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scenarios possible in a lithium ion cell were simulated and the power generated from each case was
calculated. Influence of parameters like the SOC and initial temperature of the cell was studied.

Experiments were carried out to verify the predictions made using the model. Some pointers are
provided towards design of a safer cell.
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. Introduction

Safety has been the primary issue in the use of the lithium ion
echnology in high energy and high power applications ranging
rom power tools to electric vehicles. The increasing demand for
nergy and the rise in the number of field incidents associated
ith commercial lithium ion cells have forced investigators and

he industries alike, to study the behavior of the lithium ion cell
nder abuse conditions. Spotnitz and Franklin [1] provide an excel-

ent summary of the various chemical reactions that characterize
he abuse behavior of high power lithium ion cells. Experimental
nvestigation of the thermal runaway reactions have been exten-
ively carried out by Dahn et al. [2] and Botte et al. [3] measured the
tability of different electrolytes using DSC measurements. Onda
t al. [4] measured the heat generation rate as a function of the
tate of charge of the cell. Roth et al. [5] investigated the contribu-
ions from different electrolytes as well as several cathode materials
xperimentally using calorimetric measurements. Yamauchi et al.
6] studied the internal short-circuit behavior. Hatchard et al. [2]
eveloped a heat transfer model that considers joule heating of the
ell during a thermal runaway. Empirical correlations were devel-
ped for dependence of the parameters on temperature. A similar
odel that includes heat generated from chemical reactions was

roposed by Kim et al. [7] for a more sophisticated geometry. The

ates for the chemical reactions were modeled as functions of tem-
erature and Arrhenius type relationships were used. The activation
nergies for the individual reactions were simulated as functions of
he temperature. Spotnitz et al. [8] extended Hatchard’s model [2]
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to three dimensions and demonstrated the heat dissipation prop-
erties in cells of different sizes. Abraham et al. [9] studied these
reactions within an 18650 type cell using accelerated rate calorime-
try. Similar investigations were undertaken by Barnett et al. [10]
Other efforts towards understanding the behavior of the battery
have focused on thermal-electrochemical models under regular
operating conditions of the cell.

In the present work, we illustrate the utility of a thermal-
electrochemical model in predicting the behavior of a lithium ion
cell during an internal short-circuit. The model includes the dis-
tributions of the various abuse reactions as well as temperature
within the cell. Several case studies are shown, to better understand
the phenomenon of internal short-circuit in the light of cell safety.
Coupling the electrochemical model with the thermal response
provides for a more realistic heat propagation mechanism com-
pared to an isolated thermal model, since localized reactions are
now treated as functions of the electrochemical states. A typical
need for such a model arises when one investigates parameters
like the critical area of short-circuit beyond which the runaway pro-
cess will initiate, for a cell of pre-specified dimensions and capacity.
The rigorous model presented here can identify differences in the
thermal response of the cell as shown in a later section, between
a micro-short, for example due to a lithium dendrite, that can eas-
ily burn out due to the heat generated and a persistent short, for
example due to metal contamination, that will lead to a runaway.
The behavior of the cell under a variety of such practical scenario
is studied using the model and some predictions are verified by
experimental studies.
2. Model development

There are two parts in the battery model described here. The first
part of the model describes the behavior of the cell under normal

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shriramsanthanagopalan@celgard.com
dx.doi.org/10.1016/j.jpowsour.2009.05.002
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Nomenclature

List of symbols
ai specific surface area (m2 m−3)
cp specific heat capacity (J kg−1 K−1)
cj concentration of species j (mol m−3)
ċk,j rate of change of concentration of species j taking

part in reaction k.
D diffusion coefficient (m2 s−1)
Eact energy of activation (J mol−1)
F Faraday’s constant (C mol−1)
Hj heat of reaction for reactant j (J kg−1)
ishort short-circuit current (A m−2)
jn,i rate of electrochemical reaction (mol m−2 s−1)
Mk molecular weight of reaction k (kg mol−1)
Pk,j order of the reaction j with respect to reactant k
q rate of heat generation (W m−3)
Rj rate of reaction j (mol m−3 s−1)
R gas constant (8.314 J mol−1 K−1)
Kj rate constant for reaction j ((mol m−3)

1−pk,j s−1)
t time (s)
T temperature (K)
Ui open circuit potential (V)

Greek and latin
�eff effective electrical conductivity of lithium ions in

the electrolyte (�−1 m−1)
� thermal conductivity (W m−1 K−1)
˚k potential within phase k (V)
� density (kg m−3)
ϕ temperature dependent property (see Eq. (5))
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�eff effective electrical conductivity of lithium ions in
the electrode (�−1 m−1)

perating conditions based on the porous electrode framework [11].
hese equations describe the change in the potential and concen-
ration of lithium within each electrode and inside the electrolyte
s functions of time and position. The limitations from the trans-
ort within both the solid and solution phase are accounted for as
re any kinetic limitations as a result of the ion transfer at the inter-
ace of the electrodes and the electrolyte. These equations are well
ocumented in the literature [12–15] and are hence not reproduced
ere for brevity.

The second part of the model describes the framework to moni-
or the rise in the cell temperature. The generalized energy balance
quation is given by [13]:

∂(�cpT)
∂t

= ∇ · �∇T + q (1)

here � is the density, cp is the heat capacity and � is the ther-
al conductivity. Note that these are volume averaged parameters

or the respective components; for example, within the anode, the
ensity is volume averaged to include the properties of the active
aterial, binder and fillers. The term q is associated with heat gen-

rated from various sources such as joule heating, electrochemical
eactions that take place during the normal operating conditions
nd chemical reactions during a thermal runaway. The heat gen-
rated from the thermal runaway reactions is included inside the
ource term q as follows:( )

= aiFjn,i ˚1 − ˚2 − Ui + T

∂Ui

∂T
+ �eff,i∇˚1 · ∇˚1

+�eff,i∇˚2 · ∇˚2 +
∑

j

∑
k

ċk,jMkHj (2)
wer Sources 194 (2009) 550–557 551

where ck,j are concentrations of the individual components (k) of
the cell taking part in the runaway reactions (j), Mk is the molecular
weight of component k and Hj is the heat of reaction for the thermal
runaway reaction j. Note that Hj for individual components can be
obtained using DSC measurements [1]. The change in the compo-
sition of the electrodes is tracked using material balances for the
individual species (k), given by:

ċk,j = ∇ · (Dk∇ck,j) + Rj (3)

where the left hand side represents the rate of change in the con-
centration of component k with time, the first term on the right
hand side includes transport limitations, if any and the second term
Rj represents the chemical (or electrochemical) reactions causing
decomposition of ck in the reaction j. The chemical reaction terms
are modeled using concentration dependent rate expressions of the
following form:

Rj = Kj

∏
k

cpk,j
k,j (4)

Here the term Kj represents the rate constant for the reaction j and
is a function of temperature as described by Eq. (5) below and pk,j
represent the order of reaction j with respect to species k. The details
for the individual material balances and parameters for the different
reactions are described by Spotnitz et al. [1] In Eq. (3) the transport
limitations are usually neglected since the time constants for the
runaway reactions are several orders of magnitude smaller than
those required for the transport limitations to set in. Thus, the last
term on Eq. (2) represents the differential amount of heat generated,
as a function of accessibility and reactivity of the different species
k taking part in reactions j, as a function of position and time.

Important parameters like the ionic conductivity of the elec-
trolyte and reaction rate constants are modeled as functions of
temperature using Arrhenius type relationships:

ϕ = ϕref exp
[

Eact,ϕ

R

(
1

Tref
− 1

T

)]
(5)

where ϕref refers to the property of interest at the reference tem-
perature Tref and Eact,ϕ refers to the activation energy for the change
in the property ϕ with temperature.

The short-circuit is assumed to be an instantaneous discrete pro-
cess; i.e., at t ≥ tshort there appears an electrically continuous path
between the two layers undergoing the short. Fig. 1 illustrates this
idea. The flow of current through the short is described using Ohm’s
law:

ishort = −�short∇(˚1,i − ˚1,j) (6)

where �short is the conductivity of the short. The subscripts i and j
refer to the two layers undergoing the shorts and 	1,i and 	1,j refer
to the local solid phase potentials at the two layers respectively.
Thus at t ≥ tshort the energy balance equation is represented by the
following expression:

q = aiFjn,i

(
˚1 − ˚2 − Ui + T

∂Ui

∂T

)
+ �short∇(˚1,i − ˚1,j) · ∇(˚1,i

−˚1,j) + �eff,i∇˚2 · ∇˚2 +
∑

j

∑
k

ċk,jMkHj (7)

As described later, the conductivity of the short (�short) is deter-
mined as the minimum value of the two components undergoing
the short. The transport of charge across the short takes place pri-

marily across the solid phases of the participating components;
since electronic transport is much faster compared to the move-
ment of the ions across the solution, in practice, the ohmic term
dominates the first few microseconds of the short, before the liquid
phase migration and transport limitations within the solid phase
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F e cell under normal operating conditions (i.e., t < tshort); (b) the situation where the short
b cles from the current collector.
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Table 1
List of parameters used in the modela.

Parameter Value Unit

Thickness of cathode (LiCoO2) 65 �m
Thickness of anode (MCMB) 60 �m
Thickness of the separator 16 �m
Thickness of the current collectors 15 �m
Length of the electrode 32 cm
Width of the electrode 40 mm
Initial electrolyte concentration 1000 mol m−3

Ambient temperature 298.15 K
Diffusion coefficient of Li+ at the anode 3.9e−14 m2 s−1

Diffusion coefficient of Li+ at the cathode 1.2e−13 m2 s−1

Particle size (diameter) 20 �m
Porosity of the electrode 0.15 –
Capacity of the cell 800 mAh
Electrical conductivity of the anode 100 S m−1

Electrical conductivity of the cathode 3.8 S m−1

Electrical conductivity of the anode current collector 6.0e5 S m−1

Electrical conductivity of the anode current collector 3.8e5 S m−1

Density of electrolyte 1324.0 kg m−3

Density of negative material 1800.0 kg m−3

Density of positive active material 4280.0 kg m−3

Heat capacity of copper 381.0 J kg−1 K−1

Heat capacity of anode 700.0 J kg−1 K−1

Heat capacity of separator 1300.0 J kg−1 K−1

Heat capacity of cathode 1100.0 J kg−1 K−1

Heat capacity of aluminum 870.0 J kg−1 K−1

Thermal conductivity of copper 380 W m−1 K−1

Thermal conductivity of anode 5 W m−1 K−1

Thermal conductivity of separator 1 W m−1 K−1

Thermal conductivity of cathode 1.8 W m−1 K−1

Thermal conductivity of aluminum 200 W m−1 K−1

a All other parameters used were from Refs. [1] and [8].
ig. 1. Diagrammatic representation of an internal short-circuit: (a) the model of th
etween a current collector and the other electrode, due to the penetration of parti

ake over; thus the Joule heating plays a key role in initiating the
emperature rise at the point of short.

The introduction of the internal short expression to the energy
alance results in a coupling of the electrochemical behavior with
he thermal response of the cell during the short. Since the prop-
rties of the various components used are described as functions
f temperature, the resultant rise in temperature from the source
erm q, which is initially just Joule heating, quickly leads to initiation
f the abuse reactions at the corresponding temperatures. The last
erm on Eq. (7) includes the enthalpies of the different reactions and
ence results in further increase in the value of heat generated. This
hain of heat generation processes, under the right set of conditions
ead to the thermal runaway during the internal short-circuit. The
se of rigorous material balance for the individual species allows
ne to study the effect of the local chemistry of the cell (e.g., the
OC at the spot where the short originates) on the thermal behav-
or of the cell during a short-circuit. The next section describes in

ore detail the different cases possible during an internal short and
rovides a summary of the various parameters that determine the
ourse of the runaway process.

. Results and discussion

The model presented here is an extension of the porous electrode
hermal-electrochemical model presented by Gu and Wang [13].
he cell design parameters and the properties of the materials are
hown in Table 1. The energy balance (Eq. (1)) is modified to include
he heat generated due to chemical reactions. The reaction rates are

odeled as shown in the work by Kim et al. [7] The material and
nergy balance equations were solved simultaneously using a finite
lement based package called Comsol Multiphysics ©using a time
ependent solver and adaptive time stepping. The relative tolerance
as set to 1e−6 and the number of degrees of freedom was about
,500,000. When required, the variables were scaled automatically
y the solver.

A material balance for the individual components of the cell is
hown in Eq. (3). There is a significant change in the concentra-
ion of the electrolyte during the short; however, the time constant
or the runaway reactions is so small that the contribution from
he diffusion term within the time-frame of several milliseconds is
egligible and is hence ignored in these material balance equations.
he reaction term on the material balance has a temperature depen-
ent rate constant and the product of the reactants raised to suitable
rders. The values for the parameters that appear in the abuse reac-

ions were obtained from the work of Spotnitz et al. [1]. Fig. 2 shows
he maximum contributions from the different components of the
ell to the heat generated during the runaway process within the
ell. In generating this figure, it was assumed that all components
ndergo complete reaction and/or combustion. As observed, the

Fig. 2. Maximum rise in local temperature during a thermal runaway due to abuse
reactions in which the various components of the cell take part: also shown are the
heat generating capabilities assuming complete combustion of the various compo-
nents.
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Fig. 3. Power generated after various types of short-circuit scenario in a lithium ion
cell: Type i, short occurs between the two current collectors; Type ii, short occurs
between copper current collector and the cathode active material; Type iii, short

(

has a very low electrical resistivity, leading to a high power
short (almost at par with a Type i short) as shown in Fig. 3.
At the same time, the onset temperatures for the reactions at
the anode are low compared to those at the cathode. The third
S. Santhanagopalan et al. / Journa

ontribution from the breakdown of the solid–electrolyte interface
SEI) layer, and that from the binder–solvent interactions are neg-
igible. Similar results were also reported by Spotnitz et al. [1] The
gure also shows the origin of the abuse reactions at the anode at a
uch lower temperature compared to those at the cathode, essen-

ially implying the critical role played by the anode in raising the cell
emperature to higher values, at which point the cathode decom-
osition and other reactions take over. These results are used in the
ollowing section to explain the behavior of a lithium ion cell, under
ifferent short-circuit scenarios. Although the results shown here
re restricted to cell parameters shown in these tables, the obser-
ations are in general applicable to most commonly used lithium
on cells. In this sense, one must limit the numeric analysis of the
esults to the cases presented here, while realizing the generality
f the predictions to a wide array of parameters.

.1. Impact of the nature of short

In a lithium ion cell, four different short-circuit scenarios are
robable: (i) the short between the two current collectors (copper
nd aluminum), (ii) the short between the copper current collector
nd the cathode active material, (iii) the short between the alu-
inum current collector and the anode material, and (iv) the short

etween the active materials on both the electrodes. The results
or these short scenarios are discussed in the rest of this section.
n any of the above cases, the electrical resistivity of the short is
alculated as the maximum of the resistivity of the two elements
ssociated with the short. In other words, the two elements that
ndergo the short are treated as resistances in series, and the cur-
ent flow across the short-circuit is determined by the maximum
esistance in the flow path. Thus, the conductivity of the (�short)
s in essence, the minimum of the individual conductivity of the
omponents involved in the short.

(i) Copper/aluminum short. This short-circuit scenario is quite sim-
ilar to connecting a low resistance externally across the tabs
of the cell. In general, the skin temperature of the cell during
an external short-circuit rises to a maximum of about 100 ◦C
before it starts to cool down. A similar scenario results during
the internal short between the current collectors. Based on the
arguments above, �short is equivalent to that of aluminum. As
a result, the energy associated with the Type i short-circuit is
the largest. Fig. 3 shows the increase in the power generated
as predicted by the model for this case. As observed, there is
an increase in power generated for the first few seconds, due
to rapid flow of current across the Type i short. The rise in
local temperature as a function of time is shown in Fig. 4. The
temperature of the cell rises steadily for the first few seconds.
However, copper and aluminum being extremely good conduc-
tors of heat, the localized heat accumulation around the short
area is minimal. As a result, the temperature rise for this case is
kept under check soon after the initial rise, and hence starts to
decline. The rate of decline depends on the ambient tempera-
ture and the mode of cooling, to which the cell is subjected to.

(ii) Copper/cathode active material short. In most cells, by virtue
of design, the short between the copper current collector and
the cathode active material is fairly infrequent. For the Type
ii short-circuit, the short resistance is controlled by the active
material. Since the cathode mix is the poorest of conductors
among the four components as shown in Table 1, the current
flow for this case is minimal. Any rise in temperature is limited

to the Joule heating (i.e., I2R power loss) regime. The power
liberated is usually not sufficient for the temperature to reach
values at which the chemical reactions are triggered. Note
that in Fig. 3, the heat generation rate is minimal for this case
compared to the others.
occurs between aluminum and the anode material; Type iv, short occurs between
active material at the cathode and the anode.

iii) Aluminum/anode short. In the case of short-circuit between
metallic aluminum from the cathode current collector and the
anode active material, there are two crucial factors that sub-
scribe to the runaway behavior of the cell. The anode material
Fig. 4. Local temperature after various types of short-circuit scenario in a lithium ion
cell: Type i, short occurs between the two current collectors; Type ii, short occurs
between copper current collector and the cathode active material; Type iii, short
occurs between aluminum and the anode material; Type iv, short occurs between
active material at the cathode and the anode.
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ig. 5. Comparison of heat propagation between two types of short: (a) the insta
ollectors; (b) the corresponding temperature distribution within the cell; (c and d)
oint to the location of the short-circuit.

factor that makes the Type iii shorts the most dangerous is inad-
equate heat transfer on the anode side of the short (See Fig. 5).
As a result of the large current flow, low reaction heats and poor
heat distribution, the short-circuit between aluminum and car-
bon is the worst scenario of internal short within the cell.

iv) Cathode active material/anode short. While this is the most
probable short scenario inside a cell, given the poor con-
ductivity of the cathode, this is also practically the most
preferred case. As shown in Fig. 3, the amount of heat gen-
erated is about the same as Type ii. However, the rise in
cell temperature is higher than Type ii since the thermal
conductivity across the anode is lower than that across the
copper current collector. The temperature rise is limited to a
few degrees above the ambient temperature as observed in
Fig. 4. This implies that the current typically leaks across the
short.

Fig. 5 shows the instantaneous power generated for two short
cenarios – between the two current collectors, and between the
arbon electrode and the aluminum current collector. As seen on
ig. 5a and c, the power generated by the short between the current

ollectors is about three to four times higher than the Type iii short.
ig. 5b and d shows the corresponding temperature distributions
or the two cases: as observed, the maximum temperature for the
ype i short is significantly lower than that for the Type iii short-
ircuit.
us power generated at the time of short between copper and aluminum current
rresponding profiles for the short between carbon and aluminum. The arrow marks

3.2. Surface area of the anode and the impact of lithiation

The anode of a lithium ion cell is far more reactive when at
the fully charged state, because of the presence of nascent lithium,
which is highly reactive even at ambient temperatures. In addition
to the high reactivity, the reactions involving lithium have very high
heats of reactivity and are usually exothermic. As a result, a fully
lithiated anode is several times more likely to be prone to runaway.
The impact of lithiation is simulated in this model by assuming that
the reactivity of lithium is directly proportional to the surface area
of the carbon active material. This dependence has been observed
in experiments as well [14]. Hence, for our case, the degree of reac-
tivity of metallic lithium with the solvent and other components of
the cell are measured in terms of the electrochemical surface area
of the anode.

The material balance for lithium at the anode surface assumes
that lithium is deposited if the potential at the interface is below the
lithium deposition potential (0 V vs. Li/Li+). The porous electrode
model is solved using the parameters shown in Table 1, for two dif-
ferent values of the anode surface area (an): 0.5 and 2.0 m2 g−1. If
the potential at some point on the electrode surface reaches a value

below 0 V, the amount of lithium metal deposited is calculated
using the local flux at that point and Faraday’s laws. This amount of
lithium is then used as the initial value at that point in the rate equa-
tion for the reaction between lithium and other cell components.
Fig. 6 shows the rise in the cell temperature for three different cases,
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Fig. 7. Impact of short-circuit area on the temperature of the cell: (a) micro-short:
the area of the short-circuit was fixed at 0.1 mm2; (b) macro-short: short-circuit area

old temperature for the abuse reactions at the anode, which in turn
generate more heat to rise the cell temperature to higher values. In
this context, it is advisable to use an adequate heat transfer mecha-
nism that would maintain the cell temperature below the threshold
ig. 6. Comparison of maximum temperatures as a function of surface area of carbon
nd the extent of lithiation during a short-circuit between the two active materials.

hen the aluminum vs carbon short is simulated. The cells were
ully charged in each case. The first case corresponds to low surface
rea of carbon (about 0.5 m2 g−1) and the short-circuit was carried
ut in that part of the anode facing the current collector. In this case,
he part of the anode in the immediate vicinity of the short is not
ubject to the intercalation reaction. The second case corresponds
o 2 m2 g−1 area, and again, the region in the immediate vicinity
f the short does not participate in the lithium intercalation reac-
ion for this case too: even though this part of the anode does not
ndergo any lithiation, the increase in the cell temperature is very
apid, because the reactivity of the anode increases exponentially
ith an increase in the surface area. The third case shows 2 m2 g−1

urface area for the carbon electrode, now facing the cathode at the
oint of short. For this case, the rate of heating is enhanced fur-
her due to both an increase in the surface area and the presence
f lithium. The maximum cell temperature is almost doubled from
he previous case. Also, due to the rapid heat generation, there is an
nstantaneous onset of the runaway process for this case.

.3. Impact of the short-circuit area

Fig. 7 shows the rise in temperature for short-circuit under
ifferent areas. In a lithium ion cell, typically micro-shorts from iso-

ated lithium dendrites lead to burn out of the membrane in most
ases. Hence such micro-shorts do not contain sufficient power for
he short to propagate and the heat flow is arrested. On the other
and, if the short is persistent for sufficiently long periods of time,
he amount of heat generated crosses the threshold limit and leads
o the onset of the abuse reactions, which in turn generate more
eat. The last case shown on Fig. 7 is that of a larger short-circuit
rea. If the cell capacity is not adequate to supply the power for
he entire area of the short, the specific power values are lowered,
esulting in a decrease of the maximum local temperature.

.4. Impact of initial cell temperature
Fig. 8 shows the increase in the short temperature, for different
nitial temperatures of the cell. In general, even during the nor-

al operation of the cell, the capacity of a cell during cycling is
ore at higher temperatures, due to the temperature dependence
≤1 mm2; (c) large macro-short: area >1 mm2. For the set of parameters used in this
model, the cell capacity is not adequate to power shorts of area >1 mm2 with the
maximum current density.

of intercalation and deintercalation rate constants, and the trans-
port parameters. As shown in Eqs. (4) and (5), the rate constants
for abuse reactions also show an Arrhenius type increase with rise
in temperature. As a result, these reaction rates increase exponen-
tially with the local temperature. Also, heat transfer to the area
in the immediate vicinity of the short is difficult when the cell is
already heated up to a higher temperature since the gradient in the
heat flux is reduced.

As described earlier in Fig. 2, the onset of each abuse reaction
occurs around a specific temperature. In a preheated cell, the mar-
gin for safety is reduced; the amount of heat generated from a
Type i short described above may in this case exceed the thresh-
Fig. 8. Impact of initial cell temperature: three cases of short-circuit between the
two current collectors of a fully charged cell are shown. Even a cell that passes the
short-circuit test at room temperature has a greater tendency towards runaway for
higher values of the initial cell temperature.



5 l of Power Sources 194 (2009) 550–557

v
b

3

l
o
b
e
d
t
a
c
i
i
t
o
d
a
i
v
i
h
t
h
S

3

c
T
t
r
r
l
w
p

F
w
t
(
s
A

56 S. Santhanagopalan et al. / Journa

alues for as many cases as practical. Results shown in Fig. 2 can then
e used to assess the effectiveness of heat transfer from the cell.

.5. Impact of cell capacity and SOC

Whereas both initial SOC and the cell capacity determine the
ocal power due to current flow across the short-circuit, there are
ther individual effects of these parameters on the internal short
ehavior of a cell. The SOC for example directly relates to the
xtent of lithiation of the anode; and the effects of this factor were
escribed in a previous section. As a result, under identical condi-
ions, a cell at a lower SOC has a better chance of survival in case of
n internal short. For the parameters shown in Table 1, the critical
ut-off value for the SOC beyond which the runaway process sets in,
s about 87%, for the Al/C case. Similarly, cell with a higher capacity
mplies a larger Joule (I2R) heat up. Also, the availability of reac-
ants for the runaway reactions is more. Fig. 9 shows a comparison
f average cell temperatures during an internal short at different
epths of discharge, for two cells of capacities 800 mAh (Type A)
nd 1800 mAh (Type B). The cell parameters were assumed to be
dentical except for the length of the electrodes. Two distinct obser-
ations can be made: first, the larger cell heats up faster from the
nstant of short, due to a higher Joule heat up; second, cells with
igher states of charge progressively show an exponential rise in
he rate of increment of the average cell temperature. Moreover, the
igher capacity Type B cells are susceptible to runaway at values of
OC for which the Type A cells were observed to be safe.

.6. Impact of oxygen availability

In order to simulate the effect of cell venting, the following pro-
edure was adopted to calculate the effect of oxygen availability.
he stoichiometry of the cell was used to determine the weight of
he individual components (such as the solvent, binder, active mate-

ial, etc.) present within the cell. The theoretical amount of oxygen
equired for complete combustion of each component was calcu-
ated based on the stoichiometry of the reactions. These numbers

ere then compared against the available oxygen within the cell, to
rovide estimated amounts of heat generation due to cell venting.

ig. 9. Impact of SOC of the cell at the time of short on cell safety: (a) the short-circuit
as assumed to occur when the cell was fully charged, (b) at the instant of short,

he cell has drained 15% of its capacity; the internal short shows delayed failure, and
c) at the instant of short, the cell has drained 30% of its capacity; the internal short
hows a rise in temperature, but not sufficient to trigger the runaway process. Type
cells have a capacity of 800 mAh and Type B cells have a cell capacity of 1.8 Ah.
Fig. 10. Effects of excess oxygen availability: the reactions at the cathode, rapid
oxidation of the current collector in particular, generate more heat when the cell
vents.

Fig. 10 shows that when the cell remains intact, the combustion pro-
cess is limited by the availability of oxygen to a significant extent.
The oxygen released from the solvents and from the cathode mate-
rial is not sufficient to generate the theoretical maximum heat,
even if the maximum cell temperature exceeds the critical values
reported in Fig. 10 for the onset of runaway. As a result, the venting
of the cell, leading to availability of excess oxygen will at the worst
cases increase the amount of heat evolved by two to three times,
compared to a cell that does not vent. Whereas this aspect might not
be effective in preventing the onset of the runaway reactions, appro-
priate design of cell container material must consider such aspects,
in order to prevent rapid propagation of runaway, especially in bat-
tery packs where the heat generated from the runaway reaction in
one cell influences the behavior of the other cells around. At the
same time, spacing between cells in a pack must account for such
worst-case scenario. Hermetic sealing of the entire pack, though it
adds additional weight to the pack, may prove to be a viable alter-
native. Another aspect of interest in the choice of packing material
is the extent of heat transfer. It was shown in an earlier section that
the effectiveness of heat transfer plays a crucial role in the control
of maximum cell temperature.

3.7. Experimental verification

In order to compare the model predictions with some experi-
mental observations, internal short-circuit tests were carried out
in lithium ion cells by inserting a nickel particle between different
layers of the cell to create the four types of short described ear-
lier in this paper. Prismatic lithium ion cells were fabricated using
MCMB anode and cobalt-based cathode material. After formation
of the first few initial cycles, the cells were disassembled in fully

charged condition. The jelly roll was then unwound and a nickel
particle sufficiently large to initiate an internal short was placed in
appropriate regions to create the desired type of short-circuit. The
jelly roll was then compressed using a flat jig at the point where the
nickel particle was inserted. The cell temperature and voltage were
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ig. 11. Experimental measurement of cell temperature during the various types of
hort-circuit scenario.

onitored during the short-circuit process as a function of time.
he experiment was repeated for different cases: short between
he two current collectors, between the two active materials and
etween one current collector and the other active material. When
equired, part of the electrode material was scraped off to provide
irect access to the current collector at the point of short-circuit.

n the case of carbon vs. aluminum current collector, two differ-
nt short scenarios were implemented: in the first scenario, the
hort was initiated between the aluminum current collector and
ithiated carbon and in the second scenario; the short was initiated
etween aluminum current collector and the portion of anode that
oes not take part in the intercalation process. In all these cases,
he cells were fully charged before disassembly and subjected to
he short-circuit studies.

Fig. 11 shows that the experimental curves show the same qual-
tative trend as predicted by the model under identical conditions.
t is worth mentioning that the process of internal short-circuit is
lmost instantaneous and governed by the behavior of the reactants
t the local spot of initiation of the short. Hence attaching quantita-
ive significance to such results is not encouraged. In other words,
hereas the results shown here are qualitatively typical of the

espective scenarios, the actual numeric values for the maximum
emperature of the cell or the instant of short-circuit is not repro-
ucible from one trial to another. Similarly, upon suitable choice

f materials and alternate cell designs, the behavior of the cell can
e altered. Nevertheless, the experimental results described in this
ork provide an insight into the conditions that are most prob-

ble candidates for thermal runaway in the event of an internal
hort-circuit.
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[
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4. Conclusions

A systematic study of the internal short-circuit mechanism
inside a lithium ion cell was carried out. Several short-circuit
scenarios were simulated using a thermal-electrochemical abuse
model and the results were verified with some experimental
studies. The short between the lithiated anode material and the
aluminum current collector was found to result in maximum heat
generation. In almost all scenarios, the origin of the trouble dur-
ing runaway is from the anode; as a result, safer design of anodes
provides for better chances of surviving an internal short. The fully
charged cells generate more heat owing to the greater potential dif-
ference between the electrodes. Cells of larger capacity drain more
current and thus lead to higher heat generation rates. Use of forced
convection is recommended to keep the maximum temperature of
the cell low, and thus increase the chances of the cell passing a safety
test. Most cells have limited oxygen availability and hence safety
during an abuse scenario can be enhanced by appropriate design of
the packaging material. Safe design of a cell can be achieved using
the approach presented here: the actual implementation requires
an extensive measurement of the material properties under a vari-
ety of abuse conditions. Such an investigation, though exhaustive,
will provide definitive answers for today’s challenges posed by the
safety requirements.
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