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Research on the Fire Hazards of Cells in Electric Car Batteries

NccnepoBaHns NoXapHOM ONAaCHOCTU 31EMEHTOB NUTAHUS aKKYMYNSTOPHbIX 6aTapen
anekTpomobunen

ABSTRACT

Aim: To carry out an analysis of the latest research in the field of fire hazard lithium-ion cells, which are used in accumulator batteries of electric cars.
Proceeding from the obtained results of the research, to determine the direction of the subsequent research in the field of fire safety of lithium-ion ac-
cumulator batteries of electric cars.

Methods: This work is based on the fundamental research of scientists from the US, China and other countries of the world, the results of which were
presented in a variety of world scientific journals, conferences and national reports.

Results: An analysis of literature sources has shown that research in the field of fire safety of lithium-ion batteries is carried out all around the world, as
this technical device is constantly being modified and improved, as dictated by today's realities.

The obtained research results show that the elementary lithium-ion cell contributes during combustion to the production of 6 to 10 kW of energy and
a rather large number of dangerous combustion products, especially HF, POF,. Also, the results of the studies show unambiguously that the amount
of energy released by lithium-ion cells supply as well as the amount of hazardous combustion products will depend on the degree of their charge. Fur-
thermore, the shown research results unequivocally confirm that the amount of energy released by the lithium-ion battery depends on the degree of its
charge. Based on the results of full-scale experiments, the average amount of water necessary to extinguish the battery of an electric car varies from
2500 to 6000 litres, which can exceed the amount of water carried by a single fire truck.

The amount of thermal radiation at a distance of 1.5 meters from the model of a burning car with decor elements, is between 8.1 and 11.9 kW/m?. Labora-
tory analysis of samples of water, used to extinguish a car, showed the presence of hydrogen chloride (HCI) and hydrogen fluoride (HF) in concentrations
2-3 times higher and more than 100 times higher, than normal registered levels, respectively. No other corrosive or toxic compounds were found in the
water samples.

Conclusions: Subsequent work to investigate the fire safety of electric car accumulators and their supply elements can be devoted to conducting full-scale
experiments on the extinguishing of real consumer electric cars. Followed by an assessment of the problems of access to batteries and the difficulty
of their extinguishing, the risk of electric shock from the battery of an electric car and the possibility of using various extinguishing media should be
explored. It is also very urgent to develop a mathematical model for the heating of a lithium-ion battery that takes into account the geometric shape of
the element and its chemical composition.
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AHHOTALMA

Llenb: MNpoBecTn aHanna nocneaHmx nccnefoBaHuin B o6nacTu l'lO)KapHOl;l ONacHOCTW AINTUA-NOHHbBIX 3N1EMEHTOB NUTaHNS, KOTOpPbIe NCMONTb3YHOT-
CA B aKKYMYNATOPHbIX 6aTapeﬂ>< 9/1EKTPOKApOB. McxoAd U3 NONyYeHHbIX Pe3ysibTaToB ncecneaoBaHun onpenennTb HanpasseHUA nocnefgyrounx
nccnenoBaHuin B o6nacTu NoXapHoW 6€30MacHOCTU NMNTUIN-MOHHBIX 3TEMEHTOB MUTaHUA U AKKYMYNATOPHbIX 6aTape|71 9N1IEKTPOKapoOB.
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RESEARCH AND DEVELOPMENT

MeTopbl: [laHHas pa6oTa OCHOBbIBaNMCh Ha hyHAAMEHTaNbHbIX UCCNefoBaHMAX yueHbix CLUA, Kutas v Apyrux cTpaH Mvupa, peaynbTaTbl KOTOPbIX
6bINN NpeACTaBfeHbl B pa3HO06pasHbIX MUPOBbIX HAaYYHbIX XXypHanax, KoHhepeHUMsaX U HauMoHaNbHbIX JOKNajax.

PesynbTaThl: [poBeeHHbIN aHanM3 nMTepaTypHbIX MCTOYHUKOB MOKasas, YTo uccnefoBaHns B 061aCTV MOXaPHON 6€30MaCHOCTU INTUA-MOHHbIX
3/1eMeHTOB NUTaHUA MPOBOAATCSA NO BCEMY MUPY, MOCKONbKY JAHHOE TEXHUYECKOE NPUCNOCOBIEHNE NOCTOAHHO MOANDULNPYETCA 1 YCOBEPLLEH-
CTBYETCS, YTO Mo 60MbLIEN Mepe NPOAVNKTOBAHO CErOAHAWHUMM peannusmMu.

Mony4eHHble pesynbTaTbl UCCNefOBaHNIA MOKa3bIBAtOT, YTO 9N1eMEHTapHbI MMTUIA-NOHHbIR 3NeMeHT NUTaHWs BO BPeMSs roOpeHust CnocobeH npo-
Ayumposatb oT 6 40 10 KBT aHepruv v A0BOJIbHO 60MbLIOE KOSIMYECTBO OMNacHbIX NPOAYKTOB ropeHus, ocobeHHo HF, POF,. Take nokasaHHble
pesynbTaTbl UCCNeAOBaHUI OLHO3HAYHO NMOATBEPXKAAIOT, YTO KONMMYECTBO BbIAENAEMON SHEPTUN IUTUR-MOHHBIM SNTIEMEHTOM NUTAHNA HANPSAMYO
3aBWCUT OT CTeMeHw ero sapsaga.

Micxoas ns pesynbtaToB NoAHOMacWTabHbIX 9KCNepUMEHTOB CpefjHee KONMYecTBO BOAbl HEOOXOANMOE ANA TYLUEHNA aKKyMYyNATOPHON 6aTapeu
anekTpokapa koneénetcsa oT 2500 4o 6000 11, YTO MOXKET NpeBbIWaTb 06beM BbIBO3UMOMN BOJbI OZJHUM MOXapHbIM aBTOMOBUIIEM.

BenununHa TennoBoro U3nyyYeHns Ha paccTostHumn 1,5 MeTpoB OT MaKeTa ropsillero aBToMob6mnsa ¢ afneMeHTaMun gekopa cocTaBnsaeT oT 8,1 ao
11,9 kKBT/M2 JTabopaTopHbI aHann3 06pasLioB BOLbl, KOTOPO OCYLLECTBAANOCH TyLLIEHWe aBTOMOGWAS, Nokasan Hanvuune xnopuaa (HCI) n dTopuaa
(HF), B KOHUEHTpaLUWK B 2—3 pa3a Bbllle HOPMasbHbIX PEFMCTPUPYEMbIX YPOBHEN 1 60nee Yem B 100 pa3s Bblille, COOTBETCTBEHHO. HUKAKUX APYruX
KOPPO3MOHHbBIX UM TOKCUYHBIX COEAMHEHWNA B 06pasLiax BOAbl He 06HapY>KeHO.

BbiBoabi: [NocneaytoLime paboTbl N0 UCCeA0BAHNIO MOXaPHON 6€30MacHOCTM akKyMyNATOPHbIX 6aTapei a1eKTPOKapoB 1 9/1eMEHTOB UX MUTaHWs
MOTYT 6bITb MOCBSALLEHbI TPOBEAEHWIO MONTHOMACLUTAaOHbIX 3KCMEPUMEHTOB NOXaPOTYLIEHWSA peasnbHbIX MOTPEOUTENbCKMUX 9N1eKTPOKapOoB ¢ noce-
AytoLLeit oLeHKon npo6nemM JOCTyNa K akKyMynATOPHbIM 6aTapeam U CAOXKHOCTU UX TYLLEeHWUs BOAOM, ONaCHOCTW NOPaXeHWS IMYHOr0 COCTaBa asek-
TPUYECKMM TOKOM OT akKyMYSITOPHOM 6aTapew anekTpokapa, 3hHeKTUBHOCTY TYLLIEHNS aKKYMYIATOPHbIX 6aTapei ¢ NCnoNb30oBaHWeM pasfinyHblX
OrHeTylallMx cpefcTB. Tak)Ke BeCbMa akTyaslbHOM ocTaeTca 3ajava pa3paboTkn MaTeMaTUYecko Mofenu npoLecca Harpesa MMTUR-MOHHOTO
3neMeHTa NUTaHnsa KoTopas yuntbieana 6bl reoMeTpuyeckyto Gopmy aeMeHTa NUMTaHUs U ero XMMUYeCcKuii CocTas.

KnioueBble cnoBa: IMTUNA-MOHHbI BNEMEHT NUTaHWA, akKyMynsTopHasa 6aTapes anekTpokapa, NoXapHas 0OnacHOCTb 3N1eKTPOMOBUAS, TyLleHve
3N1eKTPOMOBUNIA
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ABSTRAKT

Cel: Wykonano analize najnowszych badar w zakresie zagrozenia pozarowego, jakie mogg powodowac akumulatory litowo-jonowe stosowane do zasi-
lania samochodoéw elektrycznych. Na podstawie uzyskanych wynikéw badan ustalono kierunek dalszych badar w zakresie bezpieczeristwa pozarowego
akumulatoréw litowo-jonowych i samochodowych.

Metody: Praca zostata oparta na analizie badar naukowcdéw m.in. z USA i Chin, ktérych wyniki zostaty przedstawione w réznych czasopismach nauko-
wych o zasiegu miedzynarodowym, a takze w materiatach konferencyjnych o zasiegu krajowym.

Wyniki: Analiza literatury wskazuje, ze badania w zakresie bezpieczeristwa pozarowego akumulatoréw litowo-jonowych prowadzone sg na catym swiecie,
co jest podyktowane ciggtym rozwojem tego typu urzadzen. Uzyskane wyniki badan wskazuja, ze pojedyncza bateria litowo-jonowa moze wytworzy¢ od
6do 10 kW energii i duzg ilo$¢ niebezpiecznych produktow spalania, zwtaszcza HF, POF,. Ponadto przedstawione wyniki badan jednoznacznie potwierdzaja,
ze ilos$¢ energii uwalnianej przez baterie litowo-jonowg zalezy bezposrednio od stopnia jej natadowania. Opierajac sie na wynikach badan w petnej skali,
$rednia ilo$¢ wody potrzebnej do ugaszenia palacej sie baterii samochodu elektrycznego waha sie od 2500 do 6000 litréw. Tak duze zapotrzebowanie
w wode moze powodowac, ze do ugaszenia takiego pozaru nie wystarczy tylko jeden pojazd pozarniczy. llo$¢ promieniowania cieplnego w odlegtosci
péttora metra od modelu ptongcego samochodu z elementami wykoriczeniowymi waha sie od 8,1 do 11,8 kW/m?. Badania laboratoryjne wody uzytej do
gaszenia samochodu wykazaty obecno$¢ w niej chlorowodoru (HCI) oraz fluorowodoru (HF) w stezeniach odpowiednio dwu- trzykrotnie oraz stokrotnie
wyzszych niz normalne. W prébkach wody nie znaleziono zadnych innych substancji toksycznych lub korozyjnych.

Whioski: Konieczne jest prowadzenie dalszych prac koncentrujgcych sie na bezpieczeristwie pozarowym w odniesieniu do baterii akumulatorowych
pojazdéw elektrycznych. Z wykonanej analizy tematu wynika, ze istnieje konieczno$¢ prowadzenia badarn w makroskali w celu okreslenia najlepszych
sposobdéw gaszenia pozaréw baterii akumulatorowych pojazdéw elektrycznych. Dodatkowo niezbedne jest przeprowadzenie analizy mozliwych do wy-
stgpienia zagrozen oraz opracowanie optymalnego sposobu gaszenia, a takze okreslenie najskuteczniejszego $rodka gasniczego, ktéry moze zostaé
do tego celu uzyty. Istotne jest réwniez opracowanie modelu matematycznego akumulatoréw litowo-jonowych, ktéry uwzglednia¢ powinien ksztatt
geometryczny baterii akumulatorowej oraz jej sktad chemiczny.

Stowa kluczowe: bateria litowo-jonowa, akumulator samochodu elektrycznego, zagrozenie pozarowe samochodu elektrycznego, gaszenie pojazdow
elektrycznych
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Introduction

The development of modern technologies provides great
advantages to humanity, even across a short time span of 10 to
20 years, and, as arule, is intended to foster the improvement
and prosperity of our world. However, very often novelties of
technical progress fail, especially at their initial stages of op-
eration, which may entail a series of problems and dangers
threatening the appropriate handling of emergencies.

Recently, humankind has begun to explore the possibility
of harnessing alternative sources of energy that could replace
hydrocarbon fuels. One of such striking examples is the rapid
growth and development of electric and hybrid electric vehi-
cles, which in the near future will replace cars powered by in-

Formulation of the problem

Considering the modern design of the electric vehicle,
and based on research [4], it can be argued that the main
danger both in terms of fire safety and safety of the rescue
works, in this mode of transport, stems from high-capacity
batteries (about 24 to 85 kW/hours and more, depending on
the model of the car).

a)

ternal combustion engines [1]. Simultaneously with the advent
of new technologies, the threats and dangers to which emer-
gency rescue units should respond are growing in number as
well. Electric vehicles represent a similar danger today. Con-
stant changes in the configuration of the placement of batter-
ies in cars as well as the chemical composition of batteries
and their capacity determine the specifics of firefighting tactics
and emergency rescue operations in electric vehicles [2, 3]. The
safety of firefighters and other emergency services depends
on the understanding and proper management of these haz-
ards through appropriate training and learning.

The main manufacturers of electric cars (Nissan, Tesla,
Mitsubishi, Ford, etc.), in the design of accumulator batter-
ies use lithium-ion power supply elements which differ only
in the type of elements (Fig. 1.) and their distribution in the
accumulator battery itself.

b) c)

Figure 1. Example of power supply elements in accumulator batteries of electric cars [4]: a) Example of 18650 cylindrical cells (18 x 65 mm);
b) Example of a hard case prismatic cell; c) Example of a soft-pouch polymer cell

In this case, it is worth mentioning that the most common
batteries today are the cylindrical batteries (Fig. 1a) found,
in particular, in Tesla's electric cars, and the soft-pouch pol-
ymer cells (Fig. 1c) which are widely used by other automak-
ers such as Nissan. To obtain the required capacity of the
electric car battery and protect the battery from mechani-
cal damage, the battery cells are placed in metal blocks. For
example, the Nissan Leaf battery consists of 48 aluminium
blocks (each has four packaged polymer batteries), and in
the Tesla Model S, there are 16 blocks (444 elements of the
18650 type are installed in each) [5]. Lithium-ion batteries
have a number of advantages, including long service life and
the ability to quickly charge. However, there are a number of
drawbacks too that carry a potential hazards risk both to the
vehicle as well as to people.

BEZPIECZENSTWO | TECHNIKA POZARNICZA

Since the electrolyte located in the middle of the cell is
combustible, it can cause an irreversible thermal reaction,
which subsequently leads to the release of flammable and
toxic gases, and in some cases, the explosion of the battery
[6,9-15]. Anirreversible thermal reaction can occur in the event
of a disturbance to the battery’s stable mode of work and oth-
er reasons can cause the following:

1. Short circuit;

2. Overheating;

3. Overcharge;

4. Mechanical damage.

Accordingly, with the foregoing, the purpose of this paper
is to analyze the current scientific results in the field of fire
safety with respect to power supply elements in accumulator
batteries of electric cars.
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a)

Figure 2. Example of the distribution of power supply elements in accumulator batteries of electric cars of different manufacturers [5]:

b)

a) accumulator battery of Nissan Leaf; b) accumulator battery of Tesla Model S

Main scientific results

In order for the lithium-ion battery to become a source
of ignition, three components must be present: oxygen, igni-
tion source and fuel.

Work [6] offers a detailed description of the process dur-
ing which, with temperatures of 170°C and 74°C, a positive
electrode Li, ,CoO, and a negative electrode Li,C, respec-
tively, decompose and release oxygen products and a large
amount of exothermic heat which are then contributed to the
combustion triangle.

Additionally, on the basis of the theory by Semenov [7, 8],
it was calculated by the authors that when the temperature of
the cell is raised above 65.5°C, there is an acceleration of the
occurrence of thermochemical reactions which can lead to an
irreversible ignition process. Reaching the temperature of 75°C
marks a point of no return, after which the subsequent ignition
of the battery follows. The general process of ignition and the re-
sulting “domino effect” chain reaction forms a sequence which,
according to the authors, could be described as shown in Fig. 3.

Overpressure
and energy

Abuse, Temp- Self-
e.g. over erature Heating
charge, D increa- D

short, etc sing

D

Chain Energy
reactions and gas
D cumulat D
ed

Temperature
increasing

Figure 3. Domino effect of lithium ion battery fire and explosion [5]

As the thermochemical reaction progresses, a significant
amount of thermal energy and hazardous combustion prod-
ucts are released from the lithium-ion power element. These
quantities were studied and measured in detail in the follow-
ing research papers [9-16].

BITP VOL. 52 ISSUE 4, 2018, pp. 108—117, https://dx.doi.org/10.12845/bitp.52.4.2018.7

Self
Heating

Energy
and gas
cumulat ed

Chain
reaction

The authors of [9] investigated the order of nine different
supply elements among which special attention was paid to
cylindrical cells 18650 and soft-pouch polymer cells. The ex-
periment was conducted with the use of submitted power el-
ements, in order to determine the amount of released energy.
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For this, a calorimeter was used operating on the principle of
oxygen consumption. In these tests, the batteries were ex-
posed to a radiant heat flux from 10 to 75 kW/m?2. Batteries
with a different state of charge from 20 to 100% were tested,
which also influenced the results of the research.

—— PHAR
—{— HOGC

fr
]
I
1
!

PHRR (kKWicell) or HOC (kJfg)

State of Charge/S0C (%:)

a)

As aresult of the studies, the following data were obtained
for the 18650 batteries (Fig. 4).

The results of studies for soft-pouch polymer cell were
obtained only at a charge value of 50%, where the average
value of the HRR was 6.1 kW.
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b)

Figure 4. Results of studies to determine the dangers of the 18650 lithium-ion batteries [9]: a) The HOC and PHRR vs. SOC for a lithiumi-on 18650

at a heat flux of 50 kW/m?, b) Maximum surface temperatures of 18650 lithium-ion cell at failure vs. SOC

As part of the studies [10], a number of experiments were
carried out to determine the temperature of the 18650 type
batteries, depending on the SOC and the type of power ele-
ments. For experiments, two options for stacking the batter-
ies were chosen — vertical and horizontal (Fig. 5.). In each of

Surrogate 1 2
cell FaC N\ 7 Co

Cartridge
heater

a)

the stacking options, a single cell was placed and heated by
being connected to an electrical transformer, and this served
as a heat source for another active cell. The rest of the batter-
ies were just an imitation, but at the same time, they were the
closest thing to an active cell with built-in thermal sensors.

b)

Figure 4. Results of studies to determine the dangers of the 18650 lithium-ion batteries [9]:

a) horizontal or hexagonal;

b) vertically

As mentioned, the experiment was also carried out
at a different SOC of the active cell: 30%, 100% and more
than 100%. The following results were obtained (Table 1:

BEZPIECZENSTWO | TECHNIKA POZARNICZA

72474 _ the surface temperature of the active cell,
T cen — the average temperature of the adjacent imitation

a

cells):

where:
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Table 1. The results of research, depending on the SOC of the battery and their packing [10]

Ssoc Horizontal placement of batteries Vertical placement of batteries
surface _ o surface _ o
30% Tactive =126°C Tactive =127°C
av. o av. _ o
adj4 cell = 148-236°C udj cell = 70-75°C
surface o
Taclive =130°C surface _ 129°C
100% . cell = 155=236°C — for elements 2,3, 4; active
; ; =64-68°C
aad;‘_ cell =250-418°C - for elements 1, 5; adj.cell
Tsurface _ o
» active  ~ 107°C
5100% T‘;i’;,’-fv";“ =141°C TL;Z,*{Z“ =805°C - maximum temperature;
b

av.

T, cet = 114-259°C

av.

Tadj: cell =91-109°C - for elements 1;
aag;{ cell =89-96°C — for elements 2;

It is worth mentioning that when the charge of the ac-
tive cell was 100% or more, after critical temperatures were
reached, abundant spark and gas emission were observed
— a signal to finish the experiment.

In addition, worthy of attention is the paper [11] in which
the authors carried out a series of experiments, similar to the

60

e [5)]
L] =]
1 1

Heat Release Rate (kW)
) Cad
[ ] L]

S

[
I|

previous work, with several power cells (5 pieces) of the 18650
type. During the experiment, the amount of heat, the type and
amount of hazardous gases released during the burning, de-
pending on the state of their charge, were determined.

The results of the experiment showed that the HRR de-
pends directly on the SOC of the battery (Fig. 6).

=— 100% S0C
+— T5% 80C
+ - B0% S0C
v 25% 50C

0% S0C

0' s 10 15

Bumer start

20 25 30 35 40
Time {min)

Figure 6. The magnitude of the HRR for the five power elements, depending on their SOC (0-100%) [11]

As mentioned, not only a significant amount of heat, but
also substantial amounts of toxic combustion products were
released as a result of combustion of lithium-ion batteries,
among which the authors [11] isolated hydrogen fluoride (HF)

20

and phosphorus oxyfluoride (POF3). However, because of the
accuracy of equipment, the authors failed to measure the con-
centration and magnitude of POF3, and the production rate
of HF depicted in Fig. 7.

184

- 15

14 5

5

fy

o (=] [ 5
| 'l
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HF production rate (mg
L]
A

£
b -

L]
'

2 e e |

g 5 1] 15
Burner start

100% SOC
0% S0C
0% S0C

20 25 30 35 40

Time (min)

Figure 7. The production rate of hydrogen fluoride (HF) for five cells, depending on the SOC (0-100%) during their burning [11]
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Itis important to note that the rate of HF release is much
higher with SOC of a battery at 50%, and at 100% the indices
are the lowest.

The results of the research presented above pertain only
to separate battery cells, but as mentioned earlier, the accu-
mulator battery of the electric car consists of 192—7000 thou-
sand of such elements (depending on the car brand). During
a fire, such a number of battery cells, based on the results
presented earlier, should allocate extremely large amounts
of energy, and if we consider this type of fire in terms of its
suppression tactics, then extinguishing it would require con-
siderable amounts of fire extinguishing agent. As a result
of the full-scale fire testing experiment [12, 13], intended to

a) Accumulator battery type "A"

determine the amount of heat released, during the combus-
tion of a real battery and the tactics of its suppression, we
obtained some unique results.

Two types of batteries were used for the experiment. The
battery "A" intended for hybrid cars, which contains sealed
lithium-ion rechargeable batteries. The accumulator battery
with a capacity of 4.4 kWh enclosed in a metal case and rig-
idly mounting at the bottom of the rear cargo area behind
the rear seat (Fig. 8a). The metal case is isolated from high
voltage, hidden and separated from the passenger compart-
ment by a moulded plastic cover with carpet covering. The
electrolyte used in lithium-ion batteries is a flammable or-
ganic electrolyte.

b) Accumulator battery type "B"

Figure 8. An example of accumulator batteries for carrying out full-scale fire experiments [12]

The battery "B" intended for electric cars with a capacity
of 16 kWh and enclosed in a casing made of fibreglass. The
T-shaped form of the battery covers almost the entire length
of the vehicle from the rear axle to the front axle and is rigidly
mounted under the car's pallet (Fig. 8b).

The first stage of the experiment was aimed to determine
the amount of heat released by the battery "B".

The battery was pre-heated by a third-party heat source
(propane burners) with a capacity of approximately 400 kW

(Fig. 9).
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Figure 9. The results of experiments to determine the amount of heat during the combustion of an accumulator battery type"B" [13]
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Temperature and heat flux measurements were recorded
on the outer and inner sides of the battery, as well as at a dis-
tance of 1.5 and 3 meters from the battery. Gas samples were
collected for the analysis of toxic or corrosive compounds.
The experiment was considered complete after a complete,
unassisted burnout of the battery.

The maximum value of the HRR was 300 kW (when the
propane burner power was subtracted) with a test time of
17 minutes and 30 seconds, and the case temperature from
684 to 1155°C. The maximum temperature at a distance
of 1.5 and 3 meters from the battery was 94-110°C and
41-52°C, respectively. At the same time, the maximum val-
ue of thermal radiation at a similar distance was from 17.1 to
18 kW/m?and 3.7 to 4.7 kW/m?2.

After the burners were switched off, approximately
20 minutes later the values of the thermal radiation gradual-
ly decreased. After the 36-minute mark, the flame decreased
significantly, and the value of the thermal radiation was prac-
tically zero.

Small local fires on the battery continued for about an
hour. When the apparent burning stopped, the external max-
imum temperature of the battery was approximately 400°C.
After another three hours, the maximum temperature was
about 155°C.

RESEARCH AND DEVELOPMENT

Moreover, during the first stage of the study, fourteen
samples of combustion products using Tedlar bags were
taken. Sampling was carried out every 5 minutes, starting
with 5 minutes of testing. The bags were analyzed for HClI,
HF, HBr, HCN, CO,, CO, NOx, SO,, acrolein and formaldehyde
content using an infrared Fourier transform spectrometer.
The results showed only the presence of CO and CO,. Each
spectrum was directly examined for the presence of HCN
and HF, but they were not detected. However, the authors
acknowledge the possibility of an error which could have af-
fected the final results.

In the second stage of the research, full-scale studies
were carried out in order to determine the amount of time
and the extinguishing agent (water) which will be necessary
for the suppression of fire in the batteries "A" and "B". At the
same time, the conditions for placing the batteries were en-
sured to be as close as possible to the real ones:

— the battery was placed in the body of the car;

— the battery was additionally covered with a metal pro-

tective sheet;

— the interior of the car was additionally fitted with dec-

orative elements.

The results of the tests are presented in Table 2.

Table 2. The total results of the amount of water expended during the extinguishing of the batteries in the car [13]

Battery type / test series Operation Time [min] Water flow time [min] Total water flow [I] Comments
Al 5.88 2.20 1040 Battery only
A2 36.60 3.53 1673 Battery only
A3 49.67 9.77 4012 Battery + Interior Components
B1 26.52 14.03 6639 Battery only
B2 37.60 21.37 9989 Battery only
B3* 13.88 9.32 4410 Battery + Interior Components

* Suppression times and water flow times influenced by the previous experience of one of the firefighters, who extinguished a fire of the Test B2

battery on the previous day. This firefighter acknowledged that he had gained knowledge on the best and most appropriate way to access the battery

below the floor pan during the previous test.

Similarly, with the first stage during the second stage, the
value of the thermal radiation was measured at a distance of
1.5 meters and thus amounted to 2.1-3.7 kW/m? (during the
burning of one battery) and 8.1-11.9 kW/m2 (during the burn-
ing of the battery with decor elements).

After the termination of each variant of the extinguish-
ing of storage batteries, water samples for the subsequent
analysis for the presence of harmful substances were taken.

Discussion of the results

The research results achieved to date as regards lithi-
ume-ion cells of accumulator batteries give us a clear under-
standing that this technical device, simultaneously with pos-
itive effects, may also pose a substantial danger for people.

Samples of water collected during the tests indicate the pres-
ence of chloride and fluoride (probably in the form of HF and
hydrogen chloride HCI). However, the chloride concentration
inthe solution was only 2—3 times higher than the normal de-
tection levels, while the fluoride concentration was more than
100 times higher. No other corrosive or toxic compounds were
found in the water samples.

The obtained research results show that the elementary
lithium-ion cell can produce from 6 to 10 kW of energy and
arather large amount of dangerous combustion products, es-
pecially HF, POF3, during the combustion, although the latter
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statement requires further studies. Additionally, the shown
research results unequivocally confirm that the amount of
energy and hazard gases released by the lithium-ion battery
depends directly on the degree of its charge.

Full-scale testing results on the investigation of the tac-
tics of extinguishing electric car batteries revealed some un-
expected findings regarding the amount of water necessary
to extinguish such a fire. Based on the results of the experi-
ment, the average amount of water needed to extinguish such

Conclusions

Based on the above researchresults, it is possible to out-

line the following topics of work in this direction:

— Conduct a full-scale firefighting test of real consumer
electric cars to assess the problems of access to bat-
teries and the complexity of their water consumption
levels;

— Carry out a full-scale firefighting test of real consumer
electric cars to assess the risk of electric shock to per-
sonnel from the electric car battery;

— Carry out full-scale testing of firefighting of real con-
sumer electric cars with batteries of other types, e.g.
type 18650;

List of acronyms

HOC — Heat of combustion
HRR — Heat release rate

PHRR — Peak heat release rate
SOC - State of charge
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