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Comparison of the Fire Consequences of an Electric
Vehicleand an Internal Combustion Engine Vehicle.

Amandine Lecocg Marie Bertana ; Benjamin Truchpand Guy Marlair
INERIS — National Institute of Industrial Environment and Risks
VerneuilenHalatte, France

ABSTRACT

Since energy storage systems represent key new technaiotfiesdevelopment of electric vehicles
(EV), risks pertaining to them have to be examined closely. Lithium-ion (Li-ion) batteriesipgw

EV contain highly energetic active materials and flammable organic electrolytes, whictafatye
guestions, different to conventional cars. In cage\ofire, concerns remain about batteries fire
behavior, about their impact on the fire growth, abodit five-induced potential toxicity, especially

in confined spaces and underground car parks and about their reaction with water in case of firemen
intervention. Fire tests were therefore achieved for two French car manufacturers ondryabit,

on a full battery pack, on &V and on an analogous internal combustion engine (ICE) vehicle.
Thermal and toxic threat parameters governing the fire risk were quantified. For this ptirpdmat
release rate and the effective heat of combustion were determined to qualify the theantl im
whereas the main emitted gases governing the toxic potency of the fire effluents were meiasured. F
consequences of &V and the corresponding ICE vehicle were compared. This paper aims at
presenting the main results of sadire tests.
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INTRODUCTION

In 2005, the transport sector was responsible for approximately 15% of global greenhouse gas
emissions, to which road transport contributes as high as 73% [1]. As part of emissionsrreducti
policy, research devoted to alternative and decarbonated energy sources in substitutiorfuElfossil
in the transportation sector is crucial. In this field, making use of electric energgeundw a

powerful battery is an innovative way. The high endirigion battery is indeed one of the emerging
new systems of electric storage [2][3][4] proposed in industries for innovative appkgation
particularin the automotive sector (e.g. for Batt&y & plug-in EV), thanks to its high energy
density.

Due to the reactivity of the materials and the high energy density involved, the Li-ion systdra may
subject to failures like thermal runaway leading to leakage, gas venting, fiie #malworst case,
explosion [5]. For this reason, more but still affordable safety precautions are neededesafety v
each cell, fuses, battery and cell electrical management capable of single-cell supervisiorralnd cont
etc. In general, most of the inherent hazards trigger accidental scenario when batteries edeomisus
facing abnormal environmental conditions. When operating out of the stability domain of the system
(in terms of temperature or voltage), a series of undesirable reactions (varying accaituinype of
electrochemistry involved) may occur [6]. These side reactions can lead to the relezeteand

gases, and then subsequently cause thermal runaway [7] that entails significant tHoekng ifire
phenomena or even explosiasa result of the combustion of the electrolyte and other combustible
components after rupture of battery confinement.

External fire of Li-ion batteries and more globally of Li-ion powelEtrepresents a scenario likely
to occur during battery or vehicle life. Indeed, in France, 60 832 ICE vehicle fires required @ssistan
from the rescue services in 2011 [8].



To ensure the safe developmenEdf, French public authorities conducted different working groups
with regard tcEV safety management. To compensate a lack of technical knowledge on real EV fire
behavior, the decision to proceed to EV full scale fire testing was taken with the agijusting, as
needed, some regulations, more particularly the ones regarding recharge st&ibinfor

underground car parks or petrol stations. Public authorities led a group of experts, cactaesrsf

and emergency services to define an experimental procedure able to assess, in a suitable manner, the
effects ofEV fires and their consequences in confined spaces. The main objectiviepobtcedure

were to characterize the general behavior of batteries and vehicles in case of extestiadseso
characterize batteries behavior in contact with water in case of firemen intemyémibentify and
guantify emitted gassand energies and to compare fire growth. The defined protocol included five
different tests on: two battery units (with and without fire fighting operation), dhiedttery pack,

one EV and one analogous ICE vehicle.

INERIS was commissioned to conduct these fire tests for two French car manufactusdisein i

gallery where many parameters were measured throughout the tests.

This paper presents the main results and comparisons of the tests bet&®esmnainthe

corresponding ICE car. A special attention was paid to the analysis of emitted gases, speaxically
gases as HF and CO.

EXPERIMENTAL
Test procedur e specifications

Full scale tests were achieved in the INERIS fire gallery, according to fire test procedure
specifications developed by tB/ safety group, which was mentioned above.

The procedure included five different tests:

- Afire test on a battery unit, a modular assembly of some elemental cells, whiah was
representative element of the fEN/ battery. (A battery unit represented at least ten percent
of the full battery mass or its energy was at least 1.5 kwh.)

- Afire test on a battery unit, with fire fighting operation.

- Afire test on a full battery pack (which mass was around 250-300kg), with late fire fighting
attempt.

- Afire test on arEV with a fully charged battery.

- Afire test on an analogous Diesel vehicle with a full gas tank.

In order to quantify emitted gasand energies, the tests had to be performed in a confined space
which could be operated like a large-scale fire calorimeter.

The ventilation had to be slightly forced and monitored to fully extract combustiesigake
exhaust system and to carry out measurements.

The calibrated ignition source had to ensure a self-sustained fire of the testedt&ldmvas
important to be able to stop the ignition source once the fire was self-sustained, in quaentify

the energy produced by the fire of the tested element without any external contribution yf Emerg
impact of the transitional ignition phase had to be minimisedttaggecurate measuremeras
possible and not to interfere with emission of gases from the tested element.

Therefore a 6 kW propane burner was used to set fire to the vehicles.

Testing facilities and equipments

These fire tests were achieved in the INERIS fire gallery. This gallangnetized on Figure 1, is
50m long, 3.5m high (on the top of the vaulted ceiling), 3m wide (16rass section), with a tower
were the main sensors and samplers are set up. The tower is 2m long, 3m wide and 10m high.
This gallery has a monitored ventilation system and a gas scrubber system whichtenzdietize
and clean up combustion smoke before rejection in the atmosphere.



Controlled conditions are generated in the fire gallery with the opportunity fgzanstandard
decomposition and combustion gases and therefore to quantify thermal and toxic parameters.

The online gas analysis instrumentation, including a Fourier-Transform Infra-Réerl) @quipment,
conjugated to flow rates measurements enable to determine the nature and yields of toxic combustion
or decomposition products.

Procedure dedicated to fire tests on vehicles

For each car manufacturer, after preliminary tests on battery units and paekestfwas carried out
on anEV and another test was carried out on an analogous ICE vehicle. In totgke 4dale car fire
tests were achieved with an identical experimental procedure.

The flow rate in the gallerwas approximately 25 000t and it was measured throughout the fire
tests. The ventilation system is an extraction one, which means that the frgetsair the gallery
through the section under the door (sectionrofoy 30cm) and it is extractéd the tower. For each
test, the vehicle was set up in the tunnel of the fire gallery (Figure 1
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Figurel  Experimental set-up for thefire testson a vehicle.

A gas burner of approximately 6 kW was used to set fire to the vehicle.

To ensure a sustained fire of the vehicle, the left front seat had beenedaerd the car windows
had been opened before the test. The gas burner was activated during 1 minutescbt@tiat left
front seat, inside the passenger cell.

Online gas analysis was performed by several methods:

- classical analytical methods using non-dispersive infra-red spectroscopy)(fMDIRO, and
CO, paramagneticneasurement for & chemiluminescence for nitrogen oxides ¢N@nd
flame ionization detector (FID) for total hydrocarbons (THC);

- a method based on an online Nicolet 6700 FTIR spectrometer, using a 2mlgaisacel
volume of 200mL for further analysis of gases and vapors including HF, HC|, HHEX,
SO, CO,CO, andNO,. The sampling probe and installation was set up to be compatible with
the HF specificities, in the above mentioned operational conditions.

The gas analysis methods followed the principles of ISO 19701 [9] and ISO 197@fajidards.

The other online measured parameters were:
- thermal flux with two fluxmeters located 5m and 8m upstream the vehicle,



- temperature inside and on the surface of the vehicle,

- smoke temperature,

- flow rate (smoke exhaust rate),

- video and thermal IR camera,

- online gas analysis (CO, GAD,, THC, NQ, HF, HCI, HBr, HCN, S@ etc.).

Off-line measurements and analysis were also carried out, including soatisraaly mass loss
measurement.

The total effective heat of combustion and the fire growth were determined using tioel vk
consumption.

TEST RESULTSAND COMPARISON
Fire behavior and heat releaserate (HRR)

Fire development was found similar for all vehicles; the fire spread inside tleges=®ll before
propagating to the rear of the vehicle and then to the front of the vehicle. It’s worth noting however

that fire propagation can be influenced by the ventilation imposed during the test and byithve ignit
method which is used.

The general behavior in case of an external fire initiating event was globallydivuitet for both
types of vehicles. No explosion or projection related to the battery was observed during teéstdi

in our test conditions.

The measured mass loss was close for EV and ICE vehicles. For both car manufacturers, the
measured mass loss was around 20% of the initial mass.

The maximaHRR and the overall dissipated effective heat of combustion (integration of HRR
profile) were close for both analogous vehicles. The comparison of the evolution ofdi&R time

for EV and ICE vehicle for the car manufacturer 1 and for the car manufacturer 2 are regpectivel
represented in Figure 2 and Figure 3. In the present case, HRR computation is based on O
consumption corrected for CO and soot production. For the car manufacturer 1, the maximal HRR
was 4.2 MW for théeV and 4.8 MW for ICE vehicle. Peaks attributed to the combustion of the
battery pack appear at approximately 35 minutes after ignition. For the car manufacheer 2,
maximal HRR was 4.7 MW for theV and 6.1 MW for ICE vehicle. Data of the literature mentioned
that the HRR for a single passenger automobile (ICE vehicle) varies from 1.5 to 8 MW [11] [12]
according to its size, but the majority of the tests reported in the literature showaiRR kess than

5 MW [13] for medium size cars. Then, measured HRR values during our tests are congistent wi
data from literature.

The overall dissipated effective heat of combustion was computed at 6300 MJ for EV and 6900 MJ
for ICE vehicle for the car manufacturer 1 (Figure 4) and at 8500 MJ for EV and 10000 MJ for ICE
vehicle for the car manufacturer 2 (Figure 5). From these values, the effective heat of ioombust
expressed as heat of combustion (in MJ) per kg of combusted material was evaluated. T¥e effecti
heat of combustion was around 36-36.5 MJ/kg for ICE vehicles of both manufacturers. This value
consistent with the plastic heats of combustion and with the effective heat of combu8&a.dfg
reported in [13]. The effective heat of combustion was around 30-31 MJ/Kkg for electrieseiicl

both car manufacturers.



6500
6000
5500
5000
4500
4000
3500  Ar—
3000

o EV-manufacturer1

—ICE vehicle-manufacturer 1

HRR (kW)

2500 ... 'W‘\
2000
1500 5 ,,,,, \\.

500 B A T %

-10 0 10 20 30 40 50 60 70 80 90

Time (min)

Figure2 Comparison of the heat release rate vs. time for EV and analogous | CE vehicle tests
for the car manufacturer 1.
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Figure3 Comparison of the heat release rate vs. time for EV and analogous | CE vehicle tests
for the car manufacturer 2.



10000

9000

8000

7000

6000

5000

4000

3000

Combustion heat (MJ)

2000
1000

0

Figure4

o EV-manufacturer1

—ICE vehicle-manufacturer 1

—
/
//
V4

10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (min)

Comparison of the effective heat of combustion released vs. time for EV and

analogous | CE vehicle tests for the car manufacturer 1

10000
9000 //
8000 / /
S 7000
1 // o EV-manufacturer2
$ 6000 // —ICE vehicle-manufacturer2
N -
§ 5000
: /)
2 4000
§
S 3000 /
2000
1000
O - T T T T T T T T T T T T T T T 1
5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8
Time (min)
Figure5 Comparison of the effective heat of combustion released vs. time for EV and

analogous I CE vehicle tests for the car manufacturer 2

Gasanalysis

According to actual measurements, HF was emitted in significant quantities during btib afel
ICE vehicles fire tests. This is shown in the graphs hereinafter, Figure 6 and Figuresgmneipg
mass flow of HF production as a function of time for both car manufactit’ersorth noting that a
significant emission of HF was also measured during ICE vehicle tests. A similar gék of



emission at 14 min was observed for EV and ICE fire experiments. It may come from fluorinated
materials contained in the vehicle (e.g. from a fluorinated refrigerant contained indbeditioning
system this hypothesis wasn’t confirmed).

In the case OEV, additional HF emission peaks corresponding to the combustion of the lithium-ion
battery pack were observed around 25-30 minutes after triggering vehicle fire, Figureiguaad F
This is consistent with known existing potential sources of fluorine in a Li-ion batterghkk

electrolyte (most often LiRFN current technologies) and the binder material of the electrodes (often
PVDF). This is also coherent with preliminary tests achieved on battery units and full battery pack
Consequently, HF cumulative mass was measured in higher quantities in thefedstuefto the
combustion of Li-ion battery pack.
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Figure 6 Comparison of HF production vs. time for EV and analogous | CE vehicle tests for the

car manufacturer 1
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Figure7 Comparison of HF production vs. time for EV and analogous | CE vehicle tests for the

car manufacturer 2

As regards the other emitted gases, fire experiments showed the production of similativemula
masses of CQ CO, THC, NQ, HCl and HCN for both types of vehicles. No HBr was detected for
these 4 tests.

The total quantity of emitted gases (limited to measured gas and vapors) is repostele i, Tn

bold. This table doesn’t take into account the kinetic of gas emission, which is an important
parameter.

The measured quantity of the main emitted gases, (CO, THC, etc.) and the thermal effects (HRR,
heat of combustion) were higher for the manufacturer 2 due to the presence of a bigger amount of
combustible material in its cars which are bigger models.



Tested dlement EV ICE vehicle EV | CE vehicle
manufacturer 1 manufacturer 1 manufacturer 2 manufacturer 2
Test Fire Fire Fire Fire
Nominal Voltage (V) 330V ? - 355 v? -
Capacity (Ah) 50Ah® - 66,6 Ah? -
Energy (kWh) 16,5 kwh? - 23,5 kWh? -
Mass (kg) 1122kg 1128kg 1501 kg 1404 kg
Lost mass (kg) 212kg 192kg 278,5kg 275 kg
Lost mass (%) 1% 17% 18,6% 19,6%
Online gasanalysis—total quantity of emitted gases (FTIR and online analyzers)
CO: (0) 460 400 508 000 618 490 722 640
CO, (mg/lost g) 2172 2 646 2220,8 26278
CO(g) 10 400 12 040 11700 15 730
CO (mg/lost g) 49 63 42 57,2
THC (g) 2430 2380 2 860 2730
THC (mg/lost g) 11,5 12,4 10,3 9,9
NO (g) 500 679 770 740
NO (mg/lost g) 2,4 35 2,8 2,7
NO; (g) 198 307 349 410
NO, (mg/lost g) 0,9 1,6 1,3 1,5
HF () 1540 621 1470 813
HF (mg/lost g) 73 32 53 3
HCI (g) 2060 1990 1930 2 140
HCI (mg/lost g) 10 10,4 6,9 7.8
HCN (g) 113 167 148 178
HCN (mg/lost g) 0,5 0,9 0,5 0,6
Thermal effects
Maximal HRR (MW) 4,2MW 4,8MW 4,7 MW 6,1 MW
AezEer (‘,ij’lgb“g'on 6 314MJ 6 890MJ 8 540 MJ 10 000MJ
Heﬁﬁ:;ﬁg“;b(ﬁgf% ;‘”" 29,8 MJ/kg 35,9 MJ/kg 30,7 MJ/kg 36,4 MJ/kg

& Characterigtics of the battery pack of the EV.

Table 1 Results synthesis

CONLUSION

Four large scale fire tests were recently achieved, with an identical experimental procedwe, f
French car manufacturers. For each of them, the fire testing program inaptwexbattery units, b)

a full battery packg) anEV and d) an analogous ICE vehicle. The present paper focused on the main
results of the fire tests conducted on EV and corresponding ICE vehicles

Our tests show that the general behavior of EV and ICE vehicles exposed to the same external heat
stress was similar. The maximal heat release rate (HRR), the overall dissipatgtcbeaiustion



and the effective heat of combustion were close for both types of vehicles.

The analysis of the combustion gases from car fires highlighted that the cumulative oh@$3g

CO, total hydrocarbons, NO, NCHCI and HCN were similar for both types of vehicles.

A significant quantity of HF was measured duriElg and ICE vehicle fire tests. To our knowledge,

HF emissions from conventional ICE vehicles have not been reported into the literature so far, may be
due to recent introduction of fluorine sources in modern cars. The cumulative mass of HF was higher
for EV due to the combustion of thé-ion battery pack.

In addition to HF, a significant quantity of toxic gases including COH@K in relation with the

presence of chlorinated polymersasproduced during the fire tests on both types of vehicles.

All toxic compounds have to be examined to assess the global toxicity of combustion smokes during
EV and ICE vehicle fires. These tests provided source terms, which can be used in modeling work to
predict toxic gas dispersion and thermal effects in confined spaces, such as tunnels, underground car
parks or other underground facilities.

The results of these tests are only valid for the four tested vehicles of two car maestsatndeed,
numerous parameters such as the fire scenario initiating event, the battery technolodiagiagac

its design and its position within the vehicle are liable to play a significant role on the bedialior

of anEV exposed to an external fire. Thus, these results cannot be extrapolated to other vehicles, to
other car manufacturers, to other potential fire scenarios or to other battenglbgies.

These tests only studied the vehicle behavior in the case of a fneain passenger cell. In the
case of a fire outbreak generated in the battery by an internal short oiriit overcharge, the
kinetics of observed phenomena would certainly be different.
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