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1

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

3 supported by advanced pollutant dispersion modelling.

4 ABSTRACT

5 In this work, a methodology for the preventive assessment of the risk associated with the 

6 accidental inhalation of toxic substances at an industrial site is presented. The methodology 

7 is based on a NaTech (Natural-Hazard Triggered Technological Accidents) sequence 

8 modelling: event and site characterisation; simulation of the accidental release and pollutant 

9 dispersion; and calculation of short-term risk, by averaging concentrations and comparing 

10 them with the reference values proposed by the main occupational exposure organizations 

11 worldwide. The proposed model is applied to a case study of a chemical company in central 

12 Italy. A hypothetical vessel failure leads to a pool release, evaporation, and dispersion of 

13 tetrahydrofuran. A pool evaporation model is applied, and the Lagrangian particle model 

14 Parallel Micro-Swift Spray (PMSS) is used for dispersion modelling. The resulting 

15 concentration fields show that the pollutant magnitude and distribution can vary depending 

16 on wind speed and direction and atmospheric conditions. Concentrations decrease rapidly 

17 with distance from the source, both horizontally and vertically. The maximum modelled 

18 concentration of 596 mg m-3 is recorded at the emission source. Inhalation hazard quotient 

19 (HQ) is calculated against the threshold limit value - Short Term Exposure Limit (TLV-STEL = 

20 295 mg m-3). HQ exceedances are reported at the emission source. No exceeding is reported 

21 away from the source. The uncertainty on the calculated risk arises from considerations on 

22 modelling choices, threshold limit values, and the correction method for short-term 

23 concentration averaging. For the proposed general methodology, the presented model can 

24 be applied with relatively limited calculation resources and practical applicability.
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25 KEYWORDS: hazardous pollutants; inhalation risk; pollutant dispersion; industrial accidents; 

26 health risk

27

28 INTRODUCTION

29 Natural disasters can have devastating effects on industrial infrastructure, leading to 

30 technological accidents commonly referred to as NaTech events (Natural-Hazard Triggered 

31 Technological Accidents). These events arise from the interplay between natural phenomena, 

32 such as earthquakes, floods, and hurricanes, and technological incidents involving the release 

33 of hazardous substances (Cruz & Suarez-Paba, 2019). The impact of NaTech events is 

34 particularly significant in industrial settings where dangerous materials are present, 

35 potentially resulting in accidental spills and the subsequent dispersion of pollutants that pose 

36 serious risks to human health and the environment. In Europe, the Seveso-III Directive 

37 (Directive 2012/18/EU; European Commission, 2024) on the control of major-accident hazards 

38 involving dangerous substances depicts the necessary framework for risk management 

39 strategies aimed at preventing serious accidents and minimizing their effects. Depending on 

40 the quantity of hazardous materials present, different safety regulations apply to different 

41 sectors.

42 Historically, several significant NaTech incidents have underscored the need for improved 

43 risk assessment and management strategies. Major accidents that have occurred on EU 

44 territory are detailed in the MINERVA database (European Commission, 2024a). The European 

45 Commission Joint Research Centre's Major Accident Hazards Bureau developed this portal 

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

48 2020).

49 The assessment of risks associated with NaTech events involves several challenges, 

50 primarily due to the unpredictable nature of natural hazards and their cascading effects on 

51 industrial operations. Natural hazards can cause rapid changes in environmental conditions, 

52 leading to sudden releases of hazardous substances. Assessing the dispersion and impact of 

53 such releases thus requires models that can handle high temporal and spatial variability 

54 (Blocken et al., 2008). One of the most critical aspects of a NaTech event is the inhalation risk 

55 posed to workers by toxic substances (Shafiei Moghaddam et al., 2023). Incidents that involve 

56 the release of volatile chemicals can expose personnel to hazardous concentrations of 

57 pollutants within very short time frames. Therefore, timely and accurate assessment of 

58 inhalation risk is essential for protecting worker health and for emergency planning. Yet 

59 traditional methods for inhalation risk assessment often fall short of providing the precise 

60 evaluations needed in the dynamic and complex scenarios typical of NaTech events 

61 (Krausmann et al., 2017). Traditional approaches may not adequately account for the intricate 

62 and variable dynamics of airborne pollutant dispersion or the fluctuating environmental and 

63 operational conditions at industrial sites. However, recent advancements in computational 

64 modelling have significantly improved the ability to predict pollutant dispersion in complex 

65 scenarios (Dou et al., 2022). High-resolution models, such as Computational Fluid Dynamics 

66 (CFD) models and Lagrangian particle dispersion models, offer detailed insights into the 

67 behaviour of pollutants in various environmental conditions. These models consider factors 

68 such as wind speed and direction, temperature, topography, and building structures, to 

69 accurately simulate the dispersion patterns of hazardous substances. 
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70 Several studies have been published on the prediction of acute health risks consequent to 

71 rapid and unexpected pollutant releases. All these studies have involved the integration of 

72 dispersion and transport modelling with risk analysis. Hassan Bhat et al. (2021) carried out a 

73 review describing different approaches for air pollution health risk assessment. The reported 

74 studies differed in the scale of analysis or the applied tools. The majority of such studies have 

75 been based on a local or regional scale—i.e., 10-100 km of domain extension (Malakan et al., 

76 2024; Karaca et al., 2021; Jones et al., 2023). Regarding modelling tools, AERMOD (Teggi et al., 

77 2018; Malakan et al., 2024), CALPUFF (Jones et al., 2023), HYSPLIT (Karaca et al., 2021), and a 

78 modified Lagrangian model (Kocijan et al., 2023) have been used. Fewer studies have focused 

79 on microscale dispersion (0.1 – 1 km of domain extension) and risk characterisation. To the 

80 authors’ knowledge, none have been related to tetrahydrofuran.

81 Recent advancements in computational power and data availability have significantly 

82 enhanced the capabilities of high-resolution dispersion models. However, several challenges 

83 remain. One major issue is the uncertainty associated with model inputs, such as emission 

84 rates, meteorological data, and exposure definition. At the microscale, following an accidental 

85 release, the concentration of hazardous substance can reach high levels, especially in areas 

86 close to the emission source. Downscale modelling is thus usually required to take into 

87 account the effects of the terrain and buildings (Zhang & Wang, 2022). In previous research, 

88 the impact of buildings on the spatial extension of hazardous concentration has been found 

89 to be noteworthy (Rademaeker & Associazione Italiana di Ingegneria Chimica, 2012). For all 

90 the above reasons, there is a need for a better integration of high-resolution pollutant 

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

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

93 simulation of accidents within a reasonable timeframe in the case of complex study domains, 
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94 characterised by constructed elements that interfere with the dispersion of released 

95 substances. The innovative elements of this study are found in particular in the choice of the 

96 type of model used (a microscale Lagrangian model based on the parameterization of 

97 atmospheric variables), and the integration of dispersion calculation with risk analysis, 

98 through the calculation of a concentration value which is representative of the acute exposure 

99 period. 

100 The objective of this work is thus to propose an integrated methodology for the preventive 

101 assessment of the risk associated with the inhalation of a toxic substance (tetrahydrofuran) at 

102 an industrial site, by workers, following an accidental spill and release caused by a NaTech 

103 event. This study integrates predictive modelling and spatial mapping to enhance the 

104 response and planning capacity of local authorities and communities. The aim is to promote a 

105 more proactive and responsible management of technological risks, especially in the context 

106 of climate change. The methodology is based on a first phase in which the event typology and 

107 the industrial site (built elements, hazardous substances, meteorology etc.) are characterised. 

108 Subsequently, the possible accidental releases are modelled, and the dispersion of the toxic 

109 substances into the surroundings of the source and around the production site is simulated. 

110 Finally, exposure levels can be combined with toxicological data to estimate the potential 

111 health risks associated with the inhalation of the released substances. An innovative element 

112 provided by the model is that it can estimate the risk considering any inhalation period, even 

113 on timesteps smaller than the simulation timestep. To simulate the toxic dispersion, models 

114 taking into account the possible presence of obstacles and constructed elements in the 

115 surroundings of the emission source are considered. A short-term risk characterisation is 

116 conducted by comparing the concentrations obtained with the reference concentrations 

117 proposed by the main worldwide occupational exposure organizations. By providing timely 
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118 and accurate estimates of pollutant concentrations, the proposed approach can enhance 

119 emergency management strategies and worker health protection practices. The proposed 

120 model was applied to a hypothetical preventive case study, corresponding to a chemical 

121 company located in central Italy. 

122 METHODOLOGY

123 Approach description

124 The workflow of the proposed methodology is presented in Figure 1. The approach involves 

125 four phases: a first phase in which, following the triggering accident, the event typology, 

126 source and substance involved are characterised; a second phase in which the accidental 

127 release is modelled; a third phase in which the dispersion of the toxic substance into the 

128 surroundings of the source and around the production site is simulated; and a fourth phase in 

129 which exposure levels are combined with toxicological data to estimate the health risks 

130 associated with inhalation of the released substances. To demonstrate the effectiveness of 

131 the proposed methodology, a case study application is presented. The case study involves a 

132 hypothetical NaTech event at a chemical manufacturing facility, triggered by flooding. The 

133 event leads to the release of tetrahydrofuran, a volatile organic compound highly toxic to 

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

135 Hazardous material characterisation

136 The amount and type of hazardous materials handled at the facility determine the degree of 

137 risk. The substance could be chemical materials meant to be used in the manufacturing of 

138 agricultural products (fertilizers, etc.) or pharmaceutical products, or it could be 

139 petrochemicals such as tar or gasoline. Possible sources of data regarding substance toxicity 

140 are provided by the American Conference of Governmental Industrial Hygienists (ACGIH; 
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141 American Conference of Governmental Industrial Hygienists, 2024), the National Institute for 

142 Occupational Safety and Health (NIOSH; National Institute for Occupational Safety and Health, 

143 2024), the Occupational Safety and Health Administration (OSHA; Occupational Safety and 

144 Health Administration, 2024), the European Commission Scientific Committee on 

145 Occupational Exposure Limits (SCOEL; European Commission, 2024a), SafeWork Australia 

146 (SafeWork Australia, 2024), and the UK Control of Substances Hazardous to Health (COSHH; 

147 United Kingdom Government, 2024).

148 Material release

149 In the release phase of modelling, the source term is defined. The amount and physical 

150 characteristics of the emitted hazardous material, such as temperature, pressure, release 

151 duration, and substance state, are included in this characterisation (Fabbri & Wood, 2019). 

152 The status and characteristics of the released material (such as compressed gas, liquefied-

153 pressurized gas, non-boiling liquid, etc.), as well as the damage processes (such as vessel 

154 rupture, hole failure) are intimately associated with the source term (Fabbri & Wood, 2019). 

155 While pressurized liquid releases are complicated and involve a two-phase flow, compressed 

156 vapor releases often occur in the gaseous phase (European Commission Joint Research Centre, 

157 2017). Following the release, the pressure decreases to the ambient level (Houf & Winters, 

158 2013). Following dilution, the buoyancy is low when the density of the expelled plume 

159 approaches that of the ambient environment. Stable stratification brought on by density may 

160 inhibit vertical turbulence mixing for substances with a higher density, making it more difficult 

161 for the ambient turbulence to reach the dense gas plume and thus preventing the plume from 

162 dissipating (Zhang and Wang, 2022). Moreover, the substance may be subject to gravity-

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

165 Ermak, 2007). 

166 Atmospheric dispersion

167 After the release, the atmospheric transport of hazardous substances is influenced by 

168 turbulence scale. At the microscale, near the source, thorough characterisation of the 

169 turbulence structure is necessary for a proper evaluation of the transport. Advection and 

170 diffusion are the main processes involved in the atmospheric transport of hazardous 

171 pollutants, and they are influenced by a variety of climatic factors such as wind direction, 

172 atmospheric stability, height of the atmospheric boundary layer, and precipitation. Various 

173 methods, including Gaussian plume, Lagrangian puff and particle, chemical transport models 

174 (Zhang & Wang, 2022), and computational fluid dynamics (CFD), have been developed to 

175 simulate the atmospheric dispersion of hazardous pollutants. In most cases, downscale 

176 modelling is necessary to account for the effects of infrastructure and terrain. Applications 

177 include the GRAMM-GRAL model (Berchet et al., 2017), the Parallel Micro-Swift Spray (PMSS) 

178 model (Oldrini et al., 2017), the Simulator fOr Wind Farm Applications (SOWFA) (Fleming et 

179 al., 2017), and the Quick Urban & Industrial Complex (QUIC) Dispersion Modeling System 

180 (Gowardhan et al., 2011). The use of a Lagrangian particle model seems a good trade-off 

181 between the need for efficient computational cost versus accounting obstacles (Trini Castelli 

182 et al., 2018). More details about these models can be found in any systematic review study 

183 (e.g. Markiewicz, 2012).

184 Another crucial aspect in preventive consequential analysis is the selection of 

185 meteorological and atmospheric data on which the simulation of the accident is based. Such 

186 data must reflect the most critical conditions with respect to pollutant dispersion—the ideal 

187 ones being a stable atmosphere and low wind velocity. Two different approaches can be 
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188 adopted in this phase: using and elaborating existing datasets, or generating synthetic time 

189 series. Because meteorological conditions are typically uniform within the horizontal scale, 

190 meteorological observations from a monitoring site can be used to estimate atmospheric 

191 dispersion in the first scenario, provided the simulation is based on available data and the 

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

193 Meteorological and geophysical data of the domain can be processed by means of 

194 dedicated models, which provide characteristic parameters describing atmospheric 

195 conditions. The most important is the Monin-Obukhov length (LM), a fundamental parameter 

196 in micrometeorology, used to describe conditions of atmospheric stability or instability within 

197 the boundary layer (Monin and Obukhov, 1954). The Monin-Obukhov length indicates the 

198 vertical distance above the Earth’s surface at which heat and momentum fluxes have 

199 equivalent effects on turbulence production. Atmospheric stability conditions can be derived 

200 based on the sign and value of LM,. In the second case (generation of synthetic dispersion 

201 parameters), a number of different methods have been proposed, although it is difficult to 

202 make precise predictions about local wind direction, speed, and atmospheric stability. The 

203 most widely used methods for forecasting future winds and other meteorological parameters 

204 with ever-increasing spatial and temporal resolution are numerical weather prediction (NWP) 

205 models (Perne et al., 2021; Grašič et al., 2018). Alternative methods for obtaining local wind 

206 signal values at the site of a portable meteorological station have been proposed based on 

207 artificial neural networks (Torrontegui & García-Ripoll, 2019), fuzzy models (Pal et al., 2018), 

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

209 Risk characterisation

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

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

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

214 𝑅 =
𝐸𝑃𝐶
𝑅𝑓𝐶𝐸𝐹 (1)

215 The inhalation RfC is the concentration of a pollutant in air, that is unlikely to cause toxic 

216 harmful effects for the specified duration of exposure. The RfC selected must be appropriate 

217 for the exposure duration. If the HQ calculated is equal to or less than 1, toxic adverse health 

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

219 Occupational exposure limits are mostly defined for full shift (8-hour) exposure because of 

220 concerns about the long-term health impacts of exposure to airborne contaminants. A full 

221 shift exposure level can be utilized to determine acute exposure estimates (Maidment, 1998). 

222 The fact that most exposure distributions tend to be lognormal and that the geometric mean 

223 (GM) and geometric standard deviation (GSD) of such distributions with varying averaging 

224 periods are related serves as the foundation for extrapolating full shift exposure estimates to 

225 acute ones (National Institute for Health, 1994). For the assessment of the impact caused by 

226 toxic pollutants, the average concentration over short time intervals, on the order of minutes, 

227 should be used. However, since most legislation and some dispersion models deal with hourly 

228 average concentrations, a method for deriving short-term mean from hourly mean must be 

229 applied. Several alternative techniques have been developed and presented. The most widely 

230 used techniques designed to overcome this limitation are those calculating the peak-to-mean 

231 ratio or factor and using the power law function (Melo et al., 2023). Peak-to-mean factors are 

232 extensively applied to odour dispersion problems (Ravina, Bruzzese, et al., 2020). Brancher et 

233 al. (2020) compared three alternative formulations of the peak-to-mean approach: a constant 

234 factor of 4, an empirically based peak-to-mean procedure, and a concentration-variance 
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235 computation. This last has shown better consistency with experimental measurements, 

236 although with higher applicative complexity. A simple and relatively consolidated approach 

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

238
𝐶(∆𝜏)
𝐶(∆𝑇) = ∆𝑇

∆𝜏

𝑛
 (2)

239 where 𝐶(∆𝜏) is the average concentration over the resolution time ∆𝜏 (seconds or minutes), 

240 and 𝐶(∆𝑇) is the average concentration over a longer time ∆𝑇 (typically one hour). The value 

241 of the exponent n for mean times of 1 hour or less appears to be mainly influenced by the 

242 height of the source and by atmospheric stability. The n values derived from field data show 

243 a range of 0.2-0.5 for ground-level sources and 0.12-0.7 for elevated sources (Bartzis et al., 

244 2008). 

245 Case study

246 A chemical production industry located in central Italy was selected as a case study. The 

247 accident proposed in the study aims at preventively assessing the possible dynamics of a real 

248 NaTech reported in the database on an existing industrial site. Given the available data, the 

249 dynamics of the accident (sequence and typology) were reproduced from an original event, 

250 while the site of occurrence and meteorology were chosen arbitrarily. The industrial complex 

251 covers an area of approximately 145,000 m2. It is primarily oriented in the 

252 northwest/southeast direction, with an approximate extension of 450 metres. The buildings 

253 within the complex house production facilities, including several tanks containing solvents 

254 with varying levels of hazard. The structure is located 20 km from the sea, on predominantly 

255 flat terrain (Figure 2).

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

257 System) database (European Commission, 2024b) was used. The eMARS database collects 
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258 information on accidents and accident-free situations in the European Union through a mixed 

259 mandatory and voluntary reporting system. The records provide detailed descriptions of 

260 accidents, including information on the facility and substances involved, along with the causes, 

261 consequences and response procedures. The triggering natural event occurred on August 15, 

262 2002. As a secondary consequence of the flooding event, an ethylbenzene storage tank was 

263 seriously damaged. Solvent leakage subsequently occurred, resulting in the solvent’s release 

264 into the atmosphere. In this study, ethylbenzene was replaced with tetrahydrofuran, to 

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

266 The storage tank damaged by the NaTech event has a cylindrical geometry (diameter 15 m, 

267 height 9 m). It is placed within a containment basin of square footprint (height 2 m, side length 

268 30 m). The tank was filled to 80% capacity with tetrahydrofuran (Figure 2).

269 Tetrahydrofuran, also known as oxolane, is a cyclic ether that contains one oxygen and four 

270 carbon atoms. It functions as a solvent that is polar and aprotic. It belongs to the family of 

271 volatile organic compounds, cyclic ethers, saturated organic heteromonocyclic parents, and 

272 oxolanes. It is a low-viscosity, colourless, organic liquid that dissolves in water. Its primary 

273 application is as a precursor to polymers. Tetrahydrofuran is a multipurpose solvent since it is 

274 polar and has a broad liquid range. The main properties of tetrahydrofuran are reported in 

275 Table 1. Exposure to tetrahydrofuran can cause a number of different symptoms depending 

276 on the route of exposure. In case of inhalation, symptoms include coughing, a burning 

277 sensation in the throat and chest, dizziness, headache, nausea and loss of consciousness. 

278 Prevention involves the use of ventilation, localized suction or respiratory protective 

279 equipment (Dannan, 2015).

280 Release model and evaporation model
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281 In the case study, the release of tetrahydrofuran in a liquid state and subsequent evaporation 

282 was simulated. The tank was not under pressure. The release occurred at the bottom of the 

283 tank, in correspondence of the rupture of an emptying pipe of 100-mm diameter. The solvent 

284 spilled into the containment basin, forming a pool that evaporated and dispersed into the 

285 surroundings. It was assumed that the containment basin was empty at the time of release, 

286 and therefore not directly affected by the meteorological phenomenon (i.e. no solvent 

287 dilution due to the presence of water). For the modelling of release dynamics, the approach 

288 proposed by (van den Bosch, 2005) was applied. MathWorks Matlab® (Mathworks Inc., 2024) 

289 was used as the modelling tool.

290 The mass flow rate of a discharge is governed by hydraulic pressure, which depends on the 

291 liquid level in the tank. The model was based on mass balance solving, adopting an iterative 

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

293 𝑄𝐿,1 = φ ∗ V ∗ 𝜌𝐿 (3)

294 𝑉𝐿,1 = 𝑄𝐿,1/𝜌𝐿 (4)

295 where 𝑄𝐿,1 is the initial mass of liquid contained in the vessel [kg], φ is the filling degree [m3 

296 m-3], V is the vessel volume [m3], and 𝜌𝐿 is the liquid density [kg/m3]. The Bernoulli’s 

297 equation was employed for calculating the mass flow rate, neglecting the initial velocity of 

298 the liquid in the container:

299 𝑞𝑠 = 𝐶𝑑 ∗ 𝐴ℎ ∗ (2(𝑃 ― 𝑃𝑎) ∗ 𝜌𝐿  (5)

300 𝑃 = 𝑃ℎ + 𝑃𝑎𝐿 (6)

301 𝑃ℎ = 𝜌𝐿 ∗ 𝑔 ∗ ℎ𝐿 (7)
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302 where 𝐴ℎ is the cross-sectional area of the hole [m2], 𝐶𝑑 is the discharge coefficient [-], g is 

303 the gravitational acceleration [m s-2], ℎ𝐿 is the liquid height (relative to the vessel base) [m], P 

304 is the total pressure at the opening [N m-2], 𝑃ℎ is the (hydraulic) liquid pressure [N m-2], 𝑃𝑎𝐿 is 

305 the external pressure above liquid [N m-2], Pa is the atmospheric pressure [N m-2], and 𝑞𝑠 is 

306 the mass flow rate [kg s-1]. A time step δt was defined by freely choosing Nt, and for each time 

307 step, the differential mass released 𝛿𝑄 was calculated:

308 𝛿𝑡 = 𝑡𝑒𝑛𝑑/𝑁𝑡 (8)

309 𝛿𝑄 = ―𝑞𝑠,𝑖 ∗ 𝛿𝑡 (9)

310 The liquid content decrease was calculated as: 

311 𝛿𝑉𝐿 =
𝛿𝑄
𝜌𝐿

 (10)

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

313 𝑉𝐿,𝑖+1 = 𝑉𝐿,𝑖 + 𝛿𝑉𝐿 (11)

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

315 𝛿ℎ𝐿 = 𝛿𝑉𝐿/𝐴𝐿,𝑖 (12)

316 ℎ𝐿,𝑖+1 = ℎ𝐿,𝑖 + 𝛿ℎ𝐿 (13)

317 where 𝐴𝐿,𝑖 is the tank area. Iteration stopped when the liquid height was lower than the hole 

318 height. 

319 In conjunction with the tank emptying process, code was implemented to simulate the 

320 evaporation of the solvent mass that accumulated in the containment basin. The 

321 evaporation of the liquid was assumed to start simultaneously with the liquid’s settling in 

Page 14 of 75Integrated Environmental Assessment and Management
D

ow
nloaded from

 https://academ
ic.oup.com

/ieam
/advance-article/doi/10.1093/inteam

/vjaf073/8164122 by guest on 27 June 2025



322 the containment basin. Consequently, the mass of the pool at each time step i was 

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

324 𝑀𝑝𝑜𝑜𝑙,𝑖 = 𝑀𝑝𝑜𝑜𝑙,𝑖―1 + 𝑀𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑,𝑖―1 ― 𝑀𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑,𝑖―1 (14)

325 It was assumed that the liquid instantly covered the entire surface of the collection basin.

326 The mass flow rate of evaporation 𝑞"
𝑣 was calculated using the mean of the mass transfer 

327 coefficient and the vapor concentration at the liquid surface of the basin.

328 𝑞"
𝑣 = 𝑘𝑚 ∗ 𝑐𝑖 (15)

329 where 𝑐𝑖 is the concentration component i [kg m-3], 𝑘𝑚is the mass transfer coefficient [m s-1], 

330 and 𝑞"
𝑣 is the vaporisation mass flux [kg m-2⋅s-1)]. The mass transfer coefficient 𝑘𝑚 was 

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

332 𝑘𝑚 = 𝐶𝑚&𝑚 ∗ 𝑢0.78
𝑤,10 ∗ 2 ∗ 𝑟𝑝

―0.11
∗ 𝑆𝑐―0.67  (16)

333 where 𝐶𝑚&𝑚is a coefficient equal to 0.004786 [m0.33 s-0.22], 𝑟𝑝is the radius of the liquid pool 

334 [m], 𝑢𝑤,10 is the wind speed at standard 10-metre height [m s-1], and 𝑆𝑐 is the Schmidt number 

335 [-]. Generally, for gases and vapours, the Schmidt number (Sc) is approximately equal to 0.8. 

336 To calculate 𝑐𝑖, the Antoine equation was used. 

337 Dispersion modelling

338 To simulate the dispersion of pollutants in the atmosphere, the Parallel Micro-Swift Spray 

339 (PMSS) code, developed by Arianet, was used (Oldrini et al., 2017). Parallel Micro-Swift Spray 

340 is a micro-scale modelling system based on the use of three-dimensional Lagrangian particle 

341 modelling for the simulation of the transport and dispersion of pollutants with the possibility 

342 of conducting simulations in generally shorter time frames than those required by more 

343 complex Computational Fluid Dynamics models (Oldrini & Armand, 2019). The system consists 
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344 of PSwift, a diagnostic meteorological pre-processor based on the principle of minimizing the 

345 divergence of the velocity field, which includes semi-empirical parameterizations to reproduce 

346 the effects of wakes and recirculation induced by the presence of buildings. It also includes 

347 the parallel and micro-scale Spray Lagrangian particle dispersion model. The code is 

348 parallelizable, meaning it can perform operations in parallel on computers or computer 

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

350 In the case study, the spatial domain considered for the analysis of dispersion consisted of 

351 a grid of 560 x 450 m, with cells of 2-m sides (281 x 226 points). This horizontal resolution was 

352 chosen to obtain a good representation of the built elements present at the site. Weather 

353 data provided by a meteorological monitoring station located 6 km west of the industrial site, 

354 with hourly resolution, were used. Meteorological data included the following parameters: 

355 wind speed and direction, solar radiation, temperature, atmospheric pressure, and 

356 precipitation. Meteorological data were pre-processed with PSwift and Surfpro models to 

357 obtain wind fields and dispersion parameters. The presence and shape of building elements 

358 were also introduced in PSwift to assess the perturbation to the flow (wake and recirculation 

359 effects) caused by their presence. As meteorological data from the year 2002 were not 

360 available, data from 2021 were used. However, the most critical dispersion conditions were 

361 considered, analysing ambient temperature and the Monin-Obukhov length. A period 

362 including low ambient temperature (limited convection) and both stable and unstable 

363 atmospheric conditions (positive and negative values of LM) was selected, and dispersion was 

364 simulated based on such conditions.

365  Short-term risk calculation

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

367 dynamics of the release event. Indeed, it is unlikely that such an event would result in 
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368 prolonged exposure to the toxic substance, as the plant would be evacuated. The risk is 

369 therefore assumed to be solely related to short-term exposures due, for example, to the 

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

371 Short-term inhalation risk was calculated using the mean of Equation 1. The exposure factor 

372 EF was assumed equal to unity, assuming the constant presence of workers who intervened 

373 to mitigate the incident. To evaluate the short-term inhalation risk, concentration fields were 

374 compared to the threshold limit values proposed by the ACGIH. The TLV-STEL (Threshold Limit 

375 Value - Short Term Exposure Limit) was considered (American Conference of Governmental 

376 Industrial Hygienists, 2024). The TLV-STEL is the limit for short exposures, representing the 

377 average concentration that can be tolerated for a maximum of 15 minutes, no more than four 

378 times a day, with at least one hour between exposure periods. The recommended TLV-STEL 

379 for tetrahydrofuran is 100 ppm (295 mg m-3). In dispersion modelling, concentration averaging 

380 depends on the time resolution of meteorological input, which for this scale of analysis is 

381 usually hourly. For this, concentration values must be corrected to take into account the 

382 possibility that a shorter-period (15 minutes) mean could be higher than a 1-hour mean. In 

383 the specific case, 15-minute mean concentrations were calculated with Equation 2. A value of 

384 0.3 was assigned to the exponent n, resulting in a multiplying factor of 1.52. According to 

385 Bartzis et al. (2008), n=0.3 is reasonable based on past experience. Thus, for risk calculation, 

386 1-hour mean concentration fields were multiplied by a factor of 1.52. It must be noted that 

387 Equation 2 presents inconsistencies when ∆𝜏 becomes very large and thus 𝐶(∆𝜏) tends to 

388 zero, and hence corrections need to be applied according to Bartzis et al. (2008). However, in 

389 this specific case, ∆𝜏 is limited; thus this relation can be applied without corrections.

390 RESULTS
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391 The accidental event consisted in the failure of a storage vessel containing tetrahydrofuran, 

392 and the consequent release of the substance. From the onset of liquid release, a pool formed 

393 in the containment basin. Some of the liquid continued to spill from the tank into the 

394 containment basin, while a portion of that already in the basin began to evaporate. The pool 

395 volume initially increased, as the tank release rate exceeded the rate of evaporation. After the 

396 complete emptying of the tank, the liquid kept evaporating from the pool. Complete pool 

397 evaporation occurred within approximately 24 hours. The evaporation rate was subject to 

398 variations depending on environmental conditions, such as wind speed and atmospheric 

399 temperature. The whole event included periods of both stable and unstable atmospheric 

400 conditions. The mass flow of tetrahydrofuran released from the vessel, and the evaporation 

401 rate, are reported in Figure 3. 

402 From the simulations conducted using the pre-processors PSWIFT and SURFPRO, hourly 

403 wind fields and turbulence parameters were obtained. These data were generated taking into 

404 account the configuration of buildings in the area under consideration. Wind fields at two 

405 hours into the event, corresponding to stable and unstable atmospheric conditions, are 

406 represented in Figure A.1 (Supporting information). Induced disturbance of constructed 

407 elements to the airflow is clearly visible. Under stable atmospheric conditions, the prevailing 

408 wind direction is NE. Wind speed is low, and some areas of stagnation can be seen in the areas 

409 most heavily surrounded by built elements. At the same time, restrictions between buildings 

410 cause a local increase of air speed. In unstable atmospheric conditions, the prevailing wind 

411 direction is SW and wind speed is higher. The direction of the flow changes only in areas mostly 

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

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

414 unstable atmospheric conditions, referring to a height of 2 metres above the ground, were 
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415 generated (Figure 4). As reported in the previous section, 1-hour concentration fields were 

416 multiplied by a factor of 1.52 to apply a correction for the duration of short-term exposure (15 

417 minutes). Figure 4 shows that the tetrahydrofuran concentration within the appurtenances of 

418 the industrial area is between 0 and 596 mg m-3 for both stable and unstable conditions. The 

419 concentration decreases rapidly with distance from the source. The direction of the plume is 

420 strictly correlated with the main wind. Also, areas of pollutant accumulation are visible near 

421 the buildings, caused by recirculation phenomena occurring in the air flow field. As expected, 

422 the mean concentration is higher during stable conditions.

423 Vertical profiles of tetrahydrofuran concentration, in correspondence with two points close 

424 to the emission source, are reported in Figure 5. Figure 5 shows that concentrations peak at 

425 the source height, then decrease exponentially to a negligible value at around 12 - 14 metres. 

426 At point A (downwind in stable atmospheric conditions) concentrations are higher than at 

427 point B (downwind in unstable atmospheric conditions), probably due to different wind 

428 speeds. Between 2 and 4 metres of height, concentrations are higher in the case of stable 

429 atmospheric conditions, while between 4 and 9 metres they are higher in the case of unstable 

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

431 Maps of inhalation risk for stable and unstable conditions are reported in Figure 6. It is 

432 recalled that the TLV-STEL is the limit for short exposures, representing the average 

433 concentration that can be tolerated for a maximum of 15 minutes, no more than four times 

434 a day, with at least one hour between exposure periods. For tetrahydrofuran, this limit is set 

435 at 100 ppm (American Conference of Governmental Industrial Hygienists, 2024). Also, the 

436 standard criteria for non-carcinogenic risk assessment provide that risk is acceptable when 

437 the HQ value is less than one. 
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438 The results show that the inhalation risk is negligible from around 10 metres distance from 

439 the source. However, the limit of HQ>1 is exceeded frequently during the event. A map of 

440 the limit exceedances is reported in Figure 7. This figure shows the spatial distribution and 

441 frequency of risk exceedances during the entire event. Risk limit is exceeded as much as 21 

442 times, but only in correspondence with the release area. Absolute maximum concentration 

443 is reached in the first hour of the event and is 596 mg m-3. At every time step of the 

444 simulation, maximum concentration is detected inside the perimeter of the source. In the 

445 remainder of the area, concentration quickly decreases with distance from the source, and 

446 the HQ is below unity.

447 DISCUSSION

448 In the specific case study, the results show that the accidental event triggered by a NaTech 

449 does not generate a relevant risk for the inhalation of tetrahydrofuran, despite the TLV-STEL’s 

450 being exceeded at certain times in correspondence with the source. The case study presented 

451 is intended to be a means of showing the applicability of the general methodology. The 

452 variables involved are many and could have a significant effect on the potential risk to 

453 workers. For the same geometric and topographical configuration of the site, the 

454 characteristics of a released substance (especially density and volatility) could greatly 

455 influence the duration and effects of the release. Less volatile substances would evaporate 

456 more slowly, resulting in less transport to the atmospheric compartment. For example, if 

457 under the same conditions the released substance had been methyl ethyl ketone (ρ=805 kg 

458 m-3; TLV-STEL=150 ppm), the pool evaporation of the substance would have lasted 46 hours. 

459 If, on the other hand, it had been ethylbenzene (ρ=866 kg m-3; TLV-STEL=200 ppm), the 

460 evaporation of the puddle would have lasted as long as 34 days, presumably allowing 

461 intervention for the containment of the release prior to evaporation. Similar considerations 
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462 can be made for the type of release (Qingchun & Laibin, 2011) taking into account that, as 

463 reported by Jain et al. (2017), the dynamics of an accident could be extremely complex and 

464 difficult to predict. The integration of a model for dynamic risk analysis, as suggested by 

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

466 The adoption of different reference databases for exposure limits may also have a 

467 significant influence on the final result. In the present case, two different short-term exposure 

468 limit values were reported, one twice as high as the other. Had the less restrictive one (250 

469 ppm or 735 mg m-3 proposed by NIOSH) been applied, the number of exceedances would have 

470 decreased to zero. Similarly, discussion is still open in the scientific community on the most 

471 appropriate approach to follow for correcting average concentration values over short time 

472 periods. In particular, there is a need to choose approaches for calculating peak-to-mean that 

473 are sufficiently rigorous but relatively simple to apply in terms of time and data availability 

474 (Brancher et al., 2020).

475 With regard to the proposed general methodology, it is necessary to work on subsequent 

476 refinements in order to, at the same time, ensure sufficiently general applicability and reduce 

477 the uncertainties associated with each individual operational step. This approach is followed 

478 at present, particularly for large-scale major accidents, i.e. involving spatial scales on the order 

479 of several km (Benamrane et al., 2013). For example, the Accident Damage Assessment 

480 Module (ADAM), developed by the Joint Research Centre of the European Commission 

481 (European Commission. Joint Research Centre., 2017), and the BenMap-CE tool (Malakan et 

482 al., 2024), are two of the most consolidated models that can be applied at this scope. On the 

483 other hand, for micro-scale accidents in the working environment, a comprehensive and 

484 general methodology still needs further development. In this context, the present work 

Page 21 of 75 Integrated Environmental Assessment and Management
D

ow
nloaded from

 https://academ
ic.oup.com

/ieam
/advance-article/doi/10.1093/inteam

/vjaf073/8164122 by guest on 27 June 2025



485 suggests a model that can be applied with relatively low costs in terms of data and calculation 

486 time. 

487 In the present study, the simulation of the dispersion during the entire event took 

488 approximately 1.5 hours on a 48-core parallel scheduler (1 GB/core). Even though the 

489 computational time of the PMSS model has been observed to be significantly lower than CFD 

490 models, the need to simulate the accident and intervene in a short time requires that the 

491 computational time be further reduced.

492 Finally, the prediction of possible side effects at the microscale due to NaTech events must 

493 be more closely integrated into the QRA (quantitative risk analysis) procedures applied to 

494 industrial processes, both within the scope of the Seveso III directive (Necci et al., 2015) and 

495 for non-Seveso plants, such as small and medium enterprises, that can be potentially affected 

496 by accidents (Gajek and Michalik, 2013).

497 CONCLUSIONS

498 The proposed methodology has significant implications for emergency management in 

499 industrial settings. By providing rapid and high-resolution inhalation risk assessments, the 

500 methodology can support decision-making before the occurrence of NaTech events, enabling 

501 more effective protective measures for workers. Industrial facilities can use the methodology 

502 for scenario planning and training, improving preparedness for potential NaTech events. The 

503 presented model can be applied with relatively limited resources in terms of data and 

504 calculation time. It combines precision, timeliness, and practical applicability. The application 

505 of a Lagrangian particle model capable of simulating the presence of buildings in the 

506 dispersion area allows a detailed screening of the possible dispersion pathways under varying 

507 meteorological conditions, with lower computational effort and comparable precision, 
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508 compared to computational fluid dynamics. The general approach needs to be tested 

509 extensively and integrated with analysis of NaTech event dynamics and existing consolidated 

510 methodologies for quantitative risk analysis. With further development and validation, this 

511 methodology could become an important tool for health protection in industrial sites, faced 

512 with the many challenges of climate change. Continued research and technological 

513 advancements in this field will be essential for improving our preparedness and response to 

514 the complex effects posed by NaTech events. Future research should focus on improving 

515 model integration and reducing uncertainties. Moreover, there is a need for interdisciplinary 

516 collaboration to enhance the applicability of these models across different industrial sectors 

517 and geographical regions.

518
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519

520 FIGURE CAPTIONS

521 Figure 1. Methodology workflow

522 Figure 2. Plan view of the industrial settlement

523 Figure 3. Tetrahydrofuran cumulated spill and evaporation during the release event. Air 

524 temperature and wind speed are also reported. For better graphic visualization, wind speed 

525 observations are multiplied by a factor of 10.

526 Figure 4. 15-minute mean tetrahydrofuran corrected concentration during a) stable 

527 atmospheric conditions, and b) unstable atmospheric conditions. This concentration map was 

528 obtained by multiplying 1-hour mean modelled concentration by a factor of 1.52. Different 

529 meteorological and atmospheric conditions significantly affect plume direction and horizontal 

530 spread.

531 Figure 5. Vertical profiles of tetrahydrofuran concentration in two arbitrarily selected 

532 locations close to the emission source. The positions of receptors A and B are reported in the 

533 figure onset. Concentration module decreases rapidly with height.

534 Figure 6. Short-term inhalation hazard quotient map in a) stable, and b) unstable atmospheric 

535 conditions. Hazard quotient approaches unity (red colour, indicating non-negligible risk) only 

536 in close proximity to the release source. 

537 Figure 7. Position and frequency of exceedances of the threshold limit value during the entire 

538 event. Numbers indicate the times (number of hours) the limit was exceeded during the entire 

539 event, which lasted 25 hours.

540
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541 TABLE CAPTIONS

542 Table 1. Properties of tetrahydrofuran (Dannan, 2015)

543
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Figure 1. Methodology workflow. 
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Figure 2. Plan view of the industrial settlement. 
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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 C4H8O
Molecular weight (g mol-1) 72.1057
CAS number 109-99-9
Density at 25°C (g ml-1) 0.881
Henry's law constant for solubility in water at 
25°C (mol kg-1 bar-1)

14 

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