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A B S T R A C T   

Fires involving electric vehicles have attracted considerable attention in the media. In particular, the toxic gases 
released upon combustion of electric vehicles and lithium-ion batteries has been a major concern. In this study, 
the results of six large-scale vehicle fire tests are presented including three electric vehicles, two internal com
bustion engine vehicles, and one electric vehicle with the battery pack removed. Additionally, separate battery 
component tests were performed. In two of the vehicle fire tests a sprinkler system was used to assess the effect of 
water application on the combustion gases. Furthermore, calculations of the heat release rate, peak heat release 
rate and total heat release were performed, as well as chemical analysis of gas and soot. Peak heat release rate 
and total heat release were affected by the fire scenario and vehicle model, but not significantly by the type of 
powertrain. Regarding the combustion gases, hydrogen fluoride represented the largest difference between 
electric vehicles and internal combustion engine vehicles. Additionally, battery specific metals such as manga
nese, nickel, cobalt and lithium were found in higher concentrations in the electric vehicle tests than in the 
internal combustion vehicle tests, in which larger quantities of lead were found.   

1. Introduction 

Fire incidents that involve electric vehicles (EVs) have attracted 
considerable attention in the media during the past years [1,2]. 
Furthermore, increased fire risks related to lithium-ion batteries (LIBs) 
are often pointed out, even though most fire incidents involving EVs 
have fire origins other than the traction battery. The currently available 
statistics support the claim that EV fires are less probable than internal 
combustion engine vehicle (ICEV) fires [1,3,4]. Nevertheless, unex
pected mechanical or thermal loading or internal failures in the LIB can 
lead to thermal runaway [1]. Thermal runaway is a state of rapid 
self-heating, driven by exothermic chemical reactions inside the battery 
cell/s which can lead to a fire. 

For LIB fires, the emission of hydrogen fluoride (HF) has sparked a 
major concern. The origin of HF in LIB fires can be attributed to the 
combustion of the electrolyte. The electrolyte contains lithiated salts 
such as, lithium hexafluorophosphate (LiPF6), as well as other fluorine 
containing compounds [5] which provide the possibility for HF emis
sions during heating and combustion. HF can also be formed upon 
combustion of the air conditioner coolant or from the combustion of 
highly fluorinated polymers such as polyvinylidene fluoride (PVDF) [6, 

7]. 
The potential dangers of HF have naturally triggered a huge concern 

with the public. Since the early reports on HF emissions from LIB fires, 
many studies have been performed to thoroughly investigate possible 
hazards. For example, Wingfors et al. [8] studied the protection factor 
for standard firefighter protective clothing (also known as bunker gear 
or turnout gear) towards HF, as well as the dermal uptake of gaseous HF. 
The protection factor of the tested firefighting clothing was on average 
120, meaning that the concentration of HF was 120 times lower on the 
inside of the clothing than on the outside. Furthermore, the study 
concluded that adverse health effects caused by skin exposure to HF 
during firefighting is very unlikely. Additionally, Dennerlein et al. [9] 
studied the dermal penetration of HF in solution. It was found that upon 
a 24 h exposure to HF (5–30 wt%), only a small amount (~1%) was able 
to penetrate the skin. Increasing the HF concentration to 50 wt% leads to 
a skin penetration of 8%. Furthermore, using data from Dennerlein et al. 
[9] and Wingfors et al. [8], the ambulance service in Stockholm (AISAB), 
estimated that a deadly dose of HF through inhalation, would require an 
exposure of 100 ppm for ~ 2–12 h (assuming heavy breathing of 2400 L 
h− 1) [10]. 

The reported concentrations of HF upon combustion of vehicles and 
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LIBs vary to a large extent. In several studies attempts have been made to 
extrapolate emissions from single LIB cells to larger battery systems 
(including vehicles) [11–16]. For example, in work by Larsson et al. 
[11], it was estimated that 20–200 mg W− 1 h− 1 of HF could be released 
from a battery fire. In work by Willstrand et al. [17], a comparison be
tween different battery fire tests and HF emissions was made; the total 
HF emissions ranged between 1 and 250 ppm kWh− 1 calculated for a 
reference volume of 1000 m3. 

Furthermore, combustion gases from all types of vehicle fires include 
a range of other toxic compounds, such as carbon monoxide (CO), 
hydrogen cyanide (HCN), hydrochloric acid (HCl) and polycyclic aro
matic hydrocarbons (PAHs). Asphyxiant gases, such as CO and HCN, 
may cause unconsciousness or death by asphyxia. In a study by Viklund 
et al. [18], the cause of death in fatal car crashes was investigated. In 55 
of the cases (30%), the cause of death could be related to burns and/or 
smoke inhalation. 

Particulate-bound compounds, such as inorganics and PAHs, are 
found in all vehicle fires. In work by Mellert et al. [19], it was found that 
metals associated with particulates from EV fires had high levels of co
balt, lithium and manganese. In work by Lönnermark and Blomqvist 
[20], particulate-bound metals found in ICEV fires were analysed and 
high concentrations of zinc, lead and copper were found. Ambient par
ticulate matter is a serious health issue and epidemiological studies have 
associated several acute health effects to the inhalation of particulate 
matter [21–23]. PAHs are persistent and cancerogenic and are a known 
health risk for firefighters [24–27]. 

The total quantities of toxic emissions have previously been reported 
by many researchers, for example, in Ref. [28] for EV fire tests; in Refs. 
[11,12,29–32] for LIBs and in Refs. [20,33] for ICEVs. A comparison of 
the concentration of different gases (per vehicle or per Wh) to various 
health exposure limit values (from The National Institute for Occupa
tional Safety and Health, United States Environmental Protection 
Agency, and The Swedish Work Environment Authority) indicates that 
CO and HCN were found in quantities higher than their health exposure 
limits. 

Only a limited number of large-scale fire tests on EVs can be found in 
literature, which are presented in Refs. [28,34–36]. Moreover, studies 
on asphyxiant or irritant gases, such as HCN, HCl or HF from EV fires are 
even more limited. Hence, more research is needed to provide experi
mentally validated data to better understand the hazard associated with 
EV fires. The data sets reported within this work could for example be 
used to assess current (or future engineering of) fire protection system 
designs or/and to assess the environmental and human health impact of 
vehicle fires. In work by Lecocq et al. [28], combustion gases from both 
ICEVs and EVs were studied; it was highlighted that the total concen
trations of CO2, CO, total hydrocarbons, NO, NO2, HCl and HCN were 
similar for both types of vehicles. In this work, the results from six 
large-scale vehicle fire tests as well as from several battery components 
(cell/module/pack) fire tests are reported. Heat release rates (HRR), 
total heat release (THR) and chemical analysis of the combustion gases 
are presented. Additionally, application of water using a sprinkler sys
tem was performed to determine the contamination of extinguishing 
water, which is published elsewhere [37]. 

2. Materials and methods 

2.1. Test setup 

Six large-scale vehicle fire tests were performed. For safety reasons, 
some modifications of the vehicles were necessary. These modifications 
included puncturing the tires and disabling dampers and suspensions. 
Additionally, the windows were closed at the start of each test. The 
specifications of the vehicles, ignition sources and if a sprinkler system 
was active during the test are presented in Table 1. The sprinkler system 
used in these tests is described in the Supplementary Material section 
S1.1. 

Tests 4–6, presented in Table 1, were performed in 2020 and have 
previously been published in a technical report [17]. Test results are 
included in this work for comparison with the more recent tests per
formed in 2022 (Table 1, tests 1–3). 

All tests were performed inside a fire hall equipped with a large 
calorimeter hood (Ø = 6 m) to enable collection of smoke and gas 
emissions. Advanced flue gas reduction and water purification systems 
are linked to the fire hall to minimise exhausts to the environment. An 
overview of the test setup is illustrated in Fig. 1. The ignition source was 
selected to create a worst-case scenario and to involve the traction en
ergy early in the fire (see Table 1 for ignition sources). For safety rea
sons, the propane burner used for ignition (except test 4) was kept active 
for the complete test duration. The heat release contribution from the 
burner was subtracted from the vehicle fire test measurements. In test 4, 
no extra fuel was added; the pool fire was created using half of the fuel in 
the vehicle’s tank. 

For tests 2 and 3, a sprinkler system was activated at a HRR of 1 MW 
and kept active for 30 min, delivering a total of 11 160 L of water per 
test. After deactivation of the sprinkler system, the fire was allowed to 
grow again and at the end of each test the vehicles were completely 
burnt-out. 

A large steel tray (5 × 2 × 0.15 m) was positioned under the vehicles 
to contain the liquid pool fire from the petrol/diesel in tests 2 and 4. In 
addition, in tests 2 and 3 the tray was used to collect extinguishing 
water, which was further analysed and results are presented in Ref. [37]. 

In addition to the large-scale vehicle fire tests, two battery packs 
were also tested. The battery components tests performed in 2020 
originated from a plug-in hybrid electric SUV manufactured in 2014 and 
consisted of prismatic cells with a capacity rating of 40 Ah. In total, one 
module was used for cell-level tests, two modules were used for module- 
level tests, and the remaining modules were used for a “pack” test, 
resulting in a total of nine battery tests at different scales. The second 
battery pack tested in 2022 consisted of the battery pack removed from 
test 1. This battery pack consisted of 218 prismatic NMC cells, with a 
total electrical energy of 50 kWh. Application of water using a sprinkler 
system was employed for the full test duration in this test. However, the 
pack was protected from direct water impingement to avoid cooling of 
the battery pack. The purpose of the battery pack fire tests was to 
compare heat release and gas emissions from batteries in small, medium 
and large-scale battery components tests as well as to study the effect of 
water on the combustion gases. 

Table 1 
Specifications of the tested vehicles.  

Test Type Traction energy Cell type Ignition source Model Year Man.a Sprinkler system 

1 REFb Removedb – 30 kW burner Small SUV 2021 A N 
2 ICEV Petrol, 40 L – 30 kW burner Small SUV 2021 A Y 
3 EV 50 kWh, 90% SOC NMC, prismatic 30 kW burner Small SUV 2021 A Y 
4 ICEV Diesel, 44 L – Pool fire Full-size van 2011 B N 
5 EV 40 kWh, 80% SOC NMC, pouch 30 kW burner Full-size van 2019 B N 
6 EV 24 kWh, 80% SOC NMC, prismatic 30 kW burner Small car 2016 C N 

Tests 1–3 were performed in 2022 and tests 4–6 were performed in 2020 [17]. 
a Vehicle manufacturer. 
b REF – Indicates an EV where the traction battery was removed and is used as a reference for test 2 and 3. 
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2.2. Heat release rate and temperature 

The mass flow rate and the concentrations of O2, CO and CO2 were 
measured in all tests, from which the HRR could be calculated. To verify 
that the oxygen produced from the battery upon combustion did not 
have a significant effect on the calorimetry-based measurements, the 
convective HRR was also calculated based on temperature measure
ments. The method and calculations used for the total HRR and 
convective HRR are described in Ref. [38]. 

2.3. Chemical analysis 

To analyse the combustion gas composition, gas and soot sampling 
was performed from the exhaust duct (see Fig. 1). An overview of the 
measurement equipment used is presented in Table 2. 

2.3.1. Gas analysis 
A ThermoFisher Antaris FTIR instrument with a 0.2 L heated gas cell 

and a spectral resolution of 0.5 cm− 1 was used for gas analysis. Sampling 
was performed according to ISO 19702, using a heated ceramic particle 
filter and a 10 m heated PTFE sampling line, and a sampling flow rate of 
3.5 L min− 1. The sampling equipment and cell were heated to 180 ◦C. 
The ceramic filter was dispatched to an external laboratory for analysis 
of fluoride, chloride and bromide using high pressure ion chromatog
raphy (HPIC). 

2.3.2. Total hydrocarbon content 
A SICK MAIHAK Model 3006 THC-analyser with a Flame Ionization 

Detector (FID) was used to analyse the total hydrocarbon content. The 
analyser was calibrated against propane (9000 ppm). Sampling was 
done using a method similar to that of the FTIR sampling, through a 
separate heated ceramic filter and a heated PTFE sampling line, both 
heated to 180 ◦C. Gases were extracted at a sampling flow rate of 1.0 L 
min− 1. 

2.3.3. Impinger sampling 
Non-filtered effluent was collected and sampled using gas-washing 

bottles. A carbonate buffer was used to sample water-soluble halo
gens. The resulting solutions were analysed using high-pressure ion 
chromatography (HPIC). 

2.3.4. Filter sampling 
Sampling of soot particles in the exhaust duct was performed by 

isokinetic sampling on quartz filters. At the sampling point, the flow rate 
was set to 50 L min− 1 and the sampled gas flow was divided between two 
identical filters. The filters were dried at ambient temperature before 
analysis. One of the filters was analysed for metals and water-soluble 
anions of fluoride, chloride and bromide, the other filter was analysed 
for 16 types of PAH. For the metal and anion analysis, the filter was 
dissolved in nitric acid (240 ◦C) before analysing the extract using 
inductively coupled plasma mass spectroscopy (ICP-MS) and optical 

Fig. 1. Schematic overview of the test facility and test setup. The collector hood skirt was not used for tests 1–3. This schematic is reprinted with permission 
from Ref. [17]. 

Table 2 
Overview of the equipment used, compounds measured and their chemical 
formula.  

Measurement method Compounds measured Chemical 
formula 

Fourier-Transform Infrared 
spectroscopy (FTIR) 

Hydrogen Fluoride HF 
Hydrogen Chloride HCl 
Hydrogen Bromide HBr 
Carbon Dioxide CO2 

Carbon Monoxide CO 
Hydrogen Cyanide HCN 
Sulphur Dioxide SO2 

Nitrogen Dioxide NO2 

Nitric Oxide NO 
Flame Ionization Detector (FID) Total Hydrocarbon 

Content (THCs) 
– 

Gas washing bottles Fluoride F−

Chloride Cl−

Bromide Br−

Gas Chromatography-Mass 
Spectrometry (GC-MS) 

Polycyclic Aromatic 
Hydrocarbons (PAHs) 

– 

Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS) and ICP- 
Optical Emission Spectrometry (OES) 

Aluminium Al 
Cadmium Cd 
Lead Pb 
Cobalt Co 
Chromium Cr 
Copper Cu 
Lithium Li 
Manganese Mn 
Nickel Ni 
Zinc Zn 

High Pressure Ion Chromatography 
(HPIC) 

Fluoride F−

Chloride Cl−

Bromide Br−
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emission spectrometry (ICP-OES). For analysis of PAHs, the filter was 
extracted using toluene in an ultrasonic bath for 30 min and extracts 
were analysed using gas chromatography-mass spectrometry (GC-MS); 
16 external standards were used (see Supplementary Material Table S1). 

3. Results and discussion 

3.1. Heat release rates and total heat release 

The HRR was calculated using oxygen consumption calorimetry and 
results are presented in Fig. 2. Upon activation of the sprinkler system in 
test 3 (Fig. 2a, blue), the HRR rapidly declined. To avoid having the 
sprinkler system active without thermal runaway in the battery, it was 
decided to turn off the sprinkler after 10 min and allow the fire to grow 
again. For the second activation of the sprinkler system, the sprinkler 
system was active for 20 min to keep the total volume of water the same 
for tests 2 and 3. 

Upon rupture of the fuel tank for the ICEVs (Fig. 2a and b, red), the 
fires developed more rapidly compared to the EVs due to the release of a 
large amount of chemical energy. 

For the tests performed in 2020 (Fig. 2b), the difference in battery 
configuration and especially the cell type resulted in a large difference in 
the HRR. When the pouch cells in test 5 (Fig. 2b, green) experienced 
thermal runaway, large amounts of gas were released in a relatively 
short time which contributed significantly to the peak HRR. In com
parison, the prismatic cells in test 6 (Fig. 2b, blue) experienced thermal 
runaway somewhat later and continued to release gas for a longer period 
compared to test 5. The gas release was irregular with a slower thermal 
propagation between cells, resulting in a less apparent contribution to 
the overall HRR as noticed in Fig. 2b. A similar slower thermal propa
gation was also noticed in test 3 (Fig. 2a, blue) which also involved 
prismatic cells. 

The shape of the HRR curves is different when comparing Fig. 2a and 
b. The reason for this divergence is foremost due to the activation of the 
sprinkler system, efficiently suppressing the HRR. At the time of sprin
kler activation, only the exterior parts of the vehicles were burning, and 
the windows were intact. For test 2, the front window ruptured at a test 
time of 47:49 min, subsequently involving the passenger compartment 
in the fire. For test 3, the back window ruptured shortly after the acti
vation of the sprinkler system (t = 12:18 min). However, during the time 
that the sprinkler system was active the interior of the vehicle was not 
involved in the fire. For test 3, the interior of the vehicle started burning 
at t = 22:30 min. Moreover, for the vehicle without traction energy 

(Fig. 2a, black), the ignition source was below the engine compartment. 
The fire propagation from the engine towards the back of the vehicle was 
very slow, resulting in a split peak in the HRR graph. This gives a clear 
indication that the point of fire initiation may influence the HRR. 
However, it did not seem to prolong or shorten the active burn time, 
which was on the order of ~90 min for all tests. The total mass loss in 
percentage and the THR were also similar amongst the tested vehicles, 
as presented in Table 3. 

3.1.1. THR for the battery cell, module and pack tests 
The THR data from the separate battery cell/module tests are plotted 

together with literature data from previously performed cell/module 
tests found in Refs. [29,39–51]. A linear correlation between the nom
inal electrical energy of the battery and the THR was found and is 
indicated by the trendline in Fig. 3. 

3.2. Chemical analysis 

The total quantity and the normalized amount (in g or mg per lost g) 
of CO2, CO, PAHs and THC are presented in Fig. 4., the remaining 
gaseous compounds (HF, HCl, HBr, SO2, NO, NO2 and HCN) and their 
normalized amounts can be found in the Supplementary Material 
Table S2. Additionally, the gas generation rates can be found in Sup
plementary Material Fig. S1 (tests 1–3) and in Ref. [17] (tests 4–6). In 
section 3.2.1, the PAH and THC are presented; in section 3.2.3 the 
analysis of particulate-bound inorganics is presented and in section 
3.2.4 the total quantity of HX is presented. 

3.2.1. Particulate-bound polycyclic aromatic hydrocarbons and total 
hydrocarbon content 

For the tests performed in 2022, with an active sprinkler system, the 
concentration of particulate-bound PAHs for the ICEV (test 2) was 

Fig. 2. HRR for a) tests 1–3, sprinkler active period for tests 2 and 3 are presented within the dotted lines and b) for tests 4–6 [17]. EVs in blue (tests 3 and 6) are 
prismatic cells and in green (test 5) are pouch cells. Fire ignition was performed at t = 5 min for all tests. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 3 
Total mass loss and THR.   

1 - 
REF 

2 - 
ICEV 

3 - EV 4 - 
ICEV 

5 - EV 6 - EV 

Vehicle 
manufacturer 

A A A B B C 

Total mass loss (kg) 240 310 330 250 250 400 
Total mass loss (%) 21 26 21 19 16 26 
THR (GJ) 5.0 6.1 5.7 5.9 5.2 6.7  

J. Hynynen et al.                                                                                                                                                                                                                                



Fire Safety Journal 139 (2023) 103829

5

somewhat higher than for the EV (test 3, Fig. 4b). The reason for the 
increased concentration of PAHs might be a result of the combustion of 
petrol. The sprinkler system was active during the time when the petrol 
was burning. Water application will lower the surrounding air temper
ature, which may result in a higher degree of incomplete combustion. 
Incomplete combustion of organic hydrocarbons was also noticed in the 
THC analysis. Here, the THC concentration was increased by a factor of 
two (for tests 2 and 3), compared to the free burning reference test (test 
1). In addition, having an active sprinkler system reduced the total 
amount of soot in the combustion gases by ~50%. For test 5 (EV), the 
PAH concentration was much lower than for the remaining tests. Both 
for the particulate-bound PAHs and for PAHs in the gas phase; the reason 
for this discrepancy is unknown. 

3.2.2. Analysis of CO2 and CO 
Looking at tests 2 and 3 (SUV) as well as tests 4 and 5 (van) (Fig. 4) it 

is evident that the total quantity of CO2 and CO depends on the size/ 

mass of the vehicle but not on the type of traction energy (i.e., if it is an 
EV or ICEV). The normalized quantity of CO2 was marginally lower for 
the tests with the active sprinkler system (tests 2 and 3) compared to the 
free burning test of the same car model (test 1). However, the normal
ized amount of CO was similar for all three tests performed in 2022 (tests 
1–3). 

3.2.3. Particulate-bound metals and ions 
The total quantity of metals and anions from the soot analysis is 

presented in Fig. 5. The quantity of particulate-bound metals is 
considerably higher for EVs compared to the ICEVs, in particular for the 
LIB specific elements: lithium, aluminium, cobalt, manganese and 
nickel. 

Lead was found in higher quantities for the ICEVs, 7 and 18 g for tests 
2 and 4, respectively, compared to 2.5–5 g for the EVs (tests 3, 5 and 6). 

3.2.4. Hydrogen halides 
For the tests performed in 2020 (tests 4–6), without a sprinkler 

system, HF differed the most between the ICEV (test 4) and the EVs (tests 
5 and 6), see Fig. 6a. For the EV tested in 2022 (test 3), where water was 
applied, the HF concentration was significantly lower than for the EVs 
tested in 2020. In the period when the sprinkler system was active, no 
HF could be detected using FTIR see Fig. 6b. This was also the case for 
the battery pack test performed in 2022, see further Supplementary 
Material Fig. S2. However, analysis of the extinguishing water, filters, 
and impinger sampling confirmed the presence of fluoride ions (Sup
plementary Material Table S3). 

In Fig. 7 the total amount of HX (HF, HCl and HBr) from the gas 
measurements is presented, which includes FTIR and the FTIR pre-filter, 
in comparison with the impinger sampling. Note that impinger sampling 
and FTIR pre-filters are analysed for ions (F− , Cl− , Br− ) and not for the 
acids (HCl, HF, HBr). The impinger sampling method is very sensitive 
and losses can be avoided to a higher degree compared to FTIR. It is 
expected that the concentrations obtained by analysing the gas-washing 
bottle liquid would be higher than those obtained using the FTIR, as the 
former possibly contain other water-soluble fluorides, chlorides and 
bromides in addition to HF, HCl and HBr. 

However, for comparison, the amount of fluoride, chloride and 
bromide captured by the gas washing bottles and in the FTIR pre-filters 

Fig. 3. THR plotted with respect to the nominal electrical energy (Q) for the 
test objects. Grey indicates cell/array tests, black are module/pack tests, red are 
cell/module tests from 2020 and blue is from the pack test in 2022. The black 
solid line indicates the linear fit for all data points. Note that logarithmic scales 
are used. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. Total quantity of a) CO2, b) PAHs, c) CO and d) THC for each test. Note that water was applied using a sprinkler system in tests 2 and 3 (blue circles). Red and 
blue circles indicate the normalized amount i.e., the total quantity (in g or mg) divided with the total mass loss (in g) of the vehicle. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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were recalculated to HF, HCl and HBr. These extrapolations will likely 
lead to an overestimate of the concentration of HX. The total amount of 
HF ranged between 11 and 15 g for the tested ICEVs, and 120–859 g for 
the tested EVs. 

3.3. HF concentrations from cells to vehicles 

The total quantity of HF detected by the FTIR (including F− in the 
pre-filter) plotted against the nominal electrical energy is presented in 
Fig. 8. Tests in 2020 were performed on the same type of battery cells 
but at different scales, from single cell to pack level. The production of 
HF is linearly proportional to the nominal electrical energy. For single 
cell tests, the only quantifiable gases detected by FTIR, in addition to HF, 
were CO and CO2. Production of CO2 is also linear, while production of 
CO is not. The larger the battery, the less efficient combustion, resulting 
in higher CO production. 

Note that the tested cells were not enclosed; this means that losses of 
gas components/particles to the enclosure walls, i.e., “wall losses”, are 
prevented. Increased “wall losses” could be a possible explanation why 
the measured HF quantities from EV fires are typically lower than for 
cell level tests as seen in Fig. 8. 

4. Conclusions 

Analysis of the combined results for HRR and emission measure
ments from the large-scale vehicle fire tests performed in this work 
confirm trends obtained from previous studies on EV and LIB fires [17]. 
Results regarding the burning behaviour, HRR, THR and peak HRR of 

EVs compared to ICEVs is critical for fire safety engineering. The peak 
HRR and THR were affected by the fire scenario and vehicle model (size 
of vehicle) but not significantly by the type of traction energy. The time 
to peak HRR was the shortest for the ICEVs, due to the release of a large 

Fig. 5. Total quantities of particulate-bound metals and anions for each test.  

Fig. 6. a) Total quantity of HX measured using FTIR (including the FTIR pre-filter); black – HF, grey – HCl and red – HBr. Circles indicate the normalized amount of 
HX, HX (in mg) divided by the mass loss of the vehicle (in g). b) FTIR graph for test 3; blue shading indicates the time when the sprinkler system was active. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Total quantity of HX for all tests, darker colours indicate impinger 
sampling and lighter shading FTIR. Reference test results in black/grey, ICEVs 
in red and EVs in blue. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. HF quantity plotted with respect to the nominal electrical energy for the 
test objects. Red indicates tests performed in 2020, on single cells to pack level 
(squares) and EV tests (circles). Grey are tests performed in 2022, EV (circle) 
and battery pack (square). The grey dotted line shows the linear fit for the 
single cells to pack test series. Note that logarithmic scales are used. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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amount of chemical energy when the fuel tank burst. 
Regarding gas production, the total quantity of the gases measured 

were in the lower part or slightly below the quantities previously re
ported, especially for NOx, HF and HCl. A higher concentration of lead 
was found for the tested ICEVs compared to the EVs, 7–18 g and 2.5–5 g, 
respectively. The ICEVs and EVs had similar lead-acid starter batteries. 

HF, together with some specific battery metals such as nickel, cobalt, 
lithium and manganese (dependent on the cell chemistry), constituted 
the largest difference in the combustion gases between EVs and ICEVs. 
For the tested ICEVs, 11–15 g of HF was found, whereas the HF con
centration for the EVs was between 120 and 859 g. Furthermore, when 
water was applied using the sprinkler system, quantification of HF using 
FTIR was inhibited. However, fluoride ions were detected in the FTIR 
pre-filters, impinger sampling and in the extinguishing water, indicating 
that fluoride containing species were released from the battery during 
this time. The variation in the reported concentrations of HF found in 
literature is vast, even for cell level tests. There could be several reasons 
for this large discrepancy. Firstly, the origin and amount of fluoride ions 
that can be released from a battery cell differ, and secondly, HF could 
readily react upon contact with other materials, which could lead to 
significant “wall losses”. Additionally, the extrapolation of data using 
fluoride ions to calculate HF concentrations will likely lead to an over
estimation of the HF concentration. To be able to quantify HF, the origin 
of the fluoride ions in the filter sampling and impinger sampling should 
be further investigated. Furthermore, the analysed compounds pre
sented in this study are only representative for a small number of tests. 
As vehicle type, battery chemistry, fire scenario etc. are varied, the 
gaseous compounds and concentrations of these will be subjected to 
variations. 
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