	[bookmark: _Hlk145068772][image: cetlogo] CHEMICAL ENGINEERING TRANSACTIONS 

VOL. xxx, 2026
	A publication of
[image: aidiclogo_grande]

	
	The Italian Association
of Chemical Engineering
Online at www.cetjournal.it

	Guest Editors: Valerio Cozzani, Bruno Fabiano, Genserik Reniers
Copyright © 2026, AIDIC Servizi S.r.l.
ISBN 979-12-81206-xx-x; ISSN 2283-9216


Adapting Seveso Sites to Extreme Weather: Lessons Learned and Risk Mitigation for NaTech Events in case of flooding
Vitantonio Coluccia, Romualdo Marrazzo*b
a,bISPRA. Via V. Brancati n.48 - 00144 Roma, Italy (romualdo.marrazzo@isprambiente.it) 
The interaction between natural hazards and industrial installations handling hazardous substances can lead to cascading accidents known as NaTech events. Climate change has increased the frequency and intensity of extreme weather, amplifying the vulnerability of chemical and process plants. Under the Seveso III Directive (2012/18/EU), operators are required to identify major accident scenarios triggered by natural events, including fires, explosions, and toxic releases. Among natural hazards, floods are among the most significant threats in Italy and across Europe. This paper focuses on flood-induced NaTech scenarios, addressing both direct and indirect accident pathways, including failures of utilities and ancillary systems. Based on analyses of past industrial accidents, the study identifies equipment and plant components most exposed to flooding and extreme weather. Best practices, investigation approaches, and risk assessment elements are discussed to support the definition of effective prevention and protection measures within the Seveso Safety Management System for the Prevention of Major Accidents.
Introduction
Natural hazard–triggered technological accidents (NaTech) represent one of the most critical challenges for industrial safety in the era of climate change. The term NaTech was introduced to describe technological accidents—such as fires, explosions, and hazardous substance releases—initiated by natural hazards including floods, earthquakes, storms, and extreme meteorological events. Over time, the concept has evolved to incorporate cascading and escalation mechanisms arising from the interaction between vulnerable industrial systems and external natural stressors.
In recent decades, both the frequency and severity of NaTech events have increased worldwide, largely due to the intensification of extreme weather patterns. Among natural triggers, floods stand out as particularly recurrent and impactful due to their wide spatial extent, long duration, and capacity to simultaneously affect process units, storage systems, utilities, and emergency infrastructure. Systematic analyses of historical events show that flood-induced NaTech scenarios typically involve multiple failure mechanisms, such as buoyancy effects on storage tanks, loss of containment from submerged equipment, electrical system failures, and impairment of emergency response functions (Brignone et al., 2025). From a regulatory standpoint, NaTech risks have progressively gained recognition. In the European Union, Directive 2012/18/EU (Seveso III) explicitly requires operators to identify and assess major accident scenarios triggered by natural hazards. This marked a shift from traditional prevention frameworks focused mainly on internal process deviations. However, regulatory requirements alone do not ensure effective NaTech risk management. Fragmented governance structures, limited data availability, and methodological inconsistencies continue to hinder comprehensive implementation (Cruz et al., 2006). At the national level, increasing attention has been devoted to integrating NaTech considerations within the Safety Management System for the Prevention of Major Accidents (SMS-PMA). In Italy, flood-related NaTech risks are particularly relevant given the presence of numerous Seveso establishments in flood-prone areas. Analyses of past accidents highlight the vulnerability of aboveground tanks, pipelines, pumping systems, electrical installations, and auxiliary services, underscoring the need for dedicated procedures to address extreme weather conditions within the SMS-PMA framework (Marrazzo, 2024). Beyond equipment-specific vulnerabilities, recent research adopts a systemic perspective, conceptualizing industrial installations as components of interconnected socio-technical systems. Flood-induced failures can propagate across technical, organisational, and infrastructural layers, amplifying consequences beyond plant boundaries (Colucci et al.,2025). Resilience-based and multi-hazard frameworks have therefore been proposed to capture these dynamics and to overcome the limitations of conventional risk assessments that focus primarily on localised effects (Castro Rodriguez et al., 2025). Empirical evidence from recent European flood events further demonstrates the importance of preparedness and organisational learning. Comparative analyses show that lessons learned from previous incidents, when translated into preventive and emergency measures, significantly reduce uncontrolled releases and environmental impacts. Conversely, insufficient consideration of indirect effects—such as power outages, limited site accessibility, or failure of emergency systems—remains a recurrent weakness (Sikorova and Blazkova, 2025). Additional case studies confirm that neglecting civil works, emergency equipment, and supporting infrastructure can critically undermine escalation control, even when primary process equipment is adequately protected (Sun et al., 2025). Recent investigations also highlight the relevance of human and organisational dimensions. Risk perception, communication practices, and behavioural responses can substantially influence emergency management effectiveness and societal impacts during NaTech events (Tang et al., 2026). In parallel, flood-triggered NaTech scenarios are increasingly interpreted as interacting hazard chains evolving under deep uncertainty. Hu et al. (2025) emphasize that conventional scenario-based assessments often fail to capture indirect escalation pathways and long-term systemic interactions. Consistent with this view, evidence from recent European floods confirms that preparedness strategies grounded in organizational learning can effectively limit cascade propagation in Seveso establishments (Sikorova et al., 2025).
Overall, these findings emphasise the need to explicitly address cascading mechanisms, uncertainty, and adaptive preparedness within the SMS-PMA when managing flood-induced NaTech risks. In this context, a comprehensive and structured approach to flood-induced NaTech risk assessment is required, capable of capturing both direct and indirect accident pathways, identifying safety-critical components, and supporting the definition of effective prevention and protection measures. Building on lessons from past events and recent scientific advances, this work focuses on adapting Seveso sites to extreme weather conditions, with specific emphasis on flood-triggered NaTech scenarios and their integration into the SMS-PMA.
Methodology
The methodology adopted in this study aims to systematically identify and classify NaTech scenarios induced by flood events in chemical and process industries subject to the Seveso III Directive. The approach is based on a scenario-oriented, system-based framework that integrates accident data analysis, functional decomposition of industrial installations, and lessons learned from flood-triggered NaTech events. Floods are treated as external initiating events that can simultaneously affect process equipment, safety barriers, utilities, and emergency infrastructure. In line with recent methodological developments, the analysis explicitly addresses both direct and indirect accident pathways, thereby overcoming traditional approaches that focus exclusively on primary equipment failure. Flood-induced initiating events are identified based on the main hazard parameters characterising flood severity: water depth, flow velocity, duration, and spatial extent. These parameters are selected due to their documented influence on the vulnerability of industrial installations and their relevance in past NaTech accidents. Historical accident databases and case studies are used to support the identification of credible flood-induced initiating events. Attention is given to scenarios in which floodwaters affect large portions of industrial sites, potentially leading to multiple, concurrent failures.
2.1 Direct and Indirect flood – induced NaTech scenarios
The Direct NaTech scenarios are defined as accident sequences in which flood events cause immediate physical damage to process equipment or hazardous substance containment systems. These scenarios are identified through the analysis of equipment vulnerability under flood conditions and include, but are not limited to: loss of containment from aboveground and mounded storage tanks due to buoyancy or structural damage; flooding of process units, pipelines, pumps, and compressors leading to mechanical failure or uncontrolled shutdown; dispersion of hazardous substances through floodwater transport.
Direct scenarios are characterized by a clear cause–and–effect relationship between flood impacts and technological failures and are typically associated with rapid accident onset.
The Indirect NaTech scenarios are identified as accident chains in which flooding does not directly cause loss of containment but initiates the degradation or failure of safety-relevant functions. Cascading effects and delayed escalation mechanisms characterize these scenarios. The analysis focuses on the potential impairment of utilities and auxiliary systems, whose loss of functionality may compromise process control, safety barriers, and emergency response. Typical indirect scenarios include:
· loss of internal or external power supply affecting control systems, instrumentation, and safety functions.
· failure of cooling and refrigeration systems resulting in abnormal process conditions.
· impairment of drainage, wastewater treatment, and stormwater management systems.
· reduced availability of firewater networks and emergency equipment
Indirect scenarios are frequently identified as dominant contributors to accident escalation during flood events.
2.2 Analysis of utilities and auxiliary systems
Utilities and auxiliary systems are analyzed as safety-critical subsystems essential for maintaining safe operating conditions during and after flood events. The assessment includes power supply, control rooms, instrumentation, cooling systems, water treatment facilities, and emergency infrastructures. A functional dependency analysis is applied to evaluate how the loss or degradation of utilities may propagate through the industrial system and interact with process hazards. This approach allows the identification of escalation pathways that are not directly linked to initial equipment damage but significantly influence accident severity and response effectiveness. Table 1 is based on evidence from post-accident analyses, regulatory inspections, and technical assessments of Safety Reports for Seveso establishments. The analysis draws on Seveso inspection reports by SNPA (Sistema Nazionale per la Protezione dell’Ambiente) and on accident databases managed by ISPRA, providing systematic information on flood-induced NaTech events, related utility failures, and escalation mechanisms.

Table 1: vulnerability of utilities and auxiliary systems to flood-induced NaTech scenarios in chemical and process industries
	Utility Auxiliary system
	Typical components
	Flood-induced failure mechanism
	Associated NaTech scenario type
	Potential escalation effects
	
	Relevance for SMS-PMA

	Electrical power supply
	Substations, transformers, switchgear, backup generators
	Submersion, short-circuit, loss of external grid, and generator inaccessibility
	Indirect
	Loss of control systems, shutdown of safety barriers, and delayed emergency response
	
	Identification of safety-critical power sources, redundancy, and floodproofing

	Control and instrumentation systems
	Control rooms, sensors, PLCs, and communication networks
	Flooding of control rooms, signal loss, and instrumentation failure
	Indirect
	Loss of process monitoring and alarm functions
	
	Elevation of control rooms, protected routing of cables.

	Cooling and refrigeration systems
	Cooling towers, heat exchangers, refrigeration units
	Loss of cooling water availability, mechanical damage, and fouling
	Indirect
	Overheating, thermal runaway, overpressure
	
	Identification of minimum cooling requirements under flood conditions

	Water supply and treatment systems
	Process water, demineralized water, wastewater treatment
	Intake obstruction, contamination, and pump failure
	Indirect
	Loss of containment control, uncontrolled discharges
	
	Emergency water supply and protected intakes

	Drainage and stormwater systems
	Drainage networks, separators, and collection basins
	Overflow, blockage, reverse flow
	Direct/
Indirect
	Spread of flammable or toxic substances, secondary releases
	
	Maintenance procedures and capacity verification

	Firefighting and firewater systems
	Fire pumps, hydrants, sprinklers, foam systems
	Pump flooding, power loss, and reduced accessibility
	Indirect
	Ineffective fire suppression, escalation of fires
	
	Flood-resilient firewater supply, protected pumps

	Thermal utilities
	Boilers, steam networks
	Loss of fuel supply, submersion of burners and auxiliaries
	Indirect
	Loss of process stability, unsafe shutdown conditions
	
	Safe shutdown procedures and isolation strategies

	Flare and vent systems
	Flares, torches, vent stacks
	Flooding of auxiliary equipment, ignition system failure
	Indirect
	Inability to safely relieve pressure
	
	Verification of operability under extreme conditions

	Emergency access and logistics
	Roads, internal pathways, emergency assembly points
	Inundation, debris accumulation
	Indirect
	Delayed intervention, reduced evacuation capability
	
	Integration with emergency planning and drills


Table 1 summarizes the vulnerability of utilities and auxiliary systems to flood-induced NaTech scenarios, adopting a functional perspective that treats utilities as safety-critical subsystems. For each utility, typical exposed components, flood-induced failure mechanisms, and associated NaTech scenario types are identified, distinguishing between direct and indirect pathways. Particular emphasis is placed on indirect scenarios in which flooding degrades essential functions such as power supply, process control, cooling, firefighting, and emergency response. The table highlights how utility failures can compromise safety barriers, delay emergency actions, and significantly escalate accident consequences, even without initial damage to primary process equipment. Finally, the relevance of each utility for the SMS-PMA is outlined, supporting the identification of safety-critical components and the definition of targeted prevention, protection, and flood-proofing measures. Overall, the table provides a structured framework for systematically integrating flood-induced NaTech scenarios for utilities and auxiliary systems into Seveso safety assessments and emergency planning activities.
2.3 Integration within the SMS-PMA
The identified flood-induced NaTech scenarios are integrated into the SMS-PMA framework. Scenario outcomes support hazard identification, operational control, maintenance planning, and emergency preparedness activities. This integration ensures that flood-induced NaTech risks are systematically addressed through dedicated procedures for extreme weather conditions, and that safety-critical components are identified to implement appropriate prevention and protection measures.
Results and discussion
The analysis of flood-induced NaTech events confirms that flooding is among the most critical natural hazards for Seveso establishments, as it can simultaneously affect process equipment, utilities, auxiliary systems, and emergency infrastructures. Historical data and recent case studies show that these scenarios are characterized by cascading mechanisms in which indirect failures often drive the escalation of accidents. 
Direct impacts—such as buoyancy and mechanical damage to tanks, pipelines, and machinery—represent only part of the risk. In many cases, the most severe consequences arise from indirect effects, including the loss of electrical power, cooling systems, control and instrumentation, and firefighting facilities. The degradation or unavailability of these safety barriers can transform manageable events into major accidents. This evidence aligns with recent methodological studies highlighting that traditional risk assessments often focus on primary process units while underestimating the vulnerability of utilities, civil works, and emergency systems (Marrazzo, 2024). Case analyses further demonstrate that flooding of control rooms, substations, and emergency pumps can compromise detection, mitigation, and response capabilities, even when containment systems initially remain intact. Utilities and auxiliary systems must therefore be treated as safety-critical elements in flood-related NaTech assessments. Moreover, flood-induced NaTech events frequently exhibit domino and cascading effects, particularly in large or spatially extensive installations, where interdependencies among process units and infrastructure amplify vulnerability. From a regulatory and management perspective, findings confirm the central role of the SMS-PMA in addressing flood-related risks. Establishments with dedicated extreme-weather procedures—such as elevating equipment, implementing utility redundancy, and flood-specific emergency planning—experience reduced accident severity. Conversely, limited integration of NaTech aspects into the SMS-PMA remains a recurrent weakness. Flood-induced NaTech events represent a systemic risk for the chemical and process industries. Effective management requires integrated, resilience-oriented approaches that address both direct and indirect pathways and explicitly incorporate utilities and auxiliary systems into safety assessments. Figure 1 illustrates a utility-centred conceptual framework in which flood hazards act as diffuse stressors, and the degradation of utilities constitutes the key link between flooding and the escalation of accidents.  Figure 1 also shows that loss of utility functionality often precedes loss of containment, enabling indirect NaTech scenarios and weakening safety barriers and emergency response. The SMS-PMA is depicted as a transversal element mitigating these effects through flood-specific procedures, redundancy, and preparedness.
Overall, the results clearly indicate that flood-induced NaTech events cannot be adequately addressed through conventional, equipment-centred risk assessment approaches. The analysis confirms that indirect failure mechanisms—particularly those involving utilities and auxiliary systems—dominate the drivers of accident escalation and emergency response impairment in Seveso establishments exposed to flooding. These findings underscore the need to move beyond the sole evaluation of primary process equipment and adopt a systemic perspective that explicitly accounts for functional dependencies, cascading effects, and the role of organizational and emergency preparedness measures. In this context, integrating flood-induced NaTech scenarios into the SMS-PMA is a key element for strengthening prevention, improving resilience, and ensuring the effectiveness of protection measures under extreme weather conditions. Although the figure is conceptual, the escalation mechanism could be expressed through a synthetic indicator representing the potential severity of flood-induced NaTech escalation (dimensionless value, variable between 0 and 1): 
    (1)
where represents the potential escalation of NaTech scenarios, is the normalized flood hazard severity,  is the vulnerability of the i-th utility or auxiliary system, is its relative criticality weight (based on functional dependencies and importance for barriers), and expresses the effectiveness of the SMS measures. This formulation reflects the central role of utilities in mediating flood impacts and highlights how effectively the SMS implementation can mitigate escalation mechanisms. For the same flood, the escalation increases as utilities' vulnerabilities increase and decreases as the effectiveness of the SMS measures increases. 
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Figure 1: Flood-Induced NaTech Escalation Mechanism (utility-centred)

The ENaTech indicator has been introduced as a normalized synthetic index intended to represent the overall vulnerability of a Seveso establishment to flood-triggered NaTech scenarios. It does not represent accident probability; rather, it provides a comparative and diagnostic measure of flood-induced technological vulnerability. The indicator is defined within the range [0–1], where ENaTech = 0 corresponds to negligible vulnerability (i.e., absence of a flood hazard) or fully effective mitigation. At the same time, ENaTech = 1 represents maximum vulnerability, i.e., high flood intensity combined with weak mitigation capacity and high exposure. For interpretative purposes, an ENaTech qualitative scale has been added: 0.00–0.20 (Low NaTech relevance), 0.21–0.40 (Moderate vulnerability), 0.41–0.60 (Significant vulnerability), 0.61–0.80 (High vulnerability) and 0.81–1.00 (Critical condition). 
Table 2: Utility-by-utility mapping of vulnerability and criticality parameters for NaTech escalation screening
	Utility / auxiliary system 
	Main flood-induced failure mechanisms
	Escalation relevance
	Vulnerability  
	Weight 

	Electrical power supply
	Substation flooding, loss of grid, and generator inaccessibility
	Loss of control, safety barriers, and emergency systems
	0.80 → 0.40
	0.25

	Control & instrumentation
Cooling & refrigeration systems
Firefighting/firewater systems
Drainage & wastewater systems
Emergency access &   logistics
	Flooded control rooms, signal loss, 
PLC failure
Loss of cooling water, mechanical damage
Pump flooding, power loss, and reduced accessibility
Overflow, blockage, backflow

Inundated roads, debris
	Loss of monitoring, alarms, and process control
Thermal runaway, overpressure

Ineffective fire suppression, escalation of fires
Spread of hazardous substances

Delayed emergency response
	0.70 → 0.35

0.60 → 0.40

0.65 → 0.35

0.75 → 0.45

0.55 → 0.30
	0.20

0.20

0.15

0.10

0.10


The SMS parameter, based on typical inspection results under the Seveso directive, reflects the effectiveness of the Safety Management System for the Prevention of Major Accidents in mitigating flood-induced escalation mechanisms. It has been defined as a dimensionless performance indicator in the range [0–1], where 0 indicates the absence of flood-related mitigation measures, and 1 indicates fully integrated, highly effective flood-adapted management and technical controls. Typical reference ranges are SMS ≈ 0.2–0.3 (weak integration of NaTech into SMS), SMS ≈ 0.5 (partial implementation), and SMS ≥ 0.8 (structured and flood-integrated management system). The flood hazard parameter represents the normalized intensity of the external flood stressor affecting the establishment. It is derived from hydrological and site-specific parameters, including Flood depth, Flow velocity, Flood duration and Return period. All parameters are scaled to 0-1 based on site-relevant maximum reference values or regulatory flood scenarios. Alternatively, when detailed hydrological modelling is not available, a categorical approach based on officially defined flood return periods may be adopted (e.g., 100-year flood = 0.6; 200-year flood = 0.8; extreme climate-adjusted flood = 1.0).
Table 1 was used to assign utility-specific vulnerability scores  and criticality weights. A first application, carried out on some real cases emerging from the inspection experience conducted in the SNPA context, shows that, for a moderate–severe flood (HF=0,70), improving SMS effectiveness and reducing utility vulnerabilities can decrease the escalation indicator from ~0.34 to ~0.11.
Table 2 provides the utility-by-utility mapping used to populate Eq. (1), translating the qualitative analysis reported in Table 1 into vulnerability scores and criticality weights suitable for screening-level NaTech escalation assessment. Obviously, the data mentioned should be seen as a first approach to considering the problem from a quantitative point of view, based on operational experience in the field.
Conclusions
Flood-induced NaTech events represent a growing challenge for Seveso establishments in the context of climate change. The analysis confirms that flooding acts as a systemic stressor, affecting not only process equipment but also utilities, auxiliary systems, and emergency infrastructures. Results show that indirect NaTech scenarios, driven by the loss of functionality of safety-critical utilities, often dominate in terms of accident escalation and severity. Failures of power supply, control systems, cooling, and firefighting facilities may precede loss of containment and weaken defence-in-depth. These findings highlight the limitations of conventional equipment-centred risk assessments and the need for systemic approaches. The utility-centred framework proposed supports the identification of safety-critical components and escalation pathways. Effective integration of flood-induced NaTech scenarios within the SMS-PMA is essential to strengthen prevention, preparedness, and industrial resilience under extreme weather conditions.
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