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Abstract. As the number of new energy vehicles in possession continues to rise,
the fire safety issues of electric vehicle garages have drawn widespread concern.
Compared with traditional fuel vehicles, electric vehicles have a greater fire haz-
ard, mainly from the lithium-ion power battery used in electric vehicles, which
has a higher risk of thermal runaway. This study aims to investigate the impact
of different nozzle configurations in automatic water spray fire suppression sys-
tems on the suppression of fire propagation in electric vehicle (EV) garages. Py-
roSim, a fire dynamics simulation software, was utilized to conduct numerical
simulations and comparisons of EV garage fires under various nozzle configura-
tions. Data on parameters such as heat release rate and temperature were collected
from different locations within the EV garage and subjected to evaluation. The
research results indicate that while spraying water directly onto the bottom of
electric vehicle battery packs may not completely extinguish the fire, it can sig-
nificantly reduce the severity of the incident. The optimal fire control effect
within EV garages was achieved when the nozzles were positioned in the gaps
between parking spaces, thereby enhancing the structural safety of the building.
Additionally, this study proposed a formula relating the heat release rate of lith-
ium-ion battery fires to time.

Keywords: sprinkler, numerical simulation, electric vehicle, heat release rate,
civil engineering, hydraulic engineering

1 Introduction

In recent years, there has been a notable increase in the incidence of fires involving new
energy vehicles in various regions. Electric vehicle fires pose significant hazards U3,
primarily characterized by rapid fire spread and challenging firefighting conditions. In-
cidents may involve battery explosions, release of toxic gases, and flame jetting due to
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battery fluid leakage. Fires occurring in electric vehicle garages are even more perilous,
as they can easily lead to the combustion of multiple vehicles. While automatic sprin-
kler systems may find it challenging to fully extinguish fires originating from vehicles,
they can effectively limit the spread of flames between cars. As such, their primary role
is to mitigate fire spread and enhance building safety. However, the current engineering
standards are largely designed for conventional gasoline vehicles, highlighting the ur-
gent need to update these standards to address the growing fire risks posed by electric
vehicles.

Both domestic and international scholars have extensively researched the thermal
runaway of electric vehicle power battery packs and lithium-ion batteries. Xie et al*!
analyzed the causes and hazards of electric vehicle fires. Escherebkowskil®! focused on
introducing the types and system voltages of used power batteries. Due to the frequent
occurrence of thermal runaway in lithium-ion batteries, posing significant safety risks
for electric vehicles, Li et al " conducted real full-scale thermal runaway tests on lith-
ium-ion battery packs to assess the fire hazard of electric vehicles. This enables effec-
tive firefighting during the initial phase of the fire. Fire incidents during the charging
process of electric vehicles have become a hot issue.

The reason for conducting research by using computer simulation is as follows. First,
numerical simulation technology has been gradually recognized after years of develop-
ment. Second, this technology can quickly conduct multiple sets of controlled experi-
ments. Third, it helps to save experimental costs, and time and reduce risks. The fire
dynamics simulation software PyroSim is capable of conducting dynamic fire simula-
tions for various structures in advance. Numerous studies by scholars have confirmed
its high accuracy and precision, making it well-suited for practical applications in en-
gineering cases.

The author conducted numerical simulation and modeling of electric vehicle garage
fires using PyroSim software. The study specifically focused on investigating the fire
suppression effects of different nozzle arrangement positions within the automatic wa-
ter-based fire suppression system. Subsequently, corresponding improvement measures
were proposed to enhance the fire protection capabilities of electric vehicle garages.
This study offers theoretical backing for the development of encompassing engineering
standards; it assists in determining the optimal nozzle arrangement strategy, enhances
the fire prevention and control capabilities of electric vehicle garages, reduces fire risk,
and simultaneously promotes the upgrade of related engineering standards.

1.1  Modeling of Electric Vehicle Garages and Configuration of Fire Scenarios

The causes of electric vehicle fires are diverse, including factors such as overcharging,
over-discharging, high-temperature environments, and battery pack impacts, all of
which can potentially lead to vehicle ignition. Notably, electric vehicles pose a signifi-
cant fire hazard during overcharging. In this study, simulations were conducted for sce-
narios involving overcharging of electric vehicles, with the research findings from rel-
evant literature serving as the data support for this investigation.
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1.2 Modeling of Electric Vehicle Garages

This study selected an underground parking garage as the research subject, with a total
area of 3431 m?, a floor height of 4 m, accommodating 90 vehicles, and classified as a
Type III garage. The PyroSim modeling is illustrated in Fig. 1.

Fig. 1. Electric Vehicle Garage PyroSim Modeling

1.3  Configuration of Fire Scenarios

1.3.1 Operating Environment Parameters.
The simulation time is set at 600 seconds. Detailed parameters are provided in Table
1.

Table 1. Operating Environment Parameters

Parameter Names Value Parameter Names Value

Start time-End time 05-600 s | Environmental Humidity 64%

Average Maximum Summer Temperature 34.8°C Atmospheric Pressure 101.325kPa

1.3.2 Configuration of Fire Source Locations.

By setting the fire source at the most disadvantageous location, a comprehensive
assessment of the fire protection capabilities within the structure can be conducted. In
theory, each parking space in the electric vehicle garage should be hypothetically con-
sidered as a potential fire source. Subsequently, numerical simulations of fires at each
location with various nozzle arrangement positions would be conducted to determine
the most unfavorable fire source position. Clearly, this process results in an extensive
number of potential fire scenarios. In this study, the grid boundaries of the PyroSim
model for the electric vehicle garage are set to an open state. Under this condition, due
to the pressure difference between the evacuation stairwells on the east and west sides,
a significant chimney effect is observed [*]. Extensive preliminary simulations revealed
that, in this state, the parking space located centrally experiences the most unfavorable
fire conditions in this electric vehicle garage. Therefore, vehicles in this central location
are selected as the fire source, as illustrated in Fig. 2
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Fig. 2. Schematic Diagram of Fire Source in Electric Vehicle Garage Modeling

2 Modeling of Electric Vehicle Fires

2.1 Thermal Runaway Characteristics of Power Battery Packs

In this study, lithium-ion battery packs from electric vehicles with a substantial market
share are selected as the research subject.

The thermal runaway processes of different types of lithium-ion batteries share com-
mon characteristics. The general progression is as follows: firstly, the exhaust valve
opens, releasing gas, followed by the onset of thermal runaway, potentially leading to
an explosion after the ignition of flames. Subsequently, an intense thermal runaway
phase occurs, accompanied by flame jetting. Finally, the flames extinguish, marking
the end of thermal runaway. These processes can be categorized into four stages ), in
experiments, observed that electric vehicles experience vigorous flame jetting approx-
imately 40 seconds after ignition and explosion, with the phenomenon lasting about 3
minutes and the maximum length of flame reaching 2. 5 meters. This study adopts the
experimental results from Blum as the basis for modeling the thermal runaway of power
battery packs!'l.

2.2 Modeling of Electric Vehicle Fires

2.2.1 Calculation of Fire Loads.

According to relevant literature ['"> 2], the primary fire loads of a vehicle consist of
components such as car tires, plastic structures, and car seats. Based on data provided
in the user dismantling manual, the material properties and fire loads of various parts
of a specific vehicle model are presented in Table 2.
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Table 2. Composition, Material Properties, and Fire Loads of a Certain Brand of Car

. Calorific Fire
o . Weight Quan-
Description Materials . value load
(kg tity ¥
(MJkg™) (MJ)
Front seat head restraints Polyethylene plastic 1.0 2 44 88.0
Rear seat headrests Polyethylene plastic 0.7 1 44 30.8
Tire Rubber 26 4 32 3328
Ethyl 1
Headlamp YIERePropyiene 1 5 2 43 60.2
plastic
Instrument panel main trim
Wood 2.6 1 29 754
panel
Center console side carpet Polypropylene plastic 5.2 2 43 447.2
Seat headrest skin Leather 0.05 2 19 1.9
Front Seat Cover Leather 1.8 2 19 68.4
Front seat cushion pad Polyurethane foam 1.0 2 26 52.0
Front seat-back pad Polyurethane foam 1.3 2 26 67.6
Second row seat cover Leather 32 1 19 60.8
Second row seat back cush-
. Polyurethane foam 5.0 1 26 130.0
ion
Second row seat back
Leather 35 1 19 66.5
cover
Second row seat back cush-
. Polyurethane foam 3.1 1 26 80.6
ion
Blankets and mats Polyurethane 7.4 1 23 170.2

According to relevant literature, the calculated fire load for the vehicle components
is 5931. 86 M.

2.2.2 Battery Pack Heat Release Rate.

According to Blum's experiments ['%! the thermal release rate of this type of fire ex-
hibits an overall trend of initial increase followed by a decrease. The study conducted
by the author reveals that, compared to the traditional t? type fires, the relationship be-
tween the thermal release rate and time in Blum's experiments better conforms to the
expression (1).

G = 0.084(t — ty)? + 17.93(t — t,) — 21272.5 (1)

In the equation, Q represents the thermal release rate; is the time of fire occurrence;
to is the duration of the thermal runaway phase. Through variance analysis, the R?
value for Blum's experimental data against equation (1) is found to be 0.98, indicating
a high degree of fitting between equation (1) and Blum's experimental data. Subse-
quently, by incorporating equation (1) into the PyroSim software, the simulated results
for the thermal release rate are obtained, as depicted in Fig. 3. The changing trend of
the simulated thermal release rate aligns with the trend observed in Blum's experimental
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measurements, making it suitable for subsequent simulations of electric vehicle garage
fires.
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Fig. 3. Comparison of Heat Release Rates

3 Simulation of the Automatic Water-Based Fire Suppression
System

3.1  Sprinkler Modeling

The research subject is equipped with an automatic water-based fire suppression sys-
tem, classified as Hazard Level II. The detailed parameters of the sprinkler system are
provided in Table 1. Four different fire scenarios are established in this study. Scenario
1 represents a state where the automatic water-based fire suppression system is inactive.
In Scenario 2, the nozzles are positioned 3.07 meters directly above the parking spaces.
Scenario 3 places the nozzles in the gap between two parking spaces at a central point
3.07 meters above. In Scenario 4, the nozzles are positioned directly at the center of a
parking space, 0 meters above, as shown in Table 3 and Fig. 4:

Fire scenario 2 sprinkler@ éFire scenario 3 sprinkler

Fire scenario 4 sprinkler

Fig. 4. Position of nozzle arrangement
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Table 3. Sprinkler system design parameters

Position of nozzle ar- . Starting temperature | Spray strength | Pressure
Scene Name Direction .
rangement °C L-(min-m?)! MPa
Scenario 1 No No No No No
. Above parking space:
Scenario 2 Downward 68 8 0.6
3.07m
. Between parking spaces:
Scenario 3 Downward 68 8 0.6
3.07m
. Center of parking space:
Scenario 4 Upward 68 8 0.6
0.00m

3.2  Combustion process analysis

3.2.1 Failure of Sprinkler System.

As shown in Fig. 5, the green rectangular prism represents the combustion model of
the car. The fire load of this model is set based on actual conditions, and the remaining
combustible materials can be determined by the size of the green cube. At the 188th
second after the fire starts, the temperature in the near-fire zone of Scenario 1 reaches
700°C, and Car 3 (the source vehicle) has completely burned (no remaining combus-
tible materials). Due to the flame jets fully contacting Car 4, it begins to burn under
prolonged high-temperature exposure. At the 262th second after the fire starts, Car 4 is
completely destroyed, and Car 2 has a burning area of approximately 18.5% of the total
area. As time progresses, by the 435th second, both Cars 2 and 4 beside the source
vehicle are completely destroyed. A total of 3 cars are burned until the simulation con-
cludes.

Temperature®C

700 l

a Fire Occurrence at 188s b Fire Occurrence at 262s

pa Ve

350 I

A

¢ Fire Occurrence at 4358 d Fire Occurrence at 600s

Fig. 5. Temperature of Fire Scenario 1 (a Fire occurrence at 188 seconds; b Fire occurrence at
262 seconds; ¢ Fire occurrence at 435 seconds; d Fire occurrence at 600 seconds).

3.2.2 Overhead Nozzle Arrangement.
As depicted in Fig. 6, at the onset of the fire (8 seconds), the nozzle directly above
the ignition point initiates water discharge in response to the heat. Due to the direct
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impact of water droplets on the car bodies and the area between the two vehicles, the
combined effects of cooling and steam barrier significantly mitigate the intensity of
radiant heat. Simultaneously, the flame emanating from the ignition point is obstructed
by the water droplets, preventing it from reaching the adjacent vehicle on the left. Con-
sequently, the temperature within the electric vehicle garage remains at a comparatively
low level. By the 20-second mark, the nozzle positioned above the right side of the
ignition source becomes operational. Given its early activation, this nozzle exhibits su-
perior fire suppression effectiveness, resulting in a substantial reduction in temperature
compared to Fire Scenario 1. At the 30-second mark, the nozzle on the left side of the
ignition source also becomes operational. Subsequently, until the 237-second mark, the
temperature within the electric vehicle garage consistently remains below 350°C. Car
3 is fully consumed by the fire, yet the adjacent vehicles remain intact, marking the
conclusion of the fire incident.

Temperature®C

700 I

wl w iw

a Fire Occurrence at 8s

350 .

y

Fig. 6. Temperature of Fire Scenario 2(a Fire occurrence at 8 seconds; b Fire occurrence at 20
seconds; ¢ Fire occurrence at 30 seconds; d Fire occurrence at 237 seconds. )

¢ Fire Occurrence at 30s d Fire Occurrence at 237s

3.2.3 Sprinkler Arrangement in Parking Space Gaps.

As illustrated in Fig. 7, at the onset of the fire (10 seconds), nozzles on both sides of
the ignition source rapidly respond to the heat and simultaneously initiate water dis-
charge. The responsiveness of the nozzles in this scenario is exceptionally fast, effec-
tively suppressing the combustion reaction in the early stages. By the 105-second mark,
all six nozzles are operational, and it persists until the 240-second mark when Car 3 is
fully consumed. Throughout this fire scenario, the electric vehicle garage maintains a
consistently low temperature, and the remaining vehicles remain undamaged. It is note-
worthy that, despite activating two fewer nozzles than in Fire Scenario 2, Fire Scenario
3 exhibits even more effective fire control.

In Fire Scenario 3, the rapid and simultaneous activation of nozzles on both sides of
the ignition source, coupled with fewer nozzle deployments than in Fire Scenario 2,
demonstrates superior fire suppression efficacy, maintaining the electric vehicle garage
at a consistently low temperature and preserving the integrity of the remaining vehicles.
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Fig. 7. Temperature of Fire Scenario 3(a Fire occurrence at 10 seconds; b Fire occurrence at 54
seconds; ¢ Fire occurrence at 105 seconds; d Fire occurrence at 240 seconds. )

3.2.4 Sprinkler Placement Directly Beneath Parking Spaces.

As depicted in Fig. 8, the first nozzle beneath Car 3 initiates at the 4-second mark
after the onset of the fire, followed by the second at the 7-second mark. Despite the
prompt activation of the nozzles, their efficacy is limited as the water droplets directly
contact the underside of the car, failing to mitigate the heat radiation between the two
vehicles and resulting in heat dissipation. By the 141-second mark, the temperature of
the adjacent vehicles on both sides reaches 700°C, posing a risk of combustion. At the
240-second mark, Car 3 is completely destroyed. By the 509-second mark, the left-side
adjacent Car 2 ignites, with the garage temperature still exceeding 350°C. At the 600-
second mark, Car 2 is fully consumed. It is evident that the lower installation of nozzles
is insufficient to effectively curb the spread of the electric vehicle garage fire.

Temperature®C

700I

350

e Fire occurrence at 509s f Fire occurrence at 600s
Fig. 8. Temperature of Fire Scenario 4(a Fire occurrence at 4 seconds; b Fire occurrence at 7

seconds; ¢ Fire occurrence at 141 seconds; d Fire occurrence at 240 seconds; e Fire occurrence
at 509 seconds; f Fire occurrence at 600 seconds.)
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3.3  Analysis of Heat Release Rate

In accordance with Fig. 9, it can be observed that in the fire scenario where the auto-
matic water spray fire extinguishing system is functioning properly, the overall heat
release rate of Fire Scenario 4 is higher than that of Fire Scenarios 2 and 3. This is
attributed to the fact that the nozzles in Fire Scenario 4 exclusively target the bottom of
the electric vehicles, failing to cover the area above and around the ignition source,
resulting in heat accumulation leading to combustion in the upper part of the source
vehicle. Moreover, when water is sprayed from below, influenced by gravity, the water
flow tends to disperse around the nozzle rather than directly impacting the area above
the flames, diminishing the penetrating effect of water droplets and rendering them in-
effective in extinguishing the flames. By comparing Fire Scenarios 2 and 3, it is evident
that the heat release rate in Fire Scenario 3 consistently remains lower than that in Fire
Scenario 2. Furthermore, in Fire Scenario 2, after all nozzles are activated, the heat
release rate maintains a slow upward trend; in contrast, in Fire Scenario 3, after a slight
fluctuation period, the heat release rate steadily decreases upon the full activation of
the nozzles, ultimately extinguishing the fire completely. This indicates that the con-
figuration of nozzles installed in the middle of parking spaces proves to be the most
effective approach in suppressing electric vehicle fires.

100000
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Fig. 9. Heat release rate

3.4 Temperature Analysis

As depicted in Fig. 10, for this simulation, three sets of thermocouples and radiation
heat detectors were arranged horizontally at intervals of 1m in the direction parallel to
the ignition source. Additionally, in the vertical direction, one set was positioned every
Im, starting from 0.2m above the ground, resulting in a total of three sets. Temperature
slices and radiation heat loss slices were situated lm above the ground and parallel to
it. The locations and numbering of each measurement point are illustrated in Fig. 10.

Due to space limitations, only data from 12 sets of detectors within a 1m range on
both sides of the ignition source are analyzed. As illustrated in Fig. 11, in Fire Scenario
1 (sprinkler failure), detectors 1, 2, 5, 6, and 9, positioned at higher elevations, recorded
temperatures higher than others. At 239s into the fire, Detector 9 recorded a temperature
of 881.5°C, representing the highest temperature among all measurement points during
the fire.
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Fig. 10. Detector location

In Fire Scenario 2 (sprinkler installed directly above parking space), detectors 2, 8,
and 11, located near the ignition source, recorded higher temperatures than others. At
91s into the fire, Detector 8, positioned at the base of the ignition source, recorded a
temperature of 235.2°C, the highest among all measurement points during the fire.
Compared to Fire Scenario 1, the maximum temperature decreased by 646.3°C, a re-
duction of approximately 73.3%. Moreover, the location of the highest temperature de-
creased by 3m, indicating that under the influence of water spray, high-temperature
gases were confined to a lower height, potentially impeding smoke evacuation and
causing visibility issues during evacuation.

In Fire Scenario 3, detectors 8 (near the ignition source) and 1, 2 (above the power
battery pack) recorded higher temperatures than others. At 317s into the fire, Detector
1 recorded a temperature of 301.0°C, the highest among all measurement points during
the fire. Compared to Fire Scenario 1, the maximum temperature decreased by approx-
imately 65.9% (a decrease of 580.5°C). The time of the highest temperature occurrence
was delayed by 83s. While the height of the location with the highest temperature re-
mained unchanged, its horizontal position shifted further to the left (towards the direc-
tion of flame projection). This shift may be attributed to the inability of the jetted gases
to combust fully within the water spray range, leading to re-ignition due to radiative
heat or smoke temperature, resulting in the highest temperature occurring 4m horizon-
tally from the spray nozzle direction. Compared to Fire Scenario 2, the maximum tem-
perature increased by 65.8°C, approximately 28% higher. The time to reach the highest
temperature was delayed by 226s. The sprinkler started spraying water at 6s into the
fire, 2s earlier than in Fire Scenario 2, indicating better early-stage fire suppression
effectiveness in Fire Scenario 3.

In Fire Scenario 4, detectors 5 and 6, located directly above the ignition source, rec-
orded higher temperatures than others. At 297s into the fire, Detector 5 recorded a tem-
perature of 769°C, the highest among all measurement points during the fire. Compared
to Fire Scenario 1, the maximum temperature decreased by approximately 12.82% (a
decrease of 113. 5°C). The time of the highest temperature occurrence was delayed by
64s, and the location of the highest temperature remained unchanged compared to Fire
Scenario 1. This suggests that in this scenario, the overall cooling effect of water spray
was relatively poor.
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Fig. 11. Temperature (Detector number in the lower right corner)
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Conclusion

This study conducted extensive dynamic numerical simulations using PyroSim soft-
ware to investigate electric vehicle fires and fires within electric vehicle garages. The
research focused on examining the impact of nozzle activation at different locations on
controlling the spread of fires and improving building safety. The following conclu-

sions were drawn:

1. Directly spraying water onto the bottom of the power battery pack of electric vehi-
cles may not extinguish the fires outright, but it significantly reduces their harm.
During the flame jetting phase of electric vehicle fires, water droplets exhibit the
most pronounced inhibitory effects on temperature and radiation heat intensity.
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2. The study proposes that the relationship between the fire heat release rate and time
in lithium-ion battery fires follows Equation (1).

3. The different arrangements of nozzle placement result in significant variations in the
final fire control effectiveness. Compared to placing nozzles directly above parking
spaces, installing nozzles above the midpoint in the parking space gap significantly
reduces the spread of electric vehicle fires with a minimal number of nozzle activa-
tions, thereby better achieving the suppressive role of automatic sprinkler systems
in fire control.

It must be acknowledged that this study has some limitations. These include: First,
the fire vehicle simulation data are derived from only one type of vehicle and only
consider vehicle fires, without accounting for other potential fire scenarios on-site (such
as charging stations), which means not all possible fire scenarios are covered. Second,
most of the current experimental studies on new energy vehicle fires are conducted in
open-air settings, which differs somewhat from actual fire situations in electric vehicle
garages.
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