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Abstract

This study investigates the fire behaviour of Battery Electric Vehicles (BEVs) and In-
ternal Combustion Engine Vehicles (ICEVs) in confined environments such as under-
ground parking facilities and tunnels. Using the Fire Dynamics Simulator (FDS), sev-
eral scenarios were modelled to analyse the effects of ventilation and automatic suppres-
sion systems on fire growth, heat release, and smoke propagation. Three ventilation
configurations—reduced, standard, and increased airflow—were evaluated to determine
their influence on combustion dynamics and thermal development. Results show that
BEYV fires produce higher peak Heat Release Rates (up to 7 MW) and longer combustion
durations than ICEVs, mainly due to self-sustained battery reactions. Increased ventilation
enhances smoke removal but intensifies flames and radiant heat transfer, while limited
airflow restricts combustion yet leads to hazardous smoke accumulation. The inclusion of
a sprinkler system effectively reduced temperatures by over 60% within 100 s of activation,
though residual heat in BEVs poses a risk of re-ignition. This underlines the need for
tailored ventilation and suppression strategies in modern underground facilities to ensure
safety in the transition toward electric mobility.

Keywords: BEVS; Li-ion; thermal runaway; underground car park; fire; shutdown; sprinklers;
FDS; CFD

1. Introduction

The global transition towards sustainable mobility has accelerated the adoption of
electric and hybrid vehicles, profoundly reshaping the automotive sector and posing
new challenges for fire safety engineering. As electric and hybrid vehicles become in-
creasingly common in road networks, attention has shifted to understanding their be-
haviour in critical environments such as underground parking facilities. These confined
infrastructures are characterised by limited ventilation, restricted access for firefighting
operations, and complex evacuation dynamics, which can amplify the consequences of
vehicle fires [1,2]. Battery Electric Vehicles (BEVs) rely on high-energy lithium-ion battery
(LIB) systems that, while efficient and compact, introduce unique safety concerns compared
to conventional internal combustion engine vehicles (ICEVs). Fires involving BEVs differ
in both origin and development [3-5]. Whereas ICEV fires are generally linked to the
ignition of liquid fuels, BEV incidents often arise from thermal runaway—a chain reaction
initiated by mechanical impact, electrical failure, or overheating, which leads to uncon-
trolled exothermic reactions within the battery cells [6-8]. During such events, internal
temperatures may exceed 800 °C, accompanied by the release of flammable and toxic gases
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such as hydrogen fluoride (HF), carbon monoxide (CO), and hydrocarbons, significantly
increasing the risks to first responders and occupants in confined spaces [6,9]. Experimental
fire tests conducted at facilities such as Zentrum am Berg (Austria) have shown that BEV
fires can produce heat release rates (HRR) comparable to or even exceeding those of con-
ventional vehicles, typically ranging between 6 and 8 MW [2]. However, unlike ICEV fires,
which depend on the presence of atmospheric oxygen, BEV fires can sustain themselves
internally due to oxygen release from cathode decomposition, making extinguishment
considerably more difficult [10-12]. In addition, the risk of re-ignition remains high even
after apparent fire suppression, often requiring prolonged cooling or complete submersion
of the vehicle in water to prevent recurrence [13-15]. Recent large car-park fires and the
rapid evolution of vehicle technology have triggered a surge of international research on
fire loads, fire spread between vehicles and the adequacy of traditional design fires in
parking structures [16-18]. Miechéwka et al. compiled 148 full-scale car fire experiments
from 44 sources into a structured database, providing up-to-date statistical distributions of
HRR, THR and time-to-peak specifically for use in car-park design fires [17]. Olenick et al.,
quantitatively compared the fire risks of modern vehicles with the assumptions made in the
standards and showed that the current protection requirements for multi-storey car parks
may be overly conservative or insufficient, particularly for scenarios involving the spread
of fire to multiple vehicles [19]. Tohir et al., studied the spread of fire to multiple vehicles
in car parks using a probabilistic approach, considering the different HRR graphs [20].
Park et al., conducted large-scale calorimetric tests on fires involving one or two vehicles,
quantifying the HRR, smoke and toxic gas production, and demonstrating how the distance
between vehicles affects the spread of fire from one vehicle to another [21]. Zhu et al.
reported the results of large-scale vehicle fire tests conducted in a simulated underground
car park, providing detailed data on temperature, flame propagation and smoke layer that
can be directly used to validate CFD models and smoke control designs [22].

Given the complexity of these phenomena, numerical modelling has become an essen-
tial tool for assessing fire behaviour and smoke propagation in confined infrastructures.
Computational Fluid Dynamics (CFD) tools such as Fire Dynamics Simulator (FDS) have
been widely adopted to simulate BEV and ICEV fires under varying ventilation condi-
tions, allowing researchers to quantify differences in temperature distribution, visibility,
and heat release rate per unit area (HRRPUA) [11,23-28]. In parallel, several stakehold-
ers (e.g., NFPA'’s Fire Protection Research Foundation, the European Fire Safety Alliance
and Euralarm) are developing and refining guidance and classification frameworks for
modern-vehicle hazards, sprinkler and detection requirements, and operational strategies
specific to car parks with high shares of EVs and hybrids [29,30]. At policy level, recent
EU guidance for covered parking areas and indoor car parks translates this evidence base
into practical recommendations on prevention, detection, evacuation, structural/passive
protection and firefighting. Despite substantial progress, several knowledge gaps remain.
The scalability of thermal runaway events in large battery packs, the interaction between
multiple burning vehicles, and the long-term integrity of structural materials exposed to
BEV fires require further investigation. A comprehensive understanding of these aspects is
crucial for developing updated safety standards and emergency response strategies that
reflect the evolving composition of vehicle fleets.

This study contributes to this effort by analysing the thermal behaviour of alterna-
tive vehicles and evaluating their fire dynamics in confined environments through both
experimental data and CFD-based modelling.
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2. Material and Methods—Simulation

The research methodology is based exclusively on numerical simulations performed
using the Fire Dynamics Simulator (FDS), a Computational Fluid Dynamics (CFD) code
developed by the National Institute of Standards and Technology (NIST, US). The modelling
approach aims to reproduce realistic fire scenarios, evaluate the heat release characteristics
of BEVs and ICEVs, and assess the influence of ventilation and automatic extinguishing
systems on the evolution of fire and smoke in confined spaces.

2.1. Simulation Environment and Model Design

The geometrical models were designed using standard dimensional references and
construction features typically found in European infrastructure. The underground car
park was modelled as a rectangular enclosure measuring 16 x 15 x 2.4 m, containing
multiple vehicles aligned in two rows with standard spacing (0.8 m, corresponding to EU
parking layout guidelines), see Figure 1 [31].

Figure 1. Structure of the underground parking with the vehicles (green, non-primary vehicles—
orange vehicle, active vehicle).

Two different materials were defined: the “BRICK” with characteristics similar to
concrete (density (1600-2000 kg/m?), thermal conductivity (0.7-0.9 W/mK), specific heat
capacity (800-1000 J/kgK)) [32] for the definition of the walls defined as “WALL’ surfaces,
and the ‘car_mat’ (density (900-1600 kg /m?3), thermal conductivity (0.2-0.4 W/mK), specific
heat capacity (1200-2000 J/kgK) [33]) to define the characteristics of the vehicles, and their
relative surface. These thermophysical properties govern how quickly the vehicle surfaces
absorb and re-emit heat, thereby influencing both the rate of flame spread across the car
body and the magnitude of radiative feedback that drives fire growth. Then, the walls,
the entrance, the windows, the open surfaces and finally, the position of the vehicles were
defined with the appropriate parameters and conditions. The role of the concrete structure
is to represent the thermal inertia of the car park roof and influence heat absorption and
gas release behaviour. The side openings are defined in different modes depending on the
ventilation condition, which will affect the spread of fire and smoke circulation. Closed
windows on reduced ventilation, open on increased ventilation and for the standard case,
the windows will explode when the temperature reaches 300 °C; this ideally represents
the cracking of the glass in the side openings that would occur in real conditions around
that temperature. The environment was discretised using a uniform computational mesh
suitable for transient calculations, allowing an accurate representation of temperature
gradients, smoke propagation, and ventilation effects. The computational domain was
discretised using a uniform 0.30 m mesh, resulting in roughly 57,600 cells. Mesh quality
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checks confirmed acceptable aspect ratios and overall geometric fidelity. A mesh-sensitivity
study, carried out following NIST guidelines, compared the 10 cm grid with a refined
7.5 cm mesh [34]. Differences in predicted HRR and ceiling temperatures were below 5%,
indicating that the selected 0.30 m resolution was sufficient for accurate simulation. The
simulation time was set to 1200 s for the parking scenario. This duration was selected to
represent the average fire growth and intervention times reported in the literature.

Three different ventilation conditions were analysed for the parking case:

o  Reduced ventilation, with limited air exchange and closed lateral openings. In this
configuration, all side openings were kept closed, and air exchange occurred only
through minimal leakage and the main entrance area (6 m?). This condition represents
a worst-case scenario where oxygen availability is limited, leading to incomplete
combustion and rapid smoke accumulation beneath the ceiling. The lack of fresh air
inflow caused the fire to become oxygen-limited after a short growth phase.

e Standard ventilation, with windows breaking at approximately 300 °C, simulating
glass failure [35]. In the baseline configuration, the side windows were initially closed
but programmed to break automatically when the local temperature reached 300 °C,
simulating the thermal cracking of glass observed in real fires. This dynamic event
introduced natural ventilation at mid-height, allowing partial air exchange between
the interior and exterior. The resulting airflow helped stabilise the combustion process
and delayed full smoke saturation, providing a realistic representation of typical
underground parking conditions.

e Increased ventilation, with side openings kept open throughout the simulation. In this
case, the lateral openings were kept open from the start of the simulation, enabling
continuous air exchange. The total effective opening area was approximately 20 m?
(four side windows of 5 m? each), supplemented by the 6 m? entrance. This produced
stronger natural convection currents, improving smoke removal but also enhancing
flame intensity due to the higher oxygen supply. The airflow induced by temperature-
driven buoyancy and pressure differences generated turbulent circulation patterns
that increased radiant heat transfer to adjacent vehicles.

2.2. Fire Source Definition and Input Parameters

The fire source was defined based on full-scale experimental data available in the
literature, ensuring that the simulated heat release characteristics accurately represent
realistic vehicle fire behaviour. The Heat Release Rate (HRR) values for each vehicle type
were derived from combustion experiments performed at the Zentrum am Berg (ZaB)
tunnel research facility [2]. Heat Release Rate (HRR) is the rate at which heat energy is
released by a fire and is a fundamental metric for quantifying fire intensity and growth in
combustion processes, commonly expressed in watts and assessed through methods such
as oxygen-consumption or mass-loss measurements [36]. The HRR can be related to the
burning rate of material by the formula:

HRR = m Ah,, (1)

where 11 is the mass loss rate of the combusting fuel and Ak, is its effective heat of combus-
tion, linking the chemical energy release to the fire’s power output.

BEVs were assigned a maximum HRR of 7 MW, while ICEVs were set at 5 MW, corre-
sponding to Heat Release Rates per Unit Area (HRRPUA) of 219 kW /m? and 156 kW /m?,
respectively. These values represent average peak conditions derived from combustion
experiments of passenger vehicles conducted at the Zentrum am Berg (ZaB) tunnel research
facility. The initial data are those related to Figure 8 of the publication [2]. Using the HRR
peak ensures a conservative approach to fire safety assessment, as it reflects the moment
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when the vehicle releases maximum thermal power and therefore places the most severe
load on ventilation systems, compartmentalisation criteria and escape routes. The heat
release curve followed a typical t-square growth rate, increasing linearly to the peak HRR
within the first 300400 s and subsequently stabilising near the plateau phase. The model
assumed constant HRR during the fully developed stage, followed by a gradual decline to
replicate energy depletion. Each vehicle was modelled as a volumetric heat source located
within the domain according to the car park geometry described in Section 2.1. The ignition
point was defined on the reference vehicle (highlighted in orange in Figure 1), initiating the
combustion process through a localised thermal input consistent with observed ignition
modes in real BEV fires.

2.3. Fire Suppression Modelling

To assess the influence of active fire protection systems, an automatic sprinkler network
was incorporated into the numerical model. The configuration was designed to reproduce
the operation of a conventional suppression system commonly installed in underground
parking facilities, where early control of flame spread and heat accumulation is critical
for occupant safety and structural integrity. The system comprised three ceiling-mounted
nozzles positioned along the central axis of the car park. Each nozzle was assigned a
discharge flow rate of 80 L/min and an ejection velocity of 10 m/s, values representative of
standard high-pressure sprinkler systems used in confined infrastructures. The sprinklers
were activated 500 s after ignition, corresponding to the typical delay between fire onset
and the initiation of suppression in real-world underground scenarios. A fixed activation
time of 500 s was adopted as a representative delay for underground car-park scenarios
and to ensure a consistent, directly comparable suppression onset across all simulated
ventilation conditions. In addition to the discharge range and ejection velocity, the sprinkler
spray was characterised by a predefined droplet distribution based on a representative
Sauter mean diameter for fine mist irrigation systems. The droplets were released at an
initial velocity of 10 m/s and distributed in a conical spray pattern, with an injection angle
selected to ensure complete coverage of the ignition vehicle and the surrounding area.

Water dispersion was modelled using the spray functionality of the Fire Dynamics
Simulator (FDS), which allows the interaction between evaporating droplets and the sur-
rounding hot gases to be resolved. The spray was introduced as a distribution of fine
droplets across the upper domain, producing a dual effect: Thermal attenuation, achieved
through convective heat absorption and phase change, which reduced the temperature of
the combustion gases; and oxygen displacement, caused by the generation of steam, locally
decreased oxygen concentration and limited flame stability.

The simulation enabled the quantification of sprinkler performance by monitoring
the heat release rate (HRR), temperature decay, and smoke layer development following
activation. The analysis focused particularly on the transient period immediately after
water discharge, allowing evaluation of suppression efficiency under varying ventilation
conditions. The primary output variables included Heat Release Rate (HRR), temperature
distribution, gas flow velocity, smoke density, and visibility. These parameters were
extracted at multiple heights and locations to assess the development of fire and smoke
stratification under different ventilation and suppression conditions. The visualisation
of flame propagation, temperature fields, and smoke movement was carried out using
Smokeview, the post-processing tool associated with FDS.

3. Results and Discussion—Underground Parking

The numerical analysis of the underground parking configuration provided a de-
tailed understanding of the fire evolution, smoke propagation, and thermal effects gen-
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erated by both Battery Electric Vehicles (BEVs) and Internal Combustion Engine Vehi-
cles (ICEVs). In the model, the vehicle highlighted in orange could be configured to
represent either a BEV or an ICEV, allowing direct comparison under identical geomet-
rical and boundary conditions. However, the detailed Fire Dynamics Simulator (FDS)
and Smokeview visualisations—showing temperature evolution, flame propagation, and
smoke distribution—are presented for the BEV configuration only. The results for the ICEV
case are summarised in the final comparative figure illustrating the Heat Release Rate
(HRR) trends for both vehicle types.

3.1. Fire Development

During the simulation, ignition was assumed to occur at the orange vehicle, initiating
a localised combustion process that expanded within the first 300 s. Figure 2 illustrates the
early development of flames during the BEV fire in the underground car park, approxi-
mately 75 s after ignition. These align with prior full-scale experiments that describe rapid
flame growth and localised heat accumulation typical of lithium-ion battery fires [4,5,7].
The simulation shows that combustion initially concentrates around the ignition vehicle
(highlighted in orange), producing intense localised flames that rapidly grow in height
and spread laterally due to radiant heat feedback. At this stage, the flame front reaches the
ceiling zone, where local temperatures begin to exceed 600 °C. The confined geometry of the
parking space enhances the upward movement of hot gases, intensifying the flame—ceiling
interaction and initiating early smoke layer formation. Figure 3 presents the temporal
evolution of smoke propagation in the same scenario at (a) 150 s, (b) 400 s, and (c) 600 s
after ignition. In panel (a), a dense smoke layer begins to form near the ceiling, reducing
visibility to below 2 m. The smoke propagation patterns are consistent with CFD-based
studies of confined-space fires with similar ceiling-layer stratification and reduction in
visibility [11,23,27]. By 400 s (panel b), the smoke layer thickens, filling approximately
40-50 % of the room’s volume under standard ventilation conditions, while temperatures
in the upper region exceed 700 °C. At 600 s (panel c), the smoke plume reaches full stratifi-
cation, with turbulent flow patterns and recirculation zones caused by side openings and
ventilation effects. The dark, dense nature of the smoke—typical of polymer and electrolyte
combustion—indicates the release of soot and toxic gases. This figure clearly demonstrates
how limited ventilation in underground spaces exacerbates smoke accumulation, posing
severe challenges for occupant evacuation and firefighting operations.

Figure 2. Detail of the development of flames (BEV)—75 s after the fire ignition.
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(@)

(b)

(©)

Figure 3. Development of smoke in the environment at the beginning of combustion of the develop-
ment of flames (BEV)—(a) 150 s, (b) 400 s and (c) 600 s after the fire ignition.

Temperature contours revealed that the highest thermal loads developed directly
above the orange vehicle, where ceiling temperatures reached 600-700 °C, with local peaks
surpassing 800 °C for the BEV, see Figure 4.
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Figure 4. Development of temperature in the environment after 1135 s after the fire ignition for a BEV.

200

The fire propagation from the BEV shown above spreads to the nearest vehicle,
see Figure 5.
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Figure 5. Display of adiabatic surfaces to detect the development and spread of the fire after 1125 s
after the fire ignition for a BEV.

Figure 5 illustrates the spatial progression of the fire and the spread of thermal effects
across vehicle surfaces in the underground car park at 1125 s after ignition. The visualisation
of adiabatic surfaces highlights the zones exposed to the highest heat fluxes and radiant
energy. The simulation shows that, by this stage, the fire originating from the initial
Battery Electric Vehicle (BEV) has propagated to the nearest adjacent vehicle, confirming
the potential for secondary ignition in confined parking layouts. The thermal contours
indicate that radiant heat from the burning BEV significantly contributes to the ignition
of neighbouring surfaces, with localised temperatures exceeding 800 °C near the ceiling.
This progression underlines the influence of close vehicle spacing on fire escalation and
demonstrates the persistence of BEV combustion even after the initial peak heat release
rate. The fire spread illustrated in Figure 5 further confirms the findings of Brzezinska
and Bryant, who observed secondary ignition risks in tightly spaced vehicles within
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enclosed facilities [24]. The figure effectively visualises how sustained energy release and
radiative transfer drive multi-vehicle involvement in confined car park fires, emphasising
the challenges of fire containment and the need for rapid suppression systems [24].

3.2. Effect of the Ventilation Strategy

The influence of ventilation on fire development in the underground car park was
examined under three distinct configurations: reduced, standard, and increased ventilation.
Each configuration significantly affected the combustion dynamics, temperature distribu-
tion, and smoke propagation, revealing the complex interplay between oxygen availability,
heat transfer, and confined-space aerodynamics. Under reduced ventilation, all lateral
openings were kept closed, allowing air exchange only through the main entrance (6 m?).
The limited oxygen supply quickly led to an oxygen-depleted environment, constraining
combustion but intensifying smoke accumulation. During the early growth phase (up to
300 s), the Heat Release Rate (HRR) rose moderately, followed by a premature decline as
oxygen levels dropped. Although peak HRR values were lower (approximately 4 MW for
BEV and 3.5 MW for ICEV), the confined gases reached high ceiling temperatures exceeding
300 °C, producing dense smoke layers that severely reduced visibility within 200 s. This
configuration represents a worst-case scenario for occupant evacuation and firefighter
intervention, as smoke stratification and toxic gas concentration increased rapidly while the
combustion zone remained thermally active. In the standard ventilation condition, glass
panels were programmed to fail at around 300 °C, simulating realistic window breakage
during a fire. This introduced mid-height openings that improved air circulation and al-
lowed partial oxygen replenishment. As shown in Figure 6, this condition produced a more
stable combustion regime for both vehicle types. The HRR of the BEV fire reached approxi-
mately 5.8 MW, while the ICEV stabilised around 4.3 MW (see Figures 6 and 7). The fire
reached a quasi-steady state where oxygen inflow balanced the combustion rate, limiting
further escalation but sustaining a prolonged high-temperature environment. Temperature
contours during this regime revealed ceiling temperatures above 600 °C, consistent with
values reported in experimental full-scale tests in confined spaces.

Ventilation variation in case of BEV

8.00

7.00

6.00 === |ncreased Standard == Reduced

5.00 /..v WA
2 400 ,

/
3.00 /

2.00
1.00
0.00
DLOWLOLOLLOLOLOLOLOLOLOLOLOLOLLOOOOO OO
OMNOTMNTTO T OANLLOONOOOOMOOMNMMOSYTNTFTOANL OON OO
T AN ANNOOOTTTOOOOMMMOWOWOVOVOOOOOOOO ™« v«
S22
Seconds

Figure 6. HRR released in case of BEV vs. Ventilation strategy.
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Figure 7. HRR released in case of ICEV vs. Ventilation strategy.

The increased ventilation case, in which all lateral openings were open from the start
of the simulation (effective opening area ~ 26 m?), yielded the most intense fire dynamics.
Enhanced oxygen availability sustained vigorous combustion, resulting in higher peak
HRR values—up to 7 MW for BEV and 5 MW for ICEV—along with stronger turbulent
mixing and flame spread. While this configuration facilitated faster smoke removal and
delayed ceiling-layer saturation, it also significantly increased flame intensity and radiant
heat transfer to adjacent vehicles. The interaction between buoyancy-driven convection
and the airflow through open boundaries created highly turbulent recirculation zones that
promoted secondary ignition.

The comparative HRR profiles across the three ventilation modes (Figure 6) highlight
these trends. For BEVs, the HRR curve under increased ventilation (red) exhibits the
highest peak and most sustained plateau, while the reduced-ventilation case shows an
early saturation caused by oxygen deficiency. The difference between standard and in-
creased ventilation reached approximately 1 MW, confirming that higher airflow enhances
flame energy output. However, due to the self-sustaining nature of lithium-ion battery
combustion, BEV fires under low-oxygen conditions did not extinguish as quickly as ICEV
fires, deviating slightly from typical oxygen-dependent behaviour. This limitation reflects
the model’s inability to fully capture internal oxygen generation during thermal runaway,
which would likely sustain combustion even under restricted ventilation. Figure 7 presents
similar results for ICEVs, showing that combustion in conventional engines is far more
sensitive to oxygen availability. The HRR values decline sharply under reduced ventilation,
confirming the direct dependence of fuel combustion on external air supply. Unlike BEVs,
no secondary heat peaks were observed, and the combustion plateau remained shorter and
less intense.

Finally, Figure 8 compares BEV and ICEV behaviour under standard ventilation, the
most representative real-world configuration. The BEV curve shows both a higher and more
prolonged HRR plateau, averaging 1.5-2 MW greater than that of the ICEV throughout the
steady phase. The simulation results (Figures 6-8) corroborate the patterns identified in
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studies by Lan et al. [23] and Qiao et al. [26], showing that higher airflow enhances heat
release while aiding smoke extraction [23,26].

Heat Release Rate
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Figure 8. Comparison of HRRs of a BEV and an ICEV in the case of standard ventilation.

The BEV also displayed a minor secondary HRR rise near the end of the 1200 s
simulation, corresponding to the ignition of adjacent surfaces—an indication of ra-
diative and convective heat transfer sufficient to promote secondary fires in confined
parking layouts.

Overall, these findings demonstrate that ventilation intensity plays a multiple role:

Improved ventilation enhances smoke removal and delays asphyxiation conditions
but also increases flame intensity and accelerates fire spread. Restricted ventilation reduces
combustion rate, traps smoke and heat, worsening evacuation conditions. The standard
ventilation configuration offers a balanced compromise, maintaining tenable conditions
longer while avoiding excessive heat buildup.

3.3. Fire Suppression

The suppression analysis focused on evaluating the performance of an automatic
sprinkler system in mitigating fire growth within the underground car park under different
ventilation conditions. Three ceiling-mounted sprinklers were activated 500 s after ignition,
corresponding to the typical delay between fire onset and intervention in real underground
scenarios. Each nozzle discharged water at 80 L/min with an ejection velocity of 10 m/s,
ensuring uniform coverage of the fire zone. Figure 9 illustrates the start of the sprinkler
activation at 520 s. At this stage, the fire—originating from the Battery Electric Vehicle
(BEV)—had reached a fully developed phase, with a steady Heat Release Rate (HRR) of
around 6-7 MW and ceiling temperatures approaching 800 °C. The ignition of the water
jets produced immediate interaction with the hot gases, leading to rapid steam formation
and localised cooling. The vapour cloud that developed near the ceiling partially displaced
oxygen, attenuating the combustion process. Within the following 100 s, the combined
thermal absorption and oxygen dilution effects of the sprinkler system produced a marked
decrease in both temperature and flame intensity.
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Figure 9. Start of the sprinkler system in the car park (520 s).

Figure 10 shows the car park 100 s after sprinkler activation (620 s total simulation
time). The visualisation highlights a significant reduction in visible flames and smoke
density, with temperatures in the upper layer decreasing by approximately 60 %. The water
spray efficiently disrupted the flame front, cooled the ceiling layer, and slowed radiant heat
transfer to adjacent vehicles—preventing secondary ignition that had been observed in the
unsuppressed case. The effectiveness of the sprinkler system (Figures 9-11) aligns with
previous CFD and experimental research demonstrating that water-based suppression can
rapidly cool gases and interrupt combustion in confined spaces [11,24,27].

Figure 10. Effect of the sprinkler system in the car park (620 s).
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Figure 11. Comparison of the HRR of a BEV in the standard case without the extinction system and
with the effect of the extinction system.

The suppression effect is quantitatively represented in Figure 11, which compares
the HRR curves for the BEV fire under standard ventilation, with and without sprinkler
intervention. In the uncontrolled case, HRR stabilised near 6.8 MW, maintaining high
temperatures and continuous combustion. In contrast, the activation of the sprinkler
system caused a sharp HRR collapse immediately after 520 s, dropping below 1 MW
within approximately 100 s. The corresponding temperature profile followed the same
trend, confirming the high efficiency of water-based suppression in reducing the energy
output and flame intensity. By 620 s, combustion was nearly extinguished, and the envi-
ronment transitioned into a cooling phase dominated by steam generation and gradual
smoke clearance.

These results demonstrate that the sprinkler system was able to rapidly suppress
the BEV fire, highlighting its effectiveness even in oxygen-rich environments. However,
as supported by prior studies [8], residual heat within the battery modules can sustain
internal exothermic reactions, posing a risk of re-ignition after apparent extinguishment.
Therefore, extended cooling or complete submersion remains necessary for full suppression
in post-fire management. From a comparative perspective, BEV fires showed more intense
and persistent combustion than ICEV fires before suppression, owing to higher internal
energy density and self-sustained reactions. Nevertheless, once activated, the sprinkler
system produced similar relative reductions in HRR for both vehicle types, confirming that
early intervention significantly limits heat accumulation and fire propagation in confined
environments. Overall, the results presented in Figures 6-8 confirm that:

e Early sprinkler activation is critical for limiting fire spread and protecting
adjacent vehicles.

e  Water spray cooling and steam displacement are effective mechanisms for temperature
reduction and oxygen suppression.

e  Residual heat management is crucial for BEVs due to possible re-ignition.
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4. Conclusions

This study provides new insight into the fire behaviour of Battery Electric Vehicles
(BEVs) and Internal Combustion Engine Vehicles (ICEVs) in confined parking environments
by examining not only peak Heat Release Rates, but also the combined influence of venti-
lation intensity, smoke movement, and suppression timing on fire development. Unlike
previous work that mainly compares vehicle types in open or semi-open configurations,
the present analysis quantifies how realistic boundary conditions of underground car parks
alter BEV and ICEV fire dynamics and the associated risk of multi-vehicle involvement.

The results show that the ventilation strategy fundamentally changes fire progression.
Increased ventilation enhances plume stability, raises the HRR plateau, and significantly
accelerates thermal exposure to neighbouring vehicles—highlighting a mechanism of fire
escalation not always recognised in BEV-related studies. Conversely, reduced ventilation
lowers energy release but produces untenable conditions much earlier due to rapid smoke
accumulation. These findings demonstrate that ventilation cannot be evaluated solely in
terms of combustion rate: its dual impact on heat release and tenability conditions is critical
for safety assessments.

The simulations also reveal that BEV fires in confined spaces generate sustained ther-
mal loads that persist longer than those of ICEVs, even when HRR peaks are comparable.
This prolonged energy release increases the likelihood of secondary ignition, underlining
the importance of considering fire duration, not only HRR magnitude, in car-park fire-safety
design. The modelling provides visual and quantitative evidence of how the thermal plume
interacts with the car-park ceiling and adjacent vehicles—information rarely documented
in underground-fire studies.

Concerning suppression, the analysis highlights that sprinkler activation, even when
introduced at a fixed time, is capable of rapidly reducing temperatures and preventing fire
spread. Importantly, however, the study confirms that suppression does not eliminate the
internal energy source of a BEV in thermal runaway, meaning that re-ignition remains a
credible risk and must be considered in post-intervention procedures.

Overall, this work demonstrates that the transition to electric mobility requires revisit-
ing ventilation and suppression design philosophies in underground facilities. The findings
emphasise that fire-safety engineering for BEVs cannot rely solely on traditional metrics
developed for ICEVs, because the interplay among fire duration, ventilation intensity, and
confined geometries creates behaviour that differs meaningfully from that of conventional
vehicles. The study therefore contributes new data and modelling insight that support the
refinement of design scenarios, risk assessments, and performance-based safety evaluations
in modern parking infrastructures.
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Abbreviations

ICEVs Internal Combustion Engine Vehicles
EV Electric Vehicle

MHEVs Mild Hybrid EV

HEVs Hybrid EV

PHEVs Plug-in Hybrid EV

BEVs Battery EV

LIB Li-Ion Battery

BMS Battery Management System
HRR Heat Release Rate

FDS Fire Dynamics Simulator

SMW Smokeview

CFD Computational Fluid Dynamics

HRRPUA Heat Release Rate Per Unit Area
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