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Offshore oil and gas production platforms operate in complex and inherently hazardous environments, where process deviations may arise not only from equipment failures or operational errors, but also from emergency conditions induced by external events. This study applies Recursive Operability Analysis (ROA) to an offshore separator, providing a probability assessment of critical events with particular emphasis on emergency operating conditions. Moving beyond traditional HazOp, the analysis evaluates both standard operations and degraded states triggered by emergencies, such as Natural Hazard Triggering Technological Disasters (NaTech) related to power loss. From the analysis, critical top events such as separator overpressure, flooding, and hydrocarbon release were identified, as well as the assessment of the contribution of emergency conditions to their probability of occurrence. Considering emergency-induced deviations significantly enhances hazard identification for offshore separators. This methodology supports improved decision-making for risk mitigation and offers a framework for safety assessments of critical process equipment exposed to extreme external events. 

Introduction
The escalation of meteorological and climate-related hazards has led to a paradigm shift in industrial safety, marked by the concept of NaTech (Natural Hazard Triggering Technological Disasters) (Santamato and Busini, 2025). First identified in the early 1990s, this term describes the cascading disaster that occurs when an extreme natural event damages industrial facilities, often in the chemical sector, leading to fires, explosions, or toxic releases. While these hazards were recognized early in countries as United States (with the development of databases from Showalter and Myers) due to the history of hurricanes and tornadoes, recent increases in extreme events have brought significant attention to NaTech in Europe (Amaducci et al., 2024). Today, a wide range of natural phenomena are documented as potential triggers in global databases such as eNaTech, underscoring the growing and critical relevance of the NaTech concept worldwide. According to the European Commission, this is the list of natural events associated with hazards for industries: debris flow, earthquake, extreme temperature variation, flash flooding, freeze, heat, heavy rainfall, high wind, ice storm, landslide, snow storm, soil erosion/scouring, storm, storm surge, submarine landslide, tornado, tropical cyclone, tsunami, volcanic eruption, wild fire, wind. Among the most tragic events, the Katrina and Rita hurricanes in 2005 are tragic examples of extreme natural phenomena (Santella et al., 2010). The industries hurt by these hurricanes suffered the destruction of several offshore extraction platforms, with the consequent release in the environment of hazardous materials (e.g., hydrogen sulphide, nitrogen oxides, and volatile organic compounds) and loss of production because of long rebuilding times. 
In the literature, NaTech events reviews and database are available, providing a remarkable amount of case studies. Weather-related events represent more than 80% of all NaTech events in the United States (Ricci et al., 2021), with hurricanes appearing as the most frequent (Sengul et al., 2012). Additionally, this kind of events is growing in terms of frequency due to climate change. North America is the area where the most NaTech events happen with an average of 3.5 accidents every natural event (compared to an average of 0.5 in Europe) (Ricci et al., 2021). 14% of all NaTech events affects oil extraction platforms, leading mainly to vessels overflow and piping ruptures, eventually causing dispersion of pollutants. Loss of containment events increased by 15 times in 2005 for the Katrina and Rita hurricanes mainly during start-up and emergency shut-down of the platforms (Santella et al., 2010). Therefore, oil platforms pose a major environmental problem during NaTech events, which should be considered in risk assessments.
Such events are generally not included in standard risk assessments, mainly because of misconceptions on the relation between the rarity of natural events and their consequences (Castro Rodriguez et al., 2024). Quantitative risk assessment is the most reliable tool for NaTech accidental scenarios assessment but, up to today, no general approaches are either available or recommended to accomplish such tasks (Muratore et al., 2025).
The aim of this work is to propose a structured risk assessment analysis which includes the possible impacts of NaTech on critical scenarios. The method is based on the Recursive Operability Analysis (ROA) (Barozzi et al., 2021; Demichela et al., 2002), an HazOp-like tool. Conversely to HazOp, a properly executed ROA can lead to an automatic generation of Fault Trees (FTs), with faster estimation of Top Events probabilities. This is the most interesting aspect of the work, as most of the risk analysis tools proposed in the literature are mostly focused on providing a correct estimation of an accident magnitude, while ROA and FTs can provide a good probability assessment (Barozzi et al., 2020). The most innovative element of the work is to consider the system state both normally and under the potential effect of an extreme event which changes the unavailability of components. This allows to neglect the estimation of the extreme event probability (which is often the most crucial part of the analysis), but makes Top Events probability estimation a conditioned probability, allowing to highlight the criticalities posed by the event. The proposed method was applied to a part of an offshore oil extraction platform (namely, a heat exchanger attached to a separator), identifying critical components and new accidental scenarios. 
Material and methods
The plant used in the analysis is a typical offshore installation for extracting crude oil from underwater fields, located 50-100 km from the coast. For deep filed extractions (up to 80 meters below sea level), a jack-up is conveniently employed to extract oil and natural gas, as well as water from underground formations. A jack-up has a lifting system that allows the legs to lower until reaching the seabed and, subsequently, raises the hull above the surface of the water, guaranteeing the structure adequate stability to counteract environmental and working loads. Once its purpose has been completed, the structure can be moved to another location easily, until the end of its life cycle, which normally extends to 25 years. The connection between the reservoir and the platform is ensured by the presence of multiple wellheads equipped with automatic safety valves designed to stop the flow of hydrocarbons in the event of an emergency, closing in the event of a lack of input signal from the control systems (typically temperature or pressure). Each wellhead is equipped with an electric submersible pump, which serves to lift the crude oil to the surface, where it is added with suitable corrosion inhibitors and emulsion separators before being routed, via a manual throttle valve, to the collection system. Before entering the first separation stage, consisting of a high-pressure separator, the crude oil is preheated in a shell and tube heat exchanger by means of low-pressure steam (6 barg) produced directly on the platform. The first stage of separation consists of a three-phase high pressure separator which, with an adequate retention time, separates the crude oil from the associated natural gas and water originally present in the reservoir. In particular, the liquid phase (collected at the bottom) is passed through a perforated plate baffle and an inclined plate coalescer in order to separate the water, which is discharged from the lower section of the vessel. In case of high flows, downstream of the second separation stage (consisting of a low-pressure three-phase separator) the crude is conveyed to an electrostatic dehydrator by means of special pumps. However, this is not usual in the initial stages of the exploitation of a field: in this case, after separation, the crude oil is routed directly to the export plants, where it is further heated to reduce the risk of wax formation along the sealine which connects the platform to the Floating Storage Vessel (FSO). The energy demand of the plant is satisfied by both diesel-powered current generators, with capacity up to 1 MW, and gas turbines capable of delivering power up to 5-10 MW, as well as producing steam thanks to a boiler, which recovers heat from the engine exhaust gases.
In case of failure of the main electricity generation system, power is normally supplied by a diesel emergency generator, designed to guarantee at least 24 hours of full load operation. To safeguard the operating personnel and the installed equipment, among other measures, safeguard systems are foreseen such as the Emergency Shutdown (ESD) and the fire prevention system, aimed at minimizing the aftermaths of uncontrolled flooding of process media, hydrocarbon releases and/or fire outbreaks. The main idea behind those ones is to depressurize the equipment by means of blowdowns and torches.
The analysis focuses on the heat exchanger shown in Figure 1, which shows the components and the connections to other parts of the plant. Heat exchangers are critical components in offshore oil extraction, serving both to cool compressed gases and pre-heat crude oil to ensure adequate volatility, with the latter being the focus of the present study.
[image: ]Figure 1: Diagram of the heat exchanger H-01 considered in the analysis 
Components involved
Table 1 provides a complete list and description of the components present on the heat exchanger line.
Table 1: List of components attached to the heat exchanger.
	Component 
	Description
	Component
	Description
	Component
	Description

	AI002
	Composition Indicator
	AX 002
	Composition Analyzer
	HL002
	Visual Alarm

	FO012
	Restriction Orifice
	CAH
	High concentration alarm
	TV011
	Valve

	PT023
	Pressure Transmitter
	PT01A
	Pressure transmitter
	PT01B
	Pressure Transmitter

	PI023
	Pressure Indicator
	PI01A
	Pressure transmitter
	PI01B
	Pressure Transmitter

	PDT012
	Differential Pressure Transmitter
	PDAHH
	High Differential pressure alarm
	SDV 011
	Shutdown Valve

	SDV 012
	Shutdown Valve
	SDV 020
	Shutdown valve
	TY 040
	Temperature Transducer

	TT
	Temperature Transmitter
	TAHH
	Very High Temperature Alarm
	TAH
	High Temperature Alarm

	PAH
	High Pressure Alarm
	TAL
	Low Temperature Alarm
	PAL
	Low Pressure Alarm


Plant Nodes
5 nodes have been identified. Node 1 is the wellhead for crude oil extraction (not shown). Node 2 includes the line from the skid manifold to the heat exchanger upstream of the high-pressure separator. Flow is only permitted after opening the stop valves SDV-011 (upstream of the heat exchanger) and SDV-101 (in the skid manifold) by applying the operating pressure to their actuator. In case of unwanted events, the aforementioned valves are automatically closed by the ESD system and remain closed up to the system reset.
Node 3 includes the line which conveys the steam to the shell and tube heat exchanger upstream of the high-pressure separator. Flow is only permitted after opening the stop valve SDV-020 by applying operating pressure to the valve actuator. The valve is automatically closed by the ESD system of the plant if unwanted events occur and remains stationary in its position until the causes that led to the plant stop are eliminated.
Node 4 includes the line which connects the heat exchanger with the high-pressure separator downstream of the same. On the other hand, the temperature of the heat exchanger is monitored by means of a control loop consisting of the TT-011 transmitter, the TIC-011 controller indicator and the TY-011 electro-pneumatic converter, which regulates the closing of the TV- 011 placed on the steam inlet line if the temperature exceeds the set point of 30 °C. Node 5 includes the heat exchanger condensate drain line where there is a control ring appointed to monitor the quality of the auxiliary fluid discharged from the equipment thanks to the AX-002 concentration analyzer. Since in the event of breakage of the exchanger pipes, crude oil infiltrations can occur in the condensate, a visual alarm (HL-002) is set at 100 ppm to alert the operators of the failure.
Emergency Shutdown Procedures
The emergency shutdown (ESD) provides a certain degree of protection in case of anomalies.
The stop valve SDV-011 is equipped with the pressurization valve SDV-012 (opened only during the start-up operations), and with the calibrated orifice FO-012. The pressure difference at the stop valve SDV-011 is monitored by the transmitter PDT-012 which, via ESD, closes the valve if the critical level of 3 barg is exceeded.
The ESD is also triggered in case of steam pressures either below 1 barg or above 8.5 barg. In the first case, a very low-pressure alarm is activated, along with the closure of valves SDV-011, SDV-012, SDV-020. In case of very high pressures, a high-pressure alarm is activated, with closure of the valve SDV -020 and the automatic opening of a normally closed purge valve. If the pressure in the line exceeds 10 barg, a pressure relief valve opens mechanically. Note that the aforementioned stop valves can be also closed in the event of very high pressure of the crude oil leaving the heat exchanger, or for very high oil levels or abnormal pressures in the high-pressure separator.
As mentioned, the ESD intervenes by closing the stop valve SDV-020 in the event of abnormal pressures in node 2, but also in the event of very high pressure or temperature at the outlet of the heat exchanger upstream of the high pressure separator, as well as if there is a very high oil level or anomalous pressures in the latter. If the pressure in the line exceeds 9 barg, the pressure relief valve PSV-01 opens mechanically.
The ESD is triggered when the TT-01A and TT-01B transmitters both detect temperatures above 45 °C or the PT-01A and PT-01B transmitters both detect pressures above 8.5 barg: in the first case we have the activation of the TAHH-01 alarm and the closure of the SDV-020 stop valve, while in the second one there is the activation of the PAHH-001 alarm and the closure of the SDV-011, SDV-012, and SDV-020.
Results
The variables involved in the analysis are Temperature (T), Flowrate (F), Pressure (P), and Level (L).
Recursive Operability Analysis (ROA)
Table 2 reports the ROA applied to the heat exchanger.
Table 2: ROA table for the heat exchanger.
	Rec
	NDV
	Causes
	Consequences due to protections failure
	Plant state with protections working correctly
	Protections
	Notes
	TE

	
	
	
	
	
	Manual
	Automatic safety systems actions
	

	
	
	
	
	
	Alarm (optical/
acoustic)
	Operator actions on components
	
	

	1
	2.h.F
	Pumps fault
	(5.l.F)
4.h.F
	(5.l.F)
4.h.F
	-
	-
	-
	-
	-

	2
	2.hh.DP
	Clogged line
	2.l.F
	2.No.F
(warning well head)
	PDAHH-012
	-
	ESD closes SDV-011
	-
	-

	3
	2.No.F
	Rec. 2
	No crude
	No crude
	-
	-
	-
	
	TE1

	4
	2.l.F
	Pumps fault
OR
2.hh.DP
	4.h.T
	4.h.T
	-
	-
	-
	-
	-

	5
	3.l.F
	Fault in steam production
OR
TIC-011 (fail high)
	4.l.T
	4.l.T
	-
	-
	-
	-
	-

	6
	3.No.F
	Fault in steam production
OR
TIC-011 (fail high)
OR
TV-011 (fail closed)
	4.l.T
	4.l.T
	-
	-
	-
	-
	-

	7
	3.l.T
	Fault in steam production
	4.l.T
	4.l.T
	-
	-
	-
	-
	-

	8
	3.h.F
	Fault in steam production
OR
TIC-011
OR
TV-011
	4.h.T

3.h.P
	4.h.T

3.h.P
	-
	-
	-
	-
	-

	9
	3.h.T
	Fault in steam production

	4.h.T
3.h.P
5.l.F
	4.h.T
3.h.P
5.l.F
	TI-009 (TAH)
	-
	-
	-
	-

	10
	3.h.P
	3.h.T
OR
3.h.F
	3.hh.P
	3.hh.P
	PI-029(PAH)
	-
	-
	-
	-

	11
	3.hh.P
	3.h.P
	H-01 explosion
	Torch blowdown
	-
	-
	-
	-
	TE2
TE3*

	12
	4.l.F
	Rec.15
OR
3.l.T
OR
3.l.F
OR
3.No.F
OR
TIC-011
	
	-
	-
	-
	-
	-
	-

	13
	4.l.T
	3.l.T
	Low temperature in separators
	Low temperature in separators
	TI-01A/B (TAL)
	-
	-
	-
	TE4

	14
	4.h.F
	2.h.F
	High level in separators
	High level in separators
	
	-
	-
	-
	TE5

	15
	4.h.T
	3.h.F
OR
2.h.T
OR
2.l.F
OR
TIC-011
	4.hh.T
High temperature in separators
	4.l.T
	TI-01A/B (TAH)
	Manual closure of SDV-020
	-
	-
	TE6

	16
	4.hh.T
	4.h.T
	High temperature in separators
	N.O.
	TAHH-01
	-
	ESD closes SDV-020
	
	TE6


Top Events and probability estimation
From the analysis on the heat exchanger, the following Top Events were identified: no crude available (TE1), explosion of the heat exchanger (TE2), blowdown to the torch (if protections work effectively, TE3*), Low temperature in separators (TE4), High level in separators (TE5), High temperature in separators (TE6). From this, the probability of occurrence of TE2 was identified (as it represents the most critical scenario, and it involves intervention of ESD), and compared to both standard and under emergency events. The unavailability U of a i-th component was found according to a Poisson distribution, with λ being the failure rate and t the mission time (one year is used). This means that the system does not account for repairability of components, and the system operativity is completely restored at the beginning of a yearly cycle. 
	
	(1)


All the failures of components were recovered from Lees’ failure rate database (Mannan, 2005). Table 3 report the results used for the Top Event identification. In case of plant stroke by an extreme event, components that require power or instrument air have been associated with un updated unavailability equal to 1. This value of unavailability reflects the loss of power inside the facility due to negative effects on the external event. PSV are supposed to be unaffected by the event, since they are mechanical components, and do not require either electricity or instrumental air. 
Table 3: List of basic event probabilities under both normal and extreme-events operating conditions.
	Base event 
	U [1/y]
	UNaTech [1/y]] 
	Base event 
	U [1/y]
	UNaTech [1/y]

	ESD-failure
	0.365
	1
	Controller failure in steam production
	0.088
	1

	Level controller alarm failure
	0.365
	1
	Pressure or temperature alarm failure
	0.009
	1

	Pump failure
	0.365
	1
	PSV failure
	0.004
	0.004

	Pneumatic glove valve failure
	0.110
	1
	Line clogging
	0.001
	0.001

	Level alarm failure
	0.088
	1
	Indicator-controller failure
	0.088
	1

	SDV failure
	0.037
	1
	
	
	


The probabilities of the TEs were calculated with the software OpenFTA 1.0 (Formal Software Construction Ltd, 2005). Finally, TE2 probability under normal operating condition resulted equal to 9.37∙10−6. In case of a natural event striking the plant, this drastically changed to 3.86∙10−3 over a yearly base, increasing significantly.
Conclusions
NaTech poses a relatively new but escalating threat to the chemical industry, and it is important to propose tools to enhance the risk assessment in the chemical industry. The proposed methodology allows to deduct some information about the impact of an extreme event on a system reliability without changing the starting analysis, by updating the unavailability of components involved, given a meaningful scenario. In this work, we focused efforts solely on electrical and instrumental air interruptions. These interruptions can be caused by lightning and strong winds, a reasonable scenario for offshore facilities. The updated analysis showed an increased probability of one critical scenario (the explosion of the heat exchanger), changing from 9.37∙10−6 to 3.86∙10−3, on a yearly base. The newly found probability is a conditioned probability, since it is hypothesized that the natural event already occurred, and it highlights the severe threats to process safety that such events represent.
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