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Lithium-ion batteries offer great energy and power densities but the thermal stability is an issue of concern compared to other
battery technologies. In this study different types of abuse testing have been performed in order to compare the battery safety for
different types of commercial lithium-ion battery cells. The results show large differences in abuse response for different cells.
Exposed to external heating laptop cells with cobalt based cathode developed a thermal runaway resulting in pressure release, fire
and temperatures over 700◦C. Lithium iron phosphate (LFP) is known to be a very thermally stable cathode material and LFP-cells
showed a significantly lower thermal response, a thermal runaway could, however, be detected for some of the cells in the external
heating test. The overcharge tests of LFP-cells were in most cases uneventful but in one case the test resulted in a violent fire. The
short circuit tests showed modest temperature increases of the cells in spite of high currents peaking at around 1000 A. Although the
development of safer lithium-ion battery cells has been successful thermal runaway events may still occur under extreme conditions.
© 2014 The Electrochemical Society. [DOI: 10.1149/2.0311410jes] All rights reserved.
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The high energy and power density of lithium-ion batteries have
made them the preferred type of battery for battery electric vehicles
as well as for plug-in hybrid electric vehicles. Lithium-ion batteries
have many advantages but the reactive, volatile and flammable mate-
rials present in the battery are a concern and may be a threat to safety.
Lithium-ion batteries are produced in large quantities, mainly for small
consumer products such as cellular telephones and other portable elec-
tronic devices. Using them in electric vehicles poses another situation
since the large size of the battery as well as the environmental condi-
tions that the battery is exposed to in terms of temperature, vibrations
etc have an influence on the safety. In addition, requirements such as
long life time and the possibility for a fast recharge of the battery calls
for other demands on the cells. All these aspects have an effect on
the safety of the vehicle, including the safety for people inside and
outside the vehicle, for service personnel involved in maintenance and
of rescue personnel in case of an accident.

Lithium-ion batteries have a limited window of stability regarding
temperature and voltage. Overheating may start exothermal reactions
that release even more heat which in turn can lead to an accelerated
process called a thermal runaway. A thermal runaway can be dev-
astating if it spreads to a complete battery system, releasing large
amounts of energy. Such a process could start due to overcharge,
overdischarge, mechanical deformation, external heating or an exter-
nal or internal short circuit, see Figure 1. The heat generated by any
of these events may start exothermal reactions in the battery that in
turn could lead to cell venting, fire or explosion.

These risks are well known1–8 and are not only associated with the
heat and high temperatures that may develop, the emission of harmful
or poisonous gases also pose a danger that has been emphasized in
literature,9,10 but also other gases which can be flammable may be
emitted.11–13 The reactions during overheating are typically due to the
decomposition of the solid electrolyte interphase (SEI) layer, anode
and cathode as well as electrolyte decomposition and combustion.5,14

These reactions are exothermal. In addition to this separator melt-
ing, an endotherm event, may occur. Oxygen may be released at the
positive electrode during decomposition; this oxygen can provide the
oxidant for the combustion of the electrolyte. Large efforts have been
spent on improving the safety of Li-ion cells, e.g. by replacing the
cobalt based electrode by lithium iron phosphate15 which is more
thermally stable and has long life time and high power density but
lower energy density.16 Another common practice for commercial
cells is to use a number of additives to the electrolytes to improve
safety, e.g. including fire retarders.17–20

Incidents involving lithium-ion batteries have been reported in
small as well as large battery systems, see for example Wang et al.21
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and Mikolajczak et al.22 Abuse tests of batteries are therefore of prime
importance in order to evaluate and improve the level of safety for
these types of battery systems. In this article results from abuse tests
of commercial Li-ion batteries of different type, chemistry and size
are presented to illustrate the problems that may arise under abnormal
operating conditions.

Experimental

Four types of commercial cells were tested; a Samsung 18650-cell,
i.e. a cylindrical cell 18 mm in diameter and 65 mm long, typically
used in laptops; two EiG cells of pouch-type with lithium iron phos-
phate (LiFePO4) cathode, and a carbon-based anode (a newer and
an older cell design); a European Batteries cell of pouch-type with
lithium iron phosphate cathode and graphite anode. A summary of
the cell specifications is provided in Table I. The EiG cells were op-
timized for power application while the European Batteries cell as
well as the laptop cell was optimized for energy applications. All cells
were fully charged, 100% State of Charge (SOC), according to the
manufacturer’s instructions.

Three types of abuse tests were performed; external heating, over-
charge and short circuit tests. All measurements were performed in
a similar but not identical condition as described in international test
standards for batteries such as FreedomCAR23 or SAE J2464.24 Cells
of different sizes, packaging, chemistries and manufacturers were
tested. Most tests were repeated in order to account for the variations
between individual cells. The tests presented in this paper are a selec-
tion of representative examples of these tests. For the Samsung 18650
cell only results from external heating tests are presented since over-
charge and short circuit tests would not be of interest due the built-in
cell protection mechanisms in the cell.

External heating test.— In the external heating test, the cells were
heated to excessive temperatures in order to examine their thermal
stability. This test is sometimes referred to as thermal ramp test. The
tested cell was placed inside a thermostatically controlled oven, Binder
FED 115. The oven has a microprocessor control and a PT 100 temper-
ature sensor for internal regulation of oven temperature. The oven’s
internal fan was set on full speed in order to circulate the oven air
to obtain a uniform temperature around the tested lithium-ion cell.
The cells were placed on one or two bricks in the center of the oven
and tested one at a time, see Figure 2. For the pouch cells the oven
temperature was first set to 80◦C and thereafter increased in steps of
10◦C every 15 min until either any thermal runaway had occurred or
to the maximum temperature of the oven (300◦C). For the 18650 cell
the oven was set to the maximum temperature (300◦C) with continu-
ous maximum heating. Both heading procedures were relatively slow.
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Figure 1. Lithium-ion thermal runaway overview from cell event to potential system event.

Table I. Basic data of tested cells.

Cell type Cell packaging Nominal voltage (V) Nominal capacity (Ah)

Samsung ICR18650–24F Cylindrical 3.6 2.4
EiG ePLB-F007H In article referred as “older design” Pouch 3.2 7
EiG ePLB-F007A In article referred as “newer design” Pouch 3.2 7
European Batteries EBattery 45 Ah v1.4 Pouch 3.2 45

With the continuous heating method it took around 90 min for the
oven to reach 200◦C.

The cell voltage and the cell surface temperature were measured
with a sample rate of 1 Hz with a data logger, Pico Technology ADC-
24. There were up to five type K thermocouples evenly distributed
on both sides of the cell’s surface and one additional thermocouple
measuring the oven temperature.

Overcharge test.— In the overcharge test, the lithium-ion cells
were abused by being charged beyond their limits. The charger was
limited to the preset maximum current of each experiment and up to
max 15.3 V. The 7 Ah EiG cell was charged with 70 A (corresponding
to 10 C-rate) considering that the cell is optimized for power applica-

Figure 2. Photo of oven set up, showing a cylindrical 18650 cell fastened onto
a brick with steel wire.

tions while the 45 Ah European Batteries cell was overcharged with
90 A (corresponding to 2 C-rate) due to its optimization for energy
applications. The cell surface temperature was measured with five
type K thermocouples; one of the sensors was directly attached to
the cell surface while four were so called plate-thermometers, that
is a thermocouple attached to a 10 × 10 cm metal plate. The plate-
thermometers were distributed around the cell, one directly under the
cell, the others placed with an air gap from the cell. The current was
measured using a current shunt (accuracy 0.5%). Cell voltage, current
and temperature were measured with a sample rate of 1 Hz with a data
logger, Pico Technology ADC-24.

Short-circuit test.— EiG and European Batteries cells were short
circuited using 50 mm2 copper cables and a high current contactor,
Telemecanique LC1F630, with a low internal resistance of 40 μ�.
The short circuit current was measured by a current core, Hitec 6000E
Topacc 1.0, which can measure currents up to 6000 A. The cell sur-
face temperature was measured with eighteen type K thermocouples
equally distributed on both sides of the cell surface. The cell voltage,
current and temperature were measured at 1 Hz using two data log-
gers, Pico Technology ADC-24 and Fluke Hydra Series II, as well as
by a Tektronix TDS 3034 oscilloscope.

Results

External heating test.— Figure 3 shows the results of an external
heating test on the 18650 cell. At 220◦C, a very rapid temperature
increase occurs when the cell catches fire and a pressure wave is ob-
served. The maximum average temperature at the cell surface reaches
743◦C which is higher than the melting temperature of aluminum,
660◦C. The maximum cell surface temperature measured by a sin-
gle sensor was 775◦C, the temperature of the cell interior was thus
probably even higher. Based on the average surface temperature in-
crease, the corresponding energy released from the thermal runaway
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Figure 3. Temperature and cell voltage development during external heating
of a Samsung 18650 cell.

can be roughly estimated since the cell is likely to be under adiabatic
conditions during the short duration of the thermal runaway, approxi-
mately 20 seconds. The specific heat capacity of a complete cell varies
between cylindrical and pouch cell packaging and is also dependent
on size, energy/power optimization etc. In the estimations we use an
approximate value of 700 J/kg◦C based on published values for dif-
ferent cell types.5,25–29 Using the measured temperature increase of
523◦C the energy released can be estimated to 15.6 kJ (4.33 Wh). The
calculated released energy is thus about half of that of the electrical
energy available in the cell, 8.64 Wh. It may also be noted that just
prior to the runaway, burning electrolyte is squirting out of the cell
seen in Figure 4, which releases energy which is not included in the
above value for the energy release calculation. Figure 5 shows the
derivative of the average cell surface temperature; the figure shows
that the thermal runaway temperature is 220◦C and that the rate of
temperature increase is very high, initially close to 5000◦C/min.

Cells with lithium iron phosphate (LFP) cathode have an enhanced
thermal safety compared to cells with cobalt oxide based cathode.
Figure 6 shows the results for two LFP-cells during external heating.
The old cell design shows a clear but relatively small thermal runaway
event while the new cell design shows no obvious signs of thermal run-
away. Actually, a minor exothermic event, hardly visible in Figure 6,
can be detected in the same temperature region as the thermal run-
away in the old cell design also for the new cell design. The chemical
and/or physical changes in the cell design are not known or studied in
this report. Complementary experiments where the temperature was
continuously increased also resulted in a similar behavior as that in
Figure 6. The time to reach the thermal runaway temperature was
approximately 90 minutes for the test using continuous heating and
approximately 200 minutes for the test using temperature-ramping.

Figure 4. Samsung 18650 cell at the beginning of thermal runaway releasing
ignited material.
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Figure 5. The rate of the cell surface temperature for the Samsung 18650 cell
in the temperature region of the thermal runaway peak.
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Figure 7 shows the results of the European Batteries cell during
external heating. A moderate thermal runaway is detected also for this
LFP-cell, with temperatures reaching well above 300◦C. The runaway
temperature was 183◦C within ± 1◦C for these cells, this value is close
to the value observed for the older design EiG cell, 189◦C. The run-
away temperature was thus somewhat lower than for the laptop-type
cell. The energy released at the detected thermal runaway estimated
using the same method and specific heat capacity value as for the
Samsung cell above is also much smaller than for the laptop cell.
While the ratio of energy released to the electric energy stored in the
fully charged battery is of the order of 50% for the laptop battery it is
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Figure 8. Overcharge of EiG cell of newer design.

between 10 and 30% for the LFP-type cells that showed a thermal run-
away. The rates of temperature increase at the thermal runaway for the
LFP-cells were 500◦C/min for European Battery cell and 60◦C/min
for EiG older design while the rate was not detectable for EiG newer
design. The 18650 cell lost 30% of its weight in the external heating
tests while the LFP cells lost between 16–26%, the EiG new design
had the lowest weight loss of 16%.

Overcharge test.— Figure 8 shows the result from an overcharge
test of the EiG cell of newer design. The cell surface temperature
reached a moderate temperature of 70◦C. An almost negligible weight
loss was measured, probably due to minor venting of electrolyte.
The overcharge test for one of the European Batteries cells is shown
in Figure 9. After approximately 5 minutes of charging at a state
of charge level of 115%, the cell suddenly caught fire, as seen in
Figure 10. The temperature reached 855◦C for a sensor placed in the
center of the top surface of the cell. During the fire, the top layer of
the cell was blown away so the cell temperature presented in Figure
9 may include the temperature of the flames and does not reflect the
cell temperature after this event.

The overcharge test on the European Batteries cells was repeated
three more times without any occurrence of fire and Figure 11 shows
the results of one of the repeated tests. The surface temperature reached
a maximum of 79◦C, a value comparable to that of the EiG cell. It
may be noted that all overcharged cells were swollen with a thickness
increase after the test ranging from 350 to 850% of the initial thickness.

Short-circuit test.— The results from short circuit tests for EiG
cells of both newer and older design are shown in Figure 12. There
were no significant differences between the two types of cells. Be-
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Figure 9. Overcharge of a European Batteries cell resulted in fire, in this case
the charger was manually stopped at 9.5 min due to the fire.

Figure 10. Overcharge of a European Batteries cell resulted in fire.
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Figure 11. Overcharge of a European Batteries cell that did not result in a
fire.

tween 20 and 30 seconds after the start of the short circuit the cell
swelled up quickly. The following 2 minutes the cell vented (with
no visual smoke) and swelling decreased considerably. The follow-
ing 5 minutes the cell contracted further to a thickness close to that
of the untested cell. The peak current reached almost 900 A which
corresponds to a discharge rate of 128C. The maximum cell surface
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Figure 12. Short circuit of EiG cell of newer design (dashed lines) and EiG
of older design (solid lines).
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Figure 13. Short circuit of European Batteries cell, photo (left) showing the flame and smoke from the burnt off positive terminal tab, the photo (right) after the
test shows the burnt off tab.

temperature was about 100◦C and both types of cells were discharged
to about 43% SOC.

In the short circuit test of the European Batteries cell the positive
tab of the cell burnt off, which stopped the short circuit current, see
Figure 13. The current just before this event was 1084 A and due to
the very short time for the short circuit the cell temperature and SOC
changed very little, less than 6◦C and 4% respectively.

Discussion

When the Samsung 18650 laptop cell was exposed to external heat,
the open circuit voltage remained stable until about 135◦C, measured
on the cell surface, as seen in Figure 3, then it falls abruptly. The melt-
ing points of typical shutdown separator materials, polyethylene and
polypropylene, are about 130 and 165◦C, the measured values are thus
reasonably close to these values, where the final voltage drop occurs at
about 158◦C. The difference may be due to a delay in the temperature
measurement due to the slow heat transfer in the interior of the cell.
The runaway temperature, 220◦C, and the temperature increase during
the thermal runaway, 532◦C, is in the same order as reported in our
previous study.30 The rate of temperature increase in the initial phase
of the thermal runaway is extremely high, close to 5000◦C/min. Jhu et
al.28 found for a similar cell a peak value of about 37000◦C/min with a
more sensitive technique, and in another study by Jhu et al.29 temperate
rates beyond 70000◦C/min were found. The state of charge can have
a strong influence on the cell behavior during abuse situations and
the influence may vary with different types of abuse. Jhu et al.28,29 and
Doughty et al.17 showed that lower SOC gives lower energy release
during external heating.

A comparison of the results of the external heating tests for the
18650 laptop cell (Figure 3) and the LFP-cells (Figure 6 and Figure 7)
shows that the behavior is much less dramatic for the LFP-cells. Two
of the three LFP-cells still go into thermal runaway but the energy
released is much less than that from a cell with cobalt-based cathode.
This is well-known from other studies2,13,20,31–36 and attributed to the
stability of the olivine structure of LiFePO4. The electrode influence
on the thermal stability of a LFP-cell is therefore dominated by the
anode material. Swelling and venting occurred for all pouch-type cells
while the laptop cell vented with a rapid release of gas, accompanied
by a pressure wave and immediately followed by fire.

The runaway temperature for the LFP-cells was lower than for
the laptop cell, 189◦C for the EiG older design and 183◦C for the
European Batteries cell. The thermal runway in the external heating
test for the new design of EiG is significantly reduced compared to
that of the older design. It may be noted that the EiG cell is designed

to target electrified vehicles in the automotive sector and is currently
in use there. The rates of temperate increase at runaway differ con-
siderably for the different cells; 5000◦C/min for the Samsung laptop
cell, 500◦C/min for European Battery cell and 60◦C/min for EiG older
design. This highlights the large differences for Li-ion cells and par-
ticularly underlines the importance of thermal stability.

Cell venting is an important safety factor to protect a Li-ion battery
from reaching too high pressure, especially in the case of cylindrical or
hard prismatic cell packaging. In fact, cell manufacturers may include
so called shutdown additives in the electrolyte in order to activate
cell venting at a pre-designed stage by gas generation from poly-
merizing of the additive molecules, before the cell reaches extreme
conditions.20 Upon heating of a cell, ventilation is also unavoidable
since the electrolyte typically consists of a Li-salt dissolved in volatile
organic solvents. Even in cases when fire or explosion does not oc-
cur, emitted flammable and toxic gas can be a serious problem as
mentioned in the introduction.

Abuse by overcharging and external heating adds energy to the
system due to the input of electric power or heat, while in a short cir-
cuit test no energy is added to the cell. Therefore, the overcharge and
external heating test can theoretically be seen as a more severe abuse
due to the addition of external energy to the cell. In the overcharge
tests presented the additional charged energy is between 20–30% in
terms of battery capacity. The energy released in the external heating
tests presented in this paper is calculated based on the change of the
cell surface temperature and are of the order of 50% or less of the elec-
trical energy within the cell. Those values do not represent the total en-
ergy release and neither the possible maximum energy release during
the most severe abuse situations when the cell materials are allowed to
fully combust. During the external heating, part of the electrolyte, and
particularly low boiling components (e.g. dimethyl carbonate), can
evaporate due to venting and cell opening. However, some electrolyte
is still present since thermal runaway does occur. For example, for the
18650 cell, electrolyte is squirting out of the cell prior to the thermal
runaway as seen in Figure 4, releasing energy which is not included in
the calculations. Besides, several other parameters also affect the re-
sults e.g. abuse test methods, cell chemistry, capacity size, cell design
and cell venting characteristics. Values typically found in the liter-
ature show a released energy of 2–3 times the electrical energy.1,38

The results presented in this article are lower presumably due to
the reasons discussed above. However, the energy release, 15.6 kJ,
of the thermal runaway for the 18650 cell in the external heating test
can be compared to 19.2 kJ measured for a similar 18650 cell.28

10 C-rate overcharge tests of the EiG newer design did not re-
sult in a thermal runaway and the peak surface temperature reached
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a moderate 79◦C. A similar result was obtained for one of the Euro-
pean Batteries cells, seen in Figure 11. However, one of the European
Batteries cells that was overcharged ignited with a resulting fire. This
behavior was not reproduced in three other tests. Excluding the ignited
cell, no thermal runaway could be detected even though all cells were
heavily affected by large swelling and venting. Hund and Ingersoll38

studied 1 C-rate overcharge of LiFeBatt 10 Ah LFP cells which re-
sulted in a significantly higher temperature of 160◦C but no fire or
sparks. He et al.39 used 2 Ah LFP cells and found a temperature peak
of 90◦C without fire during 1 C-rate overcharging. The incident of the
fire in our test is interesting but we can only speculate on the reason.
It could be a bad cell due to errors in the manufacturing process or
induced by some small variety in the test setup. An event like this in
the field could be referred to as a field failure, but field failures rarely
happens on cell-level, the probability is typically less than 1 ppm.21,22

For an overcharge situation to occur in a battery system a failure of
the Battery Management System (BMS) is required allowing the cell
to be charged above it limits. Secondly, as we have seen above, the
cell itself does not necessarily go into thermal runaway because it
is overcharged. Studies have, however, shown that LFP-cells have a
smaller margin with respect to the amount of overcharged capacity
compared to other common Li-chemistries, although the exothermal
response for LFP is significantly lower.2

The tested large-sized LFP pouch automotive cells have low inter-
nal resistance, enabling high short circuit currents known from other
studies.40 The short circuit current of the EiG cells was close to 900 A,
corresponding to a 128 C-rate. These cells are power optimized and
capable of delivering 20–30 C-rate in normal use. The short circuit
current for the six times larger capacity European Batteries cell is
close to 1100 A, i.e. a 24 C-rate. The European Batteries cell is en-
ergy optimized and made to deliver up to 4 C-rate in normal use. The
cell voltage seen in Figure 12 drops quickly due to the short circuit,
but does not reach 0 V instantly even if it is a hard short circuit with
low connection resistance. The current curve in Figure 12 quickly
rises and then falls to about half the value and then increases again.
This behavior could be explained by the fact that the extreme current
cannot be sustained due to limitations of the transport process of the
lithium ion in the cell resulting in a current drop, while the cell is
quickly heated due to the ohmic losses. The increased temperature
finally enables a higher transportation of lithium ions resulting in an
increased current. The time frame for these phases is less than 30 sec-
onds as seen in Figure 12. No thermal runaway is observed, however
the cell temperature increases fast during a short period of time.

The short circuit test of the European Batteries cell resulted in that
the positive terminal tab burnt off as seen in Figure 13 which stopped
the short circuit. In one perspective this can potentially be seen as
positive for the safety since the tab functioned as a “fuse” that stopped
the short circuit at an early stage. However the flame can be a potential
source of ignition of e.g. vented and flammable battery gases or other
easily ignitable materials inside a battery system.

Lithium-ion cells can be equipped with a variety of reversible
and irreversible safety mechanisms.41 The 18650 cells typically have
protection for short circuit, by the use of for example CID (current
interrupture device) and PTC (positive temperature coefficient), the
latter causing the cell resistance to increase rapidly at increased tem-
perature reducing the current going through the cell. Many of these
safety mechanisms were developed specifically for the Li-ion con-
sumer battery. The use of Li-ion batteries in other applications such
as within automotive give rise to more and different demands on the
safety as well as other aspects, e.g. cost, life time, energy and power
density. The environmental conditions in automotive applications are
different to those in consumer products; vibrations, extreme temper-
atures and varying humidity can be challenging. The risks involved
in case of electric vehicle crash deformations must also be taken into
consideration. In the automotive industry large capacity cells are re-
quired and typically hundreds of these are connected in series. Safety
mechanisms within the cell used in commercial Li-ion battery systems
do not always give the same protection in e.g. automotive applications.
A first example is the shutdown separator which can give an increased

safety for some cell abuse situations. However, the use of shutdown
separators in a large battery pack with higher voltage due to hundreds
of cells connected in series might not give the same safety due to
e.g. voltage breakdown of the separator.42,43 A second example is the
PTC which has a relative low voltage tolerance in cell-strings, po-
tentially as low as 30 V, which can result in spontaneous ignition in
case of overvoltage.44 Besides the safety concern the PTC also add
parasitic resistance in a large battery pack. A third example is the
CID which cannot offer the same safety in case of higher voltage
systems.44

The battery module design as well as the rate of energy release and
the total energy release from a thermal runaway in one cell determines
if neighboring cells are effected or not. From a safety perspective it
is essential to minimize the probability for a thermal event to occur
but also to minimize the consequences of such an event and prevent
damage to neighboring cells, avoiding the potential propagation of a
thermal runaway from cell to system-level as shown in Figure 1.

Conclusions

The abuse tests conducted on various types of Li-ion cells give
valuable information regarding diverse aspects of the cell safety. Risks
associated with thermal runaway situations; fire, smoke and gas emis-
sions are especially important for the use of Li-ion batteries in au-
tomotive applications. The external heating test of the 18650 laptop
cell resulted in a rapid thermal runaway accompanied with a pressure
wave and immediate fire. In large battery packs using multiple cells
in series and/or parallel the effect of a propagation scenario in thus
a concern. Safer chemistries like the LFP-cells are in general signif-
icantly less energetic. Nevertheless our results show that LFP-cells
can still go into a thermal runaway event even though the tested LFP
cells showed various results. During external heating up to 300◦C a
LFP-cell with a newer design did not show any substantial thermal
runaway while older design LFP cells showed a moderate thermal
runaway. Overcharge of the newer designed LFP-cell did not result in
thermal runaway either. However, overcharge of another LFP pouch
cell did result in a fire, even if that event could not be reproduced in
this study.

The energy released during a thermal runaway based on the results
reported above for a 18650 cobalt-based cell can be used to estimate
how much energy may be released in a thermal runaway of a 300 kg
battery system for an electric vehicle. The answer is perhaps somewhat
surprising, the calculation shows that the energy released could be in
the order of 70 MJ, corresponding to the combustion of about 2 liters
of gasoline. However, our estimate is low, as described above, and
using the highest value reported earlier one can expect a value up to
six times that calculated here. This is still considering the battery type
that has the largest energy release while other more safe chemistries,
e.g. LFP will have lower values. The presented results thus show
that although the safety aspects of Li-ion batteries are still a concern,
the safety is improving with safer chemical components and design
improvements.
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