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Even though electric vehicles (EV) were invented over a century ago, their popularity has grown significantly within
the last 10 years due to the development of Li-ion battery technology. This evolution created an increase in the fire

risk and hazards associated with this type of high-energy battery.

li-ion battery electromobility hybrid and electric vehicles electric vehicle fire

| 1. Introduction

Hybrid and electric vehicles (EVs) rely on electric power to drive. This review is focused on passenger road
vehicles that are partially or fully powered by Li-ion batteries. It also presents how the performance-based fire

safety analysis could be used for underground car park safety in the case of EV fires.

EVs are becoming increasingly popular and are not only a symbol of clean transportation, but they also promise
excellent technical performance W&, However, compared to conventionally-fueled cars, which still maintain good
sales, electric vehicles raise doubts regarding fire safety B4, The doubts may be due to EV fire incidents that have
happened in previous years. It was proven that most of those fire accidents were caused by the thermal runaway of
Li-ion batteries, their self-ignition in parked vehicles or while driving, and fires after traffic accidents . Based on
the above, it could be concluded that, as a result of the increased popularity of EVs, the probability of fire incidents

will also increase.

The literature shows that batteries are not only the first ignited component EIIEIR They also pose the major fuel
to feed the vehicle fire, similar to gasoline or diesel fuels in conventional cars. It appears that the most relevant

battery fire dynamics are battery material and its chemistry [,

Fire is one of the many risks that impact vehicles. When considering both battery electric vehicle (BEV) and plug-in
hybrid electric vehicle (PHEV) fire incidents, the risk and hazard may be found with the battery cell and power
system and may be determined by the size and capacity of the battery pack . It could be concluded that the

greater the number of batteries installed, the greater the amount of energy will be produced, thus increasing the fire
risk [LOJL1]

Li-ion batteries have become the most common power source for EVs, with increased concerns for passenger
safety due to the increasing understanding of LIB hazard issues 2. It depends on the scale of deployment and

energy density of the battery pack. The element lithium itself has questions of safety attributed to it 3. When a Li-
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ion battery is physically impacted, it can break, ejecting sparks, gases that are flammable, and toxic combustion

products 1415l These can be further ignited and lead to burning, flames, and/or a gas explosion 18],

1.1. The Electric Vehicle Market Expansion

The EV was invented in the 19th century . The first efficiently functioning electric car was created in 1882
(batteries used to power the tricycle weighed about 45 kg). It is worth adding that electric vehicles competed then
with steam vehicles 4. In the early part of the 20th century, EVs were in demand because of fuel shortages and
environmental issues 2. However, this changed when fossil fuels became cheaper 8. Nowadays, the reduction in
such fuel resources, the increasing market demand, and global warming phenomena have motivated the industry

to turn back to EV solutions.

McKinsey’s Electric Vehicle Index has suggested that EV sales have been growing significantly every year since
2010 9. |n 2018, EV ownership was in excess of 5.1 million vehicles. This was an increase of 2 million vehicles
from the previous year. China is now regarded as the world’s biggest electric car market. Europe and the United
States are also major purchasers. Figure 1 shows the global electric car sales and market share from 2013 to
2018. Future trends in the popularity of EVs suggest a dynamic market. EV vehicle development is strongly based
on the stimulation of government policies and technological advances, as well as proactive participation of the

private sector, with substantial investment in this sector (Figure 2) 29,
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Figure 1. Global electric car sales and market share from 2013 to 2018 (BEVs = battery electric vehicles; PHEVs =

plug-in hybrid electric vehicles) 22,
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Figure 2. Global future trends of EV popularization for road EVs 29,

1.2. Performance-Based Fire Engineering

The Society of Fire Protection Engineers (SFPE) from the United States 21l defines performance-based design as
an engineering approach to establish fire safety goals and objectives, to analyze fire scenarios, and to
guantitatively assess design alternatives against fire safety goals and objectives. Performance-based designing

uses engineering tools, methodologies, and performance criteria.

The concepts behind a performance-based approach were introduced in the 1970s. They allow greater flexibility in
the design and application of fire safety and protection systems. After the 1990s, standards were introduced to
provide guidance based on a performance-based approach. The key concepts were developed by BSI when, in
2001, British Standard BS 7974 [22 was published. As well as providing a framework for an engineering approach
to the achievement of required fire safety in buildings, it also provided a “rational methodology for the design of
buildings”. The standard was created for designing new buildings and the appraisal of existing buildings. The key

benefits reached by the British Standard were that it provided:

» The designer with a uniform approach to fire safety design;

The safety levels for different designs to be comparable;

Basis for selection of the most appropriate fire protection systems;

Opportunities for innovative forms of designing;

Background on the management methods of fire safety for a building.

The main standard is supported by several guidance documents published as “Public Documents” or PDs. These
documents were designed to provide fire safety engineers with additional information to allow them to formulate
effective and relevant performance-based fire strategies. Each PD, also referred to as a sub-system, covers a

specific area of consideration:
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Fire growth within the enclosure of origin;

Smoke and toxic gas distribution within and beyond the enclosure of origin;

Structural response to fire and its spread beyond the enclosure of origin;

Detection of fire and activation of fire protection systems;

Fire and rescue service intervention;

Occupant evacuation conditions;

Probabilistic risk assessment;

Property protection, business and mission continuity, and resilience.

2. Historical Electric and Hybrid Vehicle Fire Accidents and
Lessons Learned

A review of historical electric and hybrid vehicle fire accidents shows how serious a problem this could be. The

following list shows a selection of accidental EV fires from 2008 to 2019. Because the number of EV fire incidents

in car parks is relatively small, the cases presented below demonstrates various types of fire events in these cars.

The intention was to present in which situations an EV fire could appear. In general, similar situations could happen

in a car park, and stakeholders should be aware of this risk.

7 June 2008: A Toyota Prius caught fire due to spontaneous ignition while in transit. This vehicle was converted
to a PHEV. The main reason could be an improper assembly of bolted joints with electrical lugs inside the

battery pack, which triggered the overheating and thermal runaway of the battery cell [22!;
June 2011: A Chevrolet Volt spontaneously caught fire almost three weeks after the crash-test exercise 24123]:

18 October 2011: In Merida, Mexico, a Tesla Model S caught fire at high-speed driving through a roundabout

and hit a wall and a tree [28127]:

May 2012: A Nissan GTR crashed and caught fire. The fire was caused by electric arcs created by the short-
circuiting of high voltage lines, which ignited the vehicle’s combustibles (interior materials and around 75% of
the power batteries) [28;

29 October 2012: After Hurricane Sandy flooding, a Toyota Prius Plug-in Hybrid and 16 Fisker Karmas caught
fire while being parked in a marine. The fire was caused by saltwater expansion into the electrical system, its
corrosion, and finally—a short circuit in the unit [2;
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18 March 2013: A Mitsubishi i-MiEV caught fire at the Mizushima battery pack assembly while being charged B9
[31]-

1 October 2013: A Tesla Model S caught fire after the vehicle hit debris while being driven on a highway 22,
Flames began coming out both of the fronts at the end of the car. Extinguishing the fire with water obtained from
outside of the car was unsuccessful because the fire reignited underneath the vehicle. Water given directly to

the burning battery extinguished it finally 33:

6 November 2013: A Tesla Model S being driven in Murfreesboro, Tennessee, caught fire after it struck a tow
hitch on the roadway that caused damaged beneath the vehicle [24!;

February 2014: In Toronto, Canada, a Tesla Model S caught fire while parked in a garage, but it was not
charged [32!;

1 January 2016 in Norway: A Tesla Model S caught fire while being charged by a Tesla Supercharger [B8IE7],
The fire grew up slowly, and the owner managed to unplug the car. Tesla suggested a short circuit in the

vehicle’s distribution box as the direct reason for the fire [38139:

15 August 2016 in France: A Tesla Model S 90D caught fire during a promotional test drive. The vehicle started
burning spontaneously and was destroyed within 5 min. Tesla suggested a “bolted electrical connection” that

was “improperly tightened” under the production process, causing the fire [2241]:

25 August 2017 in California: Tesla Model X lost control over an embankment and struck a garage, starting a

fire that completely damaged the car [42!;

18 October 2017 in Austria: A Tesla Model S crashed on a concrete barrier at a motorway, which initiated the fire
in the battery at the front of the vehicle 23], The fire was described as extremely severe with a lot of toxic gas

production;

7 December 2017 in Germany: A VW e-Golf caught fire in a high-voltage battery space; after initial cooling, the

firefighters moved the vehicle into a water container 44]:

January 2018: A driving Kia Optima Hybrid spontaneously caught fire, and the whole car started to burn just 30

s after it started. The causes were electrical in nature but not determined in detail. [42!;

16 March 2018 in Thailand: A Panamera E-Hybrid burst into flames while being plugged into a household outlet
for charging 48):

August 31, 2018: A Lifan 650 ignited and was completely lost as the fire could not be extinguished in time. The
fire initiated spontaneously under the car, in the battery space. During the fire, several small explosions and

significant emissions of toxic black smoke were noticed 47

https://encyclopedia.pub/entry/19158 5/15



Hybrid and Electric Vehicles | Encyclopedia.pub

« 16 March 2018 in Thailand: A Porsche Panamera caught fire and exploded while its battery was being charged.

The reason was an improper installation and working of the charging system [48];

» 8 May 2018: A Tesla Model S hit a wall, causing the battery pack to ignite. The battery reignited twice, requiring

it to be extinguished three times in total (49].
« 10 May 2018 in Switzerland: A Tesla Model S caught fire after the vehicle hit the guard-rail on a highway BY51;

e 16 June 2018 in California: A Tesla Model S started to smoke while being parked in the street and flames
started shooting out from under it 22, Firefighters were able to extinguish the fire effectively, and the cabin was
left unaffected [B2154l;

e 8 February 2019 in Pennsylvania: A Tesla Model S caught on fire being parked in a garage. The same car

caught on fire again two months later (on April 8th), while it was under investigation 3,

e 24 February 2019 in Florida: A Tesla Model S burst into flames just after it crashed into a tree, was effectively

extinguished, and repeatedly caught fire after being brought to the car park used by police B8IB7:;

o 24 February 2019 in Canada: A Tesla Model X was completely burned in the middle of a frozen lake; during the
fire, numerous small explosions were noticed, and firefighters arrived about 30 min after the fire began, which

appeared to be too late 58I

e 21 April 2019 in China: A Tesla Model S caught on fire and exploded in an underground car park; in total, five

cars were damaged by the fire 22!;
May 2019: An Outlander caught fire after immersion in saltwater 69:

» 4 May 2019: A Tesla Model S spontaneously caught on fire while not plugged in, with smoke observed near the

rear right tire [61I;
13 May 2019: A Tesla Model S in Hong Kong caught on fire while parked ©2:
e 1 June 2019 in Belgium: A Tesla Model S burned down while supercharging 63].
« 10 August 2019 in Russia: A Tesla Model 3 hit a truck on a high-speed road and subsequently burned down [4];

+ 12 November 2019 in England: A Tesla Model X from 2017 burst into flames while charging 3], The fire ignition

was confirmed in the battery pack, and it was caused by an impact on one of the battery pack modules 32

e 26 July 2019 in Canada: A Kona Electric caught on fire while being parked in a residential garage in Montreal.

The car was not plugged in. The fire triggered an explosion and caused damage to the attached structure [£8];
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28 July 2019 in South Korea: A Kona Electric caught fire while charging 8Z:

13 August 2019 in South Korea: A Kona Electric burst into flames while being charged in an underground car
park. The vehicle was completely destroyed [€8l;

1 May 2019 in Portugal: A Porsche Panamera E-Hybrid caught fire after hitting a pillar of a bridge 62
« 16 February 2020 in Florida: A Porsche Taycan completely burned while parked in a residential garage 9,

Lessons from Historical Accidents

As detailed in the previous section, EV fires have been widely reported in recent years. Note that the total number
of EV fires is much smaller than traditionally-fueled fires BIZL. When a fire incident involves EVs, an investigation
often shows that the battery was the primary cause. However, the battery fire can be attributed to many other
factors, which may include charging system failures, cable overload, or arson 273l The research shows that
when a battery fails, it can create several different outcomes, such as venting, fire, or even internal battery
explosions. Additionally, if the gas vented from the battery accumulates in a confined space of the vehicle body, it
could also lead to an explosion outside of the battery box. This type of external explosion is usually not addressed
by battery testing. Thus, it is less well recognized than internal battery explosions /4. EV fire scenarios are still

being updated. Instances can be categorized as one or more of the following:

« The EV catches fire while stationary (self-ignition). This may be caused by extreme weather conditions

(low/high temperatures and high humidity, saltwater destruction) or internal cell failure.

» The EV catches fire while being charged. This failure may be due to battery failure due to overcharging and/or
faulty or insecure charging stations and/or cables.

» The EV catches fire as a result of a collision or other types of damage.

« EV batteries are also a subject of thermal abuse and reignition after fire extinguishment 2],

| 3. Controls on EV Production and Approvals

EV batteries, before they can be sold, are required to pass standard tests (e.g., in accordance with ISO 12405-3,
ISO 6469-1, UN 38.3, UN R100, SAE J2464, SAE J2929, IEC 62133, IEC 626602, IEC 62660-3, GB/T 31485).
Requirements differ between countries 8771 put generally, all EV batteries must pass safety tests that evaluate
their failure response Z8l. Another goal is set by battery fire tests. In this case, fire growth and development are

observed to determine possible consequences in a real fire accident.

3.1. Standard Tests for EV Batteries
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As highlighted above, the most common battery failure mode is a thermal runaway, which could be triggered after
mechanical, thermal, and electrical damage. In such cases, the battery voltage drops because of damage to
battery electrodes. Its temperature rises above the heat dissipation rate. The pressure increases because of the
reaction among active battery materials, their organic electrolyte evaporation, and flammable gas generation,
leading to an accumulation of gases in the battery /2, The main parameters that are measured during the tests are
voltage, current, and temperature (%, The European Council for Automotive Research and Development (EUCAR)

provides a classification system (Table 1).

Table 1. EUCAR Hazard Severity Levels 1],

Hazard Level Description Classification Criteria and Effect
0 No effect No effect. No loss of functionality
1 Passive protection activated No physical damage nor fire hazard.
2 Defect/damage No fire hazard, but physical cell damage noticed.
3 Leakage—mass loss < 50% No fire hazard but electrolyte weight loss < 50%
4 Venting—mass loss = 50% No fire hazard but electrolyte weight loss = 50%
5 Fire or flame Fire hazard but no rupture or explosion (no flying parts)
6 Rupture Fire hazard with flying parts but no explosion

Fire hazard with flying parts and explosion

7 Explosi 3 isi i
Xplosion (i.e., disintegration of the cell)

3.2. Real Scale Tests for EV Batteries

Unfortunately, research into large-scale EV battery testing is still inconclusive. The literature warns against

misinterpretation of the data of small-scale battery fires in an attempt to evaluate the hazards of large-scale EV
fires [Z21[82]83]

For fire engineering evaluation purposes, the heat release rate (HRR) or the total heat release from fire is the
standard measurement of fire size and is the most important parameter of the EV fire hazard assessment 4, for
use when assessing car park fire safety system designs [E2I86I[E71[88] The HRR can be taken as:

HRR = MAH, =Am"nAH, (1)

where m is the burning rate [kg/s] determined by the mass-loss rate from testing 2 AH, is the heat of combustion
[MJ/Kkg]; A is the floor/surface area of fuel or fire [m?], which is the floor of the EV; m" is the burning flux [kg/m?-s];
n is the combustion efficiency, which depends on the oxygen supply; and AH. is the heat of combustion for EV
batteries, which varies with the type and SOC of LIB.
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The exact EV battery fire size is not conclusive. For example, the Tesla Model S battery of 2250 kg is five times
greater than that of a battery cell (45 g for a 18,650 cell), and the HRR of fire is increased three times. The HRR
can range from several kW for a battery cell 2% to several hundred kW for a single EV battery pack 82 and several
MWs for a full-scale EV fire [Z383],

The energy of an EV fire can also be assessed by using the average heat flux (q") of the battery pack and its area.
For the calculation, the SOC can be taken as 100%, which represents the worst-case fire scenario 2%, Using the
example of an EV powered by Lithium Titanate (LTO) batteries, the average heat flux (q") is approximately 2.3
MW/m? in a fully charged stage 1. Considering the floor area of the battery Az, = 3 m?2, the average fire HRR of
this kind of EV can be estimated as 7 MW (1).

HRR = Agy 9"=3 m? x 2.3 MW/m2 =7 MW (2)

This calculated HRR could also be used to evaluate the necessary amount of water or other fire-suppression
agents to extinguish the EV fire.
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