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Abstract

Internal combustion engine vehicles damage the environment and public health by emitting
toxic fumes, such as CO, or CO and other trace compounds. The use of electric cars helps
to reduce the emission of pollutants into the environment due to the use of batteries with
no direct and local emissions. However, accidents of battery electric vehicles pose new
challenges, such as thermal runaway. Such accidents can be serious and, in some cases,
may result in uncontrolled overheating that causes the battery pack to spontaneously ignite.
In particular, the most dangerous vehicles are heavy goods vehicles (HGVs), as they release
a large amount of energy that generate high temperatures, poor visibility, and respiratory
damage. This study aims to determine the potential consequences of large BEV fires in road
tunnels using computational fluid dynamics (CFD). Furthermore, a comparison between a
BEV and an ICEV fire shows the differences related to the thermal and the toxic impact.
Furthermore, the adoption of a longitudinal ventilation system in the tunnel helped to
mitigate the BEV fire risk, keeping a safer environment for tunnel users and rescue services
through adequate smoke control.

Keywords: electric vehicle; thermal runaway; road tunnels; fires; fire dynamics simulator;
heat release rate; impulse ventilation

1. Introduction

The automotive industry has played a leading role in both global economic devel-
opment and the pursuit of new technologies [1]. The use of vehicles to reach distant
destinations quickly and safely is a crucial asset for a country’s growth. However, the use
of fossil fuels leads to the emission of substances harmful to the environment and human
health, such as sulphur dioxide (5O;), nitrogen oxides (NOy), carbon monoxide (CO), and
particulate matter (PM). On a global scale, 26% of primary energy is consumed by the trans-
port sector, which accounts for about 23% of greenhouse gas (GHG) emissions [2]. Saleh [3]
conducted a study on 27 EU countries regarding transportation pollution and found that
carbon-derived substances from vehicles accounted for 25% of total CO, emissions. Over
nearly 30 years, GHG production in domestic transport has increased by almost 30% com-
pared to the residential and commercial sectors. To avoid pollution problems and to cut
dependence on petroleum derivatives, the concept of “sustainable transport” has emerged,
promoted through using electric vehicles (EVs) coupled with green energy production. EVs
offer numerous advantages, including reduced emissions, low operating costs, clean energy
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sources, high WTW efficiency, low noise, maximum convenience, and instant maximum
torque from the start. Politically, the main argument for replacing conventional vehicles
with BEVs is the reduction of GHG emissions, although the total cost of ownership is
decisive, especially in the commercial sector. According to the IEA Global Outlook 2024
report [4], nearly 14 million new vehicles were registered globally in 2023, bringing the total
number of EVs on the roads to 40 million. A significant data point is the increase in sales of
larger vehicles, which are a greater source of pollution compared to cars. The electrification
of buses, heavy-duty trucks (HD trucks), medium-duty trucks (MD trucks), and special
vehicles has increased to avoid negative effects on the global climate. The IEA report also
showed a significant reduction for the CO, equivalent produced by the batteries of BEVs
and PHEVs, compared to those of internal combustion engine vehicles. Thanks to the
decarbonisation of power generation, it is estimated that, by 2035, the lifecycle emissions
intensity of a BEV battery could reach a maximum of 18%, highlighting the priority of
research in solving the climate change problem. Another key aspect is the safety that vehi-
cles must guarantee if thermal runaway and uncontrolled heating leading to spontaneous
ignition. In particular, thermal runaway is the main cause of fires in vehicles equipped with
lithium-ion batteries, as phenomena such as overcharging, exceeding a critical temperature
threshold, and cell damage can lead to fires and other hazardous events. Sun et al. [5] high-
lighted that 13% of fires in parked vehicles are related to extreme temperature variations
between day and night. Their study also emphasised that 26% of the fires occurring during
charging sessions are due to overcharging, direct battery ignition, or malfunctions in the
charging equipment. Due to new regulations aimed at reducing the number of pollutants
in exhaust gases released by vehicle tailpipes, extensive research is being conducted into
the causes and consequences of fires to understand fire risks. In Australia, 90% of tunnel
fires are caused by vehicle structural defects and 10% by collisions [6]. To prevent fire
from spreading further and causing more damage, water-based extinguishing systems and
mechanical ventilation systems are used to mitigate the consequences of fires. Bai et al. [7]
conducted an analysis of 156 fires in tunnels in China and discovered that they are more
frequent in economically developed areas. Furthermore, their study highlighted a high
probability of fires caused by heavy traffic (35.9%) or spontaneous combustion (54.5%)
due to factors primarily related to the structural defects in tyres (41.2%) or the engine
(41.2%) and occurring at the entrance or exit of long tunnels (up to 200 m from the tunnel
portals). EV fires in tunnels are less frequent because these vehicles are still less often used
than conventional vehicles (diesel or gasoline) and the BEV fleet is quite new compared
to the ICEV fleet. To assess the consequences of large BEV fires, numerical methods of
computational fluid dynamics (CFD) are used to reproduce the environmental conditions
during a vehicle fire in a confined space, such as a car park or a tunnel, where the danger of
evacuation of people and structural instability are greater. Li et al. [8] conducted a study on
thermal runaway in lithium-ion batteries. By adjusting the mesh size (more coarse or fine),
they obtained a sufficient number of cells to achieve a difference of less than 0.3% between
the simulation results and the experimental data, highlighting the high level of accuracy the
model can provide. Moreover, with optimal cell division, the abnormal temperature rise
caused by the phenomenon was uniform throughout the battery, with differences between
cells of only 1 K. The need for experimental data to validate such models and CFD studies,
however, is still an open point. The objective of this study is to assess the risks associated
with a fire of a large EV inside a tunnel through FDS 6.9.1 and PyroSim software 2024.2,
studying various parameters, such as temperature and smoke concentration (reduction of
visibility). In the simulation, a ventilation system was also implemented to build up on
a realistic and widely used setup. Among the various possible strategies, a longitudinal
ventilation system was chosen, capable of pushing the smoke towards the outlet. This
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choice, made following EU Directive 2004/54/EC [9,10], is linked to geometric factors
(Length < 3 km and traffic volume). To assess the effectiveness of the ventilation system
in case of a large EV fire, simulation results with and without the ventilation system were
compared. The work is not intended to be quantitative, but a qualitative study of validity
related to a comparative approach between fossil-fuelled vehicles and EVs.

2. Materials and Methods
2.1. Pyrosim and FDS

The fire scenario simulation was carried out using PyroSim software from Thunder-
head Engineering Consultant. This preprocessor generates the input file needed for the Fire
Dynamics Simulator (FDS) to analyse the phenomenon within confined spaces. The FDS
is a large-eddy simulation (LES) code for low-speed flows, with an emphasis on smoke
and heat transport from fires [11]. The model numerically solves a form of the Navier—
Stokes equations. The partial derivatives of the mass, momentum, and energy conservation
equations are approximated using finite differences, and the solution is updated over
time on a three-dimensional rectilinear grid. Thermal radiation is computed using a finite
volume technique on the same grid as the flow solver. Lagrangian particles are used to
simulate smoke movement and sprinkler discharge. The software uses a high-definition
language (Fortran 90) to solve the equations describing the fire-related phenomena [12].
Every timestep, the software assigns a numerical value to variables, such as temperature,
density, pressure, velocity, and chemical composition, for each cell until a defined simula-
tion end time is reached. Furthermore, it calculates quantities that better characterise the
fire scenario, such as the mass loss of the vehicle, heat flux, or surface temperature. The
classical equations for Newtonian fluids adopted by the FDS are as follows:

° Conservation of mass

ap <
§+V~pu:mb

where p denotes density [in g/ cm?], t denotes time [in s], u denotes velocity [in m/s], and

(1)

i1, represents the net heat flux derived from radiation and thermal conduction phenomena
[in kg/s/m3].

e  Conservation of Momentum (Newton’s Second Law)

d
50w V- pun+Vp = pg+ fr+V - T 2)

where p represents pressure [in Pa], ¢ denotes gravitational acceleration [in m/s?], f,
denotes the external force applied [in N], and 7;; represents the stress tensor [in N/ m?].

e Conservation of Energy (First Law of Thermodynamics)

a D -1 - 1" -1
g(ph)+v~phu:D—]:+q @ +V - e 3)

where h represents enthalpy [in J/kg], §” denotes the heat released per unit volume [in
W/m?], g, represents the energy transferred to the evaporating droplets [in W/m?], 4"
indicates the heat flux [in W/m?], and ¢ represents the dissipative function [in W/ m3],
which is the rate at which kinetic energy is converted into thermal energy due to the
viscosity of the fluid (air). To solve the equations mentioned above, the VLES (Very
Large Eddy Simulation) was chosen in PyroSim, a mathematical model for simulating
turbulence effects. Unlike other models, the VLES is considered an excellent compromise

between accuracy and computational cost, as it only analyses large fluid flow rates. Small
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fluctuations or vortices are indirectly inferred through the energy spectrum resulting from
the large-scale simulation.

2.2. Tunnel Geometry

The shape of the analysed tunnel is based on that of the Rimazzano Tunnel, located
on the A12 Livorno-Rosignano Marittimo route of the Trans-European Road network
(TEN-T) [13]. The tunnel length measures 920 m (characteristic of the stretch towards
Livorno). The tunnel analysed is part of a twin tube tunnel. The tunnel under investigation
has two lanes: one for driving and one for overtaking, both 4.05 m wide, flanked by a 0.7 m
wide pavement. The tunnel’s circumference is 31.42 m. The tunnel geometry was created
using the 3D software Autodesk Revit [14]. The project of the Rimazzano Tunnel (a) and
the tunnel created with the software (b) are shown in Figure 1.

s 25

800

(@)

Figure 1. (a) Rimazzano Tunnel project (on the left). (b) mage of the case study created with Revit (on
the right).

In Figure 1, the layers composing the tunnel are also shown. Their inclusion is
necessary to ensure greater consistency with reality. The following materials are used for
the Tunnel project: asphalt, as the layer upon which the cars rest in the tunnel; concrete,
as a layer used to provide strength, insulation, and versatility to the structure; reinforced
concrete, as a layer resistant to infiltration, wear, and fire; stone, as construction material
for the tunnel; cement panel, as a prefabricated cement and reinforced fibre layer, ensuring
greater impact resistance and water impermeability; sedimentary rock, as an outer layer
that forms the mountains in which the tunnel is excavated. The 3D view of the tunnel
created in PyroSim is shown in Figure 2.

Figure 2. Three-dimensional view of the tunnel in PyroSim.
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The thermophysical properties of the materials used for simulation (density, thermal
conductivity, specific heat, and emissivity) are listed in Table 1 [15-17].

Table 1. Thermophysical properties of the materials of the constructed tunnel.

Thermal

Materials D[le(n?lt};] Conductivity SCpe[cliﬁ/ckHeIéi]t Emlsillv ity
P lkg/m I [W/mK] p [kJ/ks: el
Stone 2400 24 0.95 0.93
Reinforced concrete 2400 1.6 0.653 0.94
Concrete 2280 1.8 1.04 0.9
Asphalt 2100 0.756 1.67 0.98
Cement panel 2000 14 0.78 0.54
Sedimentary rock 2000 1.75 0.95 0.92

2.3. Vehicles

The large vehicle analysed is the SCANIA 25 P BEV, (Scania AB, Sodertélje, Sweden) a
100% electric truck in the market since 2022, with a length of 9.965 m, a width of 2.55 m,
and a height of 3.109 m [18]. It is equipped with 9 lithium-ion propulsion batteries of 50 Ah,
forming a battery pack with a total installed capacity of 300 kWh. It is a 100% EV with a
permanent magnet synchronous motor to ensure an extremely stable and precise rotational
speed. The actual image (a) and the vehicle representation on PyroSim (b) are shown in
Figure 3 (qualitative approach).

(a) (b)

Figure 3. (a) Image of the SCANIA 25 P BEV; (b) its representation in PyroSim.

The conventional vehicle is the IVECO Stralis AS 260, a EURO 3 diesel truck (with
dimensions and weight similar to the SCANIA) (IVECO (Industrial Vehicles Corporation),
Turin, Italy) marketed from 2007 to 2019 [19]. The ICEV is assumed to run on a B7 diesel
blend with a 7% RME drop-in, representative for European conditions [ACEA, 2013]. The
truck is 9.848 m long, 2.55 m wide, and 3.731 m high. It is equipped with two Fulmen
calcium-lead batteries of 170 Ah, has a 24 V, 5.5 kW starter motor, and a 28 V, 90 A alternator.
As a conventional vehicle, it runs with a 4-stroke diesel cycle, direct injection, with a variable
geometry turbocharger and intercooler (6 cylinders). The actual image (a) and the vehicle
representation on PyroSim (b) are shown in Figure 4 (qualitative approach).

In PyroSim, the vehicles were represented as parallelepipeds, where 5 faces show
the constituent materials and 1 face (the top one) is labelled as the “burner”, which is
designated as the point of origin of the fire. This is a qualitative approach, as it does not
accurately stand for the actual geometry of the vehicle. Moreover, in the model, the fire
ignition point is found on the upper part of the vehicle, while in reality, the batteries are
positioned on the underside. This is a limitation of the software, as it is not possible to
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create wheels in the simulation, resulting in the vehicle being represented with a typical
“box-like” shape resting on the ground. Representing the vehicle as “floating” with the
“burner” surface placed underneath is also not valid. In this case, the heat generated by the
thermal runaway would flow along the tunnel floor without the smoke rising upwards,
leading to unreliable results, such as lower recorded temperatures in the tunnel or low
pollutant concentrations, which compromise the validity of the experiment. The aspect of
interest is the relative confrontation between the vehicles. The technical specifications of
the two vehicles are shown in Table 2.

Figure 4. (a) Image of the IVECO Stralis AS 260 vehicle; (b) its representation in PyroSim.

Table 2. Technical specifications of the vehicles used in the simulation.

Installed
. Length Width Height . . Capacity =~ Number of
Vehicle [mm] [mm] [mm] Engine Type  Battery Type Capacity [Ah] Batteries
[kWh]
Permanent
SCANIA 25 P BEV 9965 2550 3109 magnet Lithium ions 300 50 9
synchronous
4-stroke with Fulmen lead
IVECO Stralis AS 260 9848 2550 3731 direct . 170 2
S calcium
injection

As can be seen in Table 2, the dimensions (length, width, and height) of the SCA-
NIA and the IVECO vehicles are similar. In fact, the SCANIA is 0.117 m longer, has the
same width (2.550 m), and is 0.622 m shorter in height compared to the IVECO, making
the comparison particularly meaningful for assessing which of the two poses a greater
environmental and health risk.

The PyroSim software required the input of the percentages and materials that make
up the analysed vehicles. These were added to the simulation based on the document from
the SCANIA company, specific to the construction of the ICEV and BEV trucks [20]. The
percentages used and the materials adopted for the two vehicles are shown in Table 3.

The lithium-ion cells used in the SCANIA are NMC 622 (60% nickel, 20% manganese,
20% cobalt) because they are more common and efficient. The percentages of the minerals
that make up these cells are shown in Table 4 [21].

Regarding the thermophysical properties of the materials used in the simulation, some
of them have been simplified by considering only the components present in the highest
percentage (such as glass in other materials, palladium in special metals, refrigerant in
operating fluids, and copper in non-ferrous metals). The thermophysical properties of the
materials that make up the adopted vehicles are listed in Table 5 [15,17,22].
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Table 3. Composition of the vehicles used in the simulation.

SCANIA 25 P BEV IVECO Stralis AS 260

Materials Percentage Percentage
Steel 48% 57%
Cast iron 18% 22%
Aluminium 7.0% 5.0%
Cells 13%
Non-ferrous metals (copper) 2.0% 1.9%
Operating fluids (coolant, engine oil, . . .) 0.3% 1.0%
Polymers 9.6% 11.0%
Special metals (palladium) 0.1% 0.1%
Other materials (glass) 2.0% 2.0%

Table 4. Composition of NMC cells in the SCANIA BEV.

Mineral Composition of the Cell Percentage SCANIA]I; etzclentage of
Graphite Anode 28.10% 3.65%
Aluminium Cathode, Casing, and 18.90% 2.46%

Collectors

Nickel Cathode 15.70% 2.04%
Copper Collectors 10.80% 1.40%
Steel Casing 10.80% 1.40%
Manganese Cathode 5.40% 0.70%
Cobalt Cathode 4.30% 0.56%
Lithium Cathode 3.20% 0.42%
Iron Cathode 2.70% 0.35%

Table 5. Thermophysical properties of the materials that make up the adopted vehicles.

Thermal

. Density . . Specific Heat Emissivity
Material o [kg/m’] Cﬁrig\l;/;tl[‘g]ty ¢p [KJ/kg K] e [-]
Steel 7500 22 0.502 0.79
Aluminium 2700 200 0.88 0.1
Cobalt 8900 100 0.42 0.93
Iron 7840 73 0.46 0.82
Cast Iron 7200 50 0.502 0.3
Graphite 2200 1600 0.72 0.9
Lithium 530 84.7 3.56 0.9
Manganese 7200 7.82 0.48 0.79
Nickel 8900 65 0.44 0.92
Palladium 12,020 71.8 0.244 0.15
Polymer 1000 15 1.67 0.9
Copper 8960 395 0.387 0.65
Coolant 1000 04 1.43 0.93
Glass 2200 1 0.677 0.85

The vehicles were placed in the middle of the two lanes and at the centre of the tunnel
Figure 5 shows the top view of the SCANIA vehicle position in PyroSim (excluding the
upper part of the tunnel).

Figure 5. Top view of the SCANIA vehicle position in the tunnel (yellow box).
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2.4. HRRPUA and Ramp-Up Time

As mentioned in the previous paragraph, the upper part of the vehicles (parallel-footed
in PyroSim) is a ‘burning’ surface, destined to be the source of the fire. The other faces are
inert throughout the entire simulation time. The characteristic parameters of a burner are
the HRRPUA and the rise time. The first (heat release rate per unit area) is the maximum
thermal energy emitted during the fire per unit of the area considered [in kW/m?], and it is

calculated as follows:
HRRmax

burner

As a function of the maximum HRR (heat release rate), the HRRPUA also depends
on the type of fuel and the composition of the vehicle that is burning. In general, there

HRRPUA = (4)

is no universal formula that can calculate the maximum HRR for a vehicle of any type.
Nevertheless, while in many cases, reference is made to examples in the literature or
experimental data, for large EVs, equations are used to calculate the maximum power
output in the event of a fire. This value is defined by the sum of the conventional NFPA
value for a bus equipped with a diesel engine (around 20-30 MW) and the value [in kW]
derived from the equation reported in [23]:

HRRpax = 2E9° ()

in which Eg is the battery capacity [in Wh].

The HRRpax value for the EV is 20.866 MW, obtained by summing 17 MW (a value
close to the lower end of the NFPA range for diesel buses) and the result of Equation (5)
with 300 kWh as the installed battery pack capacity. Lecocq et al. conducted a study on
fires involving vehicles of similar size, where two different engines (conventional and
electric) were installed in a tunnel [24]. They found the HRRyax values of 6.1 MW and
4.7 MW, respectively. By proportionally adjusting the HRRmax for the electric HGV based on
these values, the input value used for the IVECO vehicle simulation is 27.081 MW. The adopted
measures fall within the standards for large vehicles outlined in NFPA 502 (20-200 MW) and
in the PIARC documents and French guidelines (20-30 MW) for tunnels and restricted-access
areas [25,26]. Tables 6 and 7 show the experimental data derived from the NFPA 502 document
and the standards from the older NFPA documents, PIARC, and the French guidelines.

Table 6. Experimental HRRmax data according to NFPA standard 502.

Vehicles Peak HRR [MW] Time to Peak HRR [min]
Passenger car 5-10 0-54
Multiple passenger car 10-20 10-55
Bus 25-34 7-14
Heavy goods truck 20-200 7-48

Table 7. HRRpmax [in MW] of different vehicles according to the old NFPA, PIARC documents, and
the French guidelines.

. HRRpnax PIARC HRRpax French HRRnax NFPA
Vehicles [MW] [MW] [MW]
1 small passenger car 2.5
1 large passenger car 5 5
2-3 passenger cars 8 8
Van 15 15
Bus 20 20
HGV 20-30 30 20-30

Tanker 100 200 100
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By dividing these quantities by the area of the burner surfaces, the HRRPUA [in kW /m?]
values were obtained and are reported in Table 8.

Table 8. HRRPUA and ramp-up time of the analysed vehicles.

Burner Area HRRPUA

Vehicle HRRpax [kW] [m2] [kW/m2] t [s]
SCANIA-EV 20,866 25.41 821.16 429
IVECO-ICEV 27,082 25.11 1078.43 162

The other parameter affecting the burner is the rise time (or ramp-up time), i.e., the
time it takes for the thermal energy released to reach the maximum value (HRRpayx) in
case of a fire. Wang et al. conducted studies on lithium-ion batteries with a capacity of
50 Ah (like those used in the SCANIA vehicle) and found a rise time of 429 s [27]. Cheong
et al. [28] performed an analysis of fires caused by conventional vehicles inside tunnels and
found that the ramp-up time of an HGV during ignition is 162 s. The ramp-up times used
[in s] are reported in Table 8.

2.5. Mesh

In the context of fire modelling in tunnels, the grid encompasses both the tunnel
and the involved vehicle, enabling the simulation to be conducted and the results to be
analysed. A key parameter influencing the accuracy and efficiency of the simulation is the
subdivision of the grid. Decomposing the computational domain into multiple sub-grids
allows for increased spatial resolution, as the total number of cells is higher than that of a
single grid, while simultaneously reducing computational time, since each sub-grid can
be assigned to a separate processor, using parallel computing. In particular, the sub-grid
enclosing the vehicle affected by the fire is typically discretised with a higher number of
cells compared to other regions, as it is where more intense thermal phenomena and the
release of toxic substances occur, necessitating greater resolution and longer computational
times. Considering the most severe fire scenario, in which the ignition source is located
at the centre of the tunnel, and assuming that significant variations in physical quantities,
such as temperature, are confined to a few metres from the ignition point, a central sub-grid
of 120 m in length with a finer resolution has been adopted. The lateral sections, where
the phenomena are less significant and of lower interest for analysis, have been discretised
using sub-grids of 400 m in length, characterised by a lower number of cells (coarse grid),
ensuring a balance between accuracy and computational efficiency.

The division of the tunnel into the adopted meshes is shown in Figure 6.

Figure 6. Meshes (highlighted in white) of the analysed case study.
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A useful quantity for determining the appropriate number of cells, ensuring both
good accuracy and a reasonable computational time for the model, is the characteristic fire
diameter (D*) [11]. This parameter [in m] is calculated using Equation (6):

- Q ’
b= (poonToo\/g> ©)

where Q indicates the HRRmax of the battery [in kW], p,, represents the air density
(1.204 kg/ m3), Te indicates the ambient temperature (293.15 K), Cp represents the spe-
cific heat capacity of the ambient air (1.005 kJ /kg-K), and g represents the acceleration due
to gravity (9.81 m/s?). The characteristic fire diameter is used in the simulation to deter-
mine the number of cells that make up a mesh. The larger the value of this parameter, the
“finer” the mesh will be. To achieve a good balance between accuracy and computational
cost, the cell size Ax should be between %* and % [29].
The characteristic fire diameters for the three vehicles are provided in Table 9.

Table 9. Characteristic fire diameters of the analysed vehicles.

* * *
Vehicle O [kW] D* [m] Mesh D*/5 Mesh D*/10 Mesh D*/20

[m] [m] [m]
SCANIA 20,866 3.23 0.65 0.32 0.16
IVECO 27,082 3.59 0.72 0.36 0.18

To compare the results of the simulations for the three vehicles and to provide moderate
accuracy to the model, a unique cell length Ay was chosen for both cases, set at 0.70 m
for the meshes less affected by the phenomena resulting from the fire and 0.35 m for the
central mesh (which requires more detail). The cell lengths along the y-direction (Ay)
and z-direction (Az) are derived from the ratios with Ax, resulting in cell dimensions of
0.7005 x 0.6842 x 0.6923 m (for Ax of 0.70 m) and 0.3509 x 0.3421 x 0.3462 m (for Ax of
0.35 m). The number of cells and the lengths of the meshes are provided in Table 10.

Table 10. Number of cells and mesh length of the analysed case study.

Mesh Tunnel Length Section [m] Cell Size Ax [m] Total Number of Cells
Mesh 1 0-400 0.7 141,037
Mesh 2 400-520 0.35 337,896
Mesh 3 520-920 0.7 141,037

According to the FDS user manual [30], the software uses a Poisson solver based on a
fast Fourier transform (FFT). This implies that optimal grid divisions are constrained to the
form 2" 3V 5%, where u, v, and w are integers. In this case, the number of cells assigned
to the central mesh (337,896) follows the rule since it is divisible by powers of 2 and 3. By
contrast, the number associated with the side meshes (141,037) is prime and could cause
undesirable results. However, Caliendo et al. [31] demonstrated that cell lengths, assigned
to meshes characterizing a long tunnel and ranging from 0.4 m to 0.2 m (such as a Ax of
0.35 m for the lateral meshes), result in simulation errors of less than 1%.

The surfaces of the meshes that do not interact with each other were considered “open”
in the mesh boundary vent, meaning they are characterised by the external atmospheric
conditions outside the solid layers that make up the tunnel.
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2.6. Combustion Reaction

The combustion reaction of the batteries is the key element for generating the fire
starting from the burner surfaces of the vehicles in PyroSim. By adopting a simple chemical
reaction in the FDS, it is necessary to identify a single compound as the fuel. For BEVs,
the substances involved in the combustion reaction are numerous and depend on the type
of battery used. Shen et al. [32] identified the fuel components that make up the various
battery types in the event of a thermal runaway NMC and LFP event in an inert atmosphere.
Specifically, the substances characterizing an NMC 622 battery are CO; (35.3%), CO (32.4%),
H, (23.4%), CHy (4.1%), C3Hg (3.1%), and C3Hg (1.7%). Figure 7 shows the pie chart
containing the percentages of the fuels that make up the NMC 622 cell.

C,Hg C3Hg

Figure 7. Composition of the NMC 622 cell used in the simulation.

Regarding the conventional vehicle, Betiha et al. [33] discovered that diesel fuel is
composed of 75% aliphatic hydrocarbons (paraffins and cycloalkanes) and a small number
of aromatic hydrocarbons (olefins and alkylbenzenes). Although the chains that compose
diesel range from CjoHyg to Cq5Hyg, the substance C1,Hps can be considered as the average
fuel in the simulation [34]. Unlike other substances present in the PyroSim database, the
thermal data and chemical composition for diesel fuel were manually entered. The data
and are provided in Table 11.

Table 11. Characteristics of the diesel fuel used in the simulation.

Tvpe of Fuel Chemical Specific Heat Densit Vaporisation Melting Vaporisation Formation
yp Composition at20°C y Temperature Temperature Heat Enthalpy
Diesel fuel CypHps 1900 kJ/kg' K 850 kg/m? 210°C -8.1°C 326 k] /kg 6700 k] /mol

Another variable to include in the simulation is the heat of combustion, defined as the
amount of heat released during combustion processes. For the conventional vehicle, this
quantity is equal to the lower heating value (LHV) of diesel fuel (42,600 kJ /kg) [35]. For
EV batteries, however, there is no single value because it depends on various parameters,
including the type and size of the cells. Sturm et al. [36] conducted a series of tests on
BEYV fires in tunnels with an installed capacity of around 80 kWh and found an energy
release of 2893 MJ. Considering that the cells of a BMW full electric car weigh about 15% of
the vehicle’s mass, and using a Toyota bZ4x pure (with an empty weight of 1920 kg) as a
reference [37,38], the heat of combustion H [in k] /kg] was calculated using Equation (7):

H=—= @)
m
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where Q is the amount of energy released [in k]] and m is the mass of the battery [in kg].
The value for the SCANIA vehicle was calculated by proportionally adjusting the result of
Equation (4), which is 10,045.14 k] / kg, with the battery capacities (80 kWh and 300 kWh),
resulting in the value adopted in the simulation (37,669.27 kJ /kg). The final parameters to
include for the combustion reaction of the two vehicles are the mass fractions of carbon
monoxide (CO) and the soot produced during combustion. The assigned values primarily
affect the amount of smoke emitted from the vehicle’s burner surface. Based on tests
conducted on conventional vehicles and EVs in fires within confined spaces [39], the values
are 0.025 kgco/kgsuer and 0.035 kggoot /kgtuel for an ICEV, and 0.032 kgco/kgguel and
0.044 kgsoot / kgfyer for a BEV.

2.7. Ambient Boundary Conditions and Simulation Time

The chosen simulation duration is 600 s, as it represents the maximum safe evacuation
time for personnel in the event of a fire in a tunnel, based on the research by Wang
et al. [40]. The parameters that describe the external environment entered into PyroSim and
characterise the faces of the meshes that do not interact with each other are a temperature
of 20 °C, a pressure of 101,325 Pa, an oxygen concentration in the air of 23% by mass, a CO,
concentration in the air of 0.0595% by mass, a relative humidity of 40%, a wind speed of
0 m/s, and a gravitational acceleration of 9.81 m/s?.

2.8. Devices

One of the parameters analysed is the temperature reached on the ceiling in case of
a vehicle fire. To carry out this analysis, 93 solid-phase devices were inserted into the
simulation, positioned along the top of the tunnel at 10 m from each other. Figure 8 shows
the positions of the ceiling temperature detection probes in the analysed case study.

Figure 8. Temperature devices Teeiling (in yellow) along the tunnel.

For a better understanding of the temperature distribution in space, 2D slices were
used along the three directions of the computational space. Specifically, along the x and y
directions, they were placed on the vehicle’s median planes, while along the z direction, a
detection height of 4 m was chosen. For further analysis, 61 check points were positioned
along the y-axis at the centre point of the vehicle, passing through its surface and spaced
0.10 m apart. Figure 9 illustrates the position of the devices in the calculation space.
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Figure 9. T,iry devices (in yellow) in the considered space.

To evaluate the smoke concentration (reduction of visibility) in the tunnel, 47 smoke
detectors (gas-phase devices) were placed along the first half, spaced 10 m apart. To assess
the health risks to people fleeing, these detectors were placed in the simulation at a height
of 1.70 m from the ground (the average height of an adult). Figure 10 shows the position of
the devices along the first half of the tunnel.

Figure 10. Smoke detectors (in yellow) in the tunnel.

In the case where fans are present in the tunnel, a 2D slice was used along the median
y-axis of the vehicle to measure the airflow velocity along the tunnel.

2.9. Longitudinal Mechanical Ventilation

To size the fans, two parameters were calculated. The first is the critical velocity at
which air is introduced into the tunnel. According to NFPA 2020 [25], this is defined as
the minimum constant velocity required to prevent backlayering (a phenomenon in which
smoke moves in the opposite direction of the incoming air) from the fire site. In the design
of a ventilation system, the parameter values used in the calculation formulas, such as
HRRmax or temperature, are those associated with the vehicle fire scenario that yields the
highest values, ensuring the system is sized for the most demanding conditions. To set up
the formula for calculating the critical velocity, it used the following relation:
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where H' represents the tunnel height (5.15 m), W represents the tunnel width (10 m),
Q represents the HRRpax of the vehicle [in kW], p, represents the density of the ambient
air (1.2 kg/m?), T, represents the ambient air temperature (293.15 K), and g represents
the acceleration due to gravity (9.81 m/s?). Once the inequality is satisfied, the velocity
u [in m/s] is found by considering both the grade factor as a function of the actual tunnel
slope (—0.78%) and the following formula:

u = 043¢~ w8 /gH )

where L, is the backlayering length (which is 0 m in the case of critical velocity). The
second parameter calculated is the total pressure losses p,, [in Pa] that the system must
compensate for, and it is obtained from the following equation [41]:

Piot = Pi T Pt Pdir + Par T Por + Po + Pp + P (10)

where p; represents the pressure loss [in Pa] at the tunnel entrance, p; represents the
pressure loss [in Pa] due to friction on the tunnel walls, p ;. represents the pressure loss [in
Pa] along the flow direction in the pipes in the ventilation system, p, . represents the area
pressure loss [in Pa] due to the distribution of flow through the various fans, p . represents
the pressure loss [in Pa] due to openings or cracks through which air can flow into the
ventilation system, p  represents the pressure loss [Pa] at the tunnel exit, p, represents
the pressure loss [Pa] due to the buoyant forces of the air, and p_, represents the pressure
loss [Pa] due to atmospheric conditions (wind and barometric pressure differences). The
values of the losses to be compensated by the ventilation system are calculated based
on several parameters, including the critical airspeed, the geometric characteristics of
the ducts, the location of the fire and the tunnel, the number of vehicles present, the
maximum HRR of the vehicle causing the greatest damage, the atmospheric conditions at
the entrance and exit, and the physical properties of the environment in question. These
latter characteristics depend on the average air temperature measured on the surface of the
vehicle. Subsequently, the flow rate to be fed into the tunnel V [in m?/s] is obtained from
the following formula:

V = A (11)

where Ay is the tunnel cross-sectional area (40.56 m?) and c is the incoming air velocity. The
total power of the ventilation system [in kW] can be calculated as follows:

_ ~7 Prot
P= v1000 (12)

Based on the calculated values, the designed tunnel ventilation system can compensate
for all losses and achieve at least the minimum power.

3. Results
3.1. SCANIA

The HRR resulting from the simulation conducted on the large BEV is characterised
by two of the three main phases (propagation and stationary fire) that describe the trend of
energy released following a fire [42]. Figure 11 shows an initially increasing trend for the
first 400 s, with a peak of almost 20,000 kW, followed by a constant phase for the remaining
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time. This trend mainly depends on the HRRPUA, with ramp-up time used as an input
(821.16 kW /m? and 429 s, respectively), which represent the coordinates of the HRRyax,
and the chosen combustion heat (37,669.27 k] /kg), which determines the length of the
second phase and the compactness of the curve. A value (expressed in k] /kg) larger than
the HRRmax (20,866 kW) increases the onset time of the decay phase, leading to the display
of the other two phases within 600 s of simulation and affecting many physical properties.
Of these, the most significant is the increase in internal air temperature in the confined
space. Similar orders of magnitude between the HRRmax and the heat of combustion result
in a relatively constant amount of thermal energy released over time during each phase.
This results in a more compact curve.
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Figure 11. HRR of the SCANIA vehicle.

Figure 12 shows a symmetrical trend of the ceiling temperature along the tunnel at
each analysed time point, caused by the geometric characteristics of the vehicle and the
tunnel being the same along the median axis. The peaks found at 460 m are due to the
presence of the vehicle, the source of the fire, at that point. The time points evaluated are
60 s (the most critical time to ensure safety in the event of an explosion or particularly
intense fire), 180 s (the time when the fans are switched on [41]), 430 s (the time when
the HRRmax is reached), and 600 s (the end of the simulation). Figures 13-15 show the
temperature distributions recorded on the 2D slices at the end of the simulation.
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Figure 12. Ceiling temperature of the SCANIA tunnel simulation at different time points.
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Figure 13. Two-dimensional temperature of the SCANIA vehicle at X = 460 m and 600 s of simulation.

Figure 14. Two-dimensional temperature of the SCANIA vehicle at Y = 6.158 m and 600 s
of simulation.

Figure 15. Two-dimensional temperature of the SCANIA vehicle at Z = 4 m and 600 s of simulation.
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In Figure 14, the maximum peaks of 953.58 °C and 816.93 °C are shown in the moments
after reaching the HRRmax, and 89.93 °C is noted three minutes after the fire ignition. How-
ever, one minute after the event, no significant temperature change from room temperature
(20 °C) is observed.

Figure 13 shows the temperature rise above the SCANIA vehicle and illustrates the
pinnacle with maximum temperatures of 920 °C and temperatures up to 110 °C at a height
of ~1.7 m. Figure 14 shows a longitudinal section of the tunnel and a well-developed
temperature stratification in the vicinity of the burning truck. Figure 15 illustrates the
temperatures at a height of 4 m. To demonstrate the temperature trends, Figure 16 shows
the 2D probe trends at X = 460 m at 60, 180, 430 and 600 s from the start of the simulation.
After 60 s of simulation (a), no significant temperature changes are observed. 180 s after
ignition (b), the plume becomes visible, with temperatures fluctuating between 200 °C and
290 °C. Once the HRRyax is reached, after 430 s (c), the entire volume of the tunnel above
the SCANIA truck is filled with smoke, as indicated by the significant rise in temperatures
in this area. Once this state is reached, it remains until the end of the simulation (600 s) (d).

(@ (b)

(c) (d)

Figure 16. Two-dimensional temperature of the SCANIA vehicle: (a) at X = 460 m and 60 s of
simulation; (b) at X = 460 m and 180 s of simulation; (c) at X = 460 m and 430 s of simulation; (d) at
X =460 m and 600 s of simulation.

Verifying that the trend is symmetrical from left to right of the vehicle, Figure 17 shows
the temperature distribution at different time points, recorded by 29 probes, as a function
of distance from the centre (near the vehicle surface). A decreasing trend is observed at
the different time points, followed by a constant phase in the remaining part of the graph.
Between 60 and 180 s, the temperature decreases to around 20 °C from 1.30 m (half the
width of the vehicle). After 430 and 600 s, the reduction terminates at 1.90 m with values of
91.7 °C and 95.3 °C, respectively. The maximum temperature recorded on the surface of the
SCANIA vehicle at the end of the simulation (1185.7 °C) is very similar to that measured
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after 430 s (1171.6 °C). By contrast, there is a significant increase during the propagation
phase, evidenced by the temperature increase between 60 and 180 s (from 70.98 °C to
363.1 °C). These temperature values are in agreement with the experimental work of
Held et al. [9] and of Kang et al. [43]. The thermal runaway of EVs was studied, and the
results showed similarities and orders of magnitude to support the results.

1220

1020

820

[°c]

620

Temperature

420

220

20
0.00 0.70 1.40 2.10 2.80

Distance from the centre [m]

60s 180s 430s —0600s

Figure 17. Air temperature near the vehicle surface (SCANIA vehicle) as a function of the distance

from the centre.

One of the most important quantities to analyse in the event of a vehicle fire is visibility.
Figure 18 shows the simulation results at different considered time points. After 60 s (a), it
is possible to see a concentration of smoke exclusively in the upper part of the tunnel. After
180 s (b), there is an increase in smoke that covers half of the vehicle, significantly reducing
the visibility of the surrounding environment and causing health issues for people fleeing.
After 430 s (c) and 600 s (d), the smoke concentrations in the tunnel are nearly identical,
covering the interior of the structure.

aa

() (d)

Figure 18. Tunnel visibility: (a) after 60 s; (b) after 180 s; (c) after 430 s; (d) after 600 s.

Figure 19 shows the graphs of smoke concentrations [in %m] as a reduction of visibility,
as a function of the distance from the centre of the vehicle, recorded by the detectors at
different time points. A negligible amount of smoke is seen after 60 s and 180 s, with a
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peak of 1.71% at 50 m from the SCANIA vehicle. However, once HRRnay is reached, the
percentage increases within the first 280 m from the centre of the vehicle, with a peak of
39.86% at 180 m. A similar trend is observed at the end of the simulation, with an increase
in smoke concentration over 380 m of the tunnel, where the maximum, recorded at 200 m,
reaches 86.52%. The minimum observed at 60 m is due to the presence of the probe at the
boundary between two meshes with different resolutions, causing measurement instability
effects (see the FDS manual). According to the FDS user guide [30], these turbulence effects
are related to the presence of obstacles (such as the layers constituting the tunnel) that form
at the interfaces of two meshes with different resolutions. The probes at boundary points
will record temperature or smoke concentration values that will result in irregularities in
the trends of these quantities along the tunnel (reduction of visibility). The peaks observed
in the later time points are a result of the smoke diffusion along the tunnel ceiling and the
early descent of the vapours further away from the vehicle.
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Figure 19. Smoke concentration (reduction of visibility) in the tunnel due to the SCANIA vehicle as a
function of the distance from the centre.

3.2. Comparison Between the SCANIA and the IVECO
Two large vehicles of similar size and weight (SCANIA and IVECO) were compared to
determine the fire-related consequences for an electric vehicle and a conventional vehicle.
Figure 20 shows a comparison of the HRR curves of both simulations. The main differences
concern the ramp-up time and the HRRpax.
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Figure 20. HRR of the SCANIA vehicle (in blue) and the IVECO vehicle (in purple).
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Figure 21 shows the temperatures measured on the ceiling as a function of tunnel
length for both the IVECO and the SCANIA simulations. The time instances considered
are 162 s (the moment when the IVECO vehicle reaches the HRRy,,x) and 600 s (the end of
the simulation). As seen for the SCANIA simulation, the maximum temperatures recorded
in the IVECO simulation reached 460 m from the beginning of the tunnel (the centre of the
vehicle and the point of ignition of the fire). The distribution is symmetrical with respect
to the midpoint of the graph, given the same tunnel and vehicle geometric conditions.
Unlike the EV, which shows a significant increase in temperature at the ceiling at the peak
(rising from 70.5 °C after 162 s to 953.58 °C after 600 s), the in-fire of the IVECO vehicle
results in a more limited temperature increase at the centre of the vehicle (rising from
616.6 °C after 162 s to 617.1 °C after 600 s). This implies that the diesel vehicle reaches
the maximum temperature value at the end of the propagation phase, where the thermal
properties change significantly over time. Furthermore, in the IVECO simulation, a longer
section (up to 120 m) is shown with higher ambient temperatures than in the analysis
performed on the SCANIA vehicle (up to 100 m).
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Figure 21. Ceiling temperature of the tunnel with the SCANIA and the IVECO vehicles at different

time instances.

Figures 22-24 show the images recorded by the 2D slices regarding the temperature
measured at different planes of the calculation space.

Figure 22. Two-dimensional temperature of the IVECO vehicle at X = 460 m and 600 s of simulation.
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Figure 23. Two-dimensional temperature of the IVECO vehicle at Y = 6.158 m and 600 s of simulation.

Figure 24. Two-dimensional temperature of the IVECO vehicle at Z = 4 m and 600 s of simulation.

Figure 22 shows a ceiling temperature peak of 920 °C, followed by a decreasing
temperature trend towards the lower layers. Still high temperatures (110 °C) are observed
near the vehicle. Figure 23 shows an increase in temperature in both the central and side
meshes, with a minimum of 180 °C. Figure 24 shows a limited increase in temperature at
a height of 4 m in the part of the tunnel closest to the vehicle (up to 60 m away), with a
peak of 770 °C in the centre. Unlike the SCANIA vehicle, where the maximum temperature
recorded by the probes along the y- and z-axes is the same, the analysis on the IVECO
vehicle showed a difference of 40 °C between the two. This transition from 820 °C at the
ceiling to 770 °C at 4 m above the ground implies less heat with increasing height above the
ground, due to a low HRR value at that time (as shown by the curve in Figure 20). For more
details on the temperature trend over time, Figure 25 shows the results of the simulation
conducted on the probe installed at X = 460 m after 162 s and after 600 s.

(a) (b)

Figure 25. Two-dimensional temperature of the IVECO vehicle: (a) at X = 460 m after 162 s; (b)
at X =460 m after 600 s.
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Figure 25a,b show a localised decrease in temperature in the central part of the tunnel
(above the vehicle) during the steady-state fire phase. Above the vehicle, a temperature
between 830 °C and 920 °C is recorded at time t = 162 s, while at the end of the simulation,
a temperature between 650 °C and 740 °C is observed. As one can see in Figures 23 and 24,
this change is due to a low HRR value at that moment. Figure 26 shows the temperatures
measured by the 29 probes placed along the x-axis, which intersect the surface of the
IVECO and the SCANIA vehicles as a function of the distance from the latter at different
time instances. In the SCANIA vehicle, throughout approximately 430 s, a temperature
increase at zero distance is observed, nearly quadrupling (from 308.4 °C to 1185.7 °C).
By contrast, the simulation conducted on the IVECO vehicle showed a decrease in the
centre of the fire (from 1128.25 °C to 676.77 °C). This trend is attributed to the thermal
energy released, which, at a time equal to 600 s, depends on a lower HRR value (24,506.1
kW) compared to the maximum found at 162 s (27,081.88 kW). The trends observed in
the IVECO simulation are different from those obtained in the previous cases. Along the
vehicle’s burner surface (up to 1.10 m), after 162 s, the temperature decrease is not uniform
concerning the distance from the centre, showing several peaks at certain points. Farther
from the surface (beyond 1.10 m), a constant section at 277.78 °C is evident, followed
by an increasing section with a maximum of 610.89 °C, and a decreasing section down
to 425.28 °C. At the end of the simulation, however, the trend is nearly constant around
660 °C, with brief intervals where peaks of 955 °C and lows of 543.75 °C are reached. As
seen in Figure 25, a constant temperature trend along the upper part of the vehicle (up to
1.10 m) is noticeable, due to a uniform decrease in the HRR. Unlike the SCANIA vehicle,
diesel fuel generates a broader heat distribution in the case of a fire, extending up to 1.60 m.
At moments when the thermal energy reduces (such as at 600 s), the temperature in the
section between 1.20 m and 1.50 m does not decrease compared to the measurements
recorded along the surface of the vehicle. The heat that had previously reached the top of
the tunnel (when the HRR was higher) descended along the vault, causing an increase in
temperature in the section between 1.20 m and 2.80 m. At the end of the simulation, the
temperature in this latter interval shows a non-uniform trend, depending on the HRR and
the heat present in the air.
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Figure 26. Air temperature near the vehicle surface, the SCANIA vehicle and the IVECO vehicle as a
function of the distance from the centre.

To understand the temperature behaviour along the line passing through the vehicle’s
surface, Figure 27 shows the temperature trends over time recorded by the probes closest
to and farthest from the vehicle.
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Figure 27. (a) Temperature of the IVECO vehicle near the surface and (b) far from the surface as a
function of time.

In the probes near the surface (a), a generally increasing trend followed by a decreasing
phase that ends at a constant average value in the last minutes of the simulation can be
observed. The maximum temperature reached (1206.26 °C) was recorded at 0.3 m from
the centre of the vehicle. Although average trends are evident in all the probes, the
heat generated by the diesel combustion reaction varies over time, causing temperature
oscillations in the graph. As seen in Figure 26, at 162 s, the temperature in the first 1.10 m
from the centre of the vehicle decreases after releasing the maximum possible thermal
energy, while at 600 s, a nearly constant value is reached for all probes. In the probes farther
from the surface (b), a generally increasing trend is observed, with greater oscillations
compared to those recorded by the probes closer to the vehicle. The maximum temperature
reached (1052.54 °C) was measured at 1.3 m from the centre of the IVECO vehicle. As seen
in Figure 26, at 162 s and 600 s, the temperature, starting from 1.30 m from the centre, varies
according to the HRR at that specific moment in time. Figure 28 shows the visibility in
the IVECO vehicle simulation at the different time instances considered. It is possible to
observe an increase in the amount of smoke inside the tunnel. Although the lower part of
the tunnel and the vehicle can be seen after 162 s (a), by the end of the simulation (b), the
visibility is zero. As in the case of the SCANIA vehicle, the increased smoke in the air poses
health risks to people that escape.

(a) (b)

Figure 28. (a) Smoke produced by the IVECO vehicle after 162 s and (b) after 600 s from the fire origin.

Figure 29 shows the smoke concentrations (reduction of visibility) measured in the
SCANIA and the IVECO simulations as a function of the distance from the centre. At the
end of the simulation, the maximum measured smoke concentration reduction of visibility
(93.89%) is higher than the SCANIA simulation (86.52%). The same observation holds
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at 162 s after the fire begins, where a maximum of 2.32% of pollutants is observed in the
IVECO simulation, compared to 0.37% found in the EV simulation. In addition to the
type of fuel used, the observed percentages also depend on the mass fractions adopted as
input parameters for soot and CO (0.025 kgco /kgguel and 0.035 kgsoot / kgl for an ICEV,
and 0.032 kgco/kgguer and 0.044 kgsoot /kguel for a BEV). Furthermore, after 600 s, the
pollutant gases from the diesel vehicle nearly occupy the entire tunnel (440 m compared
to the 380 m covered by smoke from the SCANIA). This results in decreased visibility
and an increased health risk. Unlike the simulation conducted on the SCANIA vehicle,
no significant instabilities were recorded in the IVECO vehicle analysis at the boundary
between the lateral meshes and the central mesh (60 m from the centre), preventing the
relative minima on the graph.
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Figure 29. Smoke concentration (reduction of visibility) in the tunnel due to the SCANIA and the
IVECO vehicles as a function of the distance from the centre.

3.3. SCANIA with Fans

From the maximum temperatures measured by the 2D probes (920 °C along x, 820 °C
along y, and 770 °C along z), those recorded along the surface of the vehicle (1271.89 °C),
and the high concentration of smoke produced (with a maximum concentration of 94.53%),
the IVECO vehicle was found to cause the highest impact related to human health and
the tunnel structure. The physical properties of the tunnel, useful for fan sizing, were
considered with an average air temperature on the surface of the conventional vehicle
equal to 700 °C (measured by the 1D and 2D probes). From Equations (8)—(12), the critical
air velocity was found to be 3.16 m/s, the total system loss was found to be 2670.81 Pa, and
the minimum power to be met was found to be 346.65 kW. To compensate for all losses and
to achieve the minimum power obtained, 12 AIRONN 710 jet fans were simulated, grouped
in pairs on the tunnel ceiling, spaced 129.78 m apart. These fans are 1.92 m long, 0.91 m
wide [44]. They are characterised by a flow rate of 14.9 m?/s, a single power of 30 kW, and
produce a net thrust of 670 N with an air velocity of 37.6 m/s. In addition to the geometric
characteristics and the airflow rate for sizing the fans in PyroSim, the last parameters to
be entered into the simulation are the activation time and the ramp-up time. Considering
that the temperature recorded at 162 s is high, it was assumed that the system would start
operating at a lower time. For this reason, a value of 60 s was chosen (the time at which
the maximum temperature on the surface of the IVECO vehicle reaches 700 °C). The time
interval between fan activation and reaching full fan speed is 20 s. Figure 30 shows the real
image (a) and the PyroSim representation (b) of the jet fan.
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Figure 30. (a) Image of an AIRONN 710 jet fan and (b) a reproduction of a pair of fans in PyroSim.

To assess the benefits that the ventilation system has on the tunnel in the event of a
vehicle fire, several parameters were measured and compared with the results obtained in
the case without fans. The time instances analysed are 150 s (50 s after the fans’ ramp-up
time is reached) and 600 s (end time of the simulation). Figure 31 shows the temperatures
measured on the ceiling as a function of the tunnel length, in the case where the fans are
present, and in the case where they are absent.
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Figure 31. Ceiling temperature of the SCANIA tunnel simulation (with and without fans) at different
time instances.

In Figure 31, no temperature variation can be observed at 150 s along the tunnel
from the beginning of the simulation. After 50 s from the activation of the fans at full
power, a slight temperature difference is observed at the centre (decreasing from 60.87 °C
to 52.06 °C), due to the intake of cold air along the top of the vehicle. After 600 s, the effect of
ventilation in the SCANIA simulation reduces the maximum temperature by about half (from
953.58 °C to 435.78 °C). The cold air introduced by the fans helps redistribute the thermal
energy released in the section between 460 and 900 m (the tunnel exit section), creating the
asymmetric distribution highlighted in the graph. This allows the first 460 m of the tunnel (the
entrance section) to maintain a temperature of 20 °C. Figures 32-34 show the temperatures
recorded by the 2D probes in the different planes of the computational domain.

Figures 32-34 highlight significant reductions in the maximum temperatures at the
end of the simulation. In the first figure, the temperature reaches a maximum of 520 °C
(compared to the 920 °C recorded in Figure 13) in a smaller area than in the case without
fans. In Figure 33, the heat displacement caused by the fans results in an asymmetric
distribution along the tunnel, with a maximum temperature of 520 °C (compared to 670 °C
recorded in Figure 14). In Figure 34, the position of the fans on the tunnel ceiling helps shift the
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heat upward, reaching higher temperatures (maximum of 570 °C), but still lower than those
measured in the base case (with a peak of 670 °C visible in Figure 15). Figures 35 and 36 show
the smoke distributions along the computational domain after 150 s and 600 s, respectively.

Figure 34. SCANIA vehicle 2D temperature (with fans) at Z = 4 m and 600 s of simulation.
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Figure 35. Smoke produced by the SCANIA vehicle (with fans) after 150 s of simulation.

Figure 36. Smoke produced by the SCANIA vehicle (with fans) after 600 s of simulation.

In Figures 35 and 36, an increase in smoke concentration (reduction of visibility) along
the tunnel is observed, due to the gradual increase in the combustion reaction rate over time.
After 50 s from the achievement of the ramp-up time, the elimination of the backlayering
phenomenon in the central fan is not noticeable. However, at the end of the simulation, no
black smoke is observed in the first 460 m (the tunnel entrance section), demonstrating the
correct sizing of the adopted fans and ensuring a comfortable environment with clean air.
Figure 37 shows the airflow velocity trends along the tunnel recorded by the 2D probe after
150 s and 600 s.

(@) (b)

Figure 37. SCANIA vehicle 2D velocity (with fans): (a) at Y = 6.158 m and 150 s of simulation; (b) at
Y = 6.158 m and 600 s of simulation.

Starting from the first 100 s (a) of the simulation (ramp-up time), the airflow velocity
near the fans reaches 7 m/s due to the input flow rate (14.9 m3/s). After 150 s, a decreasing
velocity trend is observed along the lower part of the tunnel (down to 0.7 m/s). This is
due to the height of the fans from the ground, which primarily displace air from the upper
layers, thereby affecting the lower layers, which are rich in smoke. The velocity observed
on the right side of the image (1.6 m/s) corresponds to the velocity recorded in the initial
sections at the tunnel entrance. At the end of simulation (b), the same trend as the previous
figure is evident, with an increase in velocity in the lower part (up to 1.6 m/s), determined
by the increase in smoke. The velocity recorded at the entrance is also higher (2.5 m/s), due
to a greater displacement of air around the adjacent fans.

4. Discussion

EVs have been designed to replace conventional vehicles to reduce pollutant emissions
in a particularly energy-intensive sector. Among these, large vehicles represent a greater
environmental hazard due to the high thermal energy released in the event of a fire. To
assess the risk, a CFD simulation was used to model the consequences of a thermal runaway
in a confined space, such as a highway tunnel. The analysis carried out on the 920 m long
Rimazzano Tunnel, with a simulation time of 600 s, revealed an increase in temperature
on the vehicle’s surface, reaching 1185.76 °C, and on the ceiling, peaking at 953.58 °C.
Moreover, the smoke produced reached its maximum at 200 m from the vehicle (86.52%),
spreading up to 380 m from the centre of the vehicle. Analysing the behaviour of a vehicle
with a diesel engine, with similar dimensions and weight to the EV, showed a maximum



Processes 2025, 13, 2435

28 of 32

temperature on the surface 6.77% lower and on the ceiling 33.70% lower compared to the
conventional vehicle (1271.9 °C and 631.9 °C, respectively). The maximum temperatures
measured on the surfaces of both vehicles do not fully comply with the standards defined
by studies on the fire risk of HGV ICEVs and BEVs. These studies report maximum tem-
peratures for a conventional car (800-1000 °C) [45-47] and for an EV (900-1100 °C) [43,48].
This difference is due to the materials involved and the combustion heat values and the
HRRpmax used, which result in different temperatures (such as the maximum found at the
centre of the IVECO ICEV at 1271.9 °C and that found at the centre of the SCANIA BEV at
1171.60 °C). By contrast, the maximum temperatures recorded on the ceiling fall within the
temperature ranges defined by the EUREKA 499—FIRETUN tests conducted on vehicle
fires in long tunnels [49]. According to this source, the maximum values reached on the
ceiling range from 200 °C to 1100 °C for the HRRmax values between 6 and 128 MW. The
maximum values found in the IVECO vehicle (631.90 °C with the HRR,,x of 27,081.9 kW)
and the SCANIA vehicle (953.58 °C with the HRRax of 20,866 kW) are therefore consistent
with the results highlighted by the research. The maximum smoke production of the electric
truck is 8.47% lower than the diesel truck (94.53%). The analyses also revealed a smoke
spread of up to 440 m from the conventional vehicle, reducing visibility and harming
the health of people escaping. Furthermore, implementing improvement strategies, such
as ventilation systems, offers additional benefits, such as directing the smoke towards
the tunnel exit, thereby minimizing respiratory damage to escaping people and reducing
the high temperatures recorded on the tunnel ceiling (by 54.32%), preventing structural
materials from melting, and allowing rescue operations to be carried out with a high level
of safety. The ventilation system complies with EU Directive 2004/54/EN, which applies to
all tunnels on the trans-European road network longer than 500 m (such as the Rimazzano
Tunnel), requiring the implementation of safety measures in the event of an incident to
ensure a minimum level of safety for road users [10]. Indeed, although a different value
(3.2 m/s) was used for the fan sizing, the input flow rate allowed a speed (7 m/s) that
surpassed the critical limit (3.16 m/s) and avoided smoke backlayering at the tunnel
entrance. This speed value falls within the range defined by the PIARC document
(6-8 m/s) [50], which identifies the range adopted for longitudinal ventilation, limiting the
damage that toxic substances can cause by interacting with the external environment. In this
study, at zero wind speed, the maximum smoke concentration was 80% (reduction of visibility).

5. Conclusions

This study provides qualitative insights into the fire dynamics of large electric and
conventional vehicles. The results indicate that electric vehicles produce comparable thermal
output to fossil fuel vehicles, though differences in smoke dispersion and visibility were ob-
served. The BEVs and ICEVs produce an HRR curve, which shows peak values of 20.87 MW
for the SCANIA BEV and 27.08 MW for the IVECO ICEV. While the ICEYV fire reaches a
slightly higher peak HRR, both vehicle types fall within the same order of magnitude. At
600 s, the maximum smoke concentration (visibility reduction) reached 93.89% for the ICEV
and 86.52% for the BEV, with smoke from the ICEV spreading over 440 m of the tunnel
compared to 380 m for the BEV. These results show some confrontation, and the need for
experimental tests to validate these results is emphasised. Current knowledge on toxic
emissions and fire behaviour in large BEV incidents remains limited, underscoring the need
for further research, particularly experimental validation. The effectiveness of the ventilation
system is demonstrated by the significant reduction in ceiling temperature and visibility.

Given the distinct fire safety implications across vehicle types, it is essential to adapt
and design fire scenarios accordingly. The findings also highlight the importance of imple-
menting advanced safety systems—such as ventilation, smoke control, and suppression
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technologies—within tunnel infrastructure. Future work should focus on real-scale fire sce-
narios and assess the performance of additional safety measures to support risk mitigation
in complex environments.
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Nomenclature

Symbol Unit Description

HGV Heavy Good Vehicle

BEV Battery Electric Vehicle

ICEV Internal Combustion Engine Vehicle

FDS Fire Dynamics Simulator

HRR kW Heat Release Rate

PM ppmv Particulate Matter in ppm by volume

50O, ppmv Sulphur Dioxide

NOx ppmv Nitrogen Oxides

EV Electric Vehicle

GHG Greenhouse Gas

EU European Union

WTW Well-To-Wheel

1IEA International Energy Agency

CFD Computational Fluid Dynamics

CAD Computer Aided Drafting

BIM Building Information Modelling

IFC Industry Foundation Classes

PHEV Plug-in Hybrid Electric Vehicle

VLES Very Large Eddy Simulation

NMC Lithium Nickel-Manganese—Cobalt Oxides

HRRPUA kW/m? Heat Release Rate Per Unit Area

NFPA National Fire Protection Association

PIARC World Road Association—Association Internationale Permanente
des Congres de la route (AIPCR)

CO, kg/kgrer Carbon Dioxide

CO kg/kgrer Carbon Monoxide

H kg/kgfer  Hydrogen

C3Hg kg/kgrer Propane

CH,4 kg/kgrer Methane

CsHg kg/kgrer Propylene

P g/cm? Density

t s Time

u m/s Velocity

m, kg/s/m3  Net Heat Flux

p Pa Pressure

g m/s? Acceleration

fy N External Force
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T N/m? Stress Tensor
h J/kg Enthalpy
q" W/m? Heat Per Unit Volume
aQ W/m? Energy for evaporation
q’ W/m? Heat Flux
€ W/m3 Dissipative function
Apurner m? Burner area
Ep Wh Battery capacity
D* m Characteristic Fire Diameter
Q kW HRRmax of the battery
Poo kg/ m?3 Air density
p kJ/kg- K Specific heat
Too K Ambient temperature
H K] /kg Heat of combustion
m kg Mass of the battery
Q K] Energy released
H m Tunnel height
W m Tunnel width
Pa kg/m3 Density of the ambient
Ly m Backlayering length
Prot Pa Total loss
P Pa Inlet loss
Ps Pa Wall friction loss
Pdir Pa Flow direction loss
Par Pa Flow area loss
Por Pa Orifice’s loss
Po Pa Outlet loss
Pp Pa Buoyancy loss
Pm Pa Meteorological loss
\Y% m3/s Flow rate
Ay m? Cross-section area
c m/s Air velocity
kW Power of the ventilation system
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