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Thermal runaway is always a troublesome problem that hinders the safe application of high energy lithium-ion batteries. There is
an urgent need to interpret the voltage and temperature changes and their underlying mechanisms during thermal runaway, in order
to guide the safe design of a battery system. This paper is dedicated to building a coupled electrochemical-thermal model that can
well predict the voltage drop and temperature increase during thermal runaway. The model can capture the underlying mechanism
of @ the capacity degradation under high temperature; @ the internal short circuit caused by the thermal failure of the separator;
and ® the chemical reactions of the cell components that release heat under extreme temperature. The model is validated using by
experimental data, therefore the modeling analysis has high fidelity. We employ the model to analyze 1) the capacity degradation
under extreme temperature; 2) the influence of the SEI decomposition and regeneration on the thermal runaway behavior; 3) the
heat generation by internal short circuit in the thermal runaway process. The discussions presented here help extend the usage of
lithium-ion batteries at extreme high temperature (>80°C), and guide the safe design of lithium-ion batteries with less hazard level

during thermal runaway.
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Lithium-ion batteries are favored to be used in today’s electro-
chemical energy storage systems, given their extended cycle life and
high energy density.! Higher energy density of lithium-ion batteries is
required for applications with limited space, such as electric vehicles,?
space craft,’ smartphones,* etc. However, higher energy density sacri-
fices the safety performance,’ which is raising more concerns in recent
years.>® The safety problems always occurs with fire,”'? explosion''
and toxicity,'? threatening the human lives and properties. A battery
management system (BMS) should reduce the hazards of battery fail-
ure by monitoring the battery status.'*'> The common signals that a
BMS relies on for fault diagnosis are voltage and temperature.'® A
model that can simultaneously predict the voltage drop and tempera-
ture rise during battery failure will benefit the design of safer battery
systems.'” Such a model should be capable of capturing the underly-
ing coupled electrochemical-thermal mechanisms of battery failure at
extreme temperature.

The coupled electrochemical-thermal failure of a lithium-ion bat-
teries at extreme temperature includes some key processes: (D the
capacity degradation under high temperature;'® @ the internal short
circuit (ISC) caused by the failure of separator;'*?* ® the chemi-
cal reactions of the cell components that release heat under extreme
temperature,?'* finally triggering thermal runaway(TR).>>2¢ O and
@ are more of electrochemical processes, and ® is more of a chem-
ical process. As all of the failure processes are triggered by temper-
ature rise, the electrochemical-thermal model is highly coupled by
temperature-related functions, e.g., heat generation by ISC, degrada-
tion caused by high temperature etc.

There are many available degradation models for predicting the
degradation of lithium ion batteries. Empirical models have capacity as
its only output,?” which is usually predicted by empirical equations.?®
However, an empirical model does not consider correlated degrada-
tion mechanisms, e.g. loss of active materials (LAM), loss of lithium
inventory (LLI), and ohmic resistance increase (ORI) etc., therefore it
is hard for further establishing connections to degradation induced by
high temperature. Upon this, a mechanistic model can help, because
it can capture the degradation mechanism (LAM and LLI) based on
the first principles.?*3? Christensen and Newman?!? first proposed a
mechanistic model whose parameters directly link with the LAM, LLI
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and ORI of a lithium ion battery. The dynamics of LAM, LLI and ORI
are described by Arrhenius type Equations. The growth of the solid
electrolyte interface (SEI) film, which causes LLI and ORI, has been
modeled in the literature®* and relationship compatible with the
mechanistic model have been identified.>® As the SEI decomposition
and regeneration®”*® are important chemical processes pertinent to
battery failure at high temperature, the modeling approaches need to
be modified to describe the interactions between the electrochemical-
thermal processes.

ISC, from which the electric energy of the cell can be released>**
and the thermal runaway can be initiated,**?, plays an important
role in the battery failure process. ISC usually occurs when the sep-
arator fails to obstruct the contact of the cathode and anode due to
various kinds of reasons, including mechanical crush,*** dendrite
growth,¥*" separator shrinkage,*® etc. The heat generation during
ISC is critical for a coupled electrochemical-thermal model. Zavalis*’
et al. have built a detailed 2D electrochemical model that can simulate
varies kinds of ISC. The distribution of ISC current and heat genera-
tion can be presented in 2D. Santhanagopalan® et al. have modeled
four kinds of ISC, pointing out that the joule heat is critical to initiate
a temperature rise. Further studies started to use an equivalent resis-
tance to control the degree of ISC in simulation,”'=>* and can fit the
experimental data well.>* Recently, Coman!” et al. pioneered the use
of an efficiency factor to describe the proportion of electric energy
that is converted into heat, considering the venting process, making
it possible for further establishment of an electrochemical-thermal
coupled battery failure model.

TR, which releases energy instantaneously, is a key prediction tar-
get of an electrochemical-thermal coupled model. Dahn’s group>-*
pioneered in establishing a battery TR model using chemical kinetics
that are described by Arrhenius type Equations. The kinetic parameters
can be acquired from calorimetric tests.””>® Spotnitz and Franklin?!
summarized the reaction kinetics for several kinds of cell materials,
and demonstrated the validity of the Dahn’s TR model. The Dahn’s
TR model has further been modified for 3D TR simulation,” and TR
propagation within a battery pack*>%*! in the following years. Co-
man et al.®>% amended the venting process on the Dahn’s TR model.
Another recent trend is to combine the TR model with an electro-
chemical model together to simultaneously predict the voltage and
temperature during TR. Lee® et al. tried to combine the classical
Dual-Foil electrochemical model® with the TR model, and discussed
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Figure 1. The electrochemical model to predict the voltage change during
thermal runaway.

the influence of the design variables on the features of battery thermal
runaway. Ping® et al. built a 2D electro-thermal coupled model to pre-
dict the TR, which is triggered by the heat generated during cycling
under adiabatic conditions. Both those models can simultaneously
predict the battery voltage and temperature, however, they did not
consider the influence of the high temperature on the electrochemical
behavior, and could not simulate the degradation caused by exposing
the cell components to high temperature. In other words, they im-
plement one-way coupling by electrochemical— thermal, rather than
thermal— electrochemical. Therefore the Step @ in the thermal failure
still cannot be well modeled to the best knowledge of the authors.
This paper aims to establish a coupled electrochemical-thermal
model that can predict the voltage and temperature of the lithium-
ion battery during thermal runaway tests. Coupled electrochemical-
thermal dynamics that can describe (D the capacity degradation under
high temperature; @ the internal short circuit (ISC) caused by the
thermal failure of separator; and ® the chemical reactions of the cell
components that release heat under extreme temperature, are built by
specific mathematical functions with physical meanings. The voltage
drop and temperature rise predicted by the coupled electrochemical-
thermal model can fit well with the experimental data, whereas the
predicted degradation also matches the test results. The analysis sec-
tion discusses the capacity degradation under extreme high tempera-
ture exposure, the influence of the SEI regeneration on the total heat
generation, and the critical conditions when an ISC triggers TR.

Theoretical

The electrochemical model.—The mechanistic model defined in
Ref. 36 is used to simulate the electrochemical behavior of the lithium-
ion battery. The model assumes that the open-circuit-voltage of a full
cell is the difference of the cathode potential U.,(y) and the anode
potential U,,(x), as shown in Figure 1. The output voltage of the model
should be calculated with additional voltage drop caused by ohmic
potential loss, and that caused by entropy change at high temperature,
as calculated in Eq. 1:

dU
Vinal = Uca(y) - Uan(x) —1I - Reen + (T - TRef) : E [1]

where V},q is the voltage output of the model, U.,(y) is the cathode po-
tential, U,,(x) the anode potential. / is the current. / = 5A for discharge
test, whereas [ is the current for ISC during high temperature test, be-
cause there is no external load. R is the average ohmic resistance
of the battery throughout the discharge process, T is the temperature,
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Trer = 25°C is the reference temperature, ‘;—IT’ = —0.0001V is the
entropic coefficient to fit the voltage depleting for 7<80°C.

U..(y) and U,,(x) vary with the state-of-charge (SOC) of the cath-
ode and the anode, y and x, respectively. The functional relations for
U., and U,, are measured from half-cell test, as in Ref. 67 and shown
in Figure 1. Note that y and x are the SOC in the half-cell test, not
the y in Li,(NiuCogMn,)O, or the x in Li,C¢. At the beginning of
discharge, the cathode is at its low SOC (y—0) and the anode in its
high SOC (x—1). As the discharge process goes on, y and x change
proportionally to the current / according to Egs. 2 and 3:

t

1
Y=Y 0w

0

dt 2]

t

1

x=xo—n-/ dt [3]
0 Q'dn

where Q., and Q,, are the available capacity for the cathode and
anode, respectively. 1 is the columbic efficiency, n = 1 especially for
lithium-ion batteries. yy and xo denote the initial value for y|, — ¢ and
x|; —o in the discharge process, respectively. yenq and xenq denote the
value for y and x at the termination of discharge, respectively. The
values of {yo, X0, Ocas Qun»> Reen}» as shown in Figure 1, are identified
using genetic algorithm with a cost function considering root mean
square error, as in Ref. 36. Some of the parameters can be referred
from Ref. 67 with minor revisions to fit the experimental data of a
specific cell used in this paper.

Note that there is no load across the cell during the valida-
tion tests using accelerating rate calorimetry(ARC), therefore the
electrochemical-thermal effect of heat generation is not considered
in the electrochemical model. The parameters {y, X, Oca, Qun> Reent}
in the electrochemical model directly link to the degradation forms
of LLI, LAM and ORI. The correlated dynamics are further built as
follows.

The degradation model under high temperature.—The coupled
electrochemical-thermal processes related with SEI decomposition
and regeneration.—In 2014, Tanaka and Bessler*® pointed out that
the decomposition and regeneration of SEI occur simultaneously at
high temperature for lithium-ion cells. A similar phenomenon was dis-
cussed by Richard and Dahn?’ fifteen years ago. Here we reformulate
the correlated mechanisms in Figure 2, trying to make the complex
process more clear. Figure 2a shows the original state at the surface
of the graphite anode, with compact SEI protecting the intercalated
lithium from electrolyte.

® SEI decomposition

Figure 2b shows that once the temperature rises higher than the
decomposition temperature (7onsee ser), the decomposition of SEI ini-
tiates with the reaction kinetics calculated by Arrhenius Equation as
Eq. 4:

ngEI
dr

E, s
RO.T

= Aggl * CsEl * €Xp < - > (T > Tonser,sE1) [4]

where d%gf‘ refers to the decomposition rate of SEI, Agg is the pre-
exponential factor, cgg is the normalized concentration of SEL E, s
is the activation energy, R = 8.314J - mol~!' - K~! is the molar gas
constant, T is temperature in the model. The parameters related with
Arrhenius Equations are collected in Table I1.

@ Li reacts with electrolyte at the anode interface

The intercalated lithium in the anode reacts with the electrolyte,
when the SEI breaks down, as shown in Figure 2b. Such a reaction
generates heat, of which the amount can be measured by DSC.%:68
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Figure 2. Coupled electrochemical-thermal processes that cause SEI decomposition and regeneration at extreme high temperature, usually higher than 60°C.

The reaction is modeled by a modified Arrhenius Equation as in Eq. 5:

dcd o
ér;ode — Aanode * Canode * €XP ( _ Im)
CSEI
CeXP| T (T > Tonsel,anode) [5]
SELO

where j‘;;’de means the rate for the reaction between the intercalated
lithium and the electrolyte, A,noqe 1S the pre-exponential factor, c,pode
is the normalized concentration of full reaction between the anode and
the electrolyte, E, inode 1S the activation energy. The parameters related
with Arrhenius Equations are listed in Table II. exp(— -<SEL )59 % is a

correlation factor used to modify the reaction rate, takmg 1nt0 account
that the thicker the SEI layer is, the slower the reaction will be.

The reaction between the intercalated lithium and the electrolyte is
like the “formation” process to form SEI layer on the surface of anode
during manufacturing. The formation of new SEI layer is called as the
regeneration of SEI, as shown in Figure 2c.

® Loss of lithium inventory

The SEI regeneration at high temperature will deﬁnitely cause LLI.

kLLi, the rate of LLI, is regarded as proportional to ‘“"“e as in Eq. 6:

dcano c
Ko = Ky - dr ‘ [6]

where Kj; = 2.7 is used to fit the heat generation data. Furthermore,
Axpy1, which is the total LLI caused by SEI regeneration can be
modeled by Eq. 7:

t

Axprr =/KLLIdT [7]
0

Consequently, the xy in Eq. 3 will decrease by Axy; from its original
Xo0, as in Eq. 8.

Xo = X0,0 — AXLLI (8]
@ SEI regeneration

Eq. 9 forms the direct proportional relationship between the SEI

regeneration and the reaction between anode and electrolyte. SE‘ is

the regeneration rate of the SEI layer, K& is the constant factor for
the SEI regeneration, K§;; = 6 to fit the experimental data, and the

d

settings of K, is discussed in the section of modeling analysis, M

is modeled by Eq. 5.
deggy dcd

— Kg . anode 9

dt SEL 4y Bl

The net change of the csg;, which also represents the thickness

of the SEI layer, is defined as kgg; in Eq. 10. The csg; can thus be
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calculated by Eq. 11.

dCSEI _ dcgEI _ ngEI
dr dr dr

Ksgr = [10]

t
CSEl = CSEL0 — / Kserdt [11]
0

® Resistance growth

The growth of SEI layer will cause an increase in the cell resistance.
The increasing rate of the cell resistance caused by SEI regeneration
is defined in Eq. 12:%

[12]

where kg is the increasing rate of the cell resistance, and Kg = 0.074
links kg and k;p;. Furthermore, the increment in the cell resistance
(ARsg) can be integrated by Eq. 13.

kg = Kg - KLLI

t

ARSEI = f Kg * dt

0

[13]

Resistance growth of the cell—The increase of cell resistance
not only includes the increment caused by SEI growth (ARgg), but
also contains the increment caused by separator melting (AR,.,) and
electrolyte vaporization (AR.). The R. can thus be modeled by
Eq. 14:

Reen = (Rcell,() + ARspr + ARgep + ARe]e) -E(T) [14]

where R is the initial value of R at 25°C, &£(7) is function that
compensates the resistance decrease caused by temperature rise. Ac-
cording to the test results as shown in Figure 3, £(7) is given by Eq. 15:

[15]

T
E(T) =exp <?> — b

0.4 . : : 3 !
24 2.6 2.8 3 3.2 3.4

1T IK! x10°3

Figure 3. The relationship between resistance and temperature, (7).
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Figure 4. Parameter settings of the increments in resistance in the electrochemical model. (a) ARep, (b) ARele.

where T = 523K is the constant that sets a reference temperature, by =
0.83 is an offset factor that is calibrated from the linear interpolation
in Figure 3. AR, and AR have physical meanings as shown in
Figure 4. AR, does not increase until the temperature reaches the
melting point of the PE base (the separator of the cell has PE base
with ceramic coating). The AR, drops after the temperature reaches
200°C or higher, because the separator starts to get thinner and thinner
as temperature rises, as shown in Figure 4a. AR, starts to rise at
around 100°C, because the DMC (boiling point 91°C) in the ternary
electrolyte (1M LiPFs & DMC:DEC:EC = 1:1:1) starts to vaporize,*
as shown in Figure 5. The vaporization of solvent leads to swelling of
the cell, thereby increasing the cell resistance. The swelling stops at
around 130°C, which is higher than the boiling point of DEC (boiling
point 128°C). AR, and AR, are set as lookup table in the model to
fit the experimental results, as shown in Figure 4.

be inferred from the temperature results, as shown in Figure 5d. The
LAM of the anode and cathode are described by Eq. 16 and 17:

Qca = CLAM,ca * Qca,O [16]

Qan = CLAM,an * Qan,O [17]

where ¢ amca and cpaman are the normalized concentration indicating
the degree of LAM at high temperature for cathode and anode respec-
tively. Both cpamca and cpaman drop from 1 to a lower level larger
than 0. Q.0 = 27.3Ah and Q.0 = 32.2Ah are the original capacity
of the cell before LAM. Assume that the LAM of the anode is mainly
controlled by the electrolyte leakage, using a variable named cpam el
in the model, as in Eq. 18. The LAM of the cathode is not only con-
trolled by cpam.le, but also influenced by the dissolution of transition

metal,**"" which is marked by ¢f't}; ., as in Eq. 19.
Loss of active mqterial atthe anode ancli cathode.—The LAM at the CLAM.an = CLAM.cle [18]
anode and cathode is regarded to be dominated by the leakage of the
ternary electrolyte, which brings deactivation of some regions on the
porous electrodes, as shown in Figure 5. The leaka}ge c_)f electrolyte, CLAMca = €55, o " CLAM.cle [19]
often occurring between 100°C-130°C as shown in Figure 5b, can
a) 7<100°C, c, =1
(a) » “LAM ele (e)
£ 100°C
1 ;
08
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Figure 5. Loss of active material (LAM) caused by electrolyte leakage. (a) Before leakage, (b) During leakage, (c) After fully vaporization, (d) Hint for leakage
from temperature drops during test, (e) Kinetics of the vaporization of the electrolyte set in the model.
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Table I. The kinetic parameters for capacity degradation caused by electrode drying.

Variable Update function Initial value Als~! E. /K]
/ 35 s
CLAM,ele CLAM.¢le = CLAM,¢le,0 + | KLAM,ele  dT CLAM,ele,0 = 1 5 x 10° 3 x 10
0
t
diss diss __ .diss diss diss _ 4 —1
CLAM,ca CLAM,ca = LAM,ca,0 +0fKLAM,ca -dt CLAM,ca = | 4 x 10 15 % 10

The decreasing rate of ¢{ly}; ., can be modeled by the Arrhenius
type Equation in Eq. 20:

KSIZSM w= dc](il/:}/[,ca — _ALAM - (C?‘IIZSM ) )2 -exp (_ Ea,LAM,ca)
: dr ' o RO-T
_ [20]
diss dclcll/islx/[‘cu

where K{av o = is the dissolution rate, Ajam.a i8S the pre-
exponential factor, E, 1 amca 1S the activation energy. The parameters
related with Arrhenius Equations are listed in Table 1.

Eq. 21 is established to simulate the LAM caused by the leakage
of electrolyte:

deLamele
KLAM,ele = a4
1 2 Ea,LAM,ele
= —AraMm,cle - (CLAM,e]e - 5) - exp (‘W [21]
depAM,ele

where KLam ele = is the rate of vaporization, Aj am el iS the pre-
exponential factor, E,  amle 1S the activation energy. The parameters
related with Arrhenius Equations are listed in Table 1. The offset 1/3
in Eq. 21 can regulate the final value of cpamle to be larger than 1/3,
because EC does not gasify until the temperature reaches its boiling
point at 248°C.%° Finally, Table I lists the correlated dynamics that are
used to model the LAM at the cathode and anode.

Internal short circuit under extreme high temperature.—Figure
6a displays an equivalent circuit representation of the cell during ISC.
The short circuit current can be calculated using Eq. 22:

= Jna [22]

Risc

where V,,q is the voltage calculated by Eq. 1, Risc is the equiva-
lent resistance for the ISC. Figure 6b shows the value of Rigc that
is set in the model. The variation of Rjsc encounters four stages:
1) the self-discharge at high temperature between 50-140°C; 2) the
increase caused by the melting of PE base of the separator; 3) the
decrease caused by the thickness decreasing of the separator; 4)
hard ISC at a critical temperature Tj5.. The critical Rigc that reflects

(a)

(T-Ty)-dUAT

Rcell

o)

the degree of hard ISC is marked as Rjs. as shown in Figure 6b.
Tiic = 250°C, Rjsc = 0.01€2 in this model.

Heat generation due to the ISC is modeled by Joule heating as
shown in Eq. 23:

Oisc = ¢ I* - (Reent + Risc) [23]

where Qjsc is the heat generation power of ISC, ¢ = 0.28 is the efficacy
coefficient, which is proposed in Ref. 17 to fix the non-ohmic heat
generation, / is the ISC current as in Eq. 22, R, the resistance of the
cell as in Eq. 14, Risc is the equivalent ISC resistance as in Figure 6b.

Thermal model.—The thermal model is built to predict the tem-
perature rise during the TR process.®® The temperature 7 is modeled
using Eq. 24. The derivative of T, i.e., %, satisfies Eq. 25 according
to the Energy Balance. In Eq. 25, Q is the total power of heat genera-
tion, M = 720g is the mass of the cell; C, = 1100J - kg™' - K™! is the
specific heat capacity of the cell. The specific heat capacity C, was
measured before TR test using ARC, and similar values can be seen
in Ref. 71.

t
dr
T=T+ | —dt [24]
dt
0
dr
a_ e [25]
dd M-C,

Q is the sum of all kinds of heat generation/dissipation terms, as in
shown Eq. 26:

0 = Qchem + O1sc — Quis [26]

where Qe represents the heat generation power by chemical reac-
tions, Qjsc represents the heat release power generated by ISC, and
Quais represents the heat transfer/dissipation power into the environ-
ment. The ARC can provide an adiabatic environment during test,
therefore we can set Qgi; = 0 in the model. Qe can be calculated
using Eq. 27, where Q. denotes the power in watts dissipated as heat
by an arbitrary reaction z. z can be {SEI, anode, separator, cathode,1,
cathode,2, electrolyte} as listed in Table II. The decomposition of

ISC

(b) High Temp

Self-discharge

PE melting  Separator thinner
t R

‘ : : : Tisc ¥
50 100 150 200 250
Temperature / C

Figure 6. The settings of ISC in the model. (a) The equivalent circuit model of the ISC, (b) The Risc set in the model.
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Table II. Reaction kinetics for the components of the lithium-ion cell®.
Z Ah/] - 271 mglg Cz,0 nz,1 nzo
SEI 150* 100.58 0.15 1 0
anode 1714 100.58 1 1 0
separator -190 17.6 1 1 0
cathode, 1 77 179.12 0.999 1 1
cathode,2 84 179.12 0.999 1 1
electrolyte 800 108 1 1 0
g
z Tonser.z °C Adls™! Eg./T-mol-1 de; 2
d
SEI 50 1.667 x 101 1.3508 x 10° K& - dde 1
anode 50 0.038* (T<260) 5 (T>260) 3.3 x 10* 0 exp(—SH0)
SELO
separator 120 1.5 x 10% 42 x 10° 0 1
cathode, 1 180 1.75 x 10° 1.1495 x 10° 0 1
cathode,2 220 1.077 x 102 1.5888 x 10° 0 1
electrolyte 120* 1.5 x 1013+ 1.5 x 103* 0 1
4Parameters without superscript come from Ref. 60. Parameters with * superscript are adjusted from Ref. 60 to fit the experimental data.
the Li(NiCoMn);,30, cathode includes two exothermic reactions,’
the chemical kinetics of which have been calibrated by Kissinger’s de.  ded deg
method as in Ref. 73. Successful practice in the modeling of full cell’s K, = — = — — =% [30]
TR behavior can be seen in Ref. 60. dr dr dr
d
Qchem = Z 0. + Ocatan [27] The decomposition rate dcét(t) conforms with Arrhenius Equation
2 as shown in Eq. 31:
The heat generation rate Q. is proportional to the decomposition ded E..
d z — . iz, — nz,2 _ ; .
rate (dd‘f ) of the normalized concentration (c;) of reactant in reaction dr Az (e) (I —c) exXp RO.T 8:(T > Tonser2)

z, as shown in Eq. 28. A#, is the enthalpy of the chemical reaction z;
my, is the total mass of the reactants inside the cell; Ty, . is the onset
temperature of the reaction z. The determinant condition, 7> Tyt ;
within the bracket implies that the reaction z only happens when the
T is higher than Topser -

ded
0. = Ah7 smg - d71;7(T > Tonset,z) [28]

¢, can be integrated from its derivative ddcf , as shown in Eq. 29, where
dc;

c;,0 represents the initial value of c, k. is a proportionality factor,

(31]
where A, is the frequency factor; n, ; and n_ , are the orders for reaction
z; E, . is the activation energy; R® = 8.314) - mol~! - K~! is the ideal
gas constant; g, is the correction term of specific reaction. The values
of the parameters that are related to chemical kinetics and have z as
subscripts have been listed in Table I1.

The Qcaran in Eq. 27 denotes the rapid oxidation-reduction reac-
tion between the cathode and anode after a TR is triggered. The rapid
oxidation-reduction reaction resembles the reaction between the fuel
and oxygen in a combustion reaction.”* The exact mechanism of the

) . ey rapid oxidation-reduction reaction during TR is not clear, because
equals the dlfferen(g:e between the decomposition rate 3= and the the heat release rate is too fast. Figure 7 provides hypothesis for the
regeneration rate % of reactant z, as shown in Eq. 30. reaction mechanism involving the rapid oxidation-reduction reaction.

If the separator is intact, the decomposition reactions are confined
: within a limited spaces, which we call a reaction system (marked as
¢, =C0— / k.dt [29] SYS in Figure 7). The SYSS, SYSEL;, and SYSE® react independently
4 reflecting in the Q, in Eq. 27. We have sufficient knowledge on the
I _______________ -
1 SYS,_, :
I
| aflm o~ o8 !
I[Fo----ce=se===r==-e--C
|l sys® isyswx, sys® |
| R |
I 1
o 1 I N
: ! g i | Separator
1 " P |
! il : i|' Collapse
i i1
: : o : : "
I
[ IL__t_‘.____IL____:l_ _______ !
e ———— 1

Q: & Q(?a-w\n

Figure 7. The fierce reaction between cathode and anode after separator collapses at extreme temperature. The symbol “SYS” means a thermodynamic system

that generates heat from chemical reactions.
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reaction kinetics of Q., because the reaction system is well-defined,
and the heat generation can be well measured using DSC. However,
once the separator collapses at extremely high temperature, the cath-
ode and anode will come into contact with each other, forming a
complex reaction system comprised of SYS! + SYSZ®. The reaction
of SYS + SYS€ is quite rapid as defined in Ref. 58, with an onset
temperature of Topercatan)- Liu7 et al. believe that the oxidation-
reduction reaction is caused by “chemical-crosstalk” with migration
of oxide material across the separator, making the case even more
complex. This is a new area of active researches, and here we choose
to model the system based on the assumptions shown in Figure 7 and
Ref. 58.
QOca+an can then be calculated using Eq. 32:

t
1
QCa+An - E'(AHCaJrAn_/ QCa+AndT)s(T > Tonset,CaJrAn) [32]
0

where AHc,an 1 the total energy released to heat the battery during
the rapid oxidation-reduction reaction; At is the average time for
energy release, here we choose Ar = 10s for the model based on
experimental observations; and Tonsercatan 1S set as 260°C for the
cell, because the cell used in our experiments has a PE-based ceramic
coated separator with a collapse temperature of 260°C as reported in
Ref. 76.

The total chemical energy released during TR process, AH, satis-
fies the energy balance Equation 33:

AH =M. C, AT = AHem + AHcaran + AHisc [33]
where AT represents the total temperature rise measured by ARC test;
AH en 1s the total energy released by all of the chemical reactions,
which is calculated by Eq. 34; A Hsc is the total thermal energy release
by ISC, which is calculated using Eq. 35. AHc,an 1S set to 308000
in order to fit the AT in our experiments.

AI{chem = Z / Qz -dt [34]
0
AHsc = / Qisc - dt [35]
0

Experimental

TR tests are conducted using ARC to validate the coupled
electrochemical-thermal model. The ARC (Figure 8a) is manufac-
tured by Thermal Hazard Technology. A common ARC test follows
the heat-wait-seek method.>”-”* The ARC with extended-volume (EV-
ARC) can hold the cell with large format in the tests. The 25Ah cell
employed for the ARC test is a rechargeable LiNi,Co,Mn,O, polymer
battery manufactured by AE Energy Co. Ltd. It has LiNi,Co,Mn_O,
as its cathode and graphite as its anode. The separator is polyethylene
(PE) based, with a ceramic coating. The detailed material composition
of the battery can be found in Ref. 67.

The voltage and the temperature were recorded during the test,
in order to validate the coupled electrochemical-thermal model. The
experimental results are shown in Figure 8b. A unique test, which
is called the TR test with early termination,®” is set up to study the
degradation behavior of lithium-ion battery exposed to “near” run-
away conditions. In the ARC test with early termination, the heating
process was stopped once the temperature reached a pre-defined value
(Teo01), as shown in Figure 8b. The cell sample was pulled out of the
chamber and cooled down to ambient temperature. 7o = {80°C,
90°C, 100°C, 110°C, 120°C, 130°C, 140°C, 160°C} for the ARC test
with early termination. The cells were discharged at SA (C/S rate)
after cooling to ambient temperature. The voltage and capacity of
the discharge process are used to check the performance of coupled
electrochemical-thermal model in simulating the capacity degradation
under extreme temperature. Further details on the ARC results can be
found in Ref. 67 and.™

Results and Discussion

Model validation.—The simulation is conducted using Simulink
8.7 with code in Matlab 2016a. The solver is chosen as ode23s
(stiff/Mod. Rosenbrock) with variable steps. The relative tolerance is
10~# during simulation. The numerical solutions of Arrhenius Equa-
tions can be referred to Ref. 21. Figure 9 shows the verification results
for the coupled electrochemical-thermal model. The simulation results
can fit the ARC test results for the 7-¢, V-t and V-T profile, as shown in
Figures 9a-9c, indicating the coupled electrochemical-thermal model
can predict the evolution of the voltage and the temperature well. Fig-
ure 9d shows that the electrochemical-thermal coupled model can also
fit the d77/dr results well. The model has high accuracy in simulating
the d7/dr results, especially for the temperatures between 80-300°C,
as shown in Figure 9e, indicating that the model can capture the dy-
namics of heat generation caused by chemical reactions.
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figure of (d).

Figure 10 displays the status of chemical reactions during the
temperature rise. Figure 10a shows the different heat generation rates
that contribute to the total heat generation in Eq. 26. The proportion of
the heat generation by ISC (Qisc) in the total heat generation (Qro)
is similar with that was reported in Ref. 77. Figure 10b shows the
normalized concentrations of different reactants. Most of the reactions
occur sequentially with concentrations dropping from 1 to 0. A special
case is that the csgro = 0.15 for the SEI decomposition. The increment
in cgg can be clearly seen in Figure 10b for 60°C<7<90°C, indicating
the speed of SEI regeneration is faster than that of SEI decomposition
at that time. Figure 10c presents the cumulative heat with a unit of Joule
for all the heat generation terms, allowing a more rapid appreciation of
the reactions that drive the temperature rise. Moreover, the percentage
of individual heat generation terms in the total heat generation is
summarized in Figure 10d. Interestingly, the heat generation by ISC
only occupies 2% of the total heat during TR, indicating that ISC is
not the major heat sources of TR.

The discharge curves of the electrochemical model fit well with
that from the experiments, for all T, between 80°C and 130°C, as
shown in Figure 11a. For the T, >130°C, the cell capacity approx-
imately drops to zero, therefore the results for 7., >130°C are not
shown. The capacity retention rate of the model also fits well with
the experimental data, as shown in Figure 11b, indicating that the
variables in the electrochemical model can capture the real capacity
degradation mechanisms at high temperature. The critical variables
{y, %, Oca Oun> Reen} are shown in Figures 11c—11e, respectively. It
can be seen that the LLI starts from 90°C due to SEI regeneration,
whereas the LAM starts from 100°C due to electrolyte leakage.

We add remarks here to clarify the relationship between
the concentrations that are used for electrochemical decompo-
sition and that for thermal failure. This paper considers the
“thermal— electrochemical” coupling that models the influences of
the high temperature exposure on the battery capacity degradation by
Eqgs. 16-21. The logic flow for the “thermal— electrochemical” cou-

pling should be 1) ¢,—Q, by Egs. 28-31; 2) Q,—T by Eqs. 24-27;
3) T—cLam by Egs. 18-21. Therefore, the concentrations of chemical
reactions (c,) affects the evolution of the concentrations of electro-
chemical decompositions (cpam)- A close loop was not established to
describe the feedback effect of ¢ oM On the ¢,, because we need more
data that can help to build the relationship. Correlated issues might be
interesting for further study.

The good prediction of the coupled electrochemical-thermal be-
havior convinces us that the model has good validity, and can be used
for further analysis to discuss: 1) the capacity degradation under ex-
treme temperature; 2) the regeneration of SEI and its influence on the
TR behavior; 3) the influence of the ISC on the total heat generation
during TR; and 4) parameters that may influence the critical features
of TR.

Modeling analysis.—The degradation under storage at extreme
temperature—The coupled electrochemical-thermal model helps
study the degradation under storage at extreme temperatures. The
cell is assumed to be suddenly exposed to an isothermal environment,
like a thermal chamber, or another extreme environment. We wish to
determine how long the cell can tolerate the high temperature storage,
in order to explore the tolerance of the lithium-ion cells exposed to ex-
treme conditions. The heat dissipation term, Qg;s, should be modified
by Eq. 36:

Qdis = hconv < Asg - (T - Tstorage) [36]

where hico =5 W-m~2 - K~! is the convection coefficient for natural
convection, Ag is the total area of the cell, T 18 the storage tem-
perature. Tyorge 18 set as {80°C, 90°C, 100°C, 110°C, 120°C, 130°C}
in the simulations. The cell does not go into TR for all the Tyorage,
because the heat generation is not sufficient at that temperature range,
indicating that the cell has good thermal stability and can pass a hot
box test.
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Figure 12 shows the capacity degradation for the cell stored at
Tgorage = 120°C. The cell can maintain a capacity larger than 80%
within 4.6h, as the orange dots shown in Figure 12a. If the electrolyte
leakage does not occur, which means that the AR, = 0 and Kpamele
= 0 in the model, the capacity degradation will be delayed, and the
capacity retention of 80% can last up to 10h. Figures 12b—12g com-
pare the {y, X, Ocas Oun, Reen} for the high temperature storage with
or without electrolyte leakage. The changes in the stoichiometric co-
efficient y and x look similar for the two cases, as shown in Figures
12b and 12e. According to Eqgs. 16 and 17, cpamca and cpaman are the
normalized Q., and Q,,. The capacity retention rate of Q., and Q,, can
be reflected by cpam.ca and cLam.an, respectively. For the cell with elec-
trolyte leakage, both cpam ca and cam an decrease much faster than that
without electrolyte leakage, whereas the R increases faster than that
without electrolyte leakage. Therefore, the major degradation mecha-
nism for the high temperature storage with electrolyte leakage is the
LAM and ORI. For the cell without electrolyte leakage, the value of x
in Eq. 3 drops from 0.86 to 0.72, 83.7% of its original value, whereas
the ¢ amca drops to 81.6%. Hence, the major degradation mechanism
for high temperature storage without electrolyte leakage is a combi-
nation of LAM and LLI. Limited ORI also contributes to the capacity
degradation without electrolyte leakage, but not as much as that with
electrolyte leakage.

The duration for the capacity degradation to 80% for the cells
stored at different Tyorog. are compared in Figure 13. There is slight
difference in the retention time to 80% capacity for the cell with and
without electrolyte leakage, for T orage <100°C, because leakage only
starts at temperature higher than 100°C for the cell used in experi-
ments. For Torage >100°C, the retention time to 80% capacity for cell
with electrolyte decreases 100% faster than that without electrolyte
leakage, indicating that avoiding electrolyte leakage can significantly
improve the capacity retention time for the cell exposed to high tem-
peratures. This modeling analysis helps understand the capacity loss
mechanism at extremely high temperatures, and help extend the usage
of the lithium-ion batteries at extreme working conditions.

The regeneration of SEI and its influence on the thermal runaway
features.—Modeling analysis helps reveal the influence of the SEI re-
generation on the TR features of lithium-ion batteries. K §;, as defined
in Eq. 9, controls the speed of SEI regeneration. Figure 14a shows the
influence of the K§; on d7/dt during TR. The d7/df can maintain at a
specific level by the feedback gain K&, indicating stable heat gener-
ation by the SEI decomposition and regeneration reaction.” d7/d¢ ~
0.027°C-min~" for the calibrated model with K§ = 6. d7/dt rises
from 0.022°C - min~! to 0.034°C - min~!, when Kg rises from 2 to
10. The magnitude of stable heat generation caused by SEI decompo-
sition and regeneration may vary for different kinds of carbon based
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anode materials,*® therefore K gy, is a critical parameter in the model,
especially for the simulation between 60—120°C. Figure 14b shows
that a larger increment of csg; can be observed for the model with larger
K5, indicating a faster SEI regeneration in the reactions. However,
csgr Will always approach zero before the temperature reaches 150°C,
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indicating that at 7>150°C, the rate of SEI decomposition is much
faster than that of the SEI regeneration. Figure 14c shows that the TR
time will be shortened for larger values of K 5, because the value of
d7/dt increases. Figure 14d displays the voltage profile during TR.
Interestingly, the voltage for cell with smaller K&, will be lower than
that with larger K§;. This is because that the self-discharge lasts
longer for a cell with smaller K.

Modeling analysis also helps reveal the influence of the SEI re-
generation on the capacity degradation during TR. K7, 1, as defined in
Eq. 6, controls the rate of decrease of x, which is an important indica-
tor of LLI. The value of Kj;; has little influence on the properties of
heat generation, therefore we do not compare the d7/d¢ curves here for
different K ;. Figure 15a illustrates the decreasing trend of x for Kj
from 2.3 to 3.1. A larger Ky ; will definitely accelerates the LLI at the
anode. The downward slope at approximately 250°C indicates an ISC
after the collapse of separator. Figure 15b shows the difference in the
voltage drop for the model with different Kj;;. A larger Ky brings
faster consumption of lithium inventory, leading to a faster voltage
drop. Therefore Kj;; is a critical parameter for predicting the LLI in
the model during thermal runaway.

The influence of the internal short circuit on the thermal run-
away features.—The modeling analysis helps reveal the relationship
between an ISC and TR. T}, as defined by Figure 6b, determines
the triggering temperature for ISC. Modeling analysis conducted for
Tisc= {135°C, 170°C, 210°C, 250°C} show the influence of the ISC
triggering time on the TR features. Figure 16a shows the triggering
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Figure 14. The influence of the SEI regeneration on the TR features. The influence of the KSgEI on (a) the d7/d¢ during TR, (b) the csgr during TR, (c) the 7-¢

during TR, (d) the V-f during TR.
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time of TR can be significantly decreased for the case with Tj{-=
135°C. While the trigger time of TR are quite close for other 75, be-
cause the rate of temperature rise at high temperatures is already high.
The d7/dt curves in Figure 16b clearly show the influence of the ISC
on the heat generation rate during TR (note that d7/d¢ is proportional
to the total heat generation power Q, as shown in Eq. 25. The speed
up effect on the d7/d¢ curves for T;5.= 135°C is obvious, compared to
that for Tig-= 210°C. AHisc, which is the total heat released during
an ISC as defined in Eq. 35, has been marked in Figure 16b. ATisc is
in proportion with AHisc as in Eq. 37:

ATisc = (37]

M-C,

Figure 16b displays that the lower T is, the larger AHsc will
be, and the higher temperature rise ATjsc will be, therefore delaying
the ISC to higher temperature is useful to mitigating battery TR. Our
observations in the modeling analysis not only match the experimental
results in our recent paper,’® but also helps interpret the mechanisms
of failure for some data sets with different Tj§.

Figures 16c—16f provides some ARC data that can validate the
proposed coupled electrochemical-thermal model. Figures 16¢ and
16d are the ARC test results for the 25Ah lithium-ion cell with same
materials, but manufactured in a different batch. The ceramic coating
on the separator of the cell is not uniform, therefore an ISC will
occur at 135°C, when the shrinkage starts for the PE base. All the 7-,
V-t, dT/dt curves look similar with the simulation case with T3, =
135°C, as in Figures 16a and 16b. The rapid heat release during
TR does not occur until the temperature rises to 250°C or higher.
Figures 16e and 16f provide another case for a 3.3Ah pouch cell with
similar cell chemistries. The ISC occurs around 205°C, giving rise to
a small peak in the d77/dr curve (circled in Figure 16f), similar to that
shown in Figure 16b. Figures 16c—16f further convince us that the
coupled electrochemical-thermal model has high fidelity in capturing
the underlying mechanisms during TR.

The AHisc = 22260] for Tji-= 135°C only occupies approxi-
mately 7% of the total electric energy that is charged into the cell.
Since the efficacy coefficient for electric energy release is set as { =
28% in Eq. 23, these results imply that the electric energy has not been
fully released during ISC. The low rate of energy release during ISC
may be attributed to the capacity degradation caused by electrolyte
leakage. Hence, simulations were conducted to compare the ISC be-
havior for a cell with and without electrolyte leakage. The results are
shown in Figure 17. Although the ISC occurs at similar times, TR oc-

curs immediately after ISC is triggered for the cell without electrolyte
leakage, as shown in Figure 17a. The maximum temperature during
TR rises from 869.1°C to 907.5°C (nearly 40°C increase), for the cell
without electrolyte leakage. Figure 17b shows that the ISC can last
longer for the cell without electrolyte leakage, therefore the AHjsc
increases to 53443J (16% of the charged electrical energy). The ISC
does not end until the rapid oxidation-reduction occurs, therefore there
is still some electric energy left in the cell. The ISC process is forced to
be shut down in the model, because the rapid oxidation-reduction will
break the circuit that can forms stable ISC current. In summary, the
cell becomes more dangerous if there is no electrolyte leakage before
an ISC occurs. From this perspective, releasing the electrolyte in time
before the occurrence of an ISC will help reduce the hazard during
TR. However, the exhaust flammable electrolyte may be ignited out-
side the cell, arousing other safety problems, and will be discussed in
our future work.”

The influence of the degree of ISC (Rjs.) on the TR behavior
has been discussed by modeling analysis. The temperature curves
(T-t and d7/dr) look similar for Rjg-= 0.01€2 and Rj;-= 0.001€2, as
shown in Figure 18, indicating the heat generation rate for different
Risc can be similar. Figure 18b reveals the mechanism underlying this
phenomenon: because a smaller Rj leads to lower level of voltage
after an ISC is triggered. A lower level of voltage denotes a lower level
of the heat generation power Qisc. Hence the Rjy. has little influence
on the TR behavior, as long as it is sufficiently small to reflect a hard
ISC.

Moreover, we try to study the influence of the efficacy coefficient
¢ on the TR behavior using the model. Figure 19a shows that if the
value of ¢ increases to 100%, the TR will be much severe, and the TR
will be triggered much more rapid once T reaches T;5. = 135°C. The
maximum temperature during TR will further increase from 907.5°C
to 937.5°C, due to the increase in ¢. Figure 19b further confirms
that a more severe hazard might be brought by the increase in ¢. In
conclusion, the parameter ¢ has a big influence on the TR behavior of
lithium-ion cells. The accurate measurement of ¢ still requires further
study. Ref. 17 suggests that ¢ should include the effects of venting,
which is also interesting for further investigation.

Finally, the results of modeling analysis have been concluded by
Figure 20. The lower value of the Tj§ is, the larger influence will be
on the TR features, because the capacity degradation will significantly
reduce the cell capacity at higher temperatures. The leakage of elec-
trolyte can cause up to 40°C difference in the maximum temperature
at TR for the cell used in this study, whereas the ¢ can cause 30°C
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Figure 16. The influence of the ISC temperature (7j§.) on the TR behaviors. (a) 7-¢ results for modeals with different 77§, (b) d7/dt results for models with

different Tj§c, (c) A real case with Tjg. = 135°C, the T-f curve, (d) A real case with 7§ = 135°C, the V-t and d7/dt curve, (e) A real case with Tj. = 205°C,
the T-¢ curve, (f) A real case with T{5. = 205°C, the V-t and d7/dt curve.
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Figure 17. The influence of the electrolyte leakage on the ISC behavior during TR. (a) The T-z curve, (b) The V-t and d7/dr curve.
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Figure 18. The influence of the R{g. on the TR behavior. (a) The -t curve, (b) The V-t and d7/d¢ curve.
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Figure 19. The influence of the efficacy coefficient ¢ on the TR behavior. (a) The 7-t curve, (b) The V-t and d7/dt curve.
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Figure 20. The influence of correlated parameters in the ISC model on the
TR features.

difference. Figure 20 tells us that if the degree of ISC can be con-
trolled by the electrolyte concentration and the heat release efficiency
of joule heating, we can reduce the maximum temperature of the cell
by up to 100°C. According to Figures 17-19, the occurrence of an
ISC is a critical factor to trigger TR, therefore managing the triggering
temperature of ISC will help postpone the TR to higher level. How-
ever, the total heat generation by ISC is not the major heat source that
heat the cell to 800°C or higher. Figure 21 summarizes the percentage
of the heat generation by ISC in the total heat generation of TR, for
Risc = 0.01Q,¢ = 0.28, no matter there is electrolyte leakage or
not. The percentage of the heat generation by ISC rises when Ti5c
decreases, indicating the triggering condition might be severer if mas-
sive ISC occurs at lower temperature. Less than 10% of the total heat
is released by ISC, confirmed by our modeling analysis. The thermal
energy released by chemical reactions covers the majority of the total
energy released during TR. The rapid oxidation-reduction reaction is
the main reaction that determines the maximum temperature, and the
mechanism requires further study.

Effect of critical temperatures on the thermal runaway features.—
Further modeling analysis are conducted to discuss the critical temper-
atures that may significantly influence the TR features in this section.
The collapse of the separator sets a key tipping point for the energy
release style during TR, as shown in Figure 7. Before the collapse
of separator, the reactions occur within their own systems. However,
after the collapse of separator, the cathode (oxidizer) and anode (re-

10
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©
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Figure 21. The percentage of the heat generation by ISC in the total heat
generation of TR, Rjgc = 0.012,¢ = 0.28.
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ducer) have chances to electrically contact each other, and rapid re-
actions will start at high temperatures. The critical temperatures that
represent the critical point during TR include: 1) Tep i, the melting
point of the base of the separator, Tyepm = 120~140°C for PE, and
Tyepmic = 160~180°C for PP; 2) Ty ip, the collapse temperature of
the separator, Tyepcip = Tsepmit fOr a single-layer separator, while for a
multilayer separator Tp 1, can be up to 200°C or higher; 3) Tj5c, the
temperature for ISC, to the best knowledge of the authors, most of the
test results points that Ti5-= Tiep1p. However, under the cases when
the cell is under mechanical abuse, Ti5- can be lower than T cip;
4) Tonsercatan, the onset temperature of the rapid oxidation-reduction
reaction between the cathode and anode, as shown in Figure 7 and
Figures 22d and 22e.

The critical behavior of TR can be interpreted if the relationship
between the four critical temperatures is clear. Generally, the rela-
tionship among Tep mit» Tsep.clp and Ti§e is clear, as shown in Figures
22a-22c. However, the relationship between Tonsercatan and Ti5c is
still questionable. In Ref. 73 the authors believe that Tipset catan Can
be lower than Tj§., because the oxygen and other oxidizers that are
released by the cathode can migrate from the cathode to the anode,
trigging TR before ISC, as shown in Figure 22d, here we called
Case 1 for the style of TR. On the contrary, in this paper, we have
Tonset,ca+an> Tic, which is called as Case 2, as shown in Figure 22e.
Case 2 has two branches, one is that the heat released by ISC can
further trigger TR, which is called the Case 2.1, whereas another one
is that the heat released by ISC cannot further trigger TR, which is
called the Case 2.2. We emphasize Case 2.2, because if the conditions
that lead to Case 2.2 are well understood, then chances that the TR is
triggered by ISC will be minimized.

Modeling analysis are conducted for the Case 1, Case 2.1 and
Case 2.2, respectively. In Case 1, the Topsetcaran = 130°C, referring
to the onset temperature for oxygen release as in Ref. 80, and Tj§-=
170°C> Topser,catan- In Case 2.1, Ti{-= 170°C<Topeer,catan = 260°C,
whereas in Case 2.2, Ti§c= 170°C<Tonser,catan = 600°C. Figure 23
displays the simulation results for the three cases. Figure 23a shows
that the TR is triggered immediately when the temperature reaches
Tonset.catan = 130°C for Case 1, there will be no ISC because the circuit
for short has been broken in advance. Interestingly, there is less TR
for Case 2.2, although a fast temperature rise is still triggered at 75.=
170°C, similar to Case 2.1. The maximum temperature for Case 2.2
is 472.6°C, which is much lower than that for Case 2.1 (861.6°C),
because the thermal energy of the rapid oxidation-reduction reaction
has not been released. Eq. 38 defines the condition that when the fierce
oxidation-reduction reaction will not be initiated:

Tisc + ATisc + Y AT. < TonserCasan (38]

z

where ATisc is defined in Eq. 37, and ) AT, is the total temperature

z
rise caused by chemical reactions of cell materials, satisfying:

AI{C cm
DAL= [39]

where AHen is defined in Eq. 34. Figure 23b shows that if the
criterion in Eq. 38 holds, the maximum temperature during TR will
be much lower, because the rapid oxidation-reduction reaction will
not occur. If we can form a thermal barrier as defined in Eq. 38, the
TR hazard can be significantly reduced.

The major contributions of the proposed model and future
work.-.—Here we conclude the major contributions of the proposed
electrochemical-thermal coupled failure model for predicting the ther-
mal runaway behavior of lithium-ion batteries.

1. The model coupling is two-way, including the
“electrochemical—thermal” (by Eqs. 22, 23) and “thermal—
electrochemical” (Eqs. 6-13, 16-21), rather than one-way
coupling of “thermal—electrochemical” in most of previous
literature, to the best knowledge of the authors. The two-way
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(a) Normal condition (b) Separator base melting (c) Separator collapse & ISC

T,
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%
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(d) Case 1 (e) Case 2 ‘
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Figure 22. Schematic illustrating the influence of the critical temperatures (Tsep mit> Tsep.clp> Tisc» Tonset.Cat+-an) On the TR behaviors. (a) Normal condition, (b)
The moment when the base of the separator collapses, (c) The moment when ISC occurs, (d) The Case 1, for which the Tonset,ca+An<Tsep.c-p> (€) The Case 2, for
which Tonset.ca+An>Tsep.clp-

coupling makes the modeling analysis on the heat generation by We also give our suggestions on the future work, to further
ISC more reliable, and proving that two-way coupling based on improve the capability of the electrochemical-thermal coupled bat-
physical equations is possible in TR simulations. tery failure model. We encourage further research to focus on the
2. New physical based functions are established, e.g. Egs. 6, 9, 10, “electrochemical-thermal” way of coupling, which can solidify the
14, although some of the parameters are still empirical. Those two-way coupling of the model, making it closer to reflect the real
physical based equations can guide further research on quantify physical/chemical processes during TR. And next significant progress
specific side reactions with parameters involved in two-way cou- may be fulfilled in the simulation considering the influence of battery
pling. state-of-charge on the TR behavior:
3. Successtully quantify the proportion of the ISC in the total heat
generation during TR, with proper experimental validation. The 1. More functions that can describe the coupling way of
quantified results indicate that the ISC is not the major heat source “electrochemical—thermal” should be built, in order to simu-
during TR. Maybe one day we would observe that there will be late the influence of battery state-of-charge on the TR behaviors.
battery TR without ISC, as predicted by the modeling analysis. Based on some unsystematic results, we believe that the proposed
(@ (b)
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~=Case 1, Thermal runaway ——Case 1, Thermal runaway
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Figure 23. The judgement condition of TR, if the critical temperatures are known for the lithium-ion cell. (a) 7-¢ curve for different cases, (b) d7-dt curve for
different cases.
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model may be easily extended for cells with state-of-charge larger
than 75%. However, more data are required to come to a more
solid conclusion.

2. The influence of state-of-charge on the TR behavior should be
established by setting new equations between cpay in the elec-
trochemical model and c,, can in the thermal model. More data
are needed to quantify the electrochemical-thermal coupled rela-
tionship.

Summary

A coupled electrochemical-thermal TR model for lithium-ion bat-
teries has been built to simultaneously predict the voltage and tem-
perature during TR. The model can fit the experimental data well; it
captures well the underlying dynamics of O the capacity degrada-
tion at high temperatures; @ the ISC caused by the thermal failure of
separator; and ® the chemical reactions of the cell components that
release heat under extreme temperature. The modeling analysis that
discusses capacity degradation under extreme temperatures can be
used to extend the usage of lithium-ion batteries at extreme high tem-
perature. Our modeling analysis also studied the influence of the SEI
decomposition and regeneration on the TR behavior. The discussion
on the critical parameters relating with the ISC process benefits the
safety design of lithium-ion battery with lower hazard levels during
TR.
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List of Symbols

Parameters

Ag m Area for heat dissipation

A, s7! Frequency factor of the Arrhenius Equation,
for specific reaction z

be 1 Offset for &, by = 0.83

c; 1 Normalized concentration for specific
reaction z

Cp J-kg7'-K~!  Specific heat capacity

E,. J-mol~! Activation energy of the Arrhenius Equation
for specific reaction z

8 1 Correction term of the Arrhenius Equation

Rconv W.m~2.K~!  Convective coefficient for heat dissipation

I A Current

K 1 Gain constant of a specific physical process

M kg Mass of the battery cell

m; g Mass of specific active material z

ng1,nz2 1 Order of the Arrhenius Equations

o W Heat generation power

0. w Heat generation power, for specific reation z

Qcas Qan  Ah Capacity of the cathode and anode

R Q Resistance

RO J-mol~!.K~! Ideal gas constant

Reen Q Internal resistance of the battery cell

Risc Q Critical resistance for the fierce internal
short circuit

soc 1 State-of-charge

SYS / Independent thermodynamic system

1T S Time

T °C,K Temperature

Teool
*
Tisc

Tonset,?
TRef

Tsep,clp
Tsep,mlt
Tslorage

T
UC‘(h Uan

\%4
Vindi
X,y

Subscripts
0
an
ca
Ca+An

chem
dis
ele
ISC
LAM
LLI

sep
Total

Superscripts
d
diss
G
ref

°C
°C
°C, K
°C

°C
°C
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Cooling temperature for ARC test with early
termination

Critical temperature for the fierce internal
short circuit

Onset temperature for specific reaction z
Reference temperature for calculating the
cell voltage, Tret = 25°C

Collapse temperature of the separator
Melting temperature of the separator
Temperature for high temperature
exposure/storage

Reference temperature for &, 7t = 523 K
Open circuit potential of the cathode and
anode

Voltage

Voltage of the model

Stoichiometric coefficients of the anode and
cathode

Initial value of xq

Temperature rate

Entropic potential change

Enthalpy for specific reaction z, normalized
by mass

Enthalpy, total heat generation for specific
process

Changes in R (R is for resistance)

Changes in 7T (T is for temperature)

Time constant regulating the speed of
oxidation-reduction reaction

Changes in x

Efficacy factor to regulate the non-ohmic
heat generation by internal short circuit
Columbic coefficient

Change rate of a specific parameter
Change rate of a specific reaction z

Factor to represent the temperature effect on
the resistance

Initial value

Anode

Cathode

Oxidation-reduction reaction between
cathode and anode

Chemical reaction

Heat dissipation

Electrolyte

Internal short circuit

Loss of active material

Loss of lithium inventory

Resistance

Separator

For total heat generation

For specific chemical reactions, z can be SEI,
anode, separator, cathode, 1, cathode,2,
electrolyte, et al. as listed in Table II.

Decomposition
Dissolution
Regeneration
Reference
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