoke DDS-307A Conductivity Meter at 23 °C, with the salt
concentrations ranging from 0.1M and 2.37M. Viscosity dependence
on LiPF6 salt concentration and temperature was determined by testing
electrolyte solutions of varied salt concentrations for temperatures
ranging from 23 °C and 63 °C, using an NDJ-9S Digital Rotary
Viscometer with a #0 rotor low viscosity adapter. Temperature control
was achieved by using a water bath on a hot plate. The electrolyte
solutions were prepared by adjusting the molarity of BASF Selectilyte
LP50 1M LiPF6 EC:EMC (1:1 w:w) electrolyte either by dilution with
additional EC (Sigma Aldrich #E26258) and EMC (Sigma Aldrich
#754935) mixed in 1:1 mass ratio, or dissolution of additional LiPF6
salt (Sigma Aldrich #201146).

3. Model development and calibration

3.1. Modeling electrolyte conductivity

Ionic conductivity (σ) collectively captures the availability and the
mobility of the charge-carrying ions in electrolyte solution. The charge
carrier availability is determined by the lithium-ion concentration (C)
and the ion mobility is dictated by the permittivity (ε) of solvent and
the diffusivity of solvated ions. Valøen and Reimers showed that dif-
fusivity varies strongly with concentration and temperature, expressing
that appropriate understanding of how they affect transport dynamics is
particularly important when predicting electrolyte performance at high
currents, when a cell is prone to consequential self-heating [53]. Re-
cognizing how particles diffuse through liquids at low Reynolds num-
bers with respect to the Stokes-Einstein relation, considering ion dif-
fusivity dynamics in terms of temperature and fluid viscosity (μ) may
assist in anticipating ionic conductivity changes as battery cell tem-
perature increases [54].

Viscosity of carbonate based electrolytes can increase drastically
with salt concentration, producing thick, relatively low-conductivity
fluids [55,56]. In high molarity solutions this becomes relevant as a cell
polarizes and concentration imbalances are induced across the char-
acteristic length of the transport pathway [32,57]. Considering these
factors relevant to a cell operating under stress, conductivity is pre-
dicted as:

= ⎡
⎣⎢

⎤
⎦⎥

σ C T A CTε T
μ C T

( , ) ( )
( , ) (16)

where a constant of proportionality (A) describes the magnitude of the
electrolyte conductivity.

As viscosity has Arrhenius-type dependence on temperature [56], it
is written as:

⎜ ⎟= ⎡
⎣⎢

⎛
⎝

− ⎞
⎠

⎤
⎦⎥

∗μ C T μ C T E C
R T T

( , ) ( , )exp ( ) 1 1
0

A

0 (17)

where the reference viscosity ( ∗μ ) and the activation energy (EA) are
functions of salt concentration. For a given concentration, the reference
viscosity is tabulated at the ambient temperature of 23 °C and the ac-
tivation energy relative to the ideal gas constant (R) is determined
based on a series of viscosity measurements at 9 temperatures for each
of 7 tested concentrations (Fig. 1). Both the reference viscosity and the
activation energy are determined to have exponential dependence on
concentration:

=∗ ∗ ∗μ C T μ μ C( , ) exp( )0 1 2 (18)

=E C E E C( ) exp( )A A,1 A,2 (19)

where the reported magnitudes of the variables defining exponential
dependence ( ∗μ1 ,

∗μ2 , EA,1, and EA,2) are determined empirically.
A linear dependence of permittivity on temperature for the EC:EMC

(1:1 w:w) solvent has been previously reported by Hall et al. [58] as:

= −ε T ε ε T( ) 1 2 (20)

where the reported magnitudes of the variables defining linear depen-
dence (ε1 and ε2) are applied directly to the ionic conductivity model.

The measured conductivity values are used in calibrating the con-
stant of proportionality so as to provide the best fit relating con-
centration, temperature, permittivity, and viscosity to the modelled
conductivity for the LiPF6 EC:EMC (1:1 w:w) electrolyte system. The
measurements also serve to validate the model at 23 °C (Fig. 2). The
values of all coefficients for the conductivity model are summarized in
Table 2.

3.2. Relating electrolyte and polarization resistance

The determined ionic conductivity model is applied between con-
centrations of 0M and 2M up to 80 °C, and is used to construct a re-
lative electrolyte resistance model for comparison with measured po-
larization resistances in DCIR and short circuit testing (Fig. 3). The
relative electrolyte resistance (Relec) for a given concentration and
temperature is related to the nominal resistance of the 1M LiPF6 initial
unpolarized concentration (C0) at 23 °C as:

Table 1
Heat transfer measurement parameters.

Discharge test m (g) − −c (J·g ·K )p 1 1 ∗h (Hz)dis

DCIR 4.86 1.4 0.0055
Nail penetration 7.66 1.07 0.0029

Fig. 1. (a) Measured viscosity (μ) of LiPF6 EC:EMC (1:1 w:w) electrolyte as a function of temperature (T ) for salt concentrations (C) from 0.25M to 2.37M. (b) Fitted Arrhenius-type
viscosity parameters ( ∗μ and EA) as functions of the salt concentration.
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=R C T
R C T

σ C T
σ C T

( , )
( , )

( , )
( , )

elec

elec 0 0

0 0

(21)

3.3. Ion polarization

The dynamic local average lithium-ion concentrations in electrolyte
within the cathode (Cc), separator (Cs), and anode regions (Ca) are
determined for the DCIR and short circuit scenarios, considering the
measured polarization resistance and cell temperature dynamics. The
sum of the resistance contributions from the polarized electrolyte in the
three regions (Rp,c, Rp,s, and Rp,a) must equal the polarization resistance
measured upon discharge:

∑=
=

R t R T t( ) (C , , )p
i c,s,a

p,i i
(22)

As electrolyte resistance is proportional to the length which a
charge-carrier travels and all three regions exhibit similar porosity, the
specific resistances within each region (rp,c, rp,s, and rp,a) are weighted in
terms of their individual component thicknesses (δc, δs, and δa), to de-
termine their contributions to the total polarization resistance:

= ⎡
⎣⎢ + +

⎤
⎦⎥

R T t δ
δ δ δ

r T t(C , , ) (C , , )p,i i
i

c s a
p,i i

(23)

The average concentrations in the electrolyte within the cathode
and the anode regions are related to each other, such that lithium-ion
species conservation is retained:

+ = +δ t δ t δ δ CC ( ) C ( ) [ ]c c a a c a 0 (24)

The concentration in the electrolyte within the separator region is
considered to be constant:

=t CC ( )s 0 (25)

The measured resistance profile of the 0.2 C DCIR test is taken as a
reference, representing the nominal electrolyte resistance of an un-
changing, 1M lithium-ion concentration in all three regions at 23 °C for
the entire 2-min testing duration.

For each of the discharge tests, the polarized local average elec-
trolyte concentrations and their corresponding resistance contributions
are determined simultaneously using a shooting method. The lithium-
ion concentration of electrolyte within the cathode region is varied on
an interval of 0.001M between 0.001M and 1.0M at the temperature
of the examined moment in time, while the respective ion concentration
within the anode region is varied accordingly to maintain the ion

species balance. Each set of concentrations are cross-referenced with
the formulated relative electrolyte resistance model described in
Section 3.2. The specific resistances of all three regions are determined
based on proportionality to the nominal electrolyte reference:

=
=

r T t
R I t

R T
R C T

(C , , )
( 0.2C, )

(C , )
( , )

p,i i

p app

elec i

elec 0 0 (26)

The resistance contributions of the polarized electrolyte in each
region, weighted by their individual component thicknesses, are totaled
and compared with the measured polarization data from the DCIR or
short circuit test at the moment of interest. The set of local average
concentrations that produce the resistance data which matches the
experimentally measured polarization resistance total is identified.

The micrometer measured individual component thicknesses of
disassembled cells are summarized in Table 3.

4. Discussion

4.1. Results of direct current internal resistance testing

While ohmic resistance is relatively constant regardless of the dis-
charge rate ( =R [0.52Ω,0.72Ω]o ), the polarization resistance is variable,
becoming increasingly significant as the discharge current increases
( = =R t( 2 min) [0.59Ω,3.82Ω]p ) (Fig. 4). Only minor increases in po-
larization resistance are realized relative to the established reference in
the low current discharge regime (1.0 C and below). This is especially
true in the first minute following resistor application, where differences
in polarization resistance are effectively indistinguishable from the re-
ference. However, notable increases in resistance are observed in the
elevated current discharge regime (above 1.0 C). The magnitude be-
comes larger and the rate of polarization becomes faster as the dis-
charge rate increases.

Unlike in the low current discharge regime, elevated discharge
current pulses and internal resistance inefficiencies lead to con-
sequential temperature accruement. The rate at which the measured
cell temperature returns towards ambience following the high current
DCIR and nail penetration tests shows the frequency of heat dissipation
(Fig. 5). Considering the joule heat generation rate in terms of applied
current and measured resistance dynamics, the effective system heat
capacity of the DCIR tested cell systems are determined. The average
heat transfer parameter values used in the convective heat transfer
model show good agreement with the measured temperature data
(Fig. 6).

The ratio between the DCIR polarization resistance measurements
and the nominal unpolarized electrolyte resistance profile is cross-re-
ferenced with the relative electrolyte resistance model developed for
LiPF6 based in EC:EMC (1:1 w:w) solvent, considering the recorded
temperature response. The comparison suggests the degree to which
average lithium-ion concentration of the electrolyte within the cathode
and anode regions deviates from the initial uniform 1M concentration
as cell polarization proceeds.

4.2. Low current discharge regime

Model comparison indicates notable deviations from the initial
concentration as polarization occurs in the electrolyte within the
cathode and anode regions at low current discharge rates, despite only
minor increases in polarization resistance relative to the unpolarized

Fig. 2. Measured and modeled ionic conductivity (σ) of LiPF6 EC:EMC (1:1 w:w) elec-
trolyte as a function of the salt concentration (C) at 23 °C (T0).

Table 2
Conductivity relation coefficients for LiPF6 EC:EMC (1:1 w:w) electrolyte and reference parameters for relative electrolyte resistance.

∗μ (mPa·s)1
∗ −μ (M )2

1 −E (J·mol )A,1 1 −E (M )A,2 1 ε1 −ε (K )2 1 C (M)0 T (K)0 − − −A (mS·mPa·s·cm ·M ·K )1 1 1

1.1415 1.2605 8784.5 0.4849 82.61 0.1645 1 296.15 0.003737
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electrolyte reference. As charge-carrying lithium-ions are uptaken from
the electrolyte by the cathode, lithium-ions are simultaneously de-
posited into the electrolyte by the anode. Increasing lithium-ion con-
centration in the electrolyte within the anode region renders the solu-
tion more viscous, curbing ion mobility, which results in polarization
resistance increase. Decreasing lithium-ion concentration in the elec-
trolyte within the cathode region also contributes to the resistance in-
creases due to decreased availability to facilitate charge transfer, but

consequent reduction in electrolyte viscosity makes the resistive con-
tribution from the cathode region less pronounced. While of the same
order of magnitude, ion imbalances in the electrolyte within the anode
region has the greatest influence on polarization impedance in the low
current discharge regime. Together, resistive contributions from the
electrolyte within the cathode and anode regions are no more sig-
nificant than the ohmic resistance.

4.3. Elevated current discharge regime

Drastic increases in polarization resistance occur at elevated dis-
charge rates as rapid, significant deviations from the initial unpolarized
electrolyte concentration take place in both the cathode and anode
regions of the LIB cell. Upon polarization at rates of 6.0 C and above,
the lithium-ion concentration in the electrolyte within the cathode

Fig. 3. (a) Modeled ionic conductivity (σ) of LiPF6 EC:EMC (1:1 w:w) electrolyte with respect to the salt concentration (C) and the temperature (T ). (b) Corresponding modeled
electrolyte resistance (Relec) relative to the nominal 1M LiPF6 reference concentration (C0) at 23 °C (T0).

Table 3
Thicknesses of composite cathode, separator, and composite anode.

δ (μm)c δ (μm)s δ (μm)a

70 20 77.5

Fig. 4. (a) LIR2450 cell DCIR terminal voltage (Vt) and electromotive force (Vemf ) responses for low applied current discharge rates (Iapp) up to 1.0 C and (b) elevated applied current

discharge rates of 2.0 C to 10.0 C. (c) Corresponding ohmic resistances (Ro) and dynamic polarization resistances (Rp) for low current discharge rates and (d) elevated current discharge

rates measured over time (t).
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region is just 2% of its initial value after 2min, which corresponds with
a significant increase in concentration within the anode region. Unlike
at low currents where this phenomenon would raise the viscosity in the
electrolyte within the anode region, the consequent increase in cell
temperature curbs the thickening effect. The lithium-ions tend to
maintain a relatively high mobility and the conductive electrolyte
within the anode region does not contribute notably to the cell

resistance. Instead, the imbalance of lithium-ions in electrolyte within
the cathode region incurs the most significant contribution to polar-
ization resistance and total internal resistance increases, due to the
scarcity of charge-carrying ions within that locality.

Discharging at 10 C, the process of polarization occurs over about
35 s, at which time local average ion concentrations stabilize. Prior to
polarization, during the first few seconds following resistor application,

Fig. 5. (a) Heat dissipation frequency coefficients ( ∗hdis) denoting the magnitude of the slope for the linear fitted curves, determined following DCIR and nail penetration tests as cell

temperature (T ) cooled towards ambient temperature (T0) over time (t ), beginning at the predetermined evaluation time (tini). (b) System heat capacities (cp) denoting the ratio between

joule heat generated versus the product of cell mass (m) and theoretical temperature accrued without heat dissipation upon DCIR current termination, evaluated in terms of applied
current (Iapp), internal resistance (Rint), measured cell temperature, ambient temperature, heat dissipation frequency coefficient, and time. Relevant numerical relations and evaluating

methods are enumerated in Section 2.4.

Fig. 6. (a) DCIR dynamic polarization resistance responses (Rp) of LIR2450 cells at low and elevated applied current discharge rates (Iapp), relative to the assumed 0.2 C unpolarized 1M

electrolyte reference (C0) profile. (b) Corresponding measured cell temperature (T ) and calculated cell temperature responses based on the measured DCIR joule heating and heat
dissipation rates, using experimentally determined heat transfer parameters applied to the convective heat transfer model described in Section 2.4. (c) Local average lithium-ion
concentrations in the electrolyte within the cathode (Cc) and anode (Ca) regions at the end of the 2-min DCIR tests for low current discharge rates at 23 °C (T0), showing resistance
contributions of the polarized electrolyte within cathode (Rp,c), anode (Rp,a), and separator (Rp,s) regions. (d) Local average lithium-ion concentrations in the electrolyte within the

cathode and anode regions at the end of the 2-min DCIR tests for elevated current discharge rates at their final calculated temperatures, determined by the method described in Section
3.3.
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the ohmic contributions account for almost the entirety of the measured
internal resistance. However, upon polarization, the resistive con-
tributions of the electrolyte within the cathode region accounts for
more than 90% of the polarization resistance and more than 70% of the
total internal resistance (Fig. 7).

While the ultimate magnitude of the concentration imbalance does
not further increase beyond 6.0 C, the rate of polarization becomes
quicker, as does the rate of temperature increase. These phenomena are
responsible for the nonlinearities of the internal resistance dynamics at
elevated discharge rates.

4.4. Function and limitations of this interpretation

This study is designed to identify the ohmic and polarization re-
sistance dynamics of LIB cells under abusive discharge conditions using
simple experimental methods in order to better inform thermal run-
away mitigation strategies addressing the joule heating regime. Ohmic
resistances are primarily electrical in nature, while polarization re-
sistances are primarily ionic; but a multitude of complex phenomena
contribute to both and their combined influences under extreme con-
ditions are difficult to accurately predict. The combined contributions
of all phenomena that manifest as either ohmic or polarization re-
sistances are collectively captured in the DCIR measurements. Further
analysis serves to describe the nature of the polarization, which is
significant under abusive discharge conditions. The experimental de-
sign choices are made specifically to examine individual elements.

Ohmic resistance is assumed to be constant for the duration of the
DCIR tests, but charge transfer resistance, which is a major contributing
factor, varies with SOC [38]. To minimize any associated error, the tests
are started from about 70% SOC and discharged to a minimum of about
40% SOC in the most aggressive DCIR scenario. Within this SOC range,
charge transfer resistance is relatively constant so that polarization
resistance can be differentiated from the ohmic contribution [48].

The DCIR response of the 0.2 C applied current test over the dura-
tion of the 2-min examination period is selected to represent an un-
changing 1M ion concentration in all three regions, and LiPF6 salt
concentration in EC:EMC (1:1 w:w) solvent represents lithium-ion
concentration within the cell. These assumptions are necessary to es-
tablish a reference for comparison to ascertain information about ion
imbalances upon cell polarization. Arora et al. [57] reported through
their computer simulations that when a LiMn2O4/graphite, 1M LiPF6
EC:DMC (2:1 v:v) cell system is subjected to 0.16 C discharge, an
average concentration greater than 0.95M is maintained in the elec-
trolyte within the cathode region after 3min. Furthermore, deviations
of local average concentrations from the initial 1M unity indicated by
the analysis are well beyond that of any bias introduced by using the
0.2 C testing reference.

Small increases in polarization resistance suggest large deviations
from the initial concentration in the low current regime. The for-
mulated electrolyte resistance model is quite sensitive for concentra-
tions between 0.5M and 1.45M, which introduces a degree of un-
certainty as to the accuracy of the local average concentration values at
low discharge rates. However, the model provides much better re-
solution outside of this concentration range and the analysis well cap-
tures the ion imbalances at elevated current discharge rates, relevant
for short circuit considerations.

This experimental analysis is carried out to identify local average
ion concentrations. It does not account for local gradients in the in-
dividual cathode, separator, or anode regions. Such dynamics may be
important, specifically in the electrolyte within the anode region which
thickens exponentially with concentration [32,57]. Concentrations
greater than the indicated average may accrue near the anode current
collector, which could have a consequential contribution to internal
resistance. However, as discussed previously, temperature accruement
tends to negate concentration induced viscosity increases, and the re-
sistive contribution of the electrolyte in the cathode region at elevated
rates is overwhelming.

The polarization resistance analysis does not consider resistive
contributions from solid-state ion diffusion in the active materials. The
time constant characteristic of ion diffusional impedance development
within the electrolyte is on the order of one to ten seconds [38,53],
whereas the time constant for solid-state ion diffusional impedance is
on the order of several tens to a couple hundred seconds [37,49]. Solid-
state diffusional impedance contributes to the resistance measured at
the end of the 2-min DCIR tests to a relatively minor degree, which
influences the concentration determinations. Sustained discharge at
high rates might also cause particle or interfacial cracking, which could
exacerbate resistance as time progresses. However, the polarization
resistance increases at high discharge rates occurring in the first tens of
seconds over the timescale characterized by the electrolyte diffusional
impedance time constant result from ion reallocation across the char-
acteristic length of the transport pathway, and are retained through the
duration of the tests.

At high discharge rates, measured internal resistances quickly in-
crease, resulting in consequential joule heating. Through this experi-
mental analysis, it is shown that this is primarily a result of ion de-
pletion from the electrolyte in the cathode region. The models used to
make this determination have limitations, and although the experi-
ments are carefully designed with those limitations in mind, a degree of
error persists as a result of the collective sum of assumptions required to
perform the analyses. Nonetheless, the experimental data and analyses
are valuable to the discussion of resistance and polarization dynamics
under extreme discharge conditions, and is critical to the study on short
circuit joule heating dynamics and thermal runaway mitigation

Fig. 7. (a) Local average lithium-ion concentrations in the cathode (Cc), anode (Ca), and separator (Cs) regions for a LIR2450 cell discharged at 10.0 C applied current rate (Iapp), as a

function of time (t). (b) Ohmic resistance (Ro), dynamic polarization resistance contributions from the individual regions (Rp,c, Rp,a, and Rp,s), and total polarization resistance (Rp)

influences to the measured internal impedance, determined by the method described in Section 3.3.
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strategies.

4.5. External shorting and nail penetration tests

Unlike during a controlled constant current discharge, where in-
creasing internal resistance and polarization dynamics exacerbate heat
generation, internal resistance is discharge rate limiting in short circuit
scenarios. Initially dictated by low, ohmic resistances, a short circuit
discharge current is expected to be highest at the moment when the
short is initiated and decrease as internal polarization proceeds.
Heating dynamics proportionally reflect the magnitude of the current,
so the LIB cell should respond initially at its maximum possible heating
rate and subsequently reduce to a lower rate.

As expected, the measured current and heat generation responses
initially peak at their maximum rates. External shorting initially results
in a 50 C discharge current and nail penetration results in an 80 C
discharge current, both extending a duration of about 3 s. Over the next
10–15 s, discharge rates decrease to and stabilize at about 20 C and 10 C
for external shorting and nail penetration, respectively (Fig. 8). When
subjected to dynamic ion allocation analysis, the model comparison
indicates a rapid depletion of lithium-ions in electrolyte within the
cathode region, settling at 1–3% of the initial uniform concentration
after the first 3 s. The rapid uptake of nearly all the lithium-ions results
in immediate polarization of the cell. Continued discharge thereafter
requires that ions traverse longer distances from the concentrated
electrolyte within the anode region to allow for further charge transfer,
throttling the short circuit current rate. A depiction of this phenomenon
is illustrated in the Graphical Abstract.

The electrically-controlled, capacitive discharge peak occurring
during the first 3 s reflects 5–7% of the total current capacity of the cell.
These values align with the quantity of lithium-ions that occupy the
electrolyte within the cathode region prior to initiation of the short
circuit. Subsequent discharge of the remaining 93–95% current capa-
city is ionically-controlled by the resistance of the ion scarce electrolyte
within the cathode region. Differences in the magnitude of the capa-
citive heating rate and subsequent polarization resistance increase for
the different modes of shorting are attributed to the different electrical
shorting resistances, which result in variable compounding temperature
and discharge rate dynamics. Computational simulations of Zavalis
et al. [32] suggest similar heating rate and polarization dynamics for a
LiNi0.8Co0.15Al0.05O2/graphite, 1.2M LiPF6 EC:EMC (3:7 w:w) cell
system subjected to severe short circuit scenarios.

4.6. Implications for thermal runaway mitigation

While cells are designed to have low operational impedance to
maximize their rate capability, charge efficiency, and discharge

efficiency, raising internal resistance in response to the formation of a
short circuit connection is critical to halting temperature increase in the
joule heating regime, prior to the onset of cascading exothermic de-
composition events. The investigation performed to elucidate joule
heating, resistance, and polarization dynamics provides guidance on
how to identify thermal runaway mitigation strategies relevant to
various heating features and timeframes.

According to the experimental and modeling results, targeting and
imparting excess electrical resistances is critical to decreasing the
magnitude of the powerful capacitive discharge feature demonstrated
in the initial seconds following short circuit initiation. This is especially
important for high capacity cells in which rapid discharge of 5–7%
current capacity may be sufficient to raise temperature to the critical
point where thermal runaway accelerates. The timescale of the elec-
trical impedance increase must be fast. Minimizing capacitive discharge
heating also helps dampen and delay subsequent conductive contribu-
tions incurred by temperature accruement. Electrical resistances con-
tribute relatively little to overall impedance after the capacitive energy
has been expended, and are less relevant once the electrolyte has po-
larized.

Given the immediacy of the capacitive discharge, safety features
should be mechanically activated or inherent to the structure of the
electrically conductive components. The current collectors and the
conductive carbon composite additives are reasonable targets to ad-
dress this feature, as they provide the least electrically resistive path-
ways for charge to move between electrodes. Mitigation strategies
worthy of investigation include: modification of current collectors as to
strategically weaken them, promoting separation of damaged locations
from undamaged locations to minimize electrical contact area in an
impact event [28]; manipulating conductive carbon morphology to
embrittle the electrodes so they easily break apart, limiting electrical
contact within the composites when crushed [29]; decreasing con-
ductive carbon loading in the cathode to reduce excessive electrical
conductivity that is unneeded to meet functional rate capability re-
quirements; increasing composite electrode thickness to increase elec-
tron transport length as well as reduce the possibility of low resistance
contact with the counter electrode’s current collector [34,35]; to name
a few.

Exacerbating ionic resistances is important to halting the continued
discharge upon polarization. While polarized-electrolyte-controlled
discharge is notably slower than the ohmically-controlled discharge,
this regime represents more than 90% of the total current capacity for a
fully charged LIB cell. Given sufficient charged current capacity, this
ion-transport-dependent feature of short circuit discharge would heat a
higher capacity cell to the critical acceleration temperature of thermal
runaway, if the electron-transport-dependent feature does not. The
timescale for ionic impedance increase is slightly less constrained than

Fig. 8. (a) Heat generation rate (qġen), discharge current (Isc), and cell temperature (T ) responses to external shorting and nail penetration testing of fully charged LIR2450 cells. (b)

Corresponding ohmic (Ro) and polarization resistances (Rp) applied to the experimentally derived relative electrolyte resistance comparison model for LiPF6 in EC:EMC (1:1 w:w) solvent,

showing rapid depletion of lithium-ion concentration in the electrolyte within the cathode region (Cc) upon abuse, obtained through the procedures described in Sections 2.3 and 3.3.
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electrical impedance increases, but faster responses are still desirable to
throttle the continued heat generation as temperature rises. Ionic re-
sistances incur the most significant contributions to internal resistance
upon polarization, and they limit the discharge rate for the major
duration of the shorting response.

Considering the electrolyte conductivity model helps to identify
different methods for manipulating the electrolyte to exacerbate po-
larization resistance, in order to curb or stop continued joule heating
after the capacitive discharge. Given the extreme degree to which
concentration is imbalanced upon polarization, it would seem rather
difficult to manipulate it further, but forcibly altering the permittivity
or viscosity could be viable mitigation approaches. The ion diffusional
resistance in electrolyte could be manipulated by: implanting en-
capsulated poisons within the electrodes or separator, which produce
low or zero permittivity regions upon rupture [30]; shear-thickening
electrolyte additives, which increase viscosity immediately upon im-
pact prior to temperature increase [31]; less porous anode composites,
which restrict ion motion upon polarization; etc.

It is envisioned that with improved understanding of how joule
heating proceeds, as well as the significance and nature of the different
ohmically-controlled and polarization-controlled discharge features,
new techniques may be developed to address short circuit discharge at
its earliest stages.

4.7. Significance of abuse responsive impedance increases

The predicted increases in electrically-controlled and ionically-
controlled resistances immediately in response to short circuit initiation
are shown for the LIR2450 cell system examined upon nail penetration
(Fig. 9). Even increasing the resistance twofold ( R2 o and R t2 ( )p ) is
consequential to the heating rate and temperature responses. Increasing
ohmic resistance has major influence in the first 3 s, and increasing
polarization resistance has a greater degree of influence once the ca-
pacitive energy has discharged. The different influences of the electrical
and ionic resistive modes are apparent when comparing fivefold in-
creases of ohmic resistances ( R5 o) and polarization resistances ( R t5 ( )p )

Fig. 9. Predicted internal impedance, heat generation rate (qġen), and cell temperature (T ) responses of LIR2450 cells upon nail penetration, subjected to: (a, c, e) increased ohmic

resistances or (b, d, f) increased polarization resistances by twofold ( R2 o, R t2 ( )p ), fivefold ( R5 o, R t5 ( )p ), tenfold ( R10 o, R t10 ( )p ), and twentyfold ( R20 o, R t20 ( )p ) relative to the measured

reference response.
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independently. While the relative temperature increase is 10 °C less
after 3 s in the ohmic increase scenario due to notable suppression of
heating associated with capacitive discharge, relative temperature in-
crease is 22 °C less after 3min for the polarization increase scenario, as
the magnitude of the resistance increase is higher for the greater
duration of the shorting event.

Heat generation rate in the first 3 s following shorting initiation is
inversely proportional to the ohmic resistance increase. In all examined
cases, the magnitude of increase in polarization resistance supersedes
and continues to grow beyond a proportional increase in ohmic re-
sistance, as the dominant resistive force within 8 s of short circuit in-
itiation. Hence, increasing ion transport resistance would be more ef-
fective in throttling the ultimate accrued temperature, but may offer
relatively little benefit in the important first few seconds after the
connection is formed. That is not to say electrical resistance increases
do not have influence after the capacitive discharge energy has sub-
sided. Ten-fold to twenty-fold increases in electrical resistances ( R10 o to

R20 o) can curb the rate of temperature increase to manageable levels
without additionally increasing ionic resistances. By contrast, tenfold to
twentyfold increases in ionic resistances ( R t10 ( )p to R t20 ( )p ) may be
much less effective in larger cells if the ohmic resistance is sufficiently
low and the capacity of lithium-ions initially in the electrolyte within
the cathode region is sufficiently large.

The above analyses and understanding should help identify thermal
runaway mitigation targets for various safety strategies, and critique
their relevance to different stages and timescales of discharge pro-
gression. To quickly assess the magnitudes of the ohmic and polariza-
tion resistances in higher capacity cells, and to estimate associated joule
heating rates experienced upon severe shorting, similar DCIR experi-
ments at high current rates using much shorter pulse durations could be
performed to establish a reference for selecting impedance design tar-
gets in more dangerous systems. Such analyses offer a pragmatic ap-
proach for evaluating and improving LIB safety. These considerations
will become critical as advances in LIB chemistry yield higher energy
densities and new devices demand a greater degree of system integra-
tion, leading to faster temperature accruement and leaving a shorter
timeframe to address joule heating.

5. Concluding remarks

In this study, the internal resistance and polarization dynamics of
lithium-ion batteries in the initial stages of severe short circuit dis-
charge are investigated experimentally, to examine the joule heating
regime. Nonlinear resistance, polarization, and joule heating dynamics
are identified in direct current internal resistance testing of LIR2450
format LiCoO2/graphite 120mA h coin cells at high current discharge
rates. The nature of polarization is clarified using an electrolyte re-
sistance comparison model, indicating rapid depletion of lithium-ions
from the electrolyte within the cathode region and consequent tem-
perature accruement are responsible for the nonlinearities. Results are
corroborated in external shorting and nail penetration experiments,
which reveal a powerful, electrically-controlled, capacitive heating
feature immediately upon shorting. Heating is subsequently throttled to
lower, ionically-controlled rates as ions quickly transfer to the compo-
site cathode from the electrolyte in the cathode region, leaving the
region scarce of ions and relatively resistive.

The prospect of how to address these joule heating features are
discussed to support investigation of safe-cell design strategies that take
effect in the earliest stages of short circuit discharge. A sensitivity
analysis is performed to show how increasing ohmic or polarization
resistance would affect the heating rate, as well as their relevance to
different timescales. Such analysis could assist in setting impedance
exacerbation design targets for cell safety features acting in the joule
heating regime. The information gained serves to help bridge the gap in
thermal runaway mitigation technological development between pri-
mary protection structures and thermally activated failsafe features.
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