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of the performed experiment. The model is used to create guidelines to simulate vehicle fires,

compare the single burner model to the multi-burner model, and compare the simulated lateral



heat flux against experimental data. It is found that the single burner model’s lateral heat flux was

comparable to the multi-burner model and the experiment.
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Chapter 1: Introduction

The global transition toward electric mobility has accelerated dramatically in recent years.

Electric vehicle (EV) sales surged from approximately 2.2 million units in 2019 to 13.7 million in

2023, representing nearly one in �ve vehicle sold worldwide [1]. This rapid adoption, driven by

environmental imperatives and government incentives, has introduced new �re safety challenges

that differ from those associated with internal combustion engine vehicles (ICEVs). Lithium ion

batteries present unique hazards including thermal runaway, jetting �ames, prolonged burning

durations, and re-ignition risks. These characteristics complicate suppression efforts and raise

concerns about �re spread in con�ned environments such as parking garages, tunnels, and resi-

dential structures.

Despite these concerns, full scale EV �re experiments remain limited due to their high

cost, logistical complexity, and proprietary restrictions from manufacturers. Comparable data for

modern ICEVs is similarly scarce, requiring �re protection engineers to use alternative methods

to resolve vehicle �re heat transfer for safety analyses. Computational �uid dynamics (CFD)

modeling offers a practical solution to bridge the gap between limited EV �re experiments and

the insight they provide on heat transfer from a �aming vehicle. Computer modeling has long

been used to simulate �re scenarios where full-scale experiments may be infeasible due to cost,

time and other practical challenges. This practice is often employed by �re protection engineers
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to provide design recommendations for unique events, particularly involving thermal analysis and

heat �ux to a target. More speci�cally to the EV concerns is the analysis of vehicle-to-vehicle

�re spread, vehicle-to-structure damage, and human tenability during egress and emergency re-

sponse. Fire Dynamics Simulator (FDS) is a general purpose CFD program which is designed

to estimate and model these concerns in any environment, such as parking garages, tunnels, or

outdoors. However, existing literature on vehicle �re modeling suffers from two major shortcom-

ings. First, many designers base their analyses on data from older ICEV experiments which may

not be representative of the hazard posed by modern EV �res. Second, there is often little docu-

mented rationale regarding model input parameter choices, making replication and adaptation by

other modelers dif�cult.

The absence of clear methodologies for EV �re modeling, combined with the growing

need to evaluate vehicle heat transfer, highlights a gap in current practice. This thesis addresses

these de�ciencies by developing guidelines for modeling EV �res using FDS and PyroSim to

estimate vehicle heat �ux to a target based on experimental data. The proposed methodology

emphasizes reproducibility and clarity by providing detailed guidance on parameter selection

and its in�uence on lateral heat �ux. To ensure technical relevance, the simulation is created

using full scale experimental data from the Fire Safety Research Institute (FSRI), speci�cally

focusing on a free burn experiment of a Hyundai Kona SEL 2020 EV [2]. This process enables

a direct comparison between simulated and experimental results, establishing con�dence in the

model's predictive capability.

The research objectives are fourfold:

1. Develop a structured approach for EV �re modeling in FDS that includes geometry con-
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struction, burner placement, material assignment, and combustion parameter de�nition.

2. Evaluate the impact of modeling complexity on predictive accuracy by comparing a multi-

burner vehicle model with a simpli�ed single-burner �re representation.

3. Assess the simulation outputs against experimental heat �ux measurements.

4. Identify best practices for achieving agreement while balancing computational ef�ciency.

Addressing these objectives, provides actionable guidance for �re protection engineers

tasked with assessing EV �re hazards in performance-based design contexts. The methodology

enables construction of models that are both technically sound and adaptable to diverse scenarios,

including those where full scale testing is impractical. Furthermore, the comparative analysis of

single and multi-burner approaches informs decisions about model complexity, offering insights

into when simpli�cation is acceptable and when detailed geometry is necessary; particularly for

scenarios involving ceiling impingement or structural heat exposure.

Ultimately, this research aids in bridging the gap between experimental �ndings and practi-

cal modeling applications. This work enhances understanding of EV �re behavior, promotes the

development of modeling guidelines, and establishes a foundation for future studies involving

different vehicle types, alternative fuels, vehicle heat transfer, and complex built environments.

By evaluating a modeled EV �re through the comparison of experimental measurements, this

thesis contributes to improved �re safety strategies for infrastructure where electric vehicles are

prevalent.
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Chapter 2: Literature Review

2.1 Growth of EV Market

Internal combustion engine vehicles have been the standard since Nikolaus Otto's invention

of the internal combustion engine in 1876, and the evolution of regular long distance travel after

World War I [3]. However, heightened environmental concerns in the 1990's and 21st century led

to the mass production of electric vehicles whose purpose was to reduce carbon emissions [4].

Electric vehicle popularity and sales rapidly increased in the 2020's due to environmental ben-

e�ts, government subsidization, tax incentives, and consumer consciousness. In 2019 the num-

ber of electric vehicles sold worldwide was about 2:2 million, the value reported for worldwide

electric vehicle sales in 2024 skyrocketed to over 17 million, accounting for nearly one in four

vehicles sold [1, 5]. EV sales in the United States slowed in 2024 increasing by 10% compared

to 40% in 2023, nevertheless these EV sales boosted the vehicle market as ICEV sales stagnated.

In 2025 electric vehicle sales are expected to increase 25% worldwide with sale shares doubling

in emerging markets such as Asia, Latin America, and Africa [5].

4



2.2 Comparison of ICEV and EV Heat Release Rate

Differences between power train technology from internal combustion engines to lithium-

ion battery vehicles, the rapid increase in electric vehicle sales, and initial challenges manag-

ing EV �re incidents have led to uncertainty regarding their safety [5, 6]. News reports often

allege increased �re risk with electric powered vehicles attributable to lithium-ion battery ther-

mal runaway and burning behavior. These concerns include battery induced ignition, faster �re

growth, larger and longer lasting �res, jetting �ames, re-ignition from minutes to months later,

�re suppression dif�culty, toxic gas and particulate emissions, and contaminated suppression

water runoff [7, 8].

Limited full-scale EV �re experiments have been conducted to examine these hazards due

to signi�cant costs, few laboratories have adequate capacity for the full scale testing, and man-

ufacturers that have conducted experiments desire to protect proprietary information [9]. Com-

parable data assessing ICEV �re behavior is similarly limited [10]. Newer ICEVs merit further

investigation of �re behavior due to a higher load of combustible materials than older vehicles [9].

This holds true for both ICEVs and EVs as the percent plastic by mass used in vehicle construc-

tion has increased from 6% in the 1970's to an expected 18% in 2020 [11]. The Fire Protection

Research Foundation's assessment on changes to vehicle composition found that increased com-

bustible load due to plastics had relatively insigni�cant effect on the heat release rate (HRR).

Nevertheless, increased plastic use was identi�ed as a contributing factor in vehicle-to-vehicle

�re spread, potentially due to the replacement of metal components with plastic components [6].

The following studies focus on the comparison between EVs and ICEVs through large-

scale testing of vehicles. EVs and ICEVs are often contrasted, with the expectation that an EV
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burns signi�cantly more intensely than the other. A French study by Lecocq tested two small

passenger EVs with two ICEVs of comparable size and power. This series of tests found that the

peak heat release rate, heat of combustion, and effective heat of combustion were all relatively

similar between both kinds of vehicles [12]. Another study by Hynynen et al. corroborates this

�nding as both the ICEVs and EVs had similar peaks in HRR with the ICEV peak at about 5,750

kW and the two EVs peak at 7,000 kW and 5,250 kW respectively [13]. These experiments

demonstrate signi�cant similarities between ICEVs and EVs.

Despite these similarities, the recent attention on modern vehicles has highlighted that his-

torical guidance on passenger vehicle �re size may be an underestimate for current vehicles on

the market. This has caused �re protection engineers to revisit assumptions on the likelihood of

a single vehicle �re transitioning to a multi-vehicle �re.

2.3 Fire Spread Between Vehicles

Fire spread between vehicles is related to the �re size of the initial vehicle, separation be-

tween the vehicles, and the material properties of the target vehicle. While limited data exists on

�re spread from older vehicles, �ame spread between modern vehicles has not been well char-

acterized to date. However, these dangers can be evaluated through the use of hand calculations

with models of a �ame shape and view factors or with detailed computational �uid dynamics

modeling. Either method can be used to provide a technically sound assessment of �re risks with

well developed inputs for a speci�c �re scenario. However, view factor methods are generally

limited to open burning scenarios where the �re behavior is not dependent on local interactions

with ceilings and walls.
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Although the view factor method has limitations, it is necessary to understand its function

in practice and how recent studies have assessed its reliability. The view factor method is used

to estimate radiation heat transfer from the burning vehicle. The determination of the view factor

between the �ame and surrounding objects arises from the analysis of the heat release rate, heat

�ux, and the radiative transfer to potential targets [14]. Assumptions regarding the �ame shape,

object shape, and orientation allow for the �nal view factor to be implemented. Hu et al.'s results

were compared to measured values of two heat �uxes in the lateral direction and found to be

within a 20% deviation, therefore in good agreement according to the author [14]. The work of

Gavilán and Gong demonstrates a conically shaped view factor as opposed to a rectangular shape

used in Hu et al [7, 14]. Gavilán and Gong also detailed the challenges in specifying model inputs

for EV �res [7]. Additionally, Gavilán and Gong's study used video analysis to measure �ame

height and width [7]. To simulate �ame spread multiple �re curves were allocated to different

portions of the vehicle throughout the duration of the burn, serving as input for the measuring

devices [7].

Halada et al. used the CFD method and successfully modeled an ICEV �re spread with an

air �ow based on an experimental set up [15]. There is also a discussion regarding �ame spread

within the vehicle, however, it was contained to the cabin or the hood rather than spreading be-

tween the two. Of these three studies conducted, only the one by Gavilán & Gong was conducted

using an EV [7]. Other studies speci�c to EVs such as Brzezinska & Bryant, Wang et al., and

Barŕe et al. discuss EV �res but only within a structure or unique scenario, as opposed to free

burning [16, 17, 18]. Nevertheless, the process in determining view factor and building models

within Fire Dynamics Simulator (FDS) is similar amongst these four studies.
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2.4 Research Gaps

The rapidly changing �eld of lithium-ion batteries has led to few methodologies regarding

the simulation of EV �res. Although the previously mentioned modeling efforts advanced the

topic, further explanation regarding the model inputs is necessary to make widespread use of a

modeled vehicle �re. An example of a study where both species inputs and model parameters

are clearly listed is a recent paper by Voigt et al. [8]. Species included are soot yield, thermal

conductivity of the battery, speci�c heat, and model velocity. The model parameters include

time, HRR, ignition temperature, and onset temperature of the reaction, as well as some mesh

re�nement details. Although the study aimed to predict the hazards induced by heat and gas

release during a battery �re, it lacked greater explanation as to why those parameters were chosen

and in large part focused on the lithium-ion battery, as opposed to the entire vehicle.

Compared to a view factor analysis, CFD allows for more expansive examination of �re

hazards in various design scenarios since its calculations include plume characteristics, combus-

tion product dispersion, and heat effects to adjacent objects [19]. Thus, by modeling a speci�c

EV with good agreement to experimental data, the model can then be implemented in untested

environments. Testing a large spectrum of environments would be near impossible to implement

with large-scale testing due to the previously mentioned constraints. The application of EV mod-

eling in various scenarios allows for a broader spectrum of users to access �re testing results,

data, and conclusions.

The uncertainty regarding EV �re behavior has driven concerns that EVs pose an increased

�re risk in comparison to ICEVs. In the absence of experimental testing in scenarios such as park-

ing lots, parking garages, tunnels, etc. a CFD simulation of a full-scale EV free burn can be used

8



to enable �re risk analyses in various scenarios. This thesis develops a framework to characterize

an individual EV �re with �ame spread throughout the vehicle with inputs and model parameters

based on the Fire Safety Research Institute's (FSRI) full-scale EV free burn experiments [2]. This

model will be used to demonstrate a successful comparison to large-scale test data, thus allowing

the model to be used in untested scenarios or the application of this methodology to model other

vehicle �res.
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Chapter 3: Experimental Setup and Procedure

3.1 Laboratory Setup

The large-scale tests completed by FSRI were conducted in an enclosed �re testing facility

and focused on electric vehicle burning characteristics [2]. The space included an exhaust rate

of 28:3 m3�s�1 . Using �gure 3.1 as a guide, the vehicle was situated on a large metal tray to

catch drippage during burning while sitting on 4 mass balances, each placed underneath one

of the wheels. Each mass balance was a Mettler-Toledo model PFD779 US11 with a IND570

indicator with a capacity of 1500 kg, resolution of 100 g, and repeatability of 90 g [2]. Type-K

thermocouples were located within the centerline of the vehicle cabin at passenger heat height

in the trunk, and front and rear seats. The hood thermocouple was placed in the middle of the

hood from either direction directly beneath the hood surface, inside the engine compartment.

Steel panels painted black are centered on the vehicle and used to measure a two dimensional

heat �ux �eld [20, 21]. These panels have dimensions of 1:83 m by 3:3 m with 4 Medtherm

64-series Schmidt-Boelter water-cooled heat �ux gauges spaced 1:04 m apart and 1:3 m above

the lab's ground. The method of ignition was a nominally 30 kW propane diffusion burner that

was 7:6 cm tall, with a square opening where each side length was 30:5 cm. The burner was

placed beneath the location of the vehicle's battery. Once battery thermal runaway was con�rmed,

the burner was removed. One camera was placed at each corner of the vehicle to observe the
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Figure 3.1: The top down view of the experimental setup.

burning behavior throughout the experiment. Sound was incorporated into the videos to gather

information on the burning lithium-ion battery and its connections to jetting, explosions, and

thermal runaway. A picture of the set up is seen in �gure 3.2 and �gure 3.2. A photograph of

the heat �ux gauge placement relative to the panels is shown in �gure 3.3, how the gauges were

mounted is in �gure 3.4.

3.2 Vehicle Selection

This experimental setup is the basis for the model procedure as the model aims to replicate

the experimental �ndings. Therefore, of the 7 vehicles that were tested, two were considered to
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Figure 3.2: A front view of the experiment showing the vehicle and panels.

Figure 3.3: The red circles indicate the heat �ux gauge placement on the panels.
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Figure 3.4: Heat �ux gauge mounting between panels, demonstrates how �ush the gauges is to
the panel surface.

be taken into the process of modeling, table 3.1 lists the 7 vehicles tested and the reason why

they were not selected. For more details about the vehicle experiments themselves, Sauer et al.

provides that information [2]. Considerations that were taken were the consistency of the mass

loss rate curve, unusual battery behavior, jetting, and vehicle repeatability. Some vehicles expe-

rienced the battery melting out of the vehicle into the drip pan, which rendered it less practical

for modeling purposes. Other vehicles were extinguished prior to burn completion resulting in

a truncated data set. Many of the vehicles experienced jetting, which although unique to the

problem of electric vehicle modeling is outside the scope of this thesis. The �nal two vehicles

considered were the Chevrolet Bolt and the Hyundai Kona. The Bolt offered a very steady mass

loss rate but had jetting from the battery occurring in the back half of the vehicle. The Kona had

no jetting with a mass loss rate curve clearly attributable to various sections burning. Since the

Kona was ignited beneath the “engine compartment” of the vehicle the burning progression was

easier to track due to the �re development throughout the vehicle facilitating modeling.
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Table 3.1: Table summarizing vehicles that underwent free burn experimentation. All vehicles
except G-HK-F were battery EVs.

Experiment ID Vehicle Make & Model Decision Justi�cation

G-HK-F Hyundai Kona SEL Was a ICEV

E-CB-F Chevy Bolt EV LT Jetting from battery

E-NL-F Nissan Leaf S Jetting from battery

E-HI-F Hyundai Ioniq Limited Less delineated burn

E-TM-F Tesla Model 3 Long Range Terminated before full burn

E-FM-F Ford Mustang Mach E GT Battery melted out

E-HK-F Hyundai Kona SEL Chosen

The Kona and Chevrolet are both popular and representative of a common consumer's

electric vehicle. Additionally, the Kona was ranked highly by Car and Driver in the Best Electric

Subcompact Sports Utility Vehicle category, particularly for its quality to price ratio, as well as

being one of the best sellers in 2021 [22, 23]. Indicating it as a popular choice among consumers

and representative of common electric vehicles particularly for the make of the Kona being from

2020. For these reasons the Hyundai Kona SEL 2020 electric vehicle burn was chosen to create

an FDS validation model.

3.3 Vehicle Geometry

Preliminary steps to modeling were required for proper implementation of the vehicle into

FDS. The dimensions of the vehicle were found [24], and the schematic shown in �gure 3.5 was

used to determine additional vehicle dimensions [25]. The vehicles primary dimensions are a

length of 4:2 m, a width of 1:8 m (not including rear view mirrors), and a height of 1:6 m, all of
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Figure 3.5: Scaled visualization of vehicle used to build model with accurate and proportional
dimensions [25].

which are sketched in �gure 3.5. The vehicle was a 4 door hatch back with rolled down windows

and a fully charged lithium-ion battery (100% state of charge). The battery had a capacity of

64 kWh, and a voltage of 356 V. Within the vehicle the battery was located under the �oor, in

the mid-rear section. The interior of the vehicle had two front seats and a rear bench seat with a

capacity to hold 5 people in total. Four air bag systems were within the vehicle, two air bags are

facing the driver and passenger with an additional side air bag deploying on the left side of the

driver and right side of the passenger. A large curtain air bag spanning the upper left and right

side of the vehicle is also present particularly for the rear seat passengers. These air bags were

undeployed at the beginning of the experiment but deployed during the burn.
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3.4 Experimental Fire Spread

Experimental video evidence was used to categorize how the �re spread throughout the

vehicle. The burning of the vehicle could be classi�ed into two fundamental levels of complexity.

1. Taking the vehicle as simply ”on �re,” where the vehicle would be a single burner.

2. Splitting the burning areas into major vehicle components where multiple burners would

be present.

The levels of burning complexity are later used in chapter 4 with the assumption that multi-burner

combustion would improve agreement amongst experimental heat �ux measurements. Through

observation of the video evidence, portions of the vehicle were delineated regarding when they

began burning, �gure 3.6 shows the experimental burn at these times. Then a comparison was

made to the mass loss rate graph to ensure agreement between a new portion of the vehicle

burning to an increased mass loss rate. To corroborate between the video and mass loss rate, the

heat �ux and thermocouple data were compared and contrasted. The increase in the heat �ux and

thermocouple data matched increases in the mass loss rate data, as well as visual indication from

the video that an additional portion of the vehicle was burning. The spread was ultimately de�ned

as starting under the vehicle, spreading to the hood, and subsequently the cabin or body of the

vehicle, and lastly the trunk of the vehicle burns. Figure 3.6 shows the progression of vehicle

burning at the times where burning delineation was de�ned.
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