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Abstract

This study provides a comprehensive statistical analysis of heat release rate (HRR) profiles
in electric vehicles (EVs) and internal combustion engine (ICE) vehicles, addressing fire
safety challenges in performance-based design. Using experimental data, key parameters
such as peak heat release rate (PHRR), time to peak heat release rate (TPHRR), total heat
released (THR), and growth coefficients were analysed. Results reveal that EVs, exhibit
distinct fire dynamics, often displaying higher PHRR values than ICE vehicles, which
highlights the potential for greater fire intensity and growth rates in EV fires. A design
fire model was constructed based on this analysis, offering fire engineers a probabilistic
alternative to conventional deterministic approaches for simulating vehicle fire scenarios
in various infrastructural contexts. This probabilistic approach provides a more flexible
framework for decision-making in fire risk assessments. Additionally, the study observed
a correlation between larger battery sizes and increased fire severity in EVs, though this
should be interpreted cautiously given the limited dataset. This work highlights the impor-
tance of adapting fire safety standards to keep pace with advancements in vehicle technol-
ogy, especially with the growing prevalence of EVs. Future research should aim to expand
the dataset with more diverse experiments to enhance the robustness of design fire mod-
els, supporting the development of tailored fire safety strategies for different vehicle types
across various environments.
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EV Electric vehicle

EVs Electric vehicles

FCEV Fuel cell electric vehicle
HRR Heat release rate

ICE Internal combustion engine
kW Kilowatts

kWh Kilowatt-hours

LMO Lithium-ion manganese oxide
LiB Lithium-ion battery

MJ Mega joules

NMC Nickel manganese cobalt
PHEV  Plug-in hybrid electric vehicle
PHRR  Peak heat release rate

RS Report submitted

THR Total heat released

TPHRR Time to reach Peak HRR

1 Introduction

Performance-based design in fire safety engineering is increasingly crucial [1], especially
with the integration of new technologies like Electric Vehicles (EVs) and their infrastruc-
ture. This approach focuses on establishing clear objectives and performance criteria,
allowing for a tailored response to specific challenges and risks, such as those posed by EV
charging stations and energy storage systems in buildings. The concept of the design fire,
central to performance-based building design, is particularly vital in the context of assess-
ing the fire safety risks associated with EVs compared to traditional internal combustion
vehicles [2]. The design fire is characterized by its heat release rate (HRR), a measure of
the intensity and growth of a fire over time [3]. This parameter becomes important when
evaluating the fire hazards posed by EVs, as their battery systems can potentially lead to
different fire behaviours compared to conventional vehicles.

The uncertainty surrounding EV fires, particularly in settings like car parks whether
on the surface or underground, poses a significant challenge in the realm of performance-
based design [4]. Unlike fires in internal combustion engine (ICE) vehicles, the behav-
iour of EV fires is less understood, raising questions about their intensity, the speed of fire
spread, and their interaction with other combustibles in close proximity [5, 6]. This lack of
quantified information complicates the task of accurately determining the HRR for design
fires in EV scenarios.

Over recent years, numerous isolated fire tests on EVs have provided valuable insights
[7], yet a collective statistical understanding of how EVs perform in fire scenarios com-
pared to ICE vehicles remains elusive. While these tests have yielded conclusions specific
to their objectives, they do not paint a comprehensive picture of EV fire behaviour on a
larger scale. In contrast to ICE vehicles, where fire characteristics are more established as
compared to EVs, the varying battery technologies and configurations in EVs may poten-
tially lead to a diverse range of fire behaviours. This variability adds complexity to the
already challenging task of defining the HRR for EV fires, necessary for performance-
based design in environments like car parks. The limited statistical aggregation of EV fire
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data hinders the ability to draw definitive comparisons between EV and ICE vehicle fires,
particularly in terms of intensity, spread rate, and interaction with nearby combustibles.

Addressing these challenges, it is noteworthy that currently, there exists no comprehen-
sive research that has systematically gathered information about the HRR profiles for EV
fires from various tests. This gap in research forms the primary objective of this work. The
aim is to compile and analyse HRR profiles of EV fires, exclusively drawing from available
laboratory experiment results which provide sufficient explanations of the tests and experi-
ments. This focused approach, relying solely on laboratory data, ensures a controlled and
consistent source of information for analysis, thereby contributing to a more accurate and
reliable understanding of the HRR characteristics specific to EV fires.

Through a thorough analysis of HRR profiles, this work aims to develop a more com-
prehensive understanding of fire dynamics specific to EVs. The analysis will encompass
not only the peak heat release rates but also the duration, growth rate, and decay phase of
EV fires, with a particular emphasis on the growth aspect. This data will subsequently be
compared with the HRR profiles of ICE vehicles, which have undergone more extensive
analysis in the past [2, 8, 9]. Such a comparison is vital for identifying both differences and
similarities in fire behaviour between EVs and ICE vehicles, providing valuable insights
into the distinct fire risks and characteristics associated with each type of vehicle.

This work is expected to provide invaluable insights for fire engineers, particularly in
designing safer car parks, by offering a detailed comparison of HRR profiles in EV and
ICE vehicle fires. A central aim of this study is to equip fire engineers with an alterna-
tive approach for simulating vehicle fire scenarios. By incorporating probabilistic design
fire inputs, this research provides engineers with options beyond conventional deterministic
methods, allowing for more flexible and informed decision-making in fire safety strategies
and infrastructure design. These insights are crucial for advancing fire safety practices, par-
ticularly in car park settings where the distinct fire behaviours of EVs and ICE vehicles
must be carefully considered.

2 Material and Methods

The heat release rate curves for single passenger electric vehicles have been sourced from
various publications detailing large-scale calorimeter fire experiments conducted between
the 2010s and the early 2020s. This work is confined to single EVs, as data from experi-
ments involving other vehicle scenarios are scarce. The primary focus of this analysis lies
in examining three key characteristics discernible from the heat release rate curves: the
peak heat release rate, the time to reach peak heat release rate, and the total energy released
during the combustion process.

While there is some overlap with prior research, particularly in the realm of designing
EV fires as explored by researchers such as Sun et al. [6], Hynynen et al. [10], Boehmer
et al. [11], and Dorsz and Lewandowski [7], this current study diverges in its approach.
Previous studies have not explored into a statistical analysis of severity characteristics
associated with EV fires especially during the growth stage, and this work includes recent
experiments conducted such as Kang et al. and Willstrand et al. [12, 13] that were not pre-
viously considered.

To fulfil the objectives of this work, two main components are presented. The first
involves a comprehensive collation and summary of single EV fire experiments, including
a detailed reproduction of the heat release rate curves from these experiments. The second

@ Springer



2960 Fire Technology (2025) 61:2957-2998

component is a distribution analysis, which compiles the experimental data and proposes a
distribution shape for each identified burning severity characteristic.

However, to enable meaningful comparisons with ICE vehicles, an update to the sin-
gle passenger ICE vehicle fire experiment database is necessary. The most recent distribu-
tion data for ICE vehicles dates back to 2013, from the work of Tohir and Spearpoint [9].
Therefore, this work also incorporates a data collection effort for ICE vehicles, focusing on
literature published post the Tohir and Spearpoint study. This step is key given that, over
the years, the materials used inside vehicles have evolved, featuring different material com-
positions. Understanding these changes is essential for accurate comparisons and analyses
of fire characteristics between EVs and ICE vehicles. This dual approach, involving both
EV and updated ICE vehicle data, ensures a comprehensive and current understanding of
vehicle fire dynamics.

2.1 Experimental Data Gathering

A total of 16 single EV fire experiments and 17 single ICE vehicle fire experiments have
been collated, with details sourced from corresponding reference materials (Table 1). The
gathered information for both EVs and ICE vehicles is systematically presented in a com-
prehensive table format. For detailed specifics on EVs, refer to Table 2, and for ICE vehi-
cles, see Table 3.

These tables includes a unique identifier for each vehicle, specifying the types of EV or
ICE vehicle, the battery capacity in the EVs during the test, the state of charge of the bat-
tery, and the cell type of the battery. Additionally, it provides details about the model and
year of manufacture for all vehicles. The table also covers information regarding the fire
condition of the vehicles, such as the method used to initiate the fire during experiments
i.e., the locations and ignition source of the fires, and the conditions of the vehicles (for
example, the state of window openings). Finally, the table describes how the HRRs were
measured, a process referred to as ‘Heat release rate evaluation method’. This extensive
compilation of data aims to provide a clear and detailed overview of each experiment’s
specifics, encompassing both EVs and ICE vehicles.

Table 1 comprehensively explains each column, detailing critical specifications and con-
ditions relevant to the study of EV and ICE vehicle fires. This includes categories such as
EV types—Battery Electric Vehicle (BEV), Plug-in Hybrid Electric Vehicle (PHEV), and
Fuel Cell Electric Vehicle (FCEV)—and key parameters like Battery Capacity, State-of-
Charge, and Battery Cell Type. For ICE vehicles, specifics such as Fuel Type and Fuel Bal-
ance are outlined. Additionally, the table provides insights into the ‘Condition’ of vehicles
prior to ignition, ‘Ignition source’, and ‘Ignition location’. Furthermore, the ‘Reference’
column contains information about the primary source of the experiment. The column dis-
plays the publication date of the resource.

The ‘Heat release rate evaluation method’ column clarifies how the heat release rate
curve was derived from each experiment. However, it’s important to note that not all
sources provided explicit details on the exact techniques used, so the information in this
column is based on the interpretations made from the original publications. Additionally,
it is important to acknowledge that the different techniques used to measure heat release
rates, such as mass loss rate, convective calorimetry, and species-based calorimetry, may
lead to variations in the measurements of heat release rates [14]. This variability can
influence the analysis of fire severity. The term ‘Mass loss’ in this context means that the
heat release rate was determined through measuring the mass loss of the vehicle during

@ Springer



2961

Kyrerd 10§
uwnjod areredos e
ur pasprewr A[Ies[o sI
0191} YBR[ IO ‘UOls
-NJOUT STY, "SOAIND
QeI 9SBI[aI Jedy JIAY)
ur — a1y ayj jo aseyd
AJ1ea ay) — o3e)s
Juardrout o) opnjour
$90IN0S JWOS Jey)
9jou 0] Juerodwr
S ] "palIels a1y oy
a1aym jurod joexyg

Q1 2y} ArenIul
0} pasn [anj [RUOKIPPY

uodo o1om

SMOPUIM IO SIOOD
Kue 19y30ym uo
Sursnooy A[eoyroads
‘uonrtugt oy Jord
J[OIYA A} JO 9JeIS

a3 Jnoqe s[reje

PoUONUIW AIIM
Papeo] sem [[90 Aem
AY) ‘UMOUY uUAYM
‘os[y "A[reoyroads
PaUONIUAW UYM
(O 9prx0 3sau
-e3uewW UOI-WNIYII]
10 “(QIAND 190D
9soueSueA [OIN
‘Kreoy1oads pauon
-USW JOU 9I9M dpoue
—apoyes Yy J1 (g1
K1o1)8g UOT-WNTYIIT
‘syuowirradxo oy ur
pasn s[[ed K1018q
9} JO UOTJONIISUOD

pue Ansruayd oyroadg

a1y A1o1eq renusjod
® Jo AJ110AQS o)
s10ope A[renuajod 1
Se SOTRUAp A1y Ul
I0}0BJ [RIONID B ‘YU
-110dx9 9y) Jo own
Y} Je pasIeyd sem
jey) Kyoeded s A19)

-1eq 9y} JO 95eIU00Io]

pasn a1om
PaoInos oyr1oads oy
WoIJ pauonual a3Ie[
puE WNIPOW ‘[[ews
Jo Kyoedes K1apeq ©
‘Kyroeded umousjun
104 "o3uer [enuajod
pue saniiqeded
1omod s, 97o17eA

ay) Surpuejsispun

10J [eIJUASS? ST pue
9103s ued K19)38Q 9U)
AS10U0 WnWIXEW

U Sundapar ‘(Ym)
SINOY-17eMO[IY Ul
K1911q S, AH oY

Jo Kyoedeos o3e

-I0]S JeJdLIO9[9 [e10],

(AFDA) S1OTYPA
SO (19D [on]
pue (AHHJ) 9I91YA
LI PLGAH Ul
-3n1d ‘(AHE) SIOTYRA
o1O9[g Alaneg
‘A[owreu A9 Y3 Jo
urenomod JuarolIp
) S9Z11039)ed
sadA1, AF :s19peay
oy10ads [e10A9S Jopun

suondriosap pajreloq

pringer

Qs

9 ‘93Ieyd

90In0s uonIu3| uoneso] uonus| uonipuo) ad£)y (190 A1oneg -J0-9)eIs A1aneg Kyoedes A1oneg sadf) AT

Fire Technology (2025) 61:2957-2998

7 9IqeL, ur suwnjod juejiodwr Jnoqe uoneuerdxy | ajqel



2957-2998

Fire Technology (2025) 61

2962

weansdn
MOJj SSEW
[c 1l o jo Adpeyiug ON Touing ouedoid  ore[d Jooy mojog - ONW1T - UM ¥T Adg 910T uea Annn TIAg
weonsdn po1ad $00S
MO SSBW -1 Kemeuns 10yye porjdde
[t il o jo Adpeyiug SHA uonoafur TOeN pmbry  [ewey Aroneg Jue[q oI DN - UM 08 Adg 020T 183 10edwio) TTAH
loz] el SSO[ SSBN SHA [ony [93 [oyoo[e 508  Jodwing JeaX O] PASOLO SMOPUIAY ar1 001 Um T Add 1102 Jeo] UBSSIN 01AHd
Anawiiores
uondwnsuoo
l61] uaBAx0 SHA JTouing ouedoig 1eas Juo1y 1] pauado smopuip ar1 - UMY €T Agd - - 6Ad
KnowLiored
uondwnsuod
[61] uaskxQ ON 1ouinq auedoig jeas Juolj 1o pouado smopuipy qr1 - UMY S91 Add - - SAH
Knawofes
uondwmnsuod yoed
[81] ud3AXQ ON (MW7) Jouing auedoig K1oneq 19pUN  PISOLO SMOPUIA ar1 00T wnipapy AdHd 10T - LAH
Knowofes
uondwinsuod yoed
[81] ud3AXQ ON  (MIN ) Touinq suedoig K1oneq I9pUN  PISOLO SMOPUTAL ar] S8 [ews AHHd €10T - 9Ad
Knowiofes
uondwnsuod Yoed
[81] ua3kxQ ON  (MIN 7) 1ouinq auedoig K1oneq 19pUN  PASOLO SMOPUIA ar] 00T a3 Add €10T - SAH
Knowiores
uondwnsuodo yoed
[81] ua3kxQ ON (MW ) fouing duedoig A1oneq Iopun  PasO[O SMOPUIA qr] S8 o3| Add €10T - YAd
Anawitiores
uondwnsuod yoed
(811 ua3kxQ ON (MW7) 1oumgq auedoig A1opEq 1OpUN  PISO[D SMOPUIA ar1 001 o3| Add 10T - €AH
Ansuiiored
uonduwnsuod yoed
[z1] uasAx0 ON (M 07) Jouing ouedoig Aroneqiopun)  pauonuUOW ION - DJAN dnewstig 08 UMY ¥T Add 910C [rews A"
Knowiofes
uondwnsuod yoed
[L1] ua3kxQ ON (M 0¢) 1ouing auedord A1oneq 10pun pauonuaw JON DN ‘yonod 08 UMY 0t Add 610C uep A9
poyour 9, ‘a31eyd
uoneneAd el JFers -Jo-ae1s parmoey [oPOJA;/UOT
SOOUAIJNY aseaal 18I Juardroug 201mos uontus]  uoneso| uonusy uonipuo)  adKy 9o K1oneg Koneg  Aoedeo K1oneg sadly AF  -nuew 1eox  -dLIds9( S[OIYIA ail

sjuowriodxa a1y A{ 0§ UONBWLION] ¢ d|qe]

pringer

Qs



2963

2957-2998

Fire Technology (2025) 61

Anowiored
uondwnsuod yoed pauado Q[OTYA
[z1] uaBAx0 ON 199ys Supesy  AIaneq punory SMOPUIA %08 DN 001 UMy v9 Agd - finnuods  91A"
Knawtiofes
uondwnsuod pauado EIRIIEIN
[e1] uaBAxO ON Joungq suedoig Ted 1opup) SMOPULA %(S DN 001 UMY 6€ Agd - fimnuods  g1A"
Anawofes
uondwnsuoo youd pauado EIRIIEIN
[e1] uasAx0 ON oueidoy-u 0§ Asneq punory SMOPUIM %GT a1 0T UMA9S'T AdDA 020T Sl O REE NI 4 VI: |
weansdn poxdd
MO Ssewr -1y Kemeun EIRIIEIN
[cc1el oo Adeyug ON  uonodfuroeN pmbry  ewssy Kiapeg - DN - UMY 08 Adg 0202 fmpnods  €1Ad
poyjow 9 9Breyd
uoneneAd el aFers -Jo-ae1s parmoey [2POJA;/UOT
SOOURIRJY osea[al JeoH juardiouy 9o1nos uonius]  uoneoo| uontusy uonipuo)  adKy oo K1oneg Koneg  Ayoedeo K1oneg sadly Ag  -nuew reox  -dLoso( 9[OIYeA ail

(ponunuod) zsjqer

pringer

Qs



2964 Fire Technology (2025) 61:2957-2998

combustion. ‘Enthalpy of mass flow rate’ indicates that the energy released during the
combustion process was calculated by assessing the enthalpy, or heat content, of the mass
flow rate of gases upstream from the fire. This method involves measuring the changes
in thermal energy of the gases as they move away from the fire source, providing a com-
prehensive view of the total energy output of the combustion. ‘Species-based calorimetry’
refers to methods where the heat release rate was calculated using the depletion of O,, or
the generation of CO, and/or CO. All of the methods mentioned above, while not without
limitations, remain practical and effective for estimating the HRR of complex fire scenarios
involving lithium-ion batteries. This method may overestimate HRR specifically for batter-
ies due to biases in capturing the unique combustion characteristics of battery components
[15, 16]. Nonetheless, it provides a comprehensive measure of heat release rate, total heat
output and oxygen consumption across diverse material types, which is essential for assess-
ing fire behaviour in applications like fires in car parks. In EV fire assessments, which
involve a combination of batteries, plastics, metals, and other materials, oxygen-based cal-
orimetry captures the integrated fire dynamics, including how the battery interacts with
other components. Although it may not be ideal for isolated battery tests, its consistency
and interpretability make it the most viable approach for probabilistic assessment appli-
cations, allowing reliable comparisons across complex fire vehicle scenarios. Next, key
observations from each vehicle fire experiment, covering both EVs and ICE vehicles, are
discussed. These observations were drawn from the relevant references, and where avail-
able, time markers for significant events during the experiments were also noted. However,
not all references provided specific timing, so for some events, the time markers were esti-
mated within a range based on available information. Table 4 presents the key observa-
tions and important time markers for all EV experiments, while Table 5 summarizes these
details for the ICE vehicle experiments.

The discussion of the observations from the EV experiments focuses primarily on the
involvement of batteries, as the powertrain is the key difference in combustible materi-
als between EVs and ICE vehicles. Analysing the time markers of significant incidents
revealed that, in 7 out of the 16 EV experiments, battery involvement occurred before the
peak HRR was reached, while in 8 experiments, the batteries became involved only after
the peak HRR. In one experiment, limited information was available regarding the timing
of battery involvement.

The profiles for heat release rates derived from the experimental data are showcased in
Fig. 1 and Fig. 2. These figures juxtapose the heat release rate curves from various experi-
ments within each defined category on a unified axis, facilitating a direct comparison. This
approach emphasises the validity of the classification system and highlights the variability
present in the data. The determination of the peak heat release rate and the time to reach
peak heat release rate are extracted from the profile curves if not mentioned clearly from
the source. In this study, total heat released values are directly taken from explicit mentions
in the source materials, avoiding calculations due to instances where experiments ended or
data recording stopped prematurely, impacting the accuracy of Total Heat Released (THR)
estimations.

Time averaging of the heat release rate curves was not applied in this study. To ensure
consistency in timing, the incipient stage of the fire was excluded, and time was standard-
ised to begin from the onset of significant fire growth. For cases where suppression efforts
occurred, only one experiment involved active suppression, and this suppression took place
after the fire had reached its peak HRR. As this study focuses on the growth phase, this
experiment was retained in the dataset to capture the relevant fire dynamics during the crit-
ical early stages.
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2.2 Design Fire Profiles Comparison

This work is expected to provide invaluable insights for fire engineers, particularly in
designing safe car parks, by offering a detailed comparison of design fires in terms of
HRR profiles in EV and ICE vehicle fires. As previously studied and assessed for its
suitability to characterize design fire for a single passenger vehicle [2], these design
fires are characterized by a combination of growth and decay curves, where the growth
phase is described using a t-squared function;

Q(t) = apeaktz(t S tmcvc) (1)

In Eq. 1, o®) represents the heat release rate, expressed as a function of time, where ¢,
denotes the duration from ignition until the peak heat release rate is reached, and @, peak
symbolizes the coefficient of fire growth. This approach presupposes a certain fire geom-
etry, illustrating a time-squared proportional relationship for fires that ignite and spread
radially. Such a model incorporates variables including the rate of flame spread, the rate of
mass loss, and the combustion heat value [27]. Incorporating the decay phase of the fire,
the analysis extends to utilize an exponential decay method, but now characterizing the
reduction in the heat release rate post-peak. This exponential decay follows a specific equa-
tion that mirrors the gradual diminishment of the fire’s intensity over time. The exponential
decay is such that;

O (1) = Qpagel ™) (£ > 1, )

By combining the growth method with this exponential decay approach, a complete
design fire curve emerges, applicable to passenger vehicles as demonstrated in prior
research [2]. Building upon the established methodologies, the design fires EVs and ICE
vehicles can now be constructed, utilizing the available data points from the distributions.
Such detailed modelling paves the way for a thorough comparison between the fire dynam-
ics of EVs and ICE vehicles, with a particular emphasis on the growth phase of the fire.

However, to construct the proposed design fire, a method is required to capture the
dynamics of the HRR over time from the HRR profiles of EV and ICE vehicles, represent-
ing both the fire’s development and decay phases. The first step involves examining the
collected HRR profiles to assess their suitability for fitting. Each profile will be fitted indi-
vidually, beginning with the t-squared fire growth model to represent the initial increase in
HRR as the fire develops. This will be followed by applying the exponential decay model
to describe the reduction in HRR as the combustion process slows.

2.2.1 Fire Growth and Decay Phase Fitting Methodology

For the growth phase, the HRR was modelled using a t-squared function, which takes
the form of a quadratic equation, as denoted by Eq. (1) where g represents the HRR, 7 is
time, and « is the growth coefficient. This model reflects the typical acceleration in energy
release during the initial stages of combustion, as fire develops and consumes fuel more
rapidly. The t-squared function provides a detailed fit across each time interval, capturing
the incremental increases in HRR as the fire grows. The parameter @ was determined by
fitting this t-squared function to the observed HRR data over time, which allowed for an
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Fig. 1 Heat release rate profiles for EV fire experiments
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Fig.2 Heat release rate profiles for ICE fire experiments

in-depth examination of the growth dynamics and yielded a specific value for the growth

coefficient.

The growth phase fitting process concludes when it reaches the peak heat release rate
(PHRR). To simplify identifying this peak, the approach intentionally disregards any lower
peaks or periods of steady heat release. This focus on the highest peak provides a clearer
understanding of the maximum potential fire intensity and growth rate for both EVs and
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ICE vehicles. By emphasizing the highest peak, the methodology aims to deliver a more
refined assessment of fire hazard, highlighting the critical role of growth in fire dynamics
[2].

For the decay phase, the HRR was modelled with an exponential decay function, as
denoted by Eq. (2), where Q,,,, is the PHRR, f is the decay constant, and ¢,,,, represents
the time at which the HRR reaches its peak. The exponential decay model assumes that
the HRR declines proportionally to its current value, reflecting the gradual reduction in
combustion intensity as fuel is consumed. To facilitate parameter estimation, a logarithmic
transformation of the model was performed, resulting in a linear form;

lnq = anmax + Bt - tmax) 3)

This transformation enabled the straightforward calculation of f# and the conversion of
the intercept, In(Q,,,.), back to Q,,,. via exponentiation.

It is hypothesized that the quadratic fitting method will effectively capture the HRR
growth profile, given its ability to incorporate detailed variations across each time step.
This model’s precision is expected to provide an accurate representation of the early com-
bustion dynamics, in contrast to simplified approaches that might overlook the nuances
of HRR progression over time. The exponential decay model is similarly anticipated to
accurately reflect the decline phase, given its alignment with typical combustion behaviour
where energy release decreases as fuel availability diminishes.

2.3 Experimental Data Analysis

This section focuses on transforming the collected experimental data into a meaningful
resource that engineers can use to make informed decisions regarding appropriate design
fires. The aim is to perform a statistical analysis of the collated data from previous section,
with particular attention to identifying trends in the growth phase of vehicle fires. Given
that the primary difference between EVs and ICE vehicles lies in their energy storage sys-
tems, analysing the growth phase is crucial. For EVs, batteries as energy storage can lead
to rapid thermal runaway, potentially presenting unique fire dynamics compared to ICE
vehicles.

Before conducting statistical analysis, however, it is necessary to make engineering
decisions to determine the suitability of each dataset for inclusion. While this section will
offer recommendations on dataset relevance, ultimately, engineers must decide which data
are most applicable to their specific use cases. Therefore, the section will present all find-
ings, allowing users to select the information that best aligns with their requirements while
benefiting from the insights and trends identified here.

2.4 Filtering Experimental Data for Statistical Analysis

Based on a dataset of 16 EV and 17 ICE experiments gathered from the literature (as
detailed in Tables 1, 2, 3, and 4), this subsection outlines the process of filtering experi-
mental data for statistical analysis. The initial step involves reviewing each dataset to iden-
tify any prominent issues with the experimental setup that could introduce bias.

During this review, several tests were identified where the HRR of the ignition source
reached or exceeded 2 MW, which could skew the analysis. These tests, with fires starting
at such a large scale, do not accurately represent early-stage fire growth. Including these
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data points could bias the statistical analysis, as the accelerated growth phase in these cases
would misrepresent typical fire development. Consequently, tests EV3, EV4, EV5, EV6,
EV7,ICE2, and ICE3 were excluded from the analysis.

Additionally, test EV14, involving a fuel cell electric vehicle (FCEV) with a small bat-
tery, was removed. Since the study focuses on the impact of different energy storage sys-
tems within vehicles, the inclusion of a fuel cell EV, which does not rely solely on bat-
tery energy storage, would not be relevant to the primary research objective. Thus, EV14
was excluded to maintain consistency in comparing EV and ICE vehicles based on battery
involvement.

2.5 Data Analysis

This subsection presents the approach for analysing key metrics to draw meaningful
insights on the fire characteristics of EV and ICE vehicles, supporting the development of
representative design fire scenarios. The analysis centres on several important parameters,
including Peak Heat Release Rate (PHRR), Time to Peak Heat Release Rate (TPHRR),
and THR. These metrics provide valuable information about fire intensity, growth and
decay rate, and overall energy output during combustion. Here, “peak” refers to the highest
heat release rate observed, representing the maximum fire intensity reached during each
experiment.

The primary focus of the data analysis is on calculating the fire growth coefficient, par-
ticularly within the growth phase of vehicle fires. This phase is essential for understanding
potential hazards, as faster fire growth poses a greater threat due to rapid escalation in fire
intensity. By comparing EV and ICE vehicles, the analysis aims to reveal whether EV fires,
potentially influenced by battery involvement, exhibit a faster or different growth pattern
than ICE vehicle fires.

Table 6 and Table 7 provide details on the PHRR, TPHRR, THR, growth and decay
coefficients for both EVs and ICE vehicles. The growth and decay coefficients for both EVs
and ICE vehicles were obtained using the fitting method explained in the Sect. 2.2.1. The
data analysis only includes datasets that meet the filtering criteria explained in the previous
subsection, ensuring a focused and reliable analysis. However, to provide comprehensive
access to all collated data, Appendix 1 includes the full dataset, encompassing all vehicle
experiments gathered.

Table 8 and Table 9 present comprehensive statistical analyses of the PHRR, TPHRR,
THR, and growth coefficient for EV and ICE vehicles, respectively. These tables include
the mode, median, mean, standard deviation, as well as the minimum and maximum read-
ings for each variable. The statistical calculations derive from a filtrated dataset comprising
10 experiments for EVs and 15 for ICE vehicles. Notably, the mode is calculated under the
assumption that the variables are discrete, an approach that facilitates understanding of the
most frequent occurrence within the dataset.

The inclusion of mode, median, mean, and standard deviation is pivotal in statisti-
cal analysis, as each measure provides unique insights into the distribution of data.
The mean offers a central value, while the median provides a midpoint that divides
the dataset, helping to understand data skewness. The mode reveals the most com-
mon value, offering insights into the dataset’s concentration. Standard deviation meas-
ures the dispersion around the mean, indicating the variability within the dataset.
Collectively, these metrics allow for a nuanced interpretation of the data, aiding in
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the identification of patterns, variability, and central tendencies within the statistical
distribution.

It is crucial to acknowledge the inherently mathematical nature of these statistical
calculations. The authors recognize that fire dynamics encompass a range of complex
behaviours and interactions far beyond what can be directly captured through these
statistics alone. However, the influence of probabilistic analysis in this context is sig-
nificantly enhanced by the volume of available data. Although probabilistic methods
might not yield exact predictions, they are instrumental in providing a general sense of
the potential fire behaviour. By leveraging a substantial dataset, probabilistic analysis
offers valuable insights into the characteristics of fire scenarios in terms of fire severity
in the form of heat release rates, even amidst the inherent uncertainties and complexi-
ties of fire dynamics.

One important consideration is that, for the ICE vehicle experiments, data on the
total energy released were limited, with only four data points available. As a result,
the statistical analysis for this parameter may not be sufficiently extensive for broader
application, and users of this analysis should take this limitation into account.

A nuanced interpretation of these findings is required, especially when consider-
ing the role of battery involvement in EV fires. When the battery does not contribute
to the initial HRR, EV and ICE vehicles exhibit comparable fire characteristics due to
similarities in materials used, such as interior fabrics and plastics. However, once the
battery becomes involved, the fire dynamics of EVs shift considerably, with a tendency
for more rapid-fire growth and higher peak intensities. This distinction highlights the
importance of considering battery involvement in any fire scenario analysis, as it sig-
nificantly affects the overall fire behaviour. Therefore, while general patterns between
EVs and ICE vehicles are observable, the presence and timing of battery engagement
in EVs are crucial variables that impact fire intensity and duration, underscoring the
complexity and variability inherent in fire dynamics across vehicle types.

Table 6 Information of important characteristics for EVs fire experiments

Experiment ID  Peak heat release Time to reach peak ~ Total energy ~ Growth coef- Decay
rate, @ ,,.. (kW) heat release rate, t,,,, released (MJ) ficient, at,, coefficient,
(min) (kW-min?) S (min™h)
EV1 6989 16.1 5200 29.8 —0.08
EV2 5203 13.0 6700 25.5 -0.07
EVS8 4235 23.9 6314 4.1 —0.05
EV9 4715 27.3 8540 34 —-0.07
EV10 6189 40.9 6400 1.3 -0.07
EV11 6990 44 2800 295.9 -0.28
EVI12 6060 53 N/A 152.1 -0.09
EV13 10,730 15.6 4454 22.4 -0.31
EV15 6503 17.9 8450 21.3 —-0.05
EV16 7199 14.7 9030 333 - 0.05
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Table 7 Information of important characteristics for ICE vehicles fire experiments

Experiment ID  Peak heat release Time to reach peak ~ Total energy =~ Growth coef- Decay
rate, Q .. (kW) heat release rate, 1,,,, released (MJ) ficient, &, coefficient,
(min) (kW-min?) S (min™")
ICE1 5707 13.29 5900 36.5 - 0.08
ICE4 4800 15.09 N/A 26.4 —0.06
ICES 6100 18.28 N/A 12.7 - 0.06
ICE6 2107 23.38 N/A 1.3 - 0.05
ICE7 4930 17.50 3792 9.6 -0.33
ICES8 2300 12.83 1540 14.1 -0.20
ICE9 7660 20.34 8080 242 —-0.07
ICE10 3388 27.50 N/A 1.0 —-0.01
ICE11 3620 62.01 N/A 0.8 - 0.07
ICE12 3155 52.50 N/A 0.8 - 0.06
ICE13 4103 20.36 N/A 6.8 —0.05
ICE14 3193 24.45 N/A 3.8 -0.02
ICE15 3743 25.67 N/A 33 —0.06
ICE16 5845 18.64 N/A 14.0 —-0.07
ICE17 4396 28.04 N/A 4.4 —0.08

2.6 Distribution Fitting

The process known as distribution fitting is pivotal for accurately capturing the diverse
behaviours of fire within a dataset. It involves selecting a statistical distribution that best
represents the span of data relevant to different fire behaviours, particularly critical when
analysing fire severity characteristics across the varied landscape of EVs and ICE vehi-
cles. This study utilizes the JASP software, which is a free, open-source statistics software
developed by the University of Amsterdam that offers both standard and advanced statisti-
cal techniques with a user-friendly drag-and-drop interface and real-time results display
[28, 29]. The software offers three methodologies for determining the best-fit distributions

Table 8 The statistical distribution for EV fire experiments

Statistical attrib- ~ Peak heat release Time to reach Total energy ~ Growth coef- Decay
utes rate, Q max (KW) peak heat release  released (MJ) ficient, Xpoar coefficient,
rate, t,,,, (min) (kW-min?) S (min™h)
Mode 4234 44 2.8 14 -0.03
Median 6346 15.8 6.4 239 -0.01
Mean 6481 17.9 6.4 58.9 -0.01
Standard devia- 1799 10.7 2.1 94.1 0.09
tion

Minimum 4234 4.4 2.8 1.4 -0.03
Maximum 10,730 40.9 9.0 296.0 0.00*

*Value too small
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Table 9 The statistical distribution for ICE vehicle fire experiments

Statistical attrib-  Peak heat release Time to reach Total energy ~ Growth coef- Decay
utes rate, Q max (KW) peak heat release  released (MJ) ficient, Ao coefficient,
rate, f,,,, (min) (kW-min?) S (min™")

Mode 2107 12.8 1.5 0.8 -0.01
Median 4103 204 4.9 6.8 - 0.01
Mean 4336 25.3 4.8 10.6 —-0.01
Standard devia- 1524 13.9 2.8 10.9 0.08

tion
Minimum 2107 12.8 1.5 0.8 —0.03
Maximum 7660 62.0 8.1 36.5 0.00*

“Value too small

for fire severity characteristics: the Kolmogorov—Smirnov, Cramer-von Mises, and Ander-
son-Darling methods. Among these, the Kolmogorov—Smirnov method is selected due to
its emphasis on the central part of the distribution, where most outcomes are concentrated,
rather than focusing on the distribution’s tails.

To conduct this fitting, several distributions are considered, including Gamma, Weibull,
Exponential, Lognormal, and Normal, all with the lower bound set to zero to reflect the
data’s nature accurately. The selection process not only involves evaluating the fitting
statistics—where a lower value indicates a more accurate fit—but also considers the fre-
quency with which distribution shapes are used and their availability in other software for
subsequent research.

The results of this analytical approach, showcasing the ranked order distributions PHRR,
TPHRR and growth coefficient are meticulously compiled in Table 10 and Table 11. It is
important to note that the analysis prioritizes these specific metrics as they are necessary in
developing design fire scenarios, while the data for THR is currently not considered pivotal
for this purpose. Additionally, a significant portion of the tests compiled lacks comprehen-
sive information on THR, underlining our focused approach. For the decay coefficients,
distribution fitting was not conducted, as both datasets consistently produced a fixed value
of -0.01. Therefore, this value was established as the fixed decay coefficient. Accompany-
ing these tables are the fitting statistics, providing a transparent and comprehensive view of
how well each distribution fits the data, thereby maintaining the original intent of illustrat-
ing the methodological rigor applied in analysing fire severity characteristics within EV
and ICE vehicle classifications.

In this statistical analysis, the distribution shape was chosen based on the lowest dis-
tribution fit value obtained for each dataset. For instance, when analysing the PHRR for
both EV and ICE datasets, the Log Normal distribution provided the lowest distribution fit
value for each. To streamline future distribution shape selections for PHRR data, the Log
Normal distribution was therefore selected as a standard for this metric, given its consistent
fit across both datasets.

However, determining the appropriate distribution shapes for TPHRR and growth coef-
ficient was less straightforward, as the lowest distribution fit values did not correspond to
a single distribution type for these parameters. For TPHRR the Gamma distribution was
selected, as it consistently demonstrated low fit values across both EV and ICE datasets.
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Table 10 The distribution fit ranking order for selected characteristics from EV fire experiments data

Rank Peak heat release rate, Q max Time to reach peak heat release ~ Growth coefficient, a,,,,
rate, f,,,,

Distribution shape Value Distribution shape Value Distribution shape Value
1 Log Normal 0.189 Weibull 0.156 Log Normal 0.216
2 Gamma 0.205 Gamma 0.176 Weibull 0.236
3 Weibull 0.258 Normal 0.199 Gamma 0.275
4 Normal 0.691 Log Normal 0.215 Exponential 0.368
5 - - Exponential 0.315 Normal 0.413

Table 11 The distribution fit ranking order for selected characteristics from ICE vehicles fire experiments
data

Rank Peak heat release rate, Q Time to reach peak heat release  Growth coefficient, a

peak
rate, f,,,,

max

Distribution shape Value Distribution shape Value Distribution shape Value

1 Log Normal 0.098 Log Normal 0.182 Weibull 0.137
2 Gamma 0.099 Gamma 0.219 Gamma 0.138
3 Weibull 0.111 Weibull 0.254 Log Normal 0.148
4 Normal 0.123 Normal 0.287 Exponential 0.155
5 - - Exponential 0.398 Normal 0.190

For the growth coefficient, the Weibull distribution was chosen due to its consistently low
fit values for both datasets.

The advantage of distribution fitting becomes more apparent when considering the vari-
ability and uncertainty inherent in fire behaviour. Summary statistics such as the mean,
median, and mode provide central tendencies but fail to capture the full range of possible
fire behaviours, particularly the likelihood of extreme events. In contrast, distribution fit-
ting allows for the generation of percentile-based design fire inputs, enabling fire engineers
to account for both typical and rare fire scenarios. This approach is particularly relevant in
the context of EV fires, where variability in fire dynamics is influenced by factors such as
battery involvement, ignition source, and vehicle configuration.

Distribution fitting also plays a critical role in addressing uncertainties associated with
fire measurements. Even under controlled conditions, repeated fire tests of the same vehicle
may yield slightly different HRR curves due to random variations in material properties,
ignition points, or fire progression. By fitting distributions to the data, this analysis accom-
modates those natural fluctuations, allowing for more robust and adaptable fire safety
assessments. Summary statistics alone may overlook these nuances, resulting in overly
conservative or overly optimistic fire scenarios.

Furthermore, distribution fitting provides greater flexibility in tailoring design fires
to specific risk tolerances. Fire engineers can select design fire inputs based on a desired
percentile value, balancing conservatism and practicality in performance-based fire safety
design. For instance, a design fire constructed using the 90th percentile value will capture
more extreme fire behaviours, ensuring that infrastructure designs account for higher-risk
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scenarios. This flexibility allows engineers to make informed decisions based on the spe-
cific safety objectives of their projects, rather than relying solely on average values that
may not reflect the range of possible fire outcomes.

These distributional fits not only provide a structured way to comprehend the fire
dynamics of EVs and ICE vehicles but also emphasise the differences in fire growth and
intensity characteristics between the two vehicle types. By employing Log Normal for
PHRR, Gamma for TPHRR, and Weibull for Growth coefficient, the analysis adeptly
accommodates the skewed nature of these data, while the parameters p and ¢ offer a
detailed understanding of their distributions. The distribution parameters identified for
EVs, and ICE vehicles are essential for creating probabilistic design fires for both types of
vehicles for the use of simulation which are shown in Table 12.

2.7 Effect of Battery Sizes to Peak Heat Release Rate and Growth Coefficient for EV
Experiments

This section examines the influence of battery size on the PHRR and growth coefficient in
EVs, using data from the collated fire experiments. The objective is to determine whether
there is a direct correlation between battery size and fire magnitude, as well as to under-
stand how battery size affects fire growth dynamics. With larger batteries increasingly inte-
grated into modern vehicles to support longer range and better performance, understanding
this relationship is crucial.

For the EV fire experiments, a subset of 10 experiments—filtered from the total of 16—
was analysed specifically to assess the impact of battery size on PHRR. The analysis was
therefore limited to these 10 vehicles, for which battery sizes were documented. Figure 3
presents a log-scale graph illustrating the correlation between battery size and PHRR,
revealing a logarithmic correlation with a coefficient of determination (R?) of 0.73 based
on a simple regression analysis. This significant correlation suggests a notable relationship,
indicating that larger battery sizes are associated with higher PHRR values, which points to
a quantifiable impact of battery capacity on fire intensity. However, given that this analysis
was based on only 10 vehicles, it is important to acknowledge that conclusions drawn from
this limited dataset may not fully capture the broader dynamics of EV fires.

The correlation between battery size and PHRR in EV fires has also been explored in
recent studies, with Sun et al. [6] highlighting a similar relationship. While the current
study found a logarithmic correlation, Sun et al. [6] established a power-law relationship
and based on a larger dataset with various battery types and configurations, Sun et al.’s
findings affirm the importance of battery size in influencing fire severity but also empha-
size the roles of battery arrangement, cooling conditions, and air supply in fire behaviour.
In contrast, the current study, with a smaller dataset, points to the need for further data to
refine the observed correlation and suggests that battery size is just one of multiple factors
affecting fire risks in EVs.

Further insight into the relationship between battery size and PHRR comes from Will-
strand et al. [17], whose study focused on isolated battery fire tests rather than full EV fires.
Although Willstrand et al. observed a positive correlation between battery energy capac-
ity and PHRR, their findings were limited to individual battery cells and packs, without
the additional materials and components present in an EV. This distinction is crucial, as
EV fires involve other combustibles such as plastics, metals, and interior materials that
can significantly affect fire dynamics. Despite these differences, Willstrand’s findings align
with the general trend observed in the current study, reinforcing the notion that battery size
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Table 12 Distribution parameters

for the selected characteristics Classification Peak heat Time to reach Growth coef-
1 te, ak heat ficient,
of EVs and ICE vehicles fire reiease rate peak hiea ANt Fpeak
. 0 release rate, f,,,,
experiments max
Log Normal Gamma Weibull
p c A K A K
EVs 8.75 0.25 2.87 6.23 0.68 43.8
ICEs 0.83 0.35 4.93 5.15 0.94 10.34
Data Points
100k —— Log-Log Trendline (R? = 0.73)
=
<
4
o
I
E"3
©
& 6x10°

2x 10! 3x 10! 4x 10! 6x 10!
Battery size (kWh)

Fig. 3 The relationship between battery size and the peak heat release rate of EV fire experiments

correlates with fire intensity. However, the complexity of full-scale EV fires suggests that
extrapolating from battery-only tests may not capture the complete fire behaviour in EV
scenarios.

The investigation further extends to analysing the relationship between battery size and
the corresponding growth coefficient across the same subset of 10 EV experiments, as
shown in Fig. 4. This phase of the analysis aims to determine whether battery size has a
measurable effect on the rate of fire growth—a critical factor in understanding fire dynam-
ics and safety implications in EVs. Using a simple regression analysis with a logarithmic
trend line, a coefficient of determination (R?) of 0.31 was obtained. While this value indi-
cates some correlation, it suggests that battery size does influence the rate of fire growth,
albeit to a moderate extent.

In interpreting these results, it is essential to consider additional factors that may affect
the growth coefficient, such as the location of ignition (interior or exterior), ignition power,
timing of battery involvement, and the specific battery types and technologies used. Each
of these factors can significantly influence fire dynamics—yet in real-world scenarios, they
are often beyond control and inherently random. This analysis takes a broad, inclusive
approach, acknowledging the variability and unpredictability of these elements. The goal is
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to establish a foundational understanding that can accommodate this randomness. As more
data becomes available, we anticipate that clearer trends will emerge, even amidst the vari-
ability of these uncontrolled factors, ultimately allowing for a more reliable prediction of
fire growth in EVs.

Building on these initial findings, it is essential to approach the observed correlation
between battery size and fire growth coefficient in EVs with caution. EVs are highly com-
plex systems and cannot be considered as simple, homogenous objects where straightfor-
ward correlations might apply. They involve multiple dimensions, varying materials in
both interior and exterior construction, and diverse battery placement configurations, all of
which add to their complexity. Additionally, numerous other factors affect fire dynamics,
including the ignition location and the types of materials inside the vehicle. For example,
different ignition points can significantly alter fire behaviour and potentially impact fire
magnitude.

2.8 Design Fire Profiles Comparison

One potential application of the analysed data is the construction of a design fire model
that fire engineers can use to assess fire behaviour in various scenarios. In this section,
an example design fire is developed based on the data presented in Table 6 and Table 7,
utilizing the mean (average) values derived from the statistical distributions to create a rep-
resentative fire scenario. The primary objective behind formulating these mean design fires
for EVs and ICE vehicles is to facilitate a comparative visualization of the potential haz-
ards associated with fires in these vehicle categories. This visual comparison is essential
for understanding the distinct fire behaviour and risks presented by each type of vehicle
during fire incidents. By constructing design fires for both EV and ICE vehicles, this model
allows for a straightforward comparison.

It is important to highlight that the ICE vehicle data included in this analysis represents
the most recent information gathered in the current study. Furthermore, to provide a com-
prehensive perspective on the evolution of vehicle fire hazards, a design fire model based
on data collated in previous research, specifically for ICE vehicles up to the year 2013 as
documented by Tohir et al. [9], has also been developed. This historical comparison allows
the authors to juxtapose the design fire characteristics of ICE vehicles across different time
frames (up to 2013 and 2014-2023) against those of EVs.

The comparative study of design fire profiles using the mean (average) distribution over
time among EVs, ICE vehicles up to 2013, and ICE vehicles from 2014 to 2023 reveals
distinct fire development behaviours across these vehicle categories as shown in Fig. 5.
For EV), the design fire reaches its PHRR at approximately 19 min, while the ICE vehi-
cles from 2014-2023 reach their PHRR around 20 min. Notably, the PHRR for EV fires
is approximately 2000 kW higher than that of the ICE2014-2023 fires. Comparing fire
growth is more meaningful when we consider the time required to reach a particular
HRR. By choosing a common HRR target of 4000 kW, we observe that the EV design fire
reaches this level at about 15 min, whereas the ICE2014-2023 design fire reaches it around
19 min. This difference indicates that EV fires grow slightly faster, and the 4-min lead time
is critical. A quicker growth rate means that EV fires have a greater potential for rapid
spread, increasing the urgency for effective suppression or containment. Looking at older
ICE vehicles (pre-2013), the design fire reaches 4000 kW around 27 min, significantly
slower than ICE2014-2023. This quicker escalation in newer ICE vehicles may reflect the
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Fig.4 The relationship between battery size and the growth coefficient of EV fire experiments

increased use of combustible materials, such as polymeric or plastic components, which
accelerate the growth rate of fires [10, 27].

The faster growth dynamics observed in EV fires hold critical implications for fire engi-
neering, as the quicker a peak HRR is reached, the more rapidly heat is radiated to com-
bustibles in the vicinity, leading to a faster spread of fire. The data further reveal that EVs,
on average, exhibit a peak HRR approximately 2000 kW higher than that of ICE vehicles.
Such a significant difference in PHRR highlights the heightened risk of fire spread in sce-
narios involving EVs, particularly in environments like car parks. This suggests that fires
involving EVs not only have the potential to grow larger but also to spread more quickly.
Given that this analysis is based on a limited dataset, if these findings hold true, they will
pose considerable challenges to existing fire safety strategies and necessitate a re-evalua-
tion of response protocols to better address the unique risks presented by EVs.

Further analysis has been conducted to integrate the generated mean design fire curves,
constructed using average HRR values, onto the family of HRR curves for EV and ICE
vehicles, as shown in Fig. 6 and Fig. 7, respectively. This approach aims to illustrate how
the mean design fire curves align within the broader set of observed HRR curves. Both
plots indicate that the generated design fire curves follow a conservative and reasonable
trajectory relative to the family of curves, supporting their relevance as representative fire
scenarios. It is noted, however, that these design fires are based on average values. To pro-
vide a more conservative and practical option for fire safety applications, an 80th percen-
tile design fire curve has now been included in Figs. 6 and 7. The 80th percentile curve
represents a more extreme fire scenario compared to the mean design fire, aligning more
closely with the approach typically taken by fire engineers when selecting conservative
design fires. The use of probabilistic inputs—such as percentile values—could yield design
fires that occupy different positions within the family of curves, potentially offering a more
nuanced perspective on fire growth and severity by accommodating a range of HRR out-
comes. The addition of the 80th percentile curve highlights how percentile-based design
fires can better account for variability, providing fire engineers with flexibility to choose
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Fig.5 Comparative design fire profile for EV and ICE vehicles using mean (average) distribution

design fires that reflect different levels of risk tolerance. This variability shows the impor-
tance of statistical analysis in performance-based fire safety design, where accurately rep-
resenting the HRR data is essential for developing reliable design fire models [30].

In another analysis, Fig. 8 shows HRR curves for various passenger vehicle design fires,
which are typically utilized by fire engineers when designing buildings involving vehicles,
such as parking structures or tunnels. These design fires serve as critical input parameters
for performance-based fire safety engineering, influencing decisions related to fire suppres-
sion systems, structural integrity, and ventilation. The figure juxtaposes the 80th percentile
heat release rate curves for both EVs and ICEs against several commonly used reference
design fires from literature, including Joyeux[31], the New Zealand Verification Method C/
VM2[32], TNO[33] and Ingason’s models[34]. The comparison aims to assess whether the
existing reference design fires remain adequate in representing the fire hazards posed by
modern vehicles. From the figure, it can be observed that the 80th percentile curve for ICE
vehicles lies somewhere in the middle of the spectrum compared to the reference plots. It is
neither overly conservative nor excessively lenient. This positioning is expected, given that
the curve is derived from statistical distribution rather than worst-case assumptions. Using
a distribution-based design fire ensures that the approach is data-driven and avoids overly
conservative assumptions that could lead to unnecessary construction costs. Ultimately,
fire engineers can decide on the level of conservatism required based on the data presented,
balancing safety with economic considerations.

However, the 80th percentile curve for EVs appears to be among the most conservative
curves shown in the plot. This raises a critical question: does this suggest that the existing
reference design fires are no longer conservative enough for modern EV fire scenarios?
This observation warrants further investigation. It could indicate that EVs may present
higher fire risks compared to traditional vehicles, especially since existing reference plots,
such as Ingason’s from 2006, were developed before the widespread adoption of modern
EV technology. Alternatively, it may reflect inherent differences in the fire dynamics of
EVs, as battery fires can release energy suddenly, though this does not necessarily result in
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Fig.7 Comparison of mean design fire against the HRR curves for all ICE experiments

larger or quicker fires compared to ICE scenarios. While the current reference plots appear
sufficient for ICE vehicle scenarios, the EV design fire curve’s positioning suggests that
fire engineers may need to reconsider the conservatism of reference plots when accounting
for EVs in building fire safety designs.

A key implication of reconsidering reference plots for modern fire scenarios, par-
ticularly those involving EVs, is the need to revisit how design fires are characterised
in fire risk assessments. The design fire, typically represented by the HRR as a function
of time, serves as a primary input for analyses ranging from simplified hand calcula-
tions to complex computational fluid dynamics (CFD) simulations. HRR data is gener-
ally derived from experimental methods, such as oxygen consumption calorimetry, to
ensure accuracy in representing fire behaviour. Nevertheless, the inherent variability
of fire dynamics means that repeated tests under identical conditions often yield HRR
curves with minor discrepancies. This variability highlights the importance of using sta-
tistical methods to generate a representative reference curve that accommodates natu-
ral fluctuations in fire behaviour. By statistically analysing multiple datasets, a more
robust and generalisable design fire curve can be developed, enhancing the reliability
of performance-based designs in accommodating the unpredictable nature of real-world
fire scenarios. This approach ensures that fire safety assessments are not only grounded
in empirical data but also account for the uncertainties and complexities inherent in fire
dynamics, thus supporting a more resilient and adaptable design framework.

2.9 Discussions and Concluding Remarks
In conclusion, this study provides a comprehensive analysis of heat release rate pro-

files between EVs and ICE vehicles, highlighting key differences in fire behaviour,
particularly in terms of growth and peak heat release rates. Through detailed statistical
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analysis, this research demonstrates the influence of battery involvement in EV fires,
with findings indicating that larger battery sizes correlate with higher peak heat release
rates. The design fire models developed from this data offer valuable insights, equip-
ping fire engineers with an alternative, probabilistic approach for simulating vehicle
fire scenarios, beyond traditional deterministic methods for performance-based design.
By incorporating probabilistic design fire inputs, this work broadens the toolkit for fire
engineers, allowing for more informed and flexible decision-making in fire risk assess-
ments and design.

This probabilistic approach differs from that of Hodges et al. [35], who established a
model aimed at conservatively bounding design fires for passenger vehicles. Their model
uses vehicle parameters such as battery energy capacity, curb weight, and gas tank capacity
and was validated with full-scale fire test data to offer consistently conservative predictions
of HRR and THR. This makes their model suitable for assessing fire hazards in a range
of vehicle types, especially larger, high-energy-capacity vehicles. In contrast, the current
study’s probabilistic framework provides a flexible alternative, allowing fire engineers to
simulate a range of potential scenarios that can be refined as more data becomes available.
While Hodges et al. advocate for a bounding, deterministic model, this study’s probabilistic
design approach offers adaptability in assessing fire risks, particularly as vehicle technolo-
gies evolve.

As fire engineers work towards creating safer infrastructure and response measures for
both vehicle types, this research provides essential guidance for designing targeted fire sce-
narios. The comparison between EV and ICE vehicles emphasises the need for continuous
research and adaptation of fire safety standards to address the unique risks introduced by
technological advancements. It is important to note, however, that this analysis is based on
a limited dataset, and while informative, future studies should seek to expand the dataset
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with more varied experimental results to further refine our understanding of vehicle fire
dynamics.

Future research efforts should focus on incorporating diverse experimental data to cap-
ture a wider spectrum of vehicle fire behaviours, particularly as new EV models and con-
figurations are introduced. This expanded dataset will better equip the fire safety commu-
nity to anticipate and mitigate fire risks across different environments. This foundational
work paves the way for improvements in performance-based design of infrastructure, ena-
bling fire safety professionals to make more informed decisions that address the unique
challenges posed by electric mobility and evolving vehicle fire risks.
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