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Abstract 
Fire in the topside production area of offshore Oil and Gas (O&G) platforms has the potential to trigger cascading events and may lead to catastrophic consequences for operators, environment and asset. Safety barriers, such as hardware systems and emergency response, are critical elements aimed at preventing the propagation of this type of scenarios. Harsh environmental conditions may strongly affect the integrity of protective equipment and significantly hinder an effective and timely emergency response, with a consequent increase in the risk level. The present study is aimed at developing a structured methodology to the quantitative performance assessment of safety barriers, specifically addressing the analysis of offshore facilities operating in harsh and sensitive environment. An expert judgment elicitation procedure is adopted to score external factors associated with harsh environmental conditions. Simplified relationships are established for availability and effectiveness evaluation of safety barriers in offshore O&G platforms. A dedicated framework is developed for the analysis of emergency response. The approach is tested through the application to a case study, aimed at the assessment of the influence of harsh environmental conditions on the risk due to cascading events in a reference offshore installation.
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1. Introduction
In the last decades, energy request has been increasing due to a continuous economic and social progress. Although renewable resources are increasingly developed, according to the International Energy Agency, the primary energy resource is still fossil fuels and their demand is expected to grow by more than 35% in the period 2010 to 2040 (IEA - International Energy Agency, 2017). 
The raising energy demand drives oil & gas (O&G) exploration companies to search for novel reservoirs. Therefore, exploration activities are moving towards Arctic and sub-Arctic regions, along the Norwegian, American and Russian continental shelfs. According to the United States Geological Survey, 22% of world hydrocarbon reserves are contained in these areas (www.usgs.gov). The exploration of these areas started in the early 1960s (National Petroleum Council, 2015). However, their harsh climate conditions entail undertakings and risks for drilling operations (Paltrinieri et al., 2017). The oil production in these areas encounters different challenges due to cold, harsh climate, wind, snowfall, darkness and sensitive environment with respect to pollution. The weather may delay operations as well as maintenance activities and the remoteness of the installations may lead to logistic and emergency response problems. Besides, severe legislative frameworks are in force for environmental protection (Norwegian Environment Agency, 2011). 
Poor experience in design and operations of Arctic O&G facilities within harsh environment and difficulties in emergency response and management may represent critical issues to overcome. As Bercha et al. (2003) and Gao et al. (2010) affirm, technical and operational performance of safety barriers are critical aspects to be addressed in these specific conditions. The effect of the environment and external factors on systems reliability have been investigated in the past and several models are available in the literature, such as the proportional hazard model (PHM) (Cox, 1972) or the accelerated failure time model (Kalbfleisch and Prentice, 2002). On the other hand, innovative techniques for operational support may be applied to such scenarios (Landucci and Paltrinieri, 2016; Paltrinieri et al., 2017; Paltrinieri and Khan, 2016).
Systems maintainability is also affected by external environment. Maintenance relies on resources, such as operators, tools, and equipment, accessibility and testing. In Arctic conditions, operators may delay or may be unable to perform maintenance activities, remoteness may hinder the deployment of tools and equipment needed and these may result in overdue or inappropriate maintenance. These issues were specifically addressed in the work by Gao et al. (2010). Despite that risk-based design enhancing safety of operations in harsh environment was discussed by several authors (Gao et al., 2010; Paik et al., 2011; Vinnem, 2014), a comprehensive and systematic safety assessment is still lacking for accident scenarios associated with offshore O&G facilities in harsh environment.
Among the most critical accident scenarios which may affect O&G extraction and production facilities, fires and explosions may directly cause severe damage to human health and environment, but also affect the structural integrity of the facility and asset. In this latter case, accidents may propagate among different equipment processing or storing hydrocarbons, eventually leading to the amplification of consequences (Khakzad and Reniers, 2015; Necci et al., 2015). Those scenarios are indicated as cascading or domino events (Reniers and Cozzani, 2013), and severely affected offshore O&G installations (e.g. Piper Alpha disaster, July 1988 (Lord Cullen, 1990) and Macondo blowout, April 2010 (BP, 2010)) and, more in general, the process industry (Cozzani and Reniers, 2013). 
In the last decades, the hazards posed by cascading events inspired the development of different approaches aimed at accounting this event in risk analysis and management (Bagster and Pitblado, 1991; Cozzani et al., 2005; Gledhill and Lines, 1998). More recent approaches proposed for cascading events triggered by fire assessment included Monte Carlo simulations (Abdolhamidzadeh et al., 2010), simplified risk indexes (Cozzani et al., 2009; Zhang and Chen, 2011) and tools based on Bayesian networks (Khakzad et al., 2013), eventually accounting for analysis of safety barrier performance (Khakzad et al., 2017). However, none of the mentioned approaches addresses the influence of harsh environmental conditions on risk evaluation and possible prevention or mitigation associated with the performance of safety barriers.
A preliminary attempt to analyze cascading events triggered by fire in harsh environmental conditions was developed by Landucci et al. (2017). The authors improved a methodology for the quantitative assessment of safety barriers based on event tree analysis (Landucci et al., 2016, 2015) introducing the analysis of environmental effect on the performance of safety barriers, accounting for external factors such as cold weather, extreme snow, wind or other meteorological conditions. However, the approach was primarily focused on the assessment of cascading event risk for onshore facilities, without specific and detailed analysis to the peculiar aspects of emergency rescue and response in O&G offshore installations. 
Therefore, the present work addresses the need for a systematic framework for risk analysis of cascading events assessment and emergency response. The focus is on the performance of safety barrier mitigating fired domino scenarios in offshore platforms and facilities. The effects of harsh environmental conditions are included in the investigation in order to develop a comprehensive framework able to analyse how domino frequency (or probability) may vary due to external severe weather conditions. 
The paper is structured as follows. In Section 2, a detailed overview of the developed methodology is provided. A description of the case study installation and the meteorological characterization of the area where it operates are provided in Section 3. Results are presented in Section 4 while Section 5 discusses the overall findings. Conclusions are provided in Section 6. 
2. Methodology
2.1 Overview 
The present work is based on a methodology aimed at evaluating the performance of safety barriers in O&G facilities operating in offshore harsh environment. Figure 1 reports the flowchart of the methodology, detailing the specific features. 
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Figure 1. Flowchart of the method developed in the present study to assess the probability and frequency assessment of cascading events triggered by fire in offshore O&G installations. The method accounts for the effect of harsh environmental conditions on the protection performance of safety barriers.

The preliminary step of the methodology (step 1 in Figure 1) is aimed at the identification of safety barriers that are installed on offshore O&G installations in order to prevent and/or mitigate the occurrence of cascading events. Barriers are identified according to specific standards and guidelines (American Petroleum Institute, 2007a; HSE Health and Safety Executive, 1992; ISO-International standardization organization, 1999; PSA, 2013). Each safety barrier is characterized by protection performance parameters in order to support further steps for the quantitative characterization. In step 2 (see Figure 1), a harsh environmental score, namely HES, is determined, based on a weighted combination of penalties associated with external climate and environmental factors (e.g., cold temperatures, wind, waves, snowfall, etc.). In this step, a specific elicitation process and a novel aggregation procedure is adopted to reduce the uncertainties in the methodology. 
The so evaluated HES is applied in step 3 (see Figure 1) in order to determine the quantitative parameters related to the performance of the safety barriers in harsh environment. The safety barriers performance is expressed in terms of i) availability, i.e. the capability of the barrier to respond on demand and ii) effectiveness, i.e. the capability of the barrier to effectively mitigate or prevent an escalation scenario once activated (Landucci et al. 2015, 2016). It is worth noticing that the definition of availability provided in this framework has been proven to be in line with the ARAMIS project (Dianous and Fiévez, 2006) definition of “level of confidence”, while the definition of effectiveness includes both definitions of “effectiveness” and “response time” of the ARAMIS project. 
Both availability and effectiveness are influenced by the harsh environmental conditions and HES is adopted to tailor these parameters for the location under analysis. An aspect that constitutes a relevant element of novelty in the present work is related to the detailed performance analysis of emergency response time specific for offshore platforms, which, to the best of our knowledge, was never undertaken before in the framework of cascading events analysis.
Finally, the safety barrier performance data obtained are implemented in an event tree analysis based on specific gates for the analysis of fire induced cascading events in order to determine the annual probability of escalation scenarios (step 4 in Figure 1).

2.2 Identification and characterization of reference safety barriers 
Control and mitigation of fires and explosions in O&G offshore facilities is ruled by different standards and guidelines (American Petroleum Institute, 2007a, 2007b; HSE Health and Safety Executive, 1992; ISO-International standardization organization, 1999), which are hereby taken as basis to identify the required safety measures. According to CCPS - Center of Chemical Process Safety (2000), barriers are classified as:
· passive protections, which are already in place and do not require external activation;
· active protections, which require automatic/external activation 
· procedural and emergency measures, which involve the intervention of operators and emergency teams
Several pieces of equipment are installed on offshore installations featuring different sets of protection systems HSE (Health and Safety Executive, 1992). A synthetic and comprehensive set of reference safety barriers for offshore installations are determined (Landucci et al. 2015). In particular, inherent safety analysis allowed performing a screening among the process units typically installed in extraction and production offshore O&G sites. The Domino Actual Hazard Index (Cozzani et al., 2013, 2009) has been applied in this analysis. It is a method based on the identification of penalties for process equipment and to the calculation of a dedicated index describing the criticality of each item to domino escalation scenarios. The procedure has been applied to the different process area equipment. The first stage horizontal separator was identified as the most critical unit for domino effect propagation and thus it was taken as reference unit. Then, according to HSE (Health and Safety Executive, 1992) the safety barriers associated to this type of equipment were identified and constitute the object of the present analysis; the selected safety barriers are summarized in Table 1. It is worth to noticing that only the systems relevant for domino prevention are listed below. As shown in Table 1, two types of active fire protection systems are considered:
a) Systems for the delivery of fire-fighting agents (such as water or water-based foam), which are designed, among other functions, to mitigate fire exposure of the target (NORSOK, 2008);
b) Emergency isolation systems through shutdown, which is designed to isolate a target unit, reducing the potential loss and consequent damage connected to the large inventory.

Table 1. Summary of fire protection devices for offshore horizontal separator according to HSE Health and Safety Executive (1992).
	Target Equipment
	Active protection systems
	Passive protection systems 
	Procedural/emergency measures 

	Horizontal Separator
	Water Deluge System (WDS01) 
Emergency Shut Down (ESD01) 
	Pressure Safety Valve (PSV01) 
Passive Fire Protection (PFP01) (2h rating)
	Emergency response and rescue (EE01)



In the framework of escalation prevention, the application of fireproofing materials constitutes a relevant and effective passive safety barrier aimed at delaying fire heating. Fireproofing is often combined with emergency relief systems in order to limit the vessel pressure build-up due to the liquid temperature increase (American Petroleum Institute (API), 1999; SCI-Steel Construction Institute, 1992).
Finally, procedural and emergency measures include the relevant operating procedures with respect to escalation prevention and to support the coordinated response to a major accident scenario. For offshore installations, the emergency response consists in both actions taken from personnel on board to contain and/or control the hazard and actions carried out by trained personnel approaching the facility from the safety and rescue vessels. 
A survey of performance data for safety barriers summarized in Table 1 was carried out in a previous work in which a specific data repository was built (Landucci et al., 2015). These performance data are hereby taken as initial reference to support the analysis of safety barrier performance in harsh environment conditions.
Active fire protections are complex systems and their availability, expressed in terms of PFD (probability of failure on demand), is evaluated using fault tree analysis where dependencies and common cause of failures are addressed through the “beta factor” method (Schueller, 1997). The successful application of active fire protection does not guarantee the prevention of escalation hence the evaluation of system effectiveness through quantitative parameters is required. Passive fire protections can be considered as single components and then their availability is derived conservatively from specific literature (National Fire Protection Agency (NFPA), 2009).

2.3 Definition of Harsh Environment Score (HES)
2.3.1 HES evaluation approach
In order to assess the influence of harsh environment, indications about the influence of different site-specific environmental parameters, such as temperature, wind and waves height, are combined in order to define the Harsh Environmental Score (HES). In sight of indexes for extreme meteorological conditions, such as the Severe Weather Threat Index (SWEAT) (Miller, 1972) and the Severe Thunderstorm Index (STI) (Maglaras and LaPenta, 1997), the HES is defined as a weighted summation of the atmospheric parameters and it represents a preliminary metric to assess the harshness of the environment where the facility is located. HES is used to consider the influence of environmental conditions on barrier performance as explained in sections 2.4 and 2.5. Figure 2 shows the hierarchical evaluation process for HES according to (Landucci et al., 2017), to which the reader is referred for more details. 
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Figure 2. Hierarchical approach for the evaluation of the Harsh Environmental Score (HES), adapted from (Landucci et al., 2017). An expert judgment elicitation procedure is adopted to score external factors associated with environmental conditions to evaluate the performance of safety barriers in harsh environment.

2.3.2 Definition of stressors and penalties
The approach for the evaluation of HES shown in Figure 2 is based on the identification of “stressors”. Stressors are factors that mostly affect the human performance in operations in extreme weather conditions. A generic taxonomy of stressors is provided by Kim & Jung (2003). Musharraf et al. (2013) analyse the most relevant stressors in harsh environment according to previous works from Bercha (2006) and Bercha et al. (2003). According to these studies, the significant stressors in harsh environments are: 
· Coldness (or warmth); ice slippery, difficulty in breathing;
· Combined weather effect;
· Low visibility; and
· Remoteness. 

Table 2. Summary of stressors, external factors and penalty system for HES evaluation adapted from Landucci et al. (2017). 
	Stressor (Musharraf et al., 2013)
	External Factor (EF)
	Range 
	Penalty (S)

	Coldness or warmth, Ice for slippery, difficulty in breathing 
	(1) Environmental Temperature (ͦ C)
	> 45 
	0.4

	
	
	4 to 45
	0

	
	
	-4 to 4 
	0.2

	
	
	-10 to -4
	0.6

	
	
	-30 to -10
	0.8

	
	
	<-30
	1

	Combined weather effect
	(2) Extreme wind speed (annual speed range (m/s) at 10 m above sea level)
	0 to 3.3
	0

	
	
	3.3 to 5.5
	0.2

	
	
	5.5 to 8
	0.4

	
	
	8 to 10.8
	0.6

	
	
	10.8 to 13.9 
	0.8

	
	
	> 13.9 
	1

	
	(3) Waves height (significant waves height (m))
	< 0.1
	0

	
	
	0.1 to 0.5
	0.2

	
	
	0.5 to 1.25
	0.4

	
	
	1.25 to 2.5
	0.6

	
	
	2.5 to 4
	0.8

	
	
	> 4
	1

	
	(4) Snow (snowfall (m/year))
	0 to 0.125
	0

	
	
	0.125 to 0.5
	0.2

	
	
	0.5 to 1
	0.4

	
	
	1 to 1.5
	0.6

	
	
	1.5 to 2
	0.8

	
	
	> 2
	1

	Low visibility
	(5) Fog/Snow effect
(minimum visibility distance (m))
	< 50
	1

	
	
	50 to 200
	0.8

	
	
	200 to 500
	0.6

	
	
	500 to 1000
	0.4

	
	
	1000 to 2000
	0.2

	
	
	> 2000
	0

	
	(6) Sunlight hours (sunshine duration (h/year)) 
	< 1200
	1

	
	
	1200 to 1600
	0.8

	
	
	1600 to 2000
	0.6

	
	
	2000 to 2400
	0.4

	
	
	2400 to 3000
	0.2

	
	
	> 3000
	0

	Remoteness 
	(7) Distance from shore, fear of unknown 
	Low 
	0

	
	
	Medium 
	0.5

	
	
	High
	1




To each stressor, one or more external factors (EF) are associated. EFs are climate or environmental conditions that can be measured or quantified for the site under analysis and that have a significant impact on the correspondent stressor. A non-dimensional penalty (S) is assigned to each EF. This represents the distance from favourable environmental conditions and it scores from 0 to 1, where 0 represents the good conditions and 1 the worst ones. Penalties are then combined according to the rules described in Section 2.3.3.
Specific environmental conditions of the site of interest should be collected while assigning the penalties. The penalty increases the relevance of the EF for the case study under analysis. The overview of stressors, external factors and penalty system applied in the present study is provided in Table 2. The parameters aimed at determining the EF score are ranked in order to assess the effect of adverse meteorological conditions on plant operation performance. The ranges of the parameter are derived from literature survey and documented elsewhere (Landucci et al., 2017). The weather parameters used are average values over a year. The aim of the HES is to describe to some extent the harshness of the environment where the installation is located. It is not meant to describe the condition at a given point in time (e.g. today). 
The following sections report the main highlights about the effect of each external factor on human performance and about the penalty system adopted in Table 2. 
Cold weather inhibits operator’s performance inducing difficulty in breathing or slippery due to ice (Musharraf et al., 2013). In Recommended Practices RP 581 from American Petroleum Institute (2000) specific penalties are associated to operation in cold environments on the basis of the external temperature (external factor (1)). These penalties, as shown in Table 2, are adapted in this framework. A further penalty is considered in the presence of hot weather conditions, when the temperature is higher than the one representing tropical ambient conditions (45°C) (IACS - International Association of Classification Societies, 1978).  
Wind affects human and objects. The Beaufort wind force scale (Shaw and Austin, 1919) is considered in this framework in order to account of the EF2 “extreme wind speed”. The scale identifies 13 classes associated to different Beaufort numbers (from force 0 to force 12). The intermediate levels are identified according to a linearly increasing behaviour with respect to the wind speed at 10 m above sea level. Each class represents different sea and land conditions. The present work considers the scale up to force 8, defined as “gale”. In this condition, the operators walking against the wind feel inconvenience. On offshore installations, the edges are the critical areas exposed to high wind. The process area is conventionally protected against external wind. Anyway, strong wind may significantly affect the safety vessel response and the operations carried out by the emergency crew then it is a factor that should be taken into account in the present analysis.  Conservatively, the present framework assigns the unitary penalty to the gale condition and no penalty is considered below the “light breeze” condition (force 2 in Beaufort scale). The intermediate wind speed ranges are scored with penalties linearly increasing from 0 to 1 (Shaw and Austin, 1919). 
Waves (EF3) may generates seasickness on offshore operators. The effect of waves is different on different type of installations. For example, fixed installations do not experience at all any problem due to the state of the sea. The situation is critical for floating units, both processing installations and supply vessels. The parameter considered in assessing the severity of wave conditions is the “significant wave height”, i.e. the average of the higher one third of the waves considering a stated sea surface and ordering the waves for increasing height. According to PAFA Consulting Engineers (2001), the critical waves height resulting in adverse sea state is in the range of 3-4 m. Then, the maximum penalty is associated to waves exceeding 4 m height. The classification of severity classes for waves according to Douglas sea scale (PAFA Consulting Engineers, 2001) is adopted in order to identify the ranges of heights and to associate them a penalty. Douglas scale identifies ten degrees of severity for wave conditions with nearly logarithmic increment with respect to wave height. No penalty is associated with “calm sea” condition, i.e. wave height less than 0.1 m. 
Snow load (EF4) may limit operator movements in offshore installation. The parameter adopted in quantifying its effect is the “snowfall”, i.e. the depth of snow that accumulate between an observation and another one. In order to penalize snowfall on human performance, the scoring system is based on the classes of annual snowfall identified by Kunkel et al. (2007). The scale identifies three classes of severity for snowfall precipitation. The maximum penalty is assigned for precipitation higher than 2 m/year while no penalty is considered for snowfall lower than 0.125 m/year. Intermediate values are defined according to a linearly increasing law. 
Visibility may be reduced due to the combined effect of fog and snow (EF5) and sunlight hours (EF6). It is a critical factor for emergency intervention and platform rescue and evacuation. Limited visibility may delay significantly these operations and it may lead to severe scenarios. 
The metric for visibility penalization due to fog and snow is determined according to visibility table from supplementary surface weather report (SUPREP) code by DOA - Department of Army (1982). The minimum visibility range in SUPREP code is associate to the maximum penalty (e.g., 1). A logarithmic decreasing penalty is associated to intermediate visibility classes. No penalty is associate to visibility equal or higher than the typical maximum extension of an industrial facility. 
In order to assess the visibility reduction due to darkness, the climatological indicator “sunshine duration” is adopted. It measures the cumulative time during which an area receives direct irradiance from the sun for at least 120W/m2. The ranges for sunlight hours in a given location are defined according to the categorization by Landsberg & Pinna (1978). The maximum penalty is assumed for these area with the minimum range of annual sunshine hours while no penalties is considered in locations with ordinary sunlight duration (i.e. one third of the total time as annual average). 
The remoteness factor (EF7 in Table 2) is associated with fear and homesickness (Musharraf et al., 2013). Due to relevant uncertainties in measuring the impact of remoteness on human behaviour, the framework adopts a semi-quantitative approach. In case the analyst deems that this aspect is critical, a unitary penalty is assigned. An intermediate score (e.g., 0.5) may be also assigned in case the analyst deems relevant to consider this factor at medium priority, while a null score is assigned otherwise.

2.3.3 Penalties aggregation
Once the penalties (S) are associated to each of the N external factors relevant for the case under analysis, HES is evaluated as a weighted summation as follows:

  										(1) 

where  and  are respectively the score and the weight associated to the i-th EF. The choice of the weighted summation for penalties aggregation is in accordance with a previous work (Landucci et al., 2017). 
Weights are assigned in order to associate a different level of importance within each EF or eventually to exclude those that are not relevant for the case study. Weights are assigned to each EF and they are representative of the judgement of the assessor, also on the basis of interviews with workers and managers of the company operating facility. Zipf’s law has been adopted in order to obtain a preliminary set of weights (Zipf, 1949). A simplified version of Zipf’s law predicts that out of a population of N elements, the frequency of elements of rank j, called  is:

  										(2)

The EFs are ranked in five classes according to the judgement of the assessor and also on the basis of interviews with workers and managers operating on offshore floating units. Table 3 shows the ranking of the EFs obtained from experts’ elicitation and adopted in this framework. EFs classified in the higher ranks (1, 2) are those judged as more critical. On the basis of the ranking defined for offshore installations, weights are assigned to each EF, as shown in Table 3. 

Table 3. Ranking and weights assigned to EFs in the present framework, 
	Rank (j)
	EF (see ID in Table 2)
	Weight, 

	1
	Environmental temperature (EF1)
	0.33

	2
	Extreme wind speed (EF2); Waves height (EF3)
	0.17

	3
	Sunlight hours (EF6)
	0.11

	4
	Distance from home, fear on unknown (EF7)
	0.08

	5
	Snow (EF4); Fog/snow (for visibility) (EF5)
	0.07



2.4 Hardware barrier performance assessment
Extreme environmental conditions may seriously affect the availability of hardware components (Gao et al., 2010). Both active and passive barriers may deteriorate due to cold, erosion, wind, snow and ice, with significant worsening of their protective performance. In this study, it is assumed that harsh environment seriously affect barrier availability while no significant effects are associated to the effectiveness (Gao et al., 2010). 
According to the recommended practices RP 581 by the American Petroleum Institute (2000), the depletion of barrier performance in harsh conditions is strictly related to environmental temperature. In particular, environmental temperature may affect barrier availability when its values is below a given threshold value of -6.7 ͦ C (American Petroleum Institute, 2000). This value corresponds to a penalty for external temperature (S1) in Table 2 equal to 0.6. In this framework, we assumed that for S1 lower than 0.6, no relevant performance modifications are accounted and data for safety barriers operating in normal environment may be adopted (see e.g., the data repository reported by Landucci et al. (2015)). 
For S1 higher than 0.6, depletion of barrier availability in Arctic environment is addressed using the PHM (Cox, 1972), as suggested by Gao et al. (2010). The approach modifies the failure rate of a generic component, λ, in case of harsh environment as: 

  									 (3) 

Where  is the baseline failure rate in normal environment (assumed as constant during the lifecycle of the facility) and  and  are the covariates, assumed as binary, described in Table 4. 

Table 4. Covariate values for failure rate modification (adapted from (Gao et al., 2010)). 
	Covariate
	Definition
	Values

	
	
	+1 
	-1

	z1
	Protection conditions
	Inadequate protection
	Adequate protection

	z2
	Equipment quality
	Poor quality 
	Good quality



In order to obtain baseline failure rates value , a PFD data repository for the considered barrier is needed (Landucci et al. 2015). An equivalent failure rate was derived by applying the base relationship for the estimation of tested component unavailability (Lees, 1996) to . The baseline failure rate is then: 

  									(4) 

where  is the baseline test interval, assumed equal to 1 year (8760 hours) for industrial facility located in normal environment. Eq. (1) is then applied to calculate the modified failure rate  and then the PFD in harsh environment may be calculated according to the previous Eq. (4). In this case, a modified test interval  is considered in order to take into account of delays in maintenance operations, less frequent shutdowns due to difficulties in accessing the area or difficulties in performing tests that harsh environment may involve. Such problems are accounted by an increase of test interval based on the information gathered for the facility under analysis. The test interval is set as 10000 h in harsh environmental conditions. 
In the present work it is assumed that cold environment does not affect the effectiveness of active barriers, once activated (see (Landucci et al., 2017) for more details). Therefore, the effectiveness associated with the active safety barriers listed in Table 1 may be considered as in the case of normal environment (Landucci et al. 2015). 
The effectiveness of the Water Deluge System (WDS01) is determined based on the outcomes of experimental studies (Hankinson and Lowesmith, 2004; Roberts, 2004a, 2004b; Shirvill, 2004) on pressurized vessels engulfed by fire, in which the reduction in the incident thermal radiation due to WDS was evaluated. These studies allowed defining a numerical parameter, namely intensity reduction factor ϕ, in order to quantify the WDS effectiveness; ϕ represents the reduction in heat load  due to the presence of the activated WDS. Based on the numerical results of the experimental studies, ϕ has been selected as 0.50. The heat load  in case of available WDS indicates WDS performance and is obtained as: 

  										(5) 

The Emergency Shut Down (ESD) system is activated to stop the leakage that feeds the primary fire scenario. The effectiveness of the ESD is related to the maximum response time of the system. In case of successful activation, it is assumed that the ESD system isolate the leak within 3 minutes with unitary effectiveness (Landucci et al., 2015). 
Passive safety protections include Pressure Safety Valve (PSV) and Fireproofing Coatings. The presence of the PSV alone is proved (Birk, 2006) not to be sufficient to significantly delay the time to failure (TTF) of the target equipment. In this case, the effectiveness is considered as unitary but the TTF is evaluated using the unprotected vessel correlation. 
Fireproofing coatings are able to delay the vessel failure. In case of availability of this protection a unitary effectiveness is assumed in this framework. The TTF of the unprotected target equipment is added by a further term, namely TTFC, representing the delay action of the coating. TTFC is evaluated according to a simplified approach: if high performance materials designed to specifically withstand severe fire conditions are adopted (intumescent, vermiculite spray, fibrous mineral wool), the TTFC is assumed conservatively as 70 minutes; if common insulating materials (glass wool, rock wool) are used as protection, the TTFC is set equal to 0 minutes considering inadequate the fireproofing protections in delaying the target failure. Further details are provided in Section 2.5.

2.5 Emergency response performance assessment 
Musharraf et al. (2013) point out how human reliability may be significantly affected by extreme weather causing the increment of PFD of emergency barriers where human interventions are involved and possible delays in deployment and operations. 
The decrement in the availability (increment of PFD) of the emergency response in harsh environment is estimated based on the framework proposed in the Success Likelihood Index Methodology (SLIM) method (Embrey, 1986). SLIM is a technique used for assessing human error probability in the framework of tasks based on procedures. A set of Performance Shaping Factors (PSF) is defined for each task, and for each PSF the assessor is requested to assign a weight. The combination of PSFs is defined as Success Likelihood Index (SLI), ranging from zero to one. SLI approaching one represents a situation close to the ideal conditions in performing the task. SLI is converted to human PFD according to: 

 									(6) 

Where  and  are determined assuming two known values of PFD corresponding to SLI = 0 and SLI = 1 (Embrey, 1986).
In the present methodology, the HES defined in section 2.3 is assumed as a simplified ranking of the PSFs affecting the emergency response in harsh environments (Landucci et al. 2017). The higher the HES value, the lower the likelihood of success for the emergency response task. Eq.(6) is then modified as: 

  								(7) 

Where  and  are respectively – 0.954 and – 0.046 and they are determined on the basis of the following assumptions:
· In the case of favourable environmental conditions (HES=0), the PFD is set equal to 0.1 according to standards from the emergency team intervention (Landucci et al., 2015);
· In the case of worst environmental conditions (HES=1), the PFD is set equal to 0.9 as a conservative maximum human error probability (Musharraf et al., 2013).
For the evaluation of emergency intervention effectiveness, a specific approach was developed for offshore installations.
The effectiveness of the emergency response is quantified by defining a time scale for emergency intervention (Landucci et al. 2015). A specific metric, namely Time for Final Mitigation (TFM), is defined. TFM is the characteristic time for the effective intervention of the external emergency teams and it is defined as the maximum time needed to primary fire suppression or effective cooling action on the target equipment. The present approach details a specific time scale for emergency intervention in manned offshore facilities on the basis of NORSOK standard Z-013 (NORSOK, 2010). Figure 3a graphically represents the different phases involved in offshore external emergency response. 
The emergency intervention time scale is described in the following five different phases:
· Time to Alert : it is the maximum time required to start emergency operations. It is defined as the time needed for the (primary) fire to be detected and the alarm to be given onsite (alerting personnel on-board) and offsite (activation of external emergency response);
· Time for Mustering : it is the time needed for on-board personnel to reach the temporary refugee (TR) (that usually acts as mustering point). During the mustering phase, information about the (primary) fire are collected and provided to the operators in the control room;
· Time for Onsite Mitigation : it is the time needed by expert on-board personnel for carrying out control actions. In that phase, the personnel on-board not involved in this operations starts the evacuation in the case the escalation is considered likely to occur; 
· Time for Evacuation and Rescue : it is the time needed for reaching the lifeboats by both expert and other personnel. The rescue is considered completed when the lifeboats enter the safe area;
· Time for external firefighting intervention : it is the time needed by the stand-by vessel to approach the installation and extinguish the primary fire and cooling the target equipment. 


2

 [image: ]
Figure 3. Schematization of the procedure for performance assessment of external emergency measures: a) definition and explanation of the emergency operations and associated time-scale; b) graphical representation of the timeline associated with the different phases of emergency response. 

It is worth noticing that the main aim of emergency intervention in manned installation is the safe rescue of personnel while the purpose of this framework is to evaluate the safety of assets in the presence of fire scenarios potentially escalating in domino event. For this reason,  is included in the analysis (unlike in the NORSOK standard (NORSOK, 2010)). The TFM with respect to asset safety is then defined as the summation of operations times  as follows: 

  										(8)

Figure 3b provides a graphical representation of the time scale for sake of clarity. The TFM is compared with the TTF of the target equipment while assessing the emergency response effectiveness (Landucci et al., 2015). The effectiveness is set as unitary when TFM is lower than TTF. 
In normal conditions, the time to alarm  value in an offshore facility is assumed equal to 3 minutes (baseline value). The time for external intervention  depends on site-specific characteristics and on the vessel policy adopted by the company. The baseline value depends on the distance between the shore and the installation and it should be assessed for the facility under analysis in favourable meteorological conditions. An example is provided in the case study section of this work. 
Harsh conditions may seriously affect the TFM with possible delay associated for instance to increased deployment time, difficulties in reaching remote locations or difficult in operations. Detailed studies on emergency service response time on land are available in the literature based on statistical analyses devoted to fire brigade response (Taylor, 2016) and emergency medical service (Matteson et al., 2011). In the present study, the following relationship is adopted in order to take into account the delaying effect of harsh environment on the emergency response time: 

  									(9)

where  is the time needed to perform the generic j-th operation described in Figure 3b. The logarithmic relationship has been adopted to scale the intervention time as a function of environmental conditions. This allows introducing an increase in the response time even for a limited worsening of environmental conditions (represented by HES score). In order to calibrate the two coefficients  and  in Eq. (9), for each operation a time increment associated to harsh environmental conditions needs to be estimated. According to fire brigade statistics published for cold weather areas of North America (Flynn, 2009; US Fire Administration, 2006), the time for each operation is doubled in harsh environmental conditions with respect to normal environment. Therefore, HES equal to zero it is assumed for baseline values and HES equal to one for a doubling of times. 
The baseline value for the Time to Alert  was set equal to 3 min (Landucci et al. 2017); next, Eq. (9) was applied to estimate the increment in  due to harsh conditions in offshore installations:

  							(10)

in which  = -0.699 and  =1.176. The coefficients were obtained applying the previously described procedure.
The increase of the Time for External Fire Fighting Intervention  is site-specific and has to be evaluated based on the characteristics of the emergency response team characteristics. The external intervention for offshore O&G installation is provided by stand-by safety vessels. Usually more than one vessel is available in the production field and, for areas densely populated, the vessels are normally shared among different installations and operators. The time for vessel intervention depends on its distance from the facility and on its speeds. 
In order to evaluate the emergency intervention time, specific field information is required. As the distance depends on the facility location, the vessel speed is strongly influenced by meteorological parameters as the wave height and the wind intensity. Adverse meteorological conditions result in delays. In order to keep the present approach conservative, the logarithmic relationship used to evaluate the possible vessel intervention delay (according to Eq. (9)) is tuned considering two extreme conditions. The collection and analysis of specific meteorological data is necessary to identify the worst- and best-case scenarios. The first one is characterized by lower vessel velocities due to adverse meteorological conditions. On the contrary, in the best-case scenario, the vessel is fast and the time for approaching the installation is the lowest, as the meteorological effects are negligible. Section 3 describes the procedure for the reference case considered. 

2.6 Evaluation of escalation probability 
An ETA assessment is adopted in this framework to evaluate the probability and frequency of cascading events triggered by fire. ETA approach is integrated with the quantitative analysis of barrier performance in order to assess how harsh environmental conditions ultimately affect the probability and frequency of domino scenarios. The availability and effectiveness of safety protections evaluated as described in Sections 2.3 and 2.4 is addressed in the ETA by mean of dedicated logical gates. A summary is shown in Table 5. Gate A represents a simple composite probability. In this case, the availability (expressed in terms of PFD) is multiplied by a single probability value expressing the probability of barrier success in the prevention of the escalation. Gate B represents a composite probability distribution. In this case, the PFD is multiplied by a probability distribution expressing the probability of barrier success in the prevention of escalation, thus obtaining a composite probability of barrier failure on demand. In this work, the integrated probability is adopted, obtaining the rule for gate quantification reported in Table 5. Gate C is associated with a discrete probability distribution.



Table 5. Summary of gates introduced in the ETA accounting of barrier performance (adapted from Landucci et al., 2015, 2016)
	Gate type
	Graphical representation
	Description

	A
	[image: ]
	Simple composite probability. 
The availability (PFD) of the barrier is multiplied by a single probability value of effectiveness ƞ. 

	B
	[image: ]
	Composite probability distribution. 
The availability (PFD) is multiplied by a probability distribution of effectiveness ƞ.

	C
	[image: ]
	Discrete probability distribution.
Depending on the barrier effectiveness, three (or more) events may originate. 

	D
	[image: ]
	Vessel fragility gate; Pd is the probability of vessel failure based on equipment vulnerability models







Table 6. Calculation of vessel failure probability due to fire exposure accounting for harsh environment conditions.
	Item 
	Definition 
	Description
	Reference

	
	Probit value 
	
	(Landucci et al., 2009)

	
	Probit coefficient 1
	
	(Landucci et al., 2009)

	
	Probit coefficient 2 
	
	(Landucci et al., 2009)

	
	Time to alert 
	See Section 2.5
	-

	
	Time for external firefighting intervention 
	See Section 2.5
	-

	
	Time to Failure of the target vessel (min)
	
	(Landucci et al., 2015)

	
	Time to failure of unprotected vessel (min) 
	Simplified correlations:
· Pressurized vessel:

· Atmospheric vessel 

	(Landucci et al., 2009)

	
	Time to failure of passive fire protection (min)
	= 0 for low performance coatings 
= 70 min for high performance insulation materials 
	(Landucci et al., 2015)

	
	Heat load (KW/m2)
	Considering the mitigating effect of active barriers 
	(Landucci et al., 2015)

	
	Vessel volume in m3
	-
	-




Finally, Gate D incorporates equipment vulnerability models based on probit approaches for the estimation of PD (the probability of vessel failure). The effect of harsh environmental conditions has been addressed in the probit models in describing the vessel resistance behaviour. Further detailed information on gates definition may be gathered in Landucci et al. (2015, 2016).
The failure probability of the target vessel Pd is computed using vulnerability models based on probit functions (see Table 6). The higher the vessel resist to the external fire the lower the likelihood of failure and hence the escalation is less credible. The vessel resistance may be expressed in terms of TTF, which is the time lapse between the start of the external fire and the fired vessel failure induced by heat-up and consequent pressurization (Birk and Cunningham, 1994; Landucci et al., 2009). Higher TTF allows the intervention of external firefighting teams and then reducing probability of damage and escalation. 
According to the approach suggested in previous works (Landucci et al., 2009), the probit coefficient describing the vulnerability model are derived assuming log-normal distribution of failure probability. 90% probability of failure for TTF equal is associated to the time required to start the emergency operations onsite (considered equal to the time to alert  in Section 2.4) and 10% probability of failure for TTF is equal to the time to start the mitigation actions (considered as the time for external firefighting intervention  in Section 2.4). Based on these assumptions, it is possible to modify the probit coefficient accounting of delayed response times in harsh environment.
In Section 4.2 the customized ETA accounting of new gates described in this section is applied to the case study. 
3. Case study description 
3.1. Overview 
The methodology described in Section 2 is applied to a real case study located in harsh environment. This will allow testing the potentialities of the present methodology in supporting detailed offshore risk assessment studies dedicated to the analysis of cascading events. The installation selected for the case study is the Goliat Floating Production Storage and Offloading (FPSO) unit, operating in the Barents Sea, north of the Arctic circle in the Norwegian Continent Shelf. Goliat FPSO is the largest and most complex circular shaped unit of its kind with a spread mooring system that prevents its rotation. 
The layout considered of the case study is shown in Figure 4. It has been defined according to standards (HSE Health and Safety Executive, 1992) and to general information available about Goliat FPSO (Eni Norge, 2016). 

[image: ]
Figure 4. Layout defined for the analysis of the case study. Information on equipment layout and features were derived from (HSE Health and Safety Executive, 1992). The figure also shows the result of the consequence assessment for the jet fire following the rupture of the production manifold VM01 (intensity radiation levels in kW/m2) and impacting on the separator VS01, with potential domino effect.

Figure 4 represents the process area of the installation. The production risers from the subsea templates are conveyed to the production manifold VM01 in the process area. The reservoirs at the Goliat field, Kobbe and Realgrunnen, are classified as low pressure wells (Eni Norge, 2015). The manifold operating pressure is then assumed equal to 9 bar. The oil from the manifold enters the low-pressure separation train (VS01/VS02), then it is stabilized and stored into dedicated tankers until it can be offloaded by means of specifically designed vessels. 
The jet fire following the rupture of the manifold VM01 is considered as primary event affecting the target separator VS01 and potentially triggering the chain of cascading events. In order to illustrate the methodology, a rupture of 25.4 mm (1”) (American Petroleum Institute, 2000) equivalent diameter at the manifold is considered. A standard frequency of 3.36x10-7 1/year was assumed for the jet fire resulting as primary event. The physical effects associated with the jet fire have been analysed applying conventional literature integral models (Van Den Bosh and Weterings, 2005) implemented in the software DNV GL Phast 7.11. The radiative heat load at the target separator due to the jet fire is shown in Figure 4. It is worth noticing the serious hazard posed by jet fire scenarios in O&G offshore installations (Lowesmith et al., 2007). 
Safety barriers are in place in order to protect the separator VS01. They are listed in Table 1 and their performance assessment in normal and harsh environmental conditions is carried out in Section 4.1. 
In order to exemplify the methodology obtaining conservative evaluations, low quality equipment and protection devices are assumed for the considered facility, hence,  in Eq. (3) (see Section 2.3). 

3.2. Environmental and meteorological conditions 
Goliat FPSO operates in the periphery of the Arctic region and the climatic conditions in that area are therefore more severe and cold than those normally experienced by offshore installation in the North Sea. Table 7 summarizes the meteorological data concerning the Barents Sea gathered in order to exemplify the level of detail requested by the methodology, as described in detail in Section 2. For each data, a penalty score  is assigned according to Table 7. 

Table 7. Meteorological characterization of Barents Sea according to the parameters required for HES evaluation in Table 2. 
	External Factor
	Meteorological data 
	Reference 
	Score 

	(1) Environmental Temperature 
	Minimum average T: -7.7 ͦC (265.45 K). 
For the South-West area: typical T range from -15 to -20°C
	ISO-International standardization organization, 2010; NORSOK, 2007

	0.8

	(2) Extreme wind speed 
	Maximum wind speed at 10 m on the sea level: 26.6 m/s
Annual range: 25-28 m/s
Dominant direction during winter: North-East.
	ISO-International standardization organization, 2010 
	1

	(3) Waves height 
	Significant wave height: 15 m
	NORSOK, 2007
	1

	(4) Snow 
	Average snowfall during winter (December-May): 0.21 m
	Norwegian Meteorological Institute, 2017 
	0.2

	(5) Fog/Snow effects 
	64 day/year with visibility lower than 2000 m due to snow precipitation
76 day/year with visibility lower than 1000 m due to fog
	ISO-International standardization organization, 2010 
	0.4

	(6) Sunlight hours 
	1200-1600 h/year
	Landsberg & Pinna, 1978
	0.8

	(7) Distance from home, fear of unknown 
	High 
	Suedfeld & Steel, 2000
	1



The location of Goliat FPSO is remote from other communities. The closest municipality is Hammerfest, in the Norwegian county of Finnmark. It count around 10,000 citizens spread in a total of 848 km2 (Hammerfest Kommune, 2017). Moreover, the physical parameters of that area are inimical to human life. Thus for what concern the assessment of the remoteness stressor, the “capsule concept” by Suedfeld & Steel (2000) has been assumed and the maximum score has been assigned.

3.3. Emergency Firefighting Response at the field 
The external emergency intervention at Goliat field is provided by Strill Barents supply and stand-by vessel. Under normal circumstances, it operates mainly as supply vessel but it can provide first response in the case of emergency life-saving intervention and oil spill situations (Eni Norge, 2017). Figure 5 shows the Strill Barents vessel route, from Hammerfest to Goliat field, publicly available from Marine Traffic (2017).  
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Figure 5. Strill Barents stand-by vessel route at Goliat field (Marine Traffic, 2017), site selected for the present case study. This vessel provides first response in the case of emergency life-saving intervention and oil spill situations and its typical route is traced in order to support the quantitative assessment of emergency response measures.

Goliat emergency preparedness includes also another stand-by safety vessel, the Esvagt Aurora. However, this vessel has Danish flag and its route covers the entire Norwegian Continent Shelf and the Danish water (Vessel Finder, 2017a). For that reason, in the present study only the presence and operation of the Strill Barent vessel were considered.  
The response time depends on distance between the stand-by vessel and the installation and on the speed of the vessel. Vessels are tracked by means of Automatic Identification System. Data as the latitude and longitude coordinates of the vessel, its speed in different meteorological conditions, and different time over the day are gathered from the vessel tracking service provider Vessel Finder (2017b). 
Data about vessel location (in term of latitude and longitude) and speed are provided from April 2016 to April 2017 with hourly time resolution. The vessel velocity is affected by meteorological conditions and adverse weather may result in delay in intervention and deployment. Therefore, in order to obtain safe side evaluations, data were analyzed in order to determine two extreme weather conditions, which have been considered in determining the logarithmic relationship for the delay in external emergency intervention due to harsh environment. The two conditions are summarized in Table 8.

Table 8. Meteorological characterization of the two environmental conditions used for tuning the relationship estimating the delay in emergency intervention. Data are provided by Vessel Finder (2017b). 
	Worst-case scenario
	Best-case scenario

	HES = 1
	HES = 0

	Average vessel speed 12 km/h (6.5 knots)
Time needed to approach Goliat 7.30 h
	Average vessel speed 20 km/h (11 knots)
Time needed to approach Goliat 4.30 h



The increase of the Time to Emergency intervention  due to harsh conditions at Goliat FPSO is then obtained according to the Eq. (7) following the same approach applied in the estimation of the Time to Alert :

 							(11) 

Where  is expressed in hours. This relationship is that used for assessing emergency response effectiveness in the case study. 
4. Results 
4.1 Performance assessment of safety barriers 
Adverse meteorological conditions decrease sensitively the protection effect of safety devices on offshore O&G installations. In order to account for this effect, the present methodology defines the HES, a preliminary quantification of the harshness of the environment where the facility is operating. 
Applying the rules described in Section 2.2 and the data reported in Table 7, the HES equals as 0.81. A higher influence of waves is considered for this floating offshore installation. A higher importance has been given to the remoteness stressor. The HES value decreases up to almost 10% if the installation is moved to an area where services and supplier are easily available, i.e. if it could not be considered as remote. 
HES is then implemented to evaluate the performance of the safety barriers associated with VS01 and identified in Section 2. In order to compare the results of the present analysis, data were also calculated for normal environmental conditions (e.g., HES=0) (Landucci et al. 2015). Data for HES=0.81 are modified according to the rules described in Section 2. Since the evaluated HES is higher than 0.60, also hardware barriers performance is modified. Table 9 shows also the gates associated to each barrier applied in the customized ETA. 
For the sake of comparison, the case study is examined in absence of safety barriers, following the approach suggested in (Landucci et al., 2009), to which the Reader is referred for more details.

Table 9. Summary of data adopted for the quantification of the ETA of the case study. Data for HES=0 are collected by Landucci et al. (2015). 
	Fire Protection
	Gate Type
	PFD (expressing the availability)
	Effectiveness 

	
	
	HES=0
	HES=0.81
	HES=0
	HES=0.81

	WDS 01
	A
	2,24 10-2
	2,88 10-1
	1
	1

	ESD 01 
	A
	3,72 10-4
	4,79 10-3
	1
	1

	PSV 01
	A
	1,00 10-2
	1,29 10-1
	1
	1

	PFP 01
	A
	1,00 10-3
	1,29 10-2
	1
	1

	EE 01
	C
	1,00 10-1
	5,93 10-1
	0;1a
	0;1a


a Depending on the comparison between TFM and TTF. 

4.2 Evaluation of escalation probability 
The customized ETA was carried out on the basis of the frequency and consequence assessment of the primary scenario, i.e. the jet fire from the production manifold VM01 affecting the horizontal separator VS01. Figure 6 shows the ETA developed for the case study analysis for HES=0.81. An event tree with a similar structure was developed also for the case with HES = 0.
The ETA starts from the primary fire and allows accounting for the effect protection layers through the different gates. Two gate types are used to model the barriers associated with the separator VS01 and summarized in Table 9, namely gates A and C (see Table 5 for gates details). In particular, all the hardware barriers, i.e., water deluge system, emergency shut down, pressure safety valve and fireproofing, are modeled with gate type A. Thus, in this case, a simple composite probability is obtained through the multiplication of barrier PFD and a single probability value of effectiveness, η (quantitative data are summarized in Table 9). On the other hand, emergency response is associated with a gate type C, thus assuming a discrete probability distribution with three possible final outcomes described in the following. Their probability is estimated based on the comparison of the emergency team response time (expressed through TFM) and TTF. 
In case the hardware barriers ensure a sufficient time lapse for intervention (thus TTF>TFM) and emergency response is available, the escalation is avoided. This case is labeled in Figure 6 as “No escalation”, hence barriers completely and effectively mitigate the primary fire effect avoiding the separator failure. In case one or more hardware barriers are successfully activated but do not provide a sufficient time lapse for intervention (thus TTF<TFM), the emergency intervention is not able to prevent the escalation. However, the activated safety barriers allow reducing the impact of the consequences following the eventual rupture of the target process unit, thus resulting in a “mitigated scenario” (see Figure 6). Finally, the “unmitigated scenario” (see Figure 6) is obtained only in case all the considered safety barriers (either hardware or procedural) are ineffective and/or unavailable. Clearly enough, even in absence of safety barriers activation and mitigation, the target equipment may withstand the fire conditions with no safety-relevant consequences. Escalation is thus excluded also in these cases.
The latter situation, and, more in general, the credibility of mechanical failure of the equipment given the status of safety barriers is assessed through the fragility gate D (see (Landucci et al. 2016) for more details on this gate type).
The mentioned scenarios were obtained and quantified either in normal (HES=0) or harsh environment (HES=0.81). The quantified ETA allowed performing the probabilistic assessment of the escalation scenarios associated with the separator. The overall results are shown in Figure 7 in terms of escalation probability (Figure 7a) and frequency (or annual probability) (Figure 7b). 
As shown in Figure 7, harsh environment has a significant effect on the overall performance of safety barriers and, thus, on the escalation probability and frequency. In fact, the probability (thus, the credibility) of a successful escalation prevention is reduced by a factor 1.8 in harsh environment with respect to normal conditions. However, in both cases, the presence of multiple layers of protection, which are required by commonly applied industrial standards in offshore O&G facilities (see Section 2.2) allow for relevant risk reduction, due to the low probability of unmitigated events given the primary scenario (lower than 5×10-4). On the contrary, if barriers are not accounted for in the analysis, the escalation features an almost unitary probability of occurrence, with a resulting frequency which is thus close to the frequency of the primary event. Therefore, the adoption of sound mitigation measures is of utmost importance to achieve effective risk reduction.
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Figure 6. Event tree analysis (ETA) developed for the quantification of probability and frequency of the escalation scenarios associated with the separator VS01 exposed to the jet fire from the production manifold VM01 (see Figure 4). Each branch of the event tree is quantified according to the rules described in Section 2.5, adopting the specific gates shown in Table 5. The ETA accounts for the effect of harsh environment conditions on the barriers performance through the application of a Harsh Environmental Score (HES =0.81 in this case).


[image: ]
Figure 7. Summary of the quantitative probabilistic assessment carried out for the case study: a) probability and b) frequency of escalation scenarios associated with the separator VS01 exposed to the jet fire from the production manifold VM01 (see Figure 4).

5. Discussion 
The case study proves the methodology potential for considering harsh environmental conditions in the analysis of fire domino scenarios within offshore installations. The results provided in Section 4 show the significant decrease in availability of barriers due to difficult environmental conditions. Moreover, the results show how decreased barrier availability may affect the frequency of escalation events. The reduced effectiveness of emergency response team intervention, due to delayed operations in harsh environment, leads to a significant increase of the escalation frequency. The time for external intervention in harsh conditions is almost twice the value in normal environment. This is due to the vessel speed reduction due to waves and wind resistance and a lowered visibility due to fog and/or snow and darkness. 
Considering the barrier performance criticalities within the design of equipment and of procedures for facilities operating in extreme environments is preferable to the detailed assessment of the risk picture. These criticalities are considered in the PHM (Cox, 1972) and are due, for instance, to the poor selection of equipment resistance or delayed or poor maintenance and inspection due to harsh environment conditions. Similarly, organizational and operational safety measures are affected by adverse environmental conditions and their performance may be considerably reduced due to difficulties in completing procedures or in the deployment of needed equipment and resources. This barrier performance depletion is addressed using the HES. In the present study, different weights were assigned to each factor according to the Zipf’s Law. Stability of the estimated HES has been proved through a sensitivity analysis based on Monte Carlo simulations. The weights assigned to external factors have been changed considering an increment or decrement of 70% with respect to their reference value. A total of 105 iterations were performed. Figure 8 shows the results of the sensitivity analysis. 
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Figure 8. Results of the sensitivity analysis for the Harsh Environmental Score (HES) based on Monte Carlo simulation: a) box plot; b) frequency distribution diagram of the possible HES values obtained by modifying the weights associated with the external factors for the case study. 

The HES estimated for this analysis case study (0.81) falls in the expected range of the box plot (Figure 8a) and is among the most frequent results in the count distribution (Figure 8b). The Zipf’s law may thus be considered as a suitable starting point in defining the weighing system. However, the use of experts’ elicitation may support more accurate and case-specific considerations to achieve a more specific weight assignment.
The escalation frequency obtained from the ETA analysis (Section 2.6) may be implemented in the quantitative risk assessment framework to obtain a detailed risk picture including such escalation scenarios. Most of the input data required by the proposed methodology are available from conventional QRA studies and no additional work is required from data collection. 
The methodology allows for the analysis of safety barriers contribution to the reduction of fire escalation risk. Despite the results obtained may be expected from a qualitative point of view, the quantification of probability and frequency through the present approach provides a useful support for decision-making related to the choice of protection strategies. Firstly, the method allows verifying the effect of risk reduction obtained by the commonly installed protection systems adopted in offshore facilities, as suggested by technical standards and engineering practice (see Section 2.2). Secondarily, the methodology allows accounting for the effect of harsh meteorological conditions, thus providing a worst-case evaluation on the system response when environmental factors may play a key-role in depleting the protection response. This may support site managers in prioritizing resources for maintenance, inspection, components selection, etc. for the more critical safety barriers. Thirdly, the effect of emergency response on the risk picture of an offshore installation may be verified through the present approach and, eventually, optimal response strategies may be derived to reduce the credibility of escalation scenarios.
It is worth reminding that the present approach is aimed at estimating domino frequency values associated with each single piece of equipment, despite the fact that characterization of harsh environmental conditions and associated score affects the facility as a whole. Thus, the analysis may be costly, and it is recommended to screen among process units in order to apply the method only to the most critical items. Inherent safety based approaches such as the Domino Chain Actual Hazard Index technique developed by Cozzani et al. (2009) may be applied to provide a preliminary screening of the target equipment, resulting in a simpler approach demanding for limited resources. 
However, relevant uncertainty may affect the results. The estimation of the stand-by safety vessel time of intervention is a critical point in the methodology. The parameters of the method should be tailored accounting for site-specific data and details about the management of emergency procedures for each facility considered. Nevertheless, the site-specificity of the methodology is implicit in the development and estimation of HES. Moreover, the methodology addresses human factor and hardware deterioration phenomena straightforwardly, although they are relatively complex and challenging tasks. The method provides thus a preliminary assessment of domino escalation probability and frequency. 
6. Conclusion
The present study was aimed at developing a systematic approach for the quantitative assessment of cascading events affecting offshore O&G installations. The influence of harsh environment on barrier performance was considered through the implementation of dedicated scoring systems for external meteorological, climate and behavioural factors based on expert judgment. A specific assessment of emergency response times and intervention allowed obtaining an accurate evaluation of firefighting procedures and intervention in offshore remote location and their effect on risk. 
The modified performance parameters of safety barriers allow a more detailed frequency assessment of escalation scenarios. The outcome of the methodology may drive the design of hardware safety barriers in order to limit the likelihood of cascading events trigged by fire. The analysis also highlights the need for a timely effective emergency response in order to decrease the risk profile of offshore facilities. Harsh conditions considerably affect the emergency response time, and this results in lower safety level with respect to asset protection. 
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