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Abstract: 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. This review focuses on lessons learned from electric vehicle fires and fire risk mitigation
measures for passenger road vehicles partially or fully powered by Li-ion batteries. The paper presents
EV fire risks, as well as historical car fires, published large-scale fire tests, and some proposed fire
protection strategies in the aspect of electromobility safety for the future. Technical solutions for EV
fire hazard mitigation are discussed, and methods of performance-based analysis and simulations for
fire safety in car park evaluation are demonstrated. The Fire Dynamic Simulator (FDS) was used for
the CFD simulations for the prediction of smoke dispersion and temperature distribution during an
EV fire. The presented case study demonstrates how fire simulations could predict conditions for
the safe evacuation of people and Fire Brigade intervention conditions in the case of an EV fire in a
car park.

Keywords: li-ion battery; electromobility; hybrid and electric vehicles; electric vehicle fire; battery
fire; heat release rate

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 transporta-
tion, but they also promise excellent technical performance [1,2]. However, compared to
conventionally-fueled cars, which still maintain good sales, electric vehicles raise doubts
regarding fire safety [3,4]. The doubts may be due to EV fire incidents that have happened
in previous years (see Section 1.2). 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 [5]. 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 [6–9].
They also pose the major fuel to feed the vehicle fire, similar to gasoline or diesel fuels in
conventional cars. The mechanisms of battery thermal runaway and its fire phenomenon
have been reviewed in [9] and are described in Section 1.3. It appears that the most relevant
battery fire dynamics are battery material and its chemistry [9].

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
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by the size and capacity of the battery pack [7]. 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 [10,11].

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 [12].
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 [13]. When a Li-ion battery is physically
impacted, it can break, ejecting sparks, gases that are flammable, and toxic combustion
products [14,15]. These can be further ignited and lead to burning, flames, and/or a gas
explosion [16].

A typical battery system, on its own, may have a low probability of self-ignition [17].
However, it is susceptible to external actions, which may be thermal, mechanical, or
electrical, possibly because of adverse operating conditions or collisions [18]. Moreover, the
low ceilings inside a car park can contribute to fire spread and impede rescue operations.
Additionally, as the total number of EVs increases each year, public car parks have decided
to install EV charging stations, introducing a new risk for car park fires. Because of this,
some have suggested banning charging in parking infrastructures or reducing the number
and density of parked vehicles [19].

1.1. The Electric Vehicle Market Expansion

The EV was invented in the 19th century [1]. 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 [20]. 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 [21]. 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 [22]. In 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) [23].

Figure 1. Global electric car sales and market share from 2013 to 2018 (BEVs = battery electric vehicles;
PHEVs = plug-in hybrid electric vehicles) [23].
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Figure 2. Global future trends of EV popularization for road EVs [23].

1.2. Performance-Based Fire Engineering

The Society of Fire Protection Engineers (SFPE) from the United States [24] defines
performance-based design as an engineering approach to establish fire safety goals and
objectives, to analyze fire scenarios, and to quantitatively 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 [25] 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:

• 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.

1.3. The Article Structure

The main goal of the article was to present actual tendencies in EV market growth and
historical electric and hybrid vehicle fire accidents. Lessons learned from them suggest that
the fire hazard in car parks is strongly increasing. Technical solutions for this hazard miti-
gation are discussed, and performance-based analysis and simulations of electric vehicle
fires for fire safety in car park evaluation are demonstrated. Fire Dynamic Simulator (FDS)
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was used for the CFD simulations for the prediction of smoke dispersion and temperature
distribution during an EV fire. The realized analysis steps are presented in Figure 3.

Figure 3. Realized analysis steps.

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 assem-
bly of bolted joints with electrical lugs inside the battery pack, which triggered the
overheating and thermal runaway of the battery cell [26];

• June 2011: A Chevrolet Volt spontaneously caught fire almost three weeks after the
crash-test exercise [27,28];

• 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 [29,30];

• 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) [31];

• 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 [32];

• 18 March 2013: A Mitsubishi i-MiEV caught fire at the Mizushima battery pack
assembly while being charged [33,34];

• 1 October 2013: A Tesla Model S caught fire after the vehicle hit debris while being
driven on a highway [35]. 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 [36];

• 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 [37];

• February 2014: In Toronto, Canada, a Tesla Model S caught fire while parked in a
garage, but it was not charged [38];

• 1 January 2016 in Norway: A Tesla Model S caught fire while being charged by a Tesla
Supercharger [39,40]. 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 [41,42];
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• 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 [43,44];

• 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 [45];

• 18 October 2017 in Austria: A Tesla Model S crashed on a concrete barrier at a motor-
way, which initiated the fire in the battery at the front of the vehicle [46]. 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 [47];

• 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. [48];

• 16 March 2018 in Thailand: A Panamera E-Hybrid burst into flames while being
plugged into a household outlet for charging [49];

• 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 [50];

• 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 [51];

• 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 [52];

• 10 May 2018 in Switzerland: A Tesla Model S caught fire after the vehicle hit the
guard-rail on a highway [53,54];

• 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 [55]. Firefighters were able to
extinguish the fire effectively, and the cabin was left unaffected [56,57];

• 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 [58];

• 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 [59,60];

• 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 [61];

• 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 [62]; May 2019: An Outlander
caught fire after immersion in saltwater [63];

• 4 May 2019: A Tesla Model S spontaneously caught on fire while not plugged in, with
smoke observed near the rear right tire [64]; 13 May 2019: A Tesla Model S in Hong
Kong caught on fire while parked [65];

• 1 June 2019 in Belgium: A Tesla Model S burned down while supercharging [66];
• 10 August 2019 in Russia: A Tesla Model 3 hit a truck on a high-speed road and

subsequently burned down [67];
• 12 November 2019 in England: A Tesla Model X from 2017 burst into flames while

charging [68]. The fire ignition was confirmed in the battery pack, and it was caused
by an impact on one of the battery pack modules [35];

• 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 [69];
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• 28 July 2019 in South Korea: A Kona Electric caught fire while charging [70];
• 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 [71];
• 1 May 2019 in Portugal: A Porsche Panamera E-Hybrid caught fire after hitting a pillar

of a bridge [72];
• 16 February 2020 in Florida: A Porsche Taycan completely burned while parked in a

residential garage [73].

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 [3,74].
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 [75,76]. 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 [77]. 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 extinguish-

ment [19].

The listed EV fires (Section 1.2) show that thermal runaway (a dramatically increasing
battery temperature) is the most common cause of fire and can be due to battery failure. It is
a widely observed phenomenon with overheating incidents that exothermic chain reactions
take place [78–80]. Battery thermal runaway is often accompanied by smoke production,
sparking, and flames [81]. Additionally, if the released gas accumulates in an enclosed area
and is mixed with surrounding oxygen, a gas explosion may occur [7,80]. As mentioned
before, all the presented fire situations could happen in enclosed carparks, where their
consequences would be much more severe than outside.

3. Controls on EV Production and Approvals

EV batteries, before they can be sold, are required to pass standard tests (e.g., in accor-
dance 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 [82,83], but
generally, all EV batteries must pass safety tests that evaluate their failure response [84].
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

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 [85]. The main parameters that are
measured during the tests are voltage, current, and temperature [86]. The European
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Council for Automotive Research and Development (EUCAR) provides a classification
system (Table 1).

Table 1. EUCAR Hazard Severity Levels [87].

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

7 Explosion Fire hazard with flying parts and explosion
(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 [19,88,89].

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 [78], for use when assessing car park fire safety
system designs [90–93]. The HRR can be taken as:

HRR = ṁ∆He =Afṁ”∆Hc (1)

where ṁ is the burning rate [kg/s] determined by the mass-loss rate from testing [94]; ∆He
is the heat of combustion [MJ/kg]; Af is the floor/surface area of fuel or fire [m2], which is
the floor of the EV; ṁ” is the burning flux [kg/m2-s]; is the combustion efficiency, which
depends on the oxygen supply; and ∆Hc is the heat of combustion for EV batteries, which
varies with the type and SOC of LIB.

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 [10] to several hundred kW for a single EV battery pack [88] and several MWs for a
full-scale EV fire [19,89].

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 [95]. Using the example of an EV powered by
Lithium Titanate (LTO) batteries, the average heat flux (q”) is approximately 2.3 MW/m2

in a fully charged stage [96]. Considering the floor area of the battery AEV ≈ 3 m2, the
average fire HRR of this kind of EV can be estimated as 7 MW (1).

HRR = AEV q”= 3 m2 × 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.

3.3. Fire Suppression and Mitigation Strategies

Batteries typically must accumulate energy to initiate the thermal runaway. This
makes EVs distinct from petrol vehicles, which reach the fuel flammability limit much
faster. However, once the battery starts to burn. It is very difficult to extinguish the resulting



Energies 2022, 15, 649 8 of 18

fire. In the case of battery failure, there may not be an apparent sign of the fire phenomenon
at the onset, which may lead to delays in extinguishing it [97].

It is widely stated that LIB fires cannot be easily extinguished and require large
amounts of suppressants. Even then, there is the potential for re-ignition [85]. Such re-
ignition can occur at random. Full-scale testing of extinguishing EV battery fires revealed
the amount of water necessary to extinguish such a fire, which can vary from 2500 to 6000
L and may exceed even the volume of water held by one fire truck [98]. Furthermore, the
suggested flow rate is very high at 200 L/min for extinguishing and cooling [99].

In general, an LIB fire should be cooled at its source. Access to the place of fire can
be difficult because the battery pack is most often located in places that are difficult to
access [77]. At the same time, the effectiveness of suppression agents other than water is
often questioned. Some other means of controlling fire, such as the use of inert or chemical
agents, may extinguish the flames, but there is the possibility of a build-up of flammable
gas and explosion [100]. It was found that if only carbon dioxide or other neutral chemicals
are used to suppress the battery fire, the fire can be controlled, but it cannot cool down
the battery or prevent re-ignition. In conclusion, only water offers a satisfactory effect in
cooling and gaining control over LIB fires. Despite potential negative effects, such as short
circuits or toxic runoff, water appears to be most effective as an extinguishing method [101].

Colella performed large-scale fire tests using water mist systems. The results con-
cluded that the water mist could be very effective in fire temperature control, and it is
believed that this method will be the subject of subsequent research [88]. Without fire
suppression, the continuous ignition of battery cells was observed with externally visible
flames [102].

Larger EVs may incorporate internal fire suppression systems. In buses, such systems
are required in at least 63 countries through UNECE Reg. No. 107 [103], but they are
normally not specified for LIBs. This could be because of the limited capacity of fire
extinguishers onboard and the difficulty in EV fire suppression.

Other solutions for EV fire risk mitigation may be provided by fire industry associa-
tions. The National Fire Protection Association (NFPA) has developed standards to address
the growth in EV charging stations. One of them is the NFPA guide [104,105], which recom-
mends storage of a vehicle containing a burned or damaged LIB at a minimum distance of
15 m from structures, combustible materials, or other vehicles, and using infrared camera
monitoring until the battery is discharged. The Society of Automotive Engineers in SAE
J2293 and J1772 provide another key design requirement to ensure interoperability with
EVs [106,107], providing the following steps for holding damaged EVs:

• The EV should not be kept in enclosures until it has been inspected as per SAE J2990
procedures.

• The EV should be located away from combustible materials, structures, and other
vehicles by a distance of at least 15 m. This also applies to vehicles enclosed by walls
made of non-combustible material (from 3 of 4 sides), where the open side must be at
least 15 m.

• The vehicle’s windows/doors should be kept open to allow for ventilation of poten-
tially dangerous gases.

• The EV should not be exposed to rain or other precipitation if the LIB is ruptured.

Very useful recommendations concerning EVs’ handling can also be found at a
knowledge platform and training center for the automotive industry in the Benelux area—
EDUCAM [107]. They define specific cases when a vehicle may be kept at a regular parking
space and when it must be moved to specific locations. The conditions are listed below.

1. The vehicle may remain in a regular parking space waiting for repair:

• The vehicle presents ideal working condition and no-fault code history for pow-
ertrain and BMS are reported, and the case is undamaged;

• The vehicle presents a damaged case, but no fault code history for powertrain
and BMS are reported, but structural integrity stays intact;
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• The vehicle presents a fault—warning fault codes for powertrain and/or BMS
are reported, but the case is undamaged;

• The vehicle presents a fault—warning fault codes for powertrain and/or BMS
are reported, and the case is damaged, but structural integrity stays intact.

2. The vehicle must be moved to a secured location before work:

• The vehicle presents a fault—warning fault codes for powertrain and/or BMS
are reported, and structural integrity is affected;

• The vehicle presents signs of water damage (due to ingress of sault or rainwater).

EDUCAM [108] also provides guidance on measures and procedures to be followed
in securing EVs, based upon identified hazards. The first step is to warn personnel about
the hazard. The other categories relate to elements that can cause a fire or chemical hazard:

• Following the emergency response guide of the vehicle recommendations or if it is
not available: disconnect 12-V battery and keep a safety distance of 10 m to all nearby
objects for at least 48 h and 2 m after 48 h;

• Do not store EVs or high-voltage batteries inside buildings;
• Collect leaking electrolyte by using an appropriate collection tray.

4. CFD Simulations for Car Park Fire Safety Evaluation
4.1. Fire Dynamics Simulator

The most widely used field model for fire safety analysis is known as the Fire Dy-
namics Simulator (FDS) [109] and is produced by the National Institute of Standards and
Technology (NIST) in the United States.

When assessing life safety parameters, it is necessary to adopt established tenability limits
that would ensure a specific safety level for people during a fire. In Poland, such criteria were
regulated in 2011 based on British Standard requirements from PD 7974-6 [110]. According to
them, critical parameters (tenability limits) on evacuation routes are considered:

− Smoke at a head height ≤ 1.8 m from the floor, limiting the visibility of building
features and luminescent evacuation signage to not more than 10 m; and

− Air temperature at a head height ≤ 1.8 m from the floor not exceeding 60 ◦C.

The FDS program enables three-dimensional simulations of fire growth and smoke
spread based upon the CFD calculations using the Navier Stokes equations for fire-driven
fluid flows, with emphasis on smoke and heat transport. The program is aimed at solv-
ing performance-based problems in fire protection engineering while, at the same time,
allowing the study of fundamental fire dynamics and combustion processes [111].

To describe the turbulence phenomenon, the FDS program utilizes large eddy simula-
tion (LES), the process of turbulent mixing of gaseous fuel and combustion products with
combustion ambient air. This simulates most fires and determines the fuel combustion rate
and the smoke and hot gases spread rate. The basic assumption when utilizing LES is that
most eddies arising in the process of gas mixing are sufficiently large to be computed with
satisfactory approximation accuracy by means of the fluid dynamics equations. All small
eddies are computed with high approximation accuracy or are neglected [111,112].

The following models for the description of process fluid mechanics were employed
in the FDS program:

- Hydrodynamic model;
- Combustion model;
- Thermal radiation model;
- Model of thermal penetration through barriers;
- Pyrolysis model.

4.2. Boundary and Initial Conditions for CFD Simulations

For the CFD simulations, it is necessary to assume some initial conditions of external
and internal air parameters. It depends on the local situation, but on the basis of the
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author’s experience, usually, it is assumed that the air temperature is 20 ◦C, ambient
pressure is 1013 hPa, and relative air humidity is 40%. Building partitions are assumed to
be made of concrete with a density of 2100 kg/m3, a thermal conductivity of 1.0 W/mK,
and a specific heat of 0.88 kJ/kgK. A mixture of polystyrene and wood was taken as the
combustion material, representing combustible materials potentially present in the room
for which simulations were carried out. The SOOT_YIELD coefficient, i.e., the mass fraction
of the fuel that is converted into soot, could be 0.07 kg/kg, and the heat of combustion
could be 20,000 kJ/kg. A computational grid with a density of 0.3 m in the simulation’s
X, Y, and Z directions is used. All the above assumptions are based on the long author’s
practice of simulations; however, they should always be carefully analyzed, relative to the
individual conditions of the project.

Fire spread scenario; NFPA 204 [113], recommends that the analysis of computational
fire development is in accordance with the standard fire development curve given described
as a model:

Q = αt2 (3)

where:

Q—heat release rate [kW],
A—fire growth coefficient [kW/s2],
T—time [s].

Fire scenario analysis considered the appropriate fire size of fire 7 MW calculated
earlier and firefighting brigade arrival after 480 s from the start of the fire, as shown in
Figure 4.

Figure 4. HRR curve of the fire.

4.3. The Exemplar CFD Simulation

Below, an exemplar simulation of the EV fire in a car park is demonstrated. The car
park’s space was chosen randomly, and the intention was to show how such a performance-
based approach could be conducted rather than to show its general results. The car park
space is presented in Figure 5. The fire was assumed at an electrical car park place in the
central part of the car park. The scheme also presents evacuation exits and the main gate
to the car park, which constituted, at the same time, the opening for the fresh air supply.
The car park was also equipped with a smoke control system with ducts installed below
the ceiling.
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Figure 5. Scheme of the car park.

Temperature distribution and visibility range at an altitude of up to 1.8 m from the
floor were modeled using the FDS software. According to the standard PD 7974-6 [110],
the limits of the values of the individual parameters should be:

- The maximum tenable temperature for escape is 60 ◦C. Note that, to take into account
a suitable margin of error for the simulation, the actual temperature requires that the
tenable temperature should be reduced to 52 ◦C;

- The visibility range is taken as 10 m for non-lit areas and 30 m for illuminated evacua-
tion signs.

4.4. CFD Simulation Results

Figures 6 and 7 provide a graphical presentation of the CFD simulation results over a
number of time periods. For the adopted parameters of fire development, on the basis of
preliminary analyses, it was assumed that the time of the starting fire alarm in the analyzed
object does not exceed 80 s from the moment the fire occurred (the range of smoke under the
ceiling after 80 s from the start of the fire exceeds the diameter of 20 m, which guarantees
the operation of at least two smoke detectors, located in the spacing every 10 m).
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Figure 6. Detection activation—starting fire alarm.

Figure 7. Graphical presentation of the CFD simulation results.

The time of fire detection was used as the time of smoke control activation and was
used for the simulations. Based on the boundary conditions described above, the fire
simulation was conducted.

In this case, the progression of fire in terms of both obscuration and temperature
distribution is considered. The time periods chosen for the analysis are:
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1. 300 s: this represents the completion of the evacuation from the immediate effects of
fire. The visibility range that is of interest;

2. 480 s: this is the time calculated as when the fire brigade will arrive on site. The fire
continues to grow. Note that the visibility range and temperature distribution are of
interest at this point;

3. 900 s: this is the completion of the simulation period; the fire stops growing due to
reaching maximum HRR.

It can be seen that, at a head height of 1.8 m, the visibility range falls below the required
10 m after the calculated evacuation time has been reached in this area. At the time of
arrival of the Fire Brigade, the temperature limit value of 60 ◦C (adjusted to 52 ◦C to allow
for a margin of error 15%) has not been exceeded. Furthermore, the fire brigade should still
be set up for firefighting by 900 s.

The CFD simulations make it possible to assess that electric car fire in a garage would
not pose a threat to the people staying in it, and they would have time to evacuate before the
occurrence of the boundary conditions of the fire. The simulation results demonstrate that
as the fire develops, the temperature in the garage increases, and the visibility decreases.
This means that the conditions for evacuating people from the garage are deteriorating.
Additionally, the Fire Brigade arrival time temperature does not exceed the tenability limit
of 60 ◦C and allows them to start extinguishing.

5. Conclusions

This paper provides a review of recent battery fires in electric vehicles (EVs), as well
as the related fire-safety issues and associated fire-protection strategies. An increased
number of EV fire accidents is observed as the market share of EVs as part of all vehicle
purchases continues to rise. The lack of full-scale EV fire tests the limits of engineering
knowledge of the real EV fire hazard, but the generally accepted heat release rate (HRR)
for fire engineering design for car parks should be taken as being around 7 MW, and fire
growth should be assumed to be much faster compared to conventionally-fueled vehicles.

EV fires are difficult to suppress because of the difficulty of accessing the battery
pack located inside of the vehicle body and the potential re-ignition risks. Water is still
considered to be the most effective method of suppressing EV fires, although it is required
in significant amounts to be successful.

Performance-based analysis and CFD simulations are demonstrated as practical tools
for fire safety in car park evaluation. The Fire Dynamic Simulator (FDS) was used for
the CFD simulations for the prediction of smoke dispersion and temperature distribution
during an EV fire. The simulation results demonstrate that as the fire develops, the
temperature in the garage increases, and the visibility decreases. This means that the
conditions for evacuating people from the garage are deteriorating. Depending on the
purpose of the garage, the expected time of the evacuation of people may vary. Thus, the
CFD simulations presented make it possible to assess whether an electric car fire in the
garage would not pose a threat to the people staying in it and whether they would have
time to evacuate before the occurrence of the boundary conditions of the fire. Similarly, the
simulations allow for the evaluation of the Fire Brigade activity conditions.

6. Limitations and Future Research Work

Even though performance-based methods have been used for many years, there are
still definite gaps in this knowledge and some conflicting findings that often decide the final
project results. The most questionable element in this field is the EV fires’ potential HRR
and its growth rate. These two elements are still discussed. Future research in this field
requires especially new fire tests that would show how different the EV’s fire could be in
comparison to the conventional car fire. The problem is that such tests are very expensive,
and a piece of reliable information could not be obtained from a single test, but from a
whole series of tests. This means that now the designers have to make performance-based



Energies 2022, 15, 649 14 of 18

assumptions and data from the individual battery tests and calculations of the expected EV
HRR, as was presented in the article.
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Abbreviations

BMS Battery management system
BEV Battery electric vehicles
CFD Computational fluid dynamics
EUCAR European Council for Automotive Research and Development
EV Electric vehicle
FDS Fire Dynamic Simulator
HRR Heat release rate [W]
ICEV Internal combustion engine vehicle
LIB Lithium-ion battery
LTO Lithium Titanate
NFPA National Fire Protection Association
NIST National Institute of Standards and Technology
PHEV Plug-in hybrid electric vehicle
PD Public Document
SAE Society of Automotive Engineers
SOC State of charge (%)
SFPE Society of Fire Protection Engineers
UNECE United Nations Economic Commission for Europe
Q Fire heat release rate [kW]
T Time [s]
A Fire growth coefficient [kW/s2]
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