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Predicting the consequences of a NaTech event: occupational short-term inhalation risk

supported by advanced pollutant dispersion modelling.

ABSTRACT

In this work, a methodology for the preventive assessment of the risk associated with the
accidental inhalation of toxic substances at an industrial site is presented. The methodology
is based on a NaTech (Natural-Hazard Triggered Technological Accidents) sequence
modelling: event and site characterisation; simulation of the accidental release and pollutant
dispersion; and calculation of short-term risk, by averaging concentrations and comparing
them with the reference values proposed by the main occupational exposure organizations
worldwide. The proposed model is applied to a case study of a chemical company in central
Italy. A hypothetical vessel failure leads to a pool release, evaporation, and dispersion of
tetrahydrofuran. A pool evaporation model is applied, and the Lagrangian particle model
Parallel Micro-Swift Spray (PMSS) is used for dispersion modelling. The resulting
concentration fields show that the pollutant magnitude and distribution can vary depending
on wind speed and direction and atmospheric conditions. Concentrations decrease rapidly
with distance from the source, both horizontally and vertically. The maximum modelled
concentration of 596 mg m3 is recorded at the emission source. Inhalation hazard quotient
(HQ) is calculated against the threshold limit value - Short Term Exposure Limit (TLV-STEL =
295 mg m=3). HQ exceedances are reported at the emission source. No exceeding is reported
away from the source. The uncertainty on the calculated risk arises from considerations on
modelling choices, threshold limit values, and the correction method for short-term
concentration averaging. For the proposed general methodology, the presented model can

be applied with relatively limited calculation resources and practical applicability.
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INTRODUCTION

Natural disasters can have devastating effects on industrial infrastructure, leading to
technological accidents commonly referred to as NaTech events (Natural-Hazard Triggered
Technological Accidents). These events arise from the interplay between natural phenomena,
such as earthquakes, floods, and hurricanes, and technological incidents involving the release
of hazardous substances (Cruz & Suarez-Paba, 2019). The impact of NaTech events is
particularly significant in industrial settings where dangerous materials are present,
potentially resulting in accidental spills and the subsequent dispersion of pollutants that pose
serious risks to human health and the environment. In Europe, the Seveso-lll Directive
(Directive 2012/18/EU; European Commission, 2024) on the control of major-accident hazards
involving dangerous substances depicts the necessary framework for risk management
strategies aimed at preventing serious accidents and minimizing their effects. Depending on
the quantity of hazardous materials present, different safety regulations apply to different

sectors.

Historically, several significant NaTech incidents have underscored the need for improved
risk assessment and management strategies. Major accidents that have occurred on EU
territory are detailed in the MINERVA database (European Commission, 2024a). The European
Commission Joint Research Centre's Major Accident Hazards Bureau developed this portal

with the intention of giving users access to all available data on ongoing operations, pertinent
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publications, and resources for managing significant chemical dangers (Cangmin and Klauk,

2020).

The assessment of risks associated with NaTech events involves several challenges,
primarily due to the unpredictable nature of natural hazards and their cascading effects on
industrial operations. Natural hazards can cause rapid changes in environmental conditions,
leading to sudden releases of hazardous substances. Assessing the dispersion and impact of
such releases thus requires models that can handle high temporal and spatial variability
(Blocken et al., 2008). One of the most critical aspects of a NaTech event is the inhalation risk
posed to workers by toxic substances (Shafiei Moghaddam et al., 2023). Incidents that involve
the release of volatile chemicals can expose personnel to hazardous concentrations of
pollutants within very short time frames. Therefore, timely and accurate assessment of
inhalation risk is essential for protecting worker health and for emergency planning. Yet
traditional methods for inhalation risk assessment often fall short of providing the precise
evaluations needed in the dynamic and complex scenarios typical of NaTech events
(Krausmann et al., 2017). Traditional approaches may not adequately account for the intricate
and variable dynamics of airborne pollutant dispersion or the fluctuating environmental and
operational conditions at industrial sites. However, recent advancements in computational
modelling have significantly improved the ability to predict pollutant dispersion in complex
scenarios (Dou et al., 2022). High-resolution models, such as Computational Fluid Dynamics
(CFD) models and Lagrangian particle dispersion models, offer detailed insights into the
behaviour of pollutants in various environmental conditions. These models consider factors
such as wind speed and direction, temperature, topography, and building structures, to

accurately simulate the dispersion patterns of hazardous substances.
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Several studies have been published on the prediction of acute health risks consequent to
rapid and unexpected pollutant releases. All these studies have involved the integration of
dispersion and transport modelling with risk analysis. Hassan Bhat et al. (2021) carried out a
review describing different approaches for air pollution health risk assessment. The reported
studies differed in the scale of analysis or the applied tools. The majority of such studies have
been based on a local or regional scale—i.e., 10-100 km of domain extension (Malakan et al.,
2024; Karaca et al., 2021; Jones et al., 2023). Regarding modelling tools, AERMOD (Teggi et al.,
2018; Malakan et al., 2024), CALPUFF (Jones et al., 2023), HYSPLIT (Karaca et al., 2021), and a
modified Lagrangian model (Kocijan et al., 2023) have been used. Fewer studies have focused
on microscale dispersion (0.1 — 1 km of domain extension) and risk characterisation. To the

authors’ knowledge, none have been related to tetrahydrofuran.

Recent advancements in computational power and data availability have significantly
enhanced the capabilities of high-resolution dispersion models. However, several challenges
remain. One major issue is the uncertainty associated with model inputs, such as emission
rates, meteorological data, and exposure definition. At the microscale, following an accidental
release, the concentration of hazardous substance can reach high levels, especially in areas
close to the emission source. Downscale modelling is thus usually required to take into
account the effects of the terrain and buildings (Zhang & Wang, 2022). In previous research,
the impact of buildings on the spatial extension of hazardous concentration has been found
to be noteworthy (Rademaeker & Associazione Italiana di Ingegneria Chimica, 2012). For all
the above reasons, there is a need for a better integration of high-resolution pollutant

dispersion models with advanced short-term inhalation risk modelling techniques.

This study aims to address current research gaps in the field, in order to obtain a realistic

simulation of accidents within a reasonable timeframe in the case of complex study domains,
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characterised by constructed elements that interfere with the dispersion of released
substances. The innovative elements of this study are found in particular in the choice of the
type of model used (a microscale Lagrangian model based on the parameterization of
atmospheric variables), and the integration of dispersion calculation with risk analysis,
through the calculation of a concentration value which is representative of the acute exposure

period.

The objective of this work is thus to propose an integrated methodology for the preventive
assessment of the risk associated with the inhalation of a toxic substance (tetrahydrofuran) at
an industrial site, by workers, following an accidental spill and release caused by a NaTech
event. This study integrates predictive modelling and spatial mapping to enhance the
response and planning capacity of local authorities and communities. The aim is to promote a
more proactive and responsible management of technological risks, especially in the context
of climate change. The methodology is based on a first phase in which the event typology and
the industrial site (built elements, hazardous substances, meteorology etc.) are characterised.
Subsequently, the possible accidental releases are modelled, and the dispersion of the toxic
substances into the surroundings of the source and around the production site is simulated.
Finally, exposure levels can be combined with toxicological data to estimate the potential
health risks associated with the inhalation of the released substances. An innovative element
provided by the model is that it can estimate the risk considering any inhalation period, even
on timesteps smaller than the simulation timestep. To simulate the toxic dispersion, models
taking into account the possible presence of obstacles and constructed elements in the
surroundings of the emission source are considered. A short-term risk characterisation is
conducted by comparing the concentrations obtained with the reference concentrations

proposed by the main worldwide occupational exposure organizations. By providing timely
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and accurate estimates of pollutant concentrations, the proposed approach can enhance
emergency management strategies and worker health protection practices. The proposed
model was applied to a hypothetical preventive case study, corresponding to a chemical

company located in central Italy.

METHODOLOGY

Approach description

The workflow of the proposed methodology is presented in Figure 1. The approach involves
four phases: a first phase in which, following the triggering accident, the event typology,
source and substance involved are characterised; a second phase in which the accidental
release is modelled; a third phase in which the dispersion of the toxic substance into the
surroundings of the source and around the production site is simulated; and a fourth phase in
which exposure levels are combined with toxicological data to estimate the health risks
associated with inhalation of the released substances. To demonstrate the effectiveness of
the proposed methodology, a case study application is presented. The case study involves a
hypothetical NaTech event at a chemical manufacturing facility, triggered by flooding. The
event leads to the release of tetrahydrofuran, a volatile organic compound highly toxic to

human health, from a storage tank, with subsequent dispersion across the site.

Hazardous material characterisation

The amount and type of hazardous materials handled at the facility determine the degree of
risk. The substance could be chemical materials meant to be used in the manufacturing of
agricultural products (fertilizers, etc.) or pharmaceutical products, or it could be
petrochemicals such as tar or gasoline. Possible sources of data regarding substance toxicity

are provided by the American Conference of Governmental Industrial Hygienists (ACGIH;

Page 6 of 75

G20z aunf 2z uo 1sanb Aq 2Z1¥918/€L0JelA/WESIUYEB0L 0 L/I0P/3I0IUE-00UBADE/WES]/WOY"dNO"DIWSPEDE//:SA)Y WO} PAPEOJUMOQ



Page 7 of 75

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

Integrated Environmental Assessment and Management

American Conference of Governmental Industrial Hygienists, 2024), the National Institute for
Occupational Safety and Health (NIOSH; National Institute for Occupational Safety and Health,
2024), the Occupational Safety and Health Administration (OSHA; Occupational Safety and
Health Administration, 2024), the European Commission Scientific Committee on
Occupational Exposure Limits (SCOEL; European Commission, 2024a), SafeWork Australia
(SafeWork Australia, 2024), and the UK Control of Substances Hazardous to Health (COSHH;

United Kingdom Government, 2024).

Material release

In the release phase of modelling, the source term is defined. The amount and physical
characteristics of the emitted hazardous material, such as temperature, pressure, release
duration, and substance state, are included in this characterisation (Fabbri & Wood, 2019).
The status and characteristics of the released material (such as compressed gas, liquefied-
pressurized gas, non-boiling liquid, etc.), as well as the damage processes (such as vessel
rupture, hole failure) are intimately associated with the source term (Fabbri & Wood, 2019).
While pressurized liquid releases are complicated and involve a two-phase flow, compressed
vapor releases often occur in the gaseous phase (European Commission Joint Research Centre,
2017). Following the release, the pressure decreases to the ambient level (Houf & Winters,
2013). Following dilution, the buoyancy is low when the density of the expelled plume
approaches that of the ambient environment. Stable stratification brought on by density may
inhibit vertical turbulence mixing for substances with a higher density, making it more difficult
for the ambient turbulence to reach the dense gas plume and thus preventing the plume from
dissipating (Zhang and Wang, 2022). Moreover, the substance may be subject to gravity-

driven flow, causing it to follow the topography rather than the ambient wind. In the release
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model of densely liquefied gases, temperature is therefore a crucial parameter (Koopman &

Ermak, 2007).

Atmospheric dispersion

After the release, the atmospheric transport of hazardous substances is influenced by
turbulence scale. At the microscale, near the source, thorough characterisation of the
turbulence structure is necessary for a proper evaluation of the transport. Advection and
diffusion are the main processes involved in the atmospheric transport of hazardous
pollutants, and they are influenced by a variety of climatic factors such as wind direction,
atmospheric stability, height of the atmospheric boundary layer, and precipitation. Various
methods, including Gaussian plume, Lagrangian puff and particle, chemical transport models
(Zhang & Wang, 2022), and computational fluid dynamics (CFD), have been developed to
simulate the atmospheric dispersion of hazardous pollutants. In most cases, downscale
modelling is necessary to account for the effects of infrastructure and terrain. Applications
include the GRAMM-GRAL model (Berchet et al., 2017), the Parallel Micro-Swift Spray (PMSS)
model (Oldrini et al., 2017), the Simulator fOr Wind Farm Applications (SOWFA) (Fleming et
al., 2017), and the Quick Urban & Industrial Complex (QUIC) Dispersion Modeling System
(Gowardhan et al., 2011). The use of a Lagrangian particle model seems a good trade-off
between the need for efficient computational cost versus accounting obstacles (Trini Castelli
et al., 2018). More details about these models can be found in any systematic review study

(e.g. Markiewicz, 2012).

Another crucial aspect in preventive consequential analysis is the selection of
meteorological and atmospheric data on which the simulation of the accident is based. Such
data must reflect the most critical conditions with respect to pollutant dispersion—the ideal

ones being a stable atmosphere and low wind velocity. Two different approaches can be
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adopted in this phase: using and elaborating existing datasets, or generating synthetic time
series. Because meteorological conditions are typically uniform within the horizontal scale,
meteorological observations from a monitoring site can be used to estimate atmospheric
dispersion in the first scenario, provided the simulation is based on available data and the

horizontal scale is constrained (Zhang and Wang, 2022).

Meteorological and geophysical data of the domain can be processed by means of
dedicated models, which provide characteristic parameters describing atmospheric
conditions. The most important is the Monin-Obukhov length (Ly), a fundamental parameter
in micrometeorology, used to describe conditions of atmospheric stability or instability within
the boundary layer (Monin and Obukhov, 1954). The Monin-Obukhov length indicates the
vertical distance above the Earth’s surface at which heat and momentum fluxes have
equivalent effects on turbulence production. Atmospheric stability conditions can be derived
based on the sign and value of Ly,. In the second case (generation of synthetic dispersion
parameters), a number of different methods have been proposed, although it is difficult to
make precise predictions about local wind direction, speed, and atmospheric stability. The
most widely used methods for forecasting future winds and other meteorological parameters
with ever-increasing spatial and temporal resolution are numerical weather prediction (NWP)
models (Perne et al., 2021; Grasic et al., 2018). Alternative methods for obtaining local wind
signal values at the site of a portable meteorological station have been proposed based on
artificial neural networks (Torrontegui & Garcia-Ripoll, 2019), fuzzy models (Pal et al., 2018),

and Volterra models (Carini et al., 2018).

Risk characterisation

In the standard approach for short-term toxicity assessments, risk R can be evaluated by

calculating hazard quotients (HQ) for individual contaminants. A hazard quotient is the ratio
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of the exposure concentration (EPC) to a reference concentration (RfC), multiplied by an

exposure factor EF (Equation 1; U.S. Environmental Protection Agency, 2024b).

EPC
R = R—fCEF (D

The inhalation RfC is the concentration of a pollutant in air, that is unlikely to cause toxic
harmful effects for the specified duration of exposure. The RfC selected must be appropriate
for the exposure duration. If the HQ calculated is equal to or less than 1, toxic adverse health

effects are not expected to result from exposure to the pollutant (Ravina, Facelli, et al., 2020).

Occupational exposure limits are mostly defined for full shift (8-hour) exposure because of
concerns about the long-term health impacts of exposure to airborne contaminants. A full
shift exposure level can be utilized to determine acute exposure estimates (Maidment, 1998).
The fact that most exposure distributions tend to be lognormal and that the geometric mean
(GM) and geometric standard deviation (GSD) of such distributions with varying averaging
periods are related serves as the foundation for extrapolating full shift exposure estimates to
acute ones (National Institute for Health, 1994). For the assessment of the impact caused by
toxic pollutants, the average concentration over short time intervals, on the order of minutes,
should be used. However, since most legislation and some dispersion models deal with hourly
average concentrations, a method for deriving short-term mean from hourly mean must be
applied. Several alternative techniques have been developed and presented. The most widely
used techniques designed to overcome this limitation are those calculating the peak-to-mean
ratio or factor and using the power law function (Melo et al., 2023). Peak-to-mean factors are
extensively applied to odour dispersion problems (Ravina, Bruzzese, et al., 2020). Brancher et
al. (2020) compared three alternative formulations of the peak-to-mean approach: a constant

factor of 4, an empirically based peak-to-mean procedure, and a concentration-variance
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computation. This last has shown better consistency with experimental measurements,
although with higher applicative complexity. A simple and relatively consolidated approach

involves the use of a power law function, according to:

fan=()

(2)

where C(A7) is the average concentration over the resolution time AT (seconds or minutes),
and C(AT) is the average concentration over a longer time AT (typically one hour). The value
of the exponent n for mean times of 1 hour or less appears to be mainly influenced by the
height of the source and by atmospheric stability. The n values derived from field data show
a range of 0.2-0.5 for ground-level sources and 0.12-0.7 for elevated sources (Bartzis et al.,

2008).
Case study

A chemical production industry located in central Italy was selected as a case study. The
accident proposed in the study aims at preventively assessing the possible dynamics of a real
NaTech reported in the database on an existing industrial site. Given the available data, the
dynamics of the accident (sequence and typology) were reproduced from an original event,
while the site of occurrence and meteorology were chosen arbitrarily. The industrial complex
covers an area of approximately 145,000 m2. It is primarily oriented in the
northwest/southeast direction, with an approximate extension of 450 metres. The buildings
within the complex house production facilities, including several tanks containing solvents
with varying levels of hazard. The structure is located 20 km from the sea, on predominantly

flat terrain (Figure 2).

To simulate the dynamics of the triggering event, the eMARS (Major Accident Reporting

System) database (European Commission, 2024b) was used. The eMARS database collects
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information on accidents and accident-free situations in the European Union through a mixed
mandatory and voluntary reporting system. The records provide detailed descriptions of
accidents, including information on the facility and substances involved, along with the causes,
consequences and response procedures. The triggering natural event occurred on August 15,
2002. As a secondary consequence of the flooding event, an ethylbenzene storage tank was
seriously damaged. Solvent leakage subsequently occurred, resulting in the solvent’s release
into the atmosphere. In this study, ethylbenzene was replaced with tetrahydrofuran, to

evaluate the consequences of the release of a highly volatile and toxic substance.

The storage tank damaged by the NaTech event has a cylindrical geometry (diameter 15 m,
height 9 m). It is placed within a containment basin of square footprint (height 2 m, side length

30 m). The tank was filled to 80% capacity with tetrahydrofuran (Figure 2).

Tetrahydrofuran, also known as oxolane, is a cyclic ether that contains one oxygen and four
carbon atoms. It functions as a solvent that is polar and aprotic. It belongs to the family of
volatile organic compounds, cyclic ethers, saturated organic heteromonocyclic parents, and
oxolanes. It is a low-viscosity, colourless, organic liquid that dissolves in water. Its primary
application is as a precursor to polymers. Tetrahydrofuran is a multipurpose solvent since it is
polar and has a broad liquid range. The main properties of tetrahydrofuran are reported in
Table 1. Exposure to tetrahydrofuran can cause a number of different symptoms depending
on the route of exposure. In case of inhalation, symptoms include coughing, a burning
sensation in the throat and chest, dizziness, headache, nausea and loss of consciousness.
Prevention involves the use of ventilation, localized suction or respiratory protective

equipment (Dannan, 2015).

Release model and evaporation model
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In the case study, the release of tetrahydrofuran in a liquid state and subsequent evaporation
was simulated. The tank was not under pressure. The release occurred at the bottom of the
tank, in correspondence of the rupture of an emptying pipe of 100-mm diameter. The solvent
spilled into the containment basin, forming a pool that evaporated and dispersed into the
surroundings. It was assumed that the containment basin was empty at the time of release,
and therefore not directly affected by the meteorological phenomenon (i.e. no solvent
dilution due to the presence of water). For the modelling of release dynamics, the approach
proposed by (van den Bosch, 2005) was applied. MathWorks Matlab® (Mathworks Inc., 2024)

was used as the modelling tool.

The mass flow rate of a discharge is governed by hydraulic pressure, which depends on the
liquid level in the tank. The model was based on mass balance solving, adopting an iterative

numerical procedure. The initial liquid volume and mass were calculated as:

Qr1=@*V=xp, (3)

Vii=0Q11/pL (4)

where Q 1 is the initial mass of liquid contained in the vessel [kg], ¢ is the filling degree [m3
m-3], Vis the vessel volume [m3], and p; is the liquid density [kg/m3]. The Bernoulli’s
equation was employed for calculating the mass flow rate, neglecting the initial velocity of

the liquid in the container:

qs=Cq*Ap*+/(2(P—Py) * py, (5)
P=P,+ P, (6)

Pp=pL*g*hy (7)
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where A, is the cross-sectional area of the hole [m?], C, is the discharge coefficient [-], g is
the gravitational acceleration [m s2], h; is the liquid height (relative to the vessel base) [m], P
is the total pressure at the opening [N m], P;, is the (hydraulic) liquid pressure [N m2], P, is
the external pressure above liquid [N m2], Pa is the atmospheric pressure [N m2], and q; is
the mass flow rate [kg s]. A time step 6t was defined by freely choosing Ny, and for each time

step, the differential mass released §Q was calculated:

ot = tend/Nt (8)

6Q = —qs,; * Ot (9)

The liquid content decrease was calculated as:

5Q
V=" (10)

Thus, obtaining the liquid volume at the time step i+1:

Viig1 =V + 6V, (11)

Based on the tank geometry, the new liquid level inside the tank was calculated:

6hL = 6VL/AL‘1' (12)

hiiv1=hy; + 6hy (13)

where A4, ; is the tank area. Iteration stopped when the liquid height was lower than the hole

height.

In conjunction with the tank emptying process, code was implemented to simulate the
evaporation of the solvent mass that accumulated in the containment basin. The

evaporation of the liquid was assumed to start simultaneously with the liquid’s settling in
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the containment basin. Consequently, the mass of the pool at each time step i was

replenished by the mass of liquid released from the tank at the time step i-1:

Mpool,i = Mpool,i—l + Mreleased,i—l - Mevaporated,i—l (14)
It was assumed that the liquid instantly covered the entire surface of the collection basin.

The mass flow rate of evaporation q;', was calculated using the mean of the mass transfer

coefficient and the vapor concentration at the liquid surface of the basin.
@y =k * C; (15)

where c; is the concentration component i [kg m3], k,,,is the mass transfer coefficient [m s!],
and q; is the vaporisation mass flux [kg m2:s)]. The mass transfer coefficient k,, was

calculated with the model proposed by Kawamura and Mackay (1987):

—0.11
K = Congam * U % (2% 7,) % Sc=067 (16)

where Cygmis a coefficient equal to 0.004786 [m®33 s0-22], ris the radius of the liquid pool
[m], uy, 10 is the wind speed at standard 10-metre height [m s], and Sc is the Schmidt number
[-]. Generally, for gases and vapours, the Schmidt number (Sc) is approximately equal to 0.8.

To calculate c;, the Antoine equation was used.
Dispersion modelling

To simulate the dispersion of pollutants in the atmosphere, the Parallel Micro-Swift Spray
(PMSS) code, developed by Arianet, was used (Oldrini et al., 2017). Parallel Micro-Swift Spray
is @ micro-scale modelling system based on the use of three-dimensional Lagrangian particle
modelling for the simulation of the transport and dispersion of pollutants with the possibility
of conducting simulations in generally shorter time frames than those required by more

complex Computational Fluid Dynamics models (Oldrini & Armand, 2019). The system consists
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of PSwift, a diagnostic meteorological pre-processor based on the principle of minimizing the
divergence of the velocity field, which includes semi-empirical parameterizations to reproduce
the effects of wakes and recirculation induced by the presence of buildings. It also includes
the parallel and micro-scale Spray Lagrangian particle dispersion model. The code is
parallelizable, meaning it can perform operations in parallel on computers or computer

networks in a distributed memory configuration using the MPI protocol (Oldrini et al., 2017).

In the case study, the spatial domain considered for the analysis of dispersion consisted of
a grid of 560 x 450 m, with cells of 2-m sides (281 x 226 points). This horizontal resolution was
chosen to obtain a good representation of the built elements present at the site. Weather
data provided by a meteorological monitoring station located 6 km west of the industrial site,
with hourly resolution, were used. Meteorological data included the following parameters:
wind speed and direction, solar radiation, temperature, atmospheric pressure, and
precipitation. Meteorological data were pre-processed with PSwift and Surfpro models to
obtain wind fields and dispersion parameters. The presence and shape of building elements
were also introduced in PSwift to assess the perturbation to the flow (wake and recirculation
effects) caused by their presence. As meteorological data from the year 2002 were not
available, data from 2021 were used. However, the most critical dispersion conditions were
considered, analysing ambient temperature and the Monin-Obukhov length. A period
including low ambient temperature (limited convection) and both stable and unstable
atmospheric conditions (positive and negative values of Ly,) was selected, and dispersion was

simulated based on such conditions.

Short-term risk calculation

In the present study, only the short-term inhalation risk was considered, given the rapid

dynamics of the release event. Indeed, it is unlikely that such an event would result in
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prolonged exposure to the toxic substance, as the plant would be evacuated. The risk is
therefore assumed to be solely related to short-term exposures due, for example, to the

period prior to evacuation or the activity of emergency response personnel.

Short-term inhalation risk was calculated using the mean of Equation 1. The exposure factor
EF was assumed equal to unity, assuming the constant presence of workers who intervened
to mitigate the incident. To evaluate the short-term inhalation risk, concentration fields were
compared to the threshold limit values proposed by the ACGIH. The TLV-STEL (Threshold Limit
Value - Short Term Exposure Limit) was considered (American Conference of Governmental
Industrial Hygienists, 2024). The TLV-STEL is the limit for short exposures, representing the
average concentration that can be tolerated for a maximum of 15 minutes, no more than four
times a day, with at least one hour between exposure periods. The recommended TLV-STEL
for tetrahydrofuran is 100 ppm (295 mg m3). In dispersion modelling, concentration averaging
depends on the time resolution of meteorological input, which for this scale of analysis is
usually hourly. For this, concentration values must be corrected to take into account the
possibility that a shorter-period (15 minutes) mean could be higher than a 1-hour mean. In
the specific case, 15-minute mean concentrations were calculated with Equation 2. A value of
0.3 was assigned to the exponent n, resulting in a multiplying factor of 1.52. According to
Bartzis et al. (2008), n=0.3 is reasonable based on past experience. Thus, for risk calculation,
1-hour mean concentration fields were multiplied by a factor of 1.52. It must be noted that
Equation 2 presents inconsistencies when At becomes very large and thus C(At) tends to
zero, and hence corrections need to be applied according to Bartzis et al. (2008). However, in

this specific case, At is limited; thus this relation can be applied without corrections.

RESULTS
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The accidental event consisted in the failure of a storage vessel containing tetrahydrofuran,
and the consequent release of the substance. From the onset of liquid release, a pool formed
in the containment basin. Some of the liquid continued to spill from the tank into the
containment basin, while a portion of that already in the basin began to evaporate. The pool
volume initially increased, as the tank release rate exceeded the rate of evaporation. After the
complete emptying of the tank, the liquid kept evaporating from the pool. Complete pool
evaporation occurred within approximately 24 hours. The evaporation rate was subject to
variations depending on environmental conditions, such as wind speed and atmospheric
temperature. The whole event included periods of both stable and unstable atmospheric
conditions. The mass flow of tetrahydrofuran released from the vessel, and the evaporation

rate, are reported in Figure 3.

From the simulations conducted using the pre-processors PSWIFT and SURFPRO, hourly
wind fields and turbulence parameters were obtained. These data were generated taking into
account the configuration of buildings in the area under consideration. Wind fields at two
hours into the event, corresponding to stable and unstable atmospheric conditions, are
represented in Figure A.1 (Supporting information). Induced disturbance of constructed
elements to the airflow is clearly visible. Under stable atmospheric conditions, the prevailing
wind direction is NE. Wind speed is low, and some areas of stagnation can be seen in the areas
most heavily surrounded by built elements. At the same time, restrictions between buildings
cause a local increase of air speed. In unstable atmospheric conditions, the prevailing wind
direction is SW and wind speed is higher. The direction of the flow changes only in areas mostly

enclosed by buildings. The wake effect of built elements is also clearly visible.

Two maps of the hourly mean concentration of tetrahydrofuran, one for stable and one for

unstable atmospheric conditions, referring to a height of 2 metres above the ground, were
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generated (Figure 4). As reported in the previous section, 1-hour concentration fields were
multiplied by a factor of 1.52 to apply a correction for the duration of short-term exposure (15
minutes). Figure 4 shows that the tetrahydrofuran concentration within the appurtenances of
the industrial area is between 0 and 596 mg m-3 for both stable and unstable conditions. The
concentration decreases rapidly with distance from the source. The direction of the plume is
strictly correlated with the main wind. Also, areas of pollutant accumulation are visible near
the buildings, caused by recirculation phenomena occurring in the air flow field. As expected,

the mean concentration is higher during stable conditions.

Vertical profiles of tetrahydrofuran concentration, in correspondence with two points close
to the emission source, are reported in Figure 5. Figure 5 shows that concentrations peak at
the source height, then decrease exponentially to a negligible value at around 12 - 14 metres.
At point A (downwind in stable atmospheric conditions) concentrations are higher than at
point B (downwind in unstable atmospheric conditions), probably due to different wind
speeds. Between 2 and 4 metres of height, concentrations are higher in the case of stable
atmospheric conditions, while between 4 and 9 metres they are higher in the case of unstable

conditions. At point B, concentrations are always higher in the case of stable concentrations.

Maps of inhalation risk for stable and unstable conditions are reported in Figure 6. It is
recalled that the TLV-STEL is the limit for short exposures, representing the average
concentration that can be tolerated for a maximum of 15 minutes, no more than four times
a day, with at least one hour between exposure periods. For tetrahydrofuran, this limit is set
at 100 ppm (American Conference of Governmental Industrial Hygienists, 2024). Also, the
standard criteria for non-carcinogenic risk assessment provide that risk is acceptable when

the HQ value is less than one.
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The results show that the inhalation risk is negligible from around 10 metres distance from
the source. However, the limit of HQ>1 is exceeded frequently during the event. A map of
the limit exceedances is reported in Figure 7. This figure shows the spatial distribution and
frequency of risk exceedances during the entire event. Risk limit is exceeded as much as 21
times, but only in correspondence with the release area. Absolute maximum concentration
is reached in the first hour of the event and is 596 mg m3. At every time step of the
simulation, maximum concentration is detected inside the perimeter of the source. In the
remainder of the area, concentration quickly decreases with distance from the source, and
the HQ is below unity.

DISCUSSION

In the specific case study, the results show that the accidental event triggered by a NaTech
does not generate a relevant risk for the inhalation of tetrahydrofuran, despite the TLV-STEL's
being exceeded at certain times in correspondence with the source. The case study presented
is intended to be a means of showing the applicability of the general methodology. The
variables involved are many and could have a significant effect on the potential risk to
workers. For the same geometric and topographical configuration of the site, the
characteristics of a released substance (especially density and volatility) could greatly
influence the duration and effects of the release. Less volatile substances would evaporate
more slowly, resulting in less transport to the atmospheric compartment. For example, if
under the same conditions the released substance had been methyl ethyl ketone (p=805 kg
m-3; TLV-STEL=150 ppm), the pool evaporation of the substance would have lasted 46 hours.
If, on the other hand, it had been ethylbenzene (p=866 kg m=3; TLV-STEL=200 ppm), the
evaporation of the puddle would have lasted as long as 34 days, presumably allowing

intervention for the containment of the release prior to evaporation. Similar considerations
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can be made for the type of release (Qingchun & Laibin, 2011) taking into account that, as
reported by Jain et al. (2017), the dynamics of an accident could be extremely complex and
difficult to predict. The integration of a model for dynamic risk analysis, as suggested by

Paltrinieri and Reniers (2017), might also be appropriate.

The adoption of different reference databases for exposure limits may also have a
significant influence on the final result. In the present case, two different short-term exposure
limit values were reported, one twice as high as the other. Had the less restrictive one (250
ppm or 735 mg m3 proposed by NIOSH) been applied, the number of exceedances would have
decreased to zero. Similarly, discussion is still open in the scientific community on the most
appropriate approach to follow for correcting average concentration values over short time
periods. In particular, there is a need to choose approaches for calculating peak-to-mean that
are sufficiently rigorous but relatively simple to apply in terms of time and data availability

(Brancher et al., 2020).

With regard to the proposed general methodology, it is necessary to work on subsequent
refinements in order to, at the same time, ensure sufficiently general applicability and reduce
the uncertainties associated with each individual operational step. This approach is followed
at present, particularly for large-scale major accidents, i.e. involving spatial scales on the order
of several km (Benamrane et al., 2013). For example, the Accident Damage Assessment
Module (ADAM), developed by the Joint Research Centre of the European Commission
(European Commission. Joint Research Centre., 2017), and the BenMap-CE tool (Malakan et
al., 2024), are two of the most consolidated models that can be applied at this scope. On the
other hand, for micro-scale accidents in the working environment, a comprehensive and

general methodology still needs further development. In this context, the present work
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suggests a model that can be applied with relatively low costs in terms of data and calculation

time.

In the present study, the simulation of the dispersion during the entire event took
approximately 1.5 hours on a 48-core parallel scheduler (1 GB/core). Even though the
computational time of the PMSS model has been observed to be significantly lower than CFD
models, the need to simulate the accident and intervene in a short time requires that the

computational time be further reduced.

Finally, the prediction of possible side effects at the microscale due to NaTech events must
be more closely integrated into the QRA (quantitative risk analysis) procedures applied to
industrial processes, both within the scope of the Seveso lll directive (Necci et al., 2015) and
for non-Seveso plants, such as small and medium enterprises, that can be potentially affected

by accidents (Gajek and Michalik, 2013).

CONCLUSIONS

The proposed methodology has significant implications for emergency management in
industrial settings. By providing rapid and high-resolution inhalation risk assessments, the
methodology can support decision-making before the occurrence of NaTech events, enabling
more effective protective measures for workers. Industrial facilities can use the methodology
for scenario planning and training, improving preparedness for potential NaTech events. The
presented model can be applied with relatively limited resources in terms of data and
calculation time. It combines precision, timeliness, and practical applicability. The application
of a Lagrangian particle model capable of simulating the presence of buildings in the
dispersion area allows a detailed screening of the possible dispersion pathways under varying

meteorological conditions, with lower computational effort and comparable precision,
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compared to computational fluid dynamics. The general approach needs to be tested
extensively and integrated with analysis of NaTech event dynamics and existing consolidated
methodologies for quantitative risk analysis. With further development and validation, this
methodology could become an important tool for health protection in industrial sites, faced
with the many challenges of climate change. Continued research and technological
advancements in this field will be essential for improving our preparedness and response to
the complex effects posed by NaTech events. Future research should focus on improving
model integration and reducing uncertainties. Moreover, there is a need for interdisciplinary
collaboration to enhance the applicability of these models across different industrial sectors

and geographical regions.
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FIGURE CAPTIONS

Figure 1. Methodology workflow

Figure 2. Plan view of the industrial settlement

Figure 3. Tetrahydrofuran cumulated spill and evaporation during the release event. Air
temperature and wind speed are also reported. For better graphic visualization, wind speed

observations are multiplied by a factor of 10.

Figure 4. 15-minute mean tetrahydrofuran corrected concentration during a) stable
atmospheric conditions, and b) unstable atmospheric conditions. This concentration map was
obtained by multiplying 1-hour mean modelled concentration by a factor of 1.52. Different
meteorological and atmospheric conditions significantly affect plume direction and horizontal

spread.

Figure 5. Vertical profiles of tetrahydrofuran concentration in two arbitrarily selected
locations close to the emission source. The positions of receptors A and B are reported in the

figure onset. Concentration module decreases rapidly with height.

Figure 6. Short-term inhalation hazard quotient map in a) stable, and b) unstable atmospheric
conditions. Hazard quotient approaches unity (red colour, indicating non-negligible risk) only

in close proximity to the release source.

Figure 7. Position and frequency of exceedances of the threshold limit value during the entire
event. Numbers indicate the times (number of hours) the limit was exceeded during the entire

event, which lasted 25 hours.
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TABLE CAPTIONS

Table 1. Properties of tetrahydrofuran (Dannan, 2015)
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Figure 1. Methodology workflow.
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Figure 3. Tetrahydrofuran cumulated spill and evaporation during the release event. Air temperature and
wind speed are also reported. For better graphic visualization, wind speed observation are multiplied by a

factor of 10.
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Figure 4. 15-minutes mean tetrahydrofuran corrected concentration during a) stable atmospheric conditions,
and b) unstable atmospheric conditions. This concentration map was obtained by multiplying 1-hour mean
modelled concentration by a factor of 1.52. Different meteorological and atmospheric conditions affect
significantly plume direction and horizontal spread.
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Figure 5. Vertical profiles of tetrahydrofuran concentration in two arbitrarily selected position close to the
emission source. The position of receptors A and B is reported in the figure onset. Concentration module
decreases rapidly with height.
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Figure 6. Short-term inhalation hazard quotient map in a) stable, and b) unstable atmospheric conditions.
Hazard quotient approaches unity (red color, indicating non-negligible risk) only in close proximity of the
release source.
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Figure 7. Position and frequency of exceedances of the threshold limit value during the whole event.
Numbers indicate the times (number of hours) the limit was exceeded during the entire event, that lasted
25 hours.
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Formula C,HgO
Molecular weight (g mol?) 72.1057
CAS number 109-99-9
Density at 25°C (g ml?) 0.881
Henry's law constant for solubility in water at | 14

25°C (mol kg?* bar?)

TLV-STEL (ppm) 100
NIOSH REL (ppm) 250
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