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Abstract

Oil spills during offshore operations are likely to cause severe contamination of the sea. The
identification of the environmental effects of accidental releases from offshore oil and gas facilities
plays a crucial role in the prevention and mitigation of marine pollution. Key Performance Indicators
(KPIs) are largely recognized as an effective tool to address and communicate multifaceted issues
related to accidental events in the framework of risk management. In the context of Oil Spill Risk
Assessment (OSRA) studies, this study proposes a set of KPIs addressing the potential environmental
contamination caused by on-surface oil spills from offshore oil and gas installations. A layered approach
was defined, based on three different levels of KPIs having an increasing complexity and providing an
increasing amount of information. The environmental KPIs defined allow a preliminary quantitative
assessment of the environmental contamination due to the oil spill scenarios defined in the
ENVironmental hazards IDentification (ENVID) studies carried out for oil and gas installations,
providing a preliminary ranking of the expected environmental effects of the spills and supporting their
prioritization in order to select those which should undergo a more accurate Environmental Risk

Assessment study (ERA).
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Nomenclature

°API American Petroleum Institute gravity

ADIOS Automated Data Inquiry for Oil Spills software code

AP identifier of one of the oil and gas facilities assumed in the case-studies

AP1, AP2, AP3, AP4 identifiers of the spill scenarios of facility AP

Asiick(t) area of the slick at time t

Ansick(t)  area of the thick slick at time t

ENVID ENVironmental hazards IDentification

ERA Environmental Risk Assessment

GNOME  General National Oceanic and Atmospheric Administration Operational Modeling
Environment software code

HNS Hazardous and Noxious Substances

KPI Key Performance Indicator

KPl11, KPl21, KPl22, KPls1, KPl32 identifiers of the Key Performance Indicators defined

LNAPL Light Non Aqueous Phase Liquid

MA identifier of one of the oil and gas facilities assumed in the case-studies

MAL, MAZ2 identifiers of the spill scenarios of facility MA

Mstick(t) oil mass in the slick at time t

Musick(t)  0il mass in the thick slick at time t

OSCAR Oil spill Contingency And Response software code

OSRA Oil Spill Risk Assessment

OWM Oil Weathering Model software code

RM identifier of one of the oil and gas facilities assumed in the case-studies

RM1, RM2, RM3, RM4, RM5 identifiers of the spill scenarios of facility RM

VG identifier of one of the oil and gas facilities assumed in the case-studies

VG1, VG2, VG3, VG4, VG5 identifiers of the spill scenarios of facility VG



1. Introduction

Accidental releases of hazardous materials at sea are a source of marine pollution which may result in
both immediate and long-term environmental damage. Among the chemicals that may be released
offshore, oil is the substance with the highest spill frequencies and volumes (ITOPF, 2012a), even if
accident databases record several events involving the so-called Hazardous and Noxious Substances
(HNS, i.e. chemicals soluble in water) that caused extensive harm to the water column (Law et al., 2003;
Mamaca et al., 2009; Purnell, 2009; Neuparth et al., 2012; Hakkinen and Posti, 2013). The 2010 British
Petroleum Deepwater Horizon blowout in the Gulf of Mexico determined the largest offshore spill in
the history of the United States, with extensive pollution of all the sea compartments and significant
harm to their ecosystems, in particular to the nearshore and coastal populations and to the deep-sea
corals and benthic organisms (Wallace et al., 2017). Long-term effects due to the embryonic exposure
to hydrocarbons may be expected for several years in fish along the water column, in addition to the
immediate mortality of seabirds and benthic invertebrates on oiled shores and seafloors (Beyer et al.,
2016; Clough et al., 2017; Stout et al., 2017). In 1989, the oil tanker Exxon Valdez spilled more than
42,000 m® of crude oil in Alaska's Prince William Sound (Guterman, 2009). The oil caused mortality
of seabirds, sea otters and harbour seals, as well as of macro-algae and benthic invertebrates on the oiled
shores and sea bottoms. Furthermore, long-term effects in fish along the water column became evident,
because of the embryonic exposure to the oil (Peterson et al., 2003). In 1969, the barge Florida released
between 650 and 700 m?® of fuel oil into Buzzards Bay (Reddy et al., 2002). Animals were highly
impacted by the oil, and massive mortality of marine life occurred in the first days after the spill,
including fish, worms, crustaceans, and molluscs. Oil-covered marsh grasses died within a few weeks
after the accident (White et al., 2005). It was found that petroleum-derived hydrocarbons had been
persisting in the sediments and that detectable sub-lethal biological impacts in fiddler crabs, salt marsh
grasses and ribbed mussels were still evident 40 years after the spill (Culbertson et al., 2007, 2008a,
2008b). Other past spills from the oil tankers Sea Empress (1996), Erika (1999), and Prestige (2002),
revealed that birds approaching the sea surface, fish along the water column, shellfish and benthos living
in shallow waters close to the shoreline are the living organisms mostly damaged by the oil (Neuparth

etal., 2012).



The environmental damage of oil spills evidenced by the above mentioned past accidents is related to
the potential contamination of all the four sea compartments, i.e. the sea surface, the water column, the
sea floor, and the shoreline (French McCay, 2004; Stephansen et al., 2017). This damage depends on
the severity of the contamination of each compartment caused by the oil and on the presence and the
vulnerability of wildlife in the oiled area. The severity of the contamination depends on many different
aspects, mainly related to the characteristics of the spill, the composition of the oil, the morpho-
bathymetry of the area where the accident occurs, and the meteorological conditions during and after
the spill event (API, 1999; NOAA, 2002; ITOPF, 2012b). Thus, in the context of Oil Spill Risk
Assessment (OSRA), the determination of the severity of the contamination caused by offshore oil spills
is of fundamental importance in order to reduce the environmental damage caused by oil spilled at sea
(Lietal., 2016; Liu et al., 2016).

In the present study, first of all a review of the state-of-the-art of indexes related to the environmental
consequences of oil spills was carried out, evidencing a clear gap on this issue (section 2). In order to
fill this gap, a set of KPIs was defined to quantify the environmental consequences associated to on-
surface accidental oil spills from offshore oil and gas operations (section 3). Then, the KPIs defined
were applied to case-studies based on real oil and gas facilities, in order to test the approach and the
level of information provided (section 4). The results of the case-studies were presented and extensively
discussed, also providing a comparison to alternative screening approaches proposed in the literature
and highlighting possible future research directions (section 5). Eventually, some conclusions were

drawn (section 6).

2. State-of-the-art of indexes for the environmental consequences of oil spills

Several guidelines addressing the use of KPIs to monitor the safety performance of the chemical and
process industry have been published by authoritative institutions (HSE, 2006; OECD, 2008; CCPS,
2011). Moreover, specific guidelines (API, 2010; IOGP, 2016, 2018), as well as academic publications
(Vinnem et al., 2006; Vinnem, 2010; Skogdalen et al., 2011; Rui et al., 2017; Tang et al., 2018; Zhen
et al., 2019) address the use of KPIs in the oil and gas industry. However, despite the awareness of the

extensive environmental damage that may derive from a major accident (as a fire, an explosion, or the



release of a hazardous substance to water, air or on land), most of the previous studies only provide
KPIs addressing impacts on human health and asset integrity. Even a recent report issued by 0GP
(IOGP, 2018), despite underlying the importance of oil spills in the context of major accidents, only
considers them to define KPIs for monitoring the performance of safety barriers and not in order to
express the environmental consequences of the spills. No specific document reporting the use of KPIs
for the preliminary screening of the potential threat to the environment posed by on-surface oil spills
seems to be present in the literature.

In fact, the scientific literature evidences the availability of numerous advanced and detailed oil spill
Environmental Risk Assessment (ERA) models, as those described, for instance, in (French-McCay,
2003; Kleissen et al., 2007; Olita et al., 2012; Dongdong et al., 2015; Guo, 2017; Melaku Canu et al.,
2015; Sepp Neves et al., 2015; Stephansen et al., 2017; Al Shami et al., 2017; Libre et al., 2018).
Accurate ERA approaches are proposed also in some guidelines, for instance in (OLF, 2008; IPIECA-
IOGP, 2013; DNV GL, 2014).

Though, risk assessment methodologies have a different scope and different features from KPI-based
approaches. In fact, risk studies are aimed at providing an accurate picture of the consequences and of
the risks to the environment posed by accidental oil spills, based on detailed information about the
environmental conditions and the biological and economic resources in the area of the accident. Instead,
in general terms the purpose of KPIs is to provide a preliminary insight into complex concepts - as
process safety, environmental protection, asset integrity, and business disruption - which are difficult
to capture and measure directly, as well as to communicate effectively. Consequently, KPIs should be
simple to understand, based on a limited amount of input data, straightforward to calculate, and
actionable, that is, they should help answering a question and provide a further action or decision to be
made, based on that answer (API, 2010). The use of KPIs in supporting the decision-making during the
early design stages of projects is a well-known practice for risk management in the process industry, as
extensively discussed elsewhere (Landucci et al., 2008; Tugnoli et al., 2012; Crivellari et al., 2021). In
this framework, focusing on offshore applications, the availability of KPIs to express the severity of
marine contamination is a useful tool to provide a preliminary screening of the criticalities of alternative

process and plant design options for oil and gas installations. Furthermore, during the lifecycle of an



offshore installation, these KPIs could help identifying the spills whose likelihood and consequences
have to be reduced by the introduction of additional safety measures, or whose risk is worth to be
analysed more in detail by means of ERA studies.

In spite of the potential value of KPI-based approaches, to the knowledge of the authors, no specific
method based on KPIs has been proposed to date to express the severity of the environmental
contamination deriving from offshore oil spills. Thus, the present study aims at reducing this gap,
introducing a layered set of KPIs aimed at a preliminary screening of the marine pollution caused by

on-surface accidental oil spills from offshore oil and gas operations in fixed or floating rigs.

3. Methods and models

3.1 Framework for the definition of the Key Performance Indicators

Since the aim of the KPIs proposed in this study is to express the severity of the contamination caused
by oil spills, the basic mechanisms by which an oil spill on the sea surface evolves and causes damage
to the different environmental compartments are briefly recalled below.

Once released on the sea surface, the oil behaves as a Light Non Aqueous Phase Liquid (LNAPL),
forming a floating slick. The slick is transported by the action of the currents and the wind. Furthermore,
the oil undergoes weathering, i.e. different physical and chemical transformations, which change the
volume and the form of the slick, as well as its composition and, consequently, its properties. The
weathering phenomena transfer part of the oil components to the atmosphere (where they dilute rapidly)
and, if waves are present, to the water column. Sedimentation on the sea bottom of the oil dispersed in
the water column may occur in shallow waters, as well as stranding, if the slick drifts towards the coast.
Therefore, the sea surface is the marine compartment with the highest potential to be affected by an on-
surface oil spill, while the contamination of the water column occurs in a second step and only if the
sea is not calm. Moreover, only in specific cases (e.g. in shallow waters or when the slick and the
underlying contaminated water are shifted to the shoreline), the sea floor and the coast are impacted by
the spill. Thus, the sea surface is the main compartment that needs to be considered when establishing

the severity of the potential contamination of on-surface oil spills (ITOPF, 2012a, 2012b; IPIECA-



IOGP, 2015). Accordingly, in order to define simplified indicators representing the environmental
contamination caused by on-surface oil spills, the set of KPIs defined in this study only refers to the sea
surface contamination.

When considering the impact of an oil spill on the sea surface, the severity of the effect of the oil to the
organisms living on the sea surface is represented by the surface area of the slick. In fact, oil slicks
spread till infinitesimal thickness values, which correspond to enormous superficial extensions (Bonn
Agreement, 2020). Though, it is widely recognized that there is a minimum thickness of the slick that
causes acute effects on animals, i.e, poses immediate threats to life and health after contact with the oil,
as a consequence of the oiling of the plumage of seabirds and the fur of mammals (as bears or sea
otters), as well as of the damage to the lungs and other internal organs of fish (as dolphins and whales)
(Scholten et al., 1996; Stephenson, 1997; O’Hara and Morandin, 2010; Helm et al., 2014). The thickness
value above which acute effects are expected varies from species to species and different limit values
can be retrieved in the technical literature, ranging from 1 p to 25 . Rather often the threshold thickness
is assumed equal to 10 p (Koops et al., 2004; French McCay, 2009; Norsk Olje and Gass, 2018). The
portion of the slick where the thickness is above the limit value is usually called the “thick slick”.
Thus, it may be concluded that the more appropriate parameter to be be used for a simplified
representation of the potential for environmental contamination of an oil slick is the trend over time of
its surface area (Singsaas et al., 2000; French McCay, 2009). This trend depends also on the
meteorological and oceanographic conditions (mainly, on the sea state and the wind; to a lower extent,
on the air and sea temperatures) in the area of the accident. Nevertheless, other parameters could be
adopted for an indirect simplified representation of the slick surface area following an oil spill. The
simplest parameter that may be considered is the oil mass spilled into the sea (Spounge, 1999; DNV,
2011). A further parameter that may be taken into account is the oil mass in the thick slick: clearly, the
larger is the amount of oil in the slick, the vaster results the slick area (Reed et al., 1995). Thus, three
parameters seem suitable to be adopted to represent the severity of the environmental contamination of
the sea surface, with an increasing accuracy: the spilled mass, the mass of oil in the thick slick, and the

surface area of the thick slick. These parameters can be associated with three levels of KPIs providing



an increasing amount of information and requiring an increasing amount of data and computational
resources to be calculated.

The evolution of the contamination of subsea releases is rather different from that of on-surface
leakages, since in case of a subsea leak the spilled oil first contaminates the water column, reaching the
sea surface, the sea floor and the coastline with some delay (API, 1999; NOAA, 2002; ITOPF, 2012b).
Thus, subsea spills require a specific approach for the calculation of their consequences. Consequently,
even if subsea releases (e.g. seabed blowouts) may cause extremely relevant environmental impacts,
they are out of scope of the present study, since a specific approach and specific KPIs are required for
the assessment of the environmental consequences of these events. Therefore, the KPIs defined in the

present study are not adequate to capture the potential consequences of subsea releases.

3.2 Definition of the Key Performance Indicators

On the basis of the above discussion about the physical parameters which are acknowledged to express
the severity of the environmental consequences of oil spills, three layers and a total of five KPIs were
defined to express the environmental contamination caused by offshore oil spills. The layered approach
is structured so that in each layer different level of detail and calculation effort is required to assess the
KPIs, and the KPIs provide a different level of information. Figure 1 shows the structure of the

approach.



KPI
Level 3

area of the
thick slick

KPI 37 KPl3 5

KPI Level 2

mass of oil in the thick slick

KPI5 1 KPI 5o

Key Performance Indicator (KPI) Level 1

spilled oil mass

KP4 1

Figure 1. Layered approach for the definition of the Key Performance Indicators

As shown in Figure 1, a single, simple KPI constitutes the bottom layer of the approach:

KPI 1 = mg,y 1)

where mgpii is the overall amount of the oil mass spilled into the sea (in tonnes), which represents the
most immediate physical term for expressing the severity of the consequences of an oil spill. Clearly
enough, a higher mass of oil spilled may result in more severe consequences.

At the intermediate layer (level 2) the proposed KPIs take into account the dynamic behaviour of the
mass of oil in the thick slick as a first estimate of the behaviour of the surface area of the thick slick. A
higher mass of oil in the slick is related to a higher potential impact of the oil spill. The intermediate
layer KPlIs are intended to capture this potential threat.

The mass of oil in the slick has a continuously decreasing trend over time, because of the weathering
phenomena (mainly, evaporation and dispersion) (Reed at al., 1995; Aamo et al., 1997). Two KPIs were

defined at level 2. The first (KPl,.1) is based on the oil mass in the thick slick at a given reference time:

KPI; 41 = mthslick(tref) (2)
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where mu siick(t) (in tonnes) is the oil mass in the thick slick at a given reference time trr. Thus, for the
evaluation of KPI,. a reference time has to be defined.

The second (KPI22) considers both the amount of oil in the thick slick and its persistence in time:

KPIy; = [ My siicic(E) - dt 3)

Therefore, KPI,2 represents the oil mass exposure, expressed in tonnes-days. This KPI takes into
account that the damage to wildlife is caused not only by the extension of the oil slick (that is related to
the oil mass in the thick slick), but also by its persistence in time. Actually, the number of wildlife
specimens coming in contact with the slick increases with both the surface extension and the duration
of the slick (Reed at al., 1995).

The third level KPIs address the extension of the thick slick, which, at first, grows to a maximum, then
decreases, and finally disappears (Aamo et al., 1997). Clearly enough, a wider extension of the thick
slick may result in a wider potential impact, being higher the area where sensible receptors may be
affected by the spill. With respect to the second level KPIs, it is evident that, at least in principle, the
extension of the thick slick, although being more complex to calculate, provides a more accurate
assessment of the potential environmental damage caused by the oil spill with respect to the mass of oil
in the thick slick.

A first KPI is based on the maximum extension expected for the thick slick:

KPI3; = max A¢h stick(t) (4)

where A iick(t) (in km?) is the maximum extension estimated for the thick slick. A second KPI takes

into account also the persistence of the thick slick:

KPI3, = fooo A¢h stick(t) - dt (5)
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where KPls (in km?-days) represents the oil slick surface exposure (Reed at al., 1995; Aamo et al.,

1997).

3.3 Calculation of the Key Performance Indicators

For offshore oil and gas installations, the potential events leading to spills of oil and other chemicals
into the sea are usually identified through a structured approach called ENvironmental hazards
IDentification (ENVID), carried out during dedicated workshops with experts in Health, Safety, and
Environmental issues, and in various other engineering disciplines (IPIECA-IOGP, 2013). Thus, when
using the KPIs for a design-based screening of the expected criticalities of oil spills deriving from an
offshore installation, the oil mass spilled into the sea needed for the calculation of the bottom layer KPI,
KPIy1, can be retrieved directly from the documentation of the ENVironmental hazards IDentification
study.

Differently, the trend with time of the oil mass in the slick and of its surface area can only be obtained
from software codes able to model the oil weathering processes and, thus, to predict the fate of the oil.
Several different tools are available for this purpose, as reported in (Keramea et al., 2021). Four codes,
among the most well-known tools, often adopted by oil and gas operators as well as by regulatory
authorities, were tested to calculate the KPIs: ADIOS2 (NOAA, 2019a), GNOME (NOAA, 2019b),
OWM (SINTEF, 2019a), and OSCAR (SINTEF, 2019b). In fact, the possibility of obtaining the KPI
values from the elaboration of the output of existing software tools represents an advantage for the
potential users of the KPIs.

ADIOS - Automated Data Inquiry for Oil Spills and GNOME - General National Oceanic and
Atmospheric Administration Operational Modeling Environment are freeware tools produced by the
United States National Oceanic and Atmospheric Administration, while OWM - Oil Weathering Model
and OSCAR - Qil Spill Contingency And Response are licenced codes developed by the Norwegian
research institute SINTEF. They all simulate the oil weathering phenomena, although with a different
level of detail. Some features of these codes are resumed in Table 1. The table only reports the
characteristics which are of interest for the calculation of the above defined KPIs, a comprehensive

discussion of these software tools being available in (Keramea et al., 2021).
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Table 1. Main characteristics of the software tools considered for the calculation of the Key

Performance Indicators

Software codes

ADIOS2 GNOME OWM OSCAR
Number of oils in the ~ 1000 7 ~ 200 ~175
database
Max. simulation time 5 days 3 days 5 days 50 years (~ )

Minimum set of input data

Oil type v v v v
Spill mass v v v v
Spill duration v v v v
Spill temperature X X X v
Wind (speed and direction) v v v v
Currents (speed and direction) X v X v
Sea temperature v X v v
Air temperature X X X Vv

Output data for the evaluation of the Key Performance Indicators

Mstick(t) oil mass in the slick Vv v v v
Musiick(t)  0il mass in the thick slick X X X v
Asiick(t) area of the slick v X X v
Amsiick(t)  area of the thick slick X X X v

Based on Table 1, it is clear that the level of detail of the input data, as well as that of the results, is very
different for the four software tools considered.

It should be remarked that, with respect to the temperature values, the OSCAR software takes into
account the spill temperature, the air temperature, and the sea temperature. Instead, the ADIOS and

OWM codes require in input the sole sea temperature, assuming that the spill and the air are in thermal
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equilibrium with the sea. Lastly, the GNOME tool completely neglects the influence of the temperature
on the oil spill, not considering any temperature input. With respect to the output, only the OSCAR
software is able to evaluate the trend over time of the oil mass and the surface area of the whole slick
and of the thick slick. Thus, in evaluating the level 2 and level 3 KPIs with the ADIOS, the GNOME,
and the OWM software codes, the mass of oil and the surface area of the slick were considered as an
approximate and conservative measure, respectively, of the mass of oil and of the surface area of the
thick slick. Moreover, KPl,2, KPl31, and KPls, were assessed up to the maximum simulation time
admitted by each software. In an analogues way, this time was considered also as the reference time for
the calculation of KPI21. Consequently, since the thick slick disappears after some time, KPI. 1 is always
null if calculated with the OSCAR software which allows long simulation times and, thus, that KPI was

not evaluated with this code.

4. Case-studies

Case-studies were considered to test the approach and compare the level of information provided by the
different KPIs. Four real offshore facilities, located in different geographical areas and currently
producing oil or gas, were taken into account (namely, the RM, VG, MA, and AP installations).
Actually, the RM facility consists of a main platform, two auxiliary platforms, and a Floating Storage
and Offloading (FSO) unit, connected to the main platform by a sealine. The VG installation includes
a production platform and a nearby FSO unit. In the production manifold, the crude is mixed with a
diluent (diesel) in order to reduce its viscosity and prevent solidification. The diluent is stored in the
Floating Storage and Offloading unit and delivered to the platform through a dedicated sealine. The
third platform (named MA) produces gas. On the deck of the installation there is a power generation
system fuelled with marine diesel, stored in a dedicated vessel. Lastly, the AP facility produces a light
crude with a water-to-oil ratio of 0.3. On the platform, the oil is first separated from water and then
pumped to a header for the transportation via sealine to the nearby coast. Table 2 summarizes the main

features of the platforms considered in the case-study, extracted from the design documents.
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Table 2. General features of the oil and gas facilities considered in the case-studies

Oil and gas installations

Facility ID RM VG MA AP
Country Italy Italy Croatia Rep. of Congo

Northern Channel of Southern Atlantic Ocean
Sea

Adriatic Sea Sicily Adriatic Sea

Product oil oil gas Oil
API° 115 154 / 28-32
Water depth (m) 80 120 69 80
Sea temperature (°C) 15 19 15 25
Air temperature (°C) 15 19 15 25

In total, 16 oil spills corresponding to continuous leakages and instantaneous releases from the
equipment units present on the four facilities were considered, as reported in the ENVironmental
hazards IDentification analysis performed for each installation and further considered in the
Environmental Risk Assessment study and oil spill emergency response plansi of each facility. The

information of each spill scenario considered in the case-studies is summarized in Table 3.
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Table 3. Data of the spill scenarios considered in the case-studies

Facility Spill Substance °API  Spill Order of Spill Spill
ID ID mass  magnitude duration temperature
L) formass (t)  (minutes) (°C)
RM1 crude 115 0.12 0.1 10 65
RM2 crude 115 1.05 1 10 65
RM RM3 crude 115 1.70 1 10 80
RM4 crude 115  3.39 1 10 65
RM5 crude 11.5 12,900 10,000 - 20
VG1 crude 115 0.12 0.1 10 101
VG2 diluent 62.3 0.44 0.1 10 20
VG VG3 blend 229 274 1 10 85
VG4 diluent 62.3 10,200 10,000 - 20
VG5 blend 22.9 13,500 10,000 - 30
MA1 diesel 35.0 0.92 1 - 20
MA
MAZ2 diesel 35.0 1.02 1 - 20
AP1 crude 30.0 0.94 1 10 36
AP2 crude 300 213 1 3 36
AP
AP3 crude 30.0 6.05 10 - 36
AP4 crude 300 802 10 3 36

Table 3 shows that the 16 spills scenarios have significant differences, in particular when considering
the spill mass, which varies over 5 orders of magnitude, from about 0.1 t to 10,000 t. In order to simulate
the spills by the approach described in section 3.3, it was necessary to identify in the oil database of
each software tool the model oil more similar to the spilled product, considering the API gravities [Lehr,

2001]. Table 4 summarizes the model oils selected for the simulations.
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Table 4. Model oils assumed for the simulation of the case-studies

Software codes

ADIOS GNOME OoOwWM OSCAR
Model oils selected from the oil databases of the software codes
Spill
Oil name °API Oil name °API Oil name °API Oilname °API
ID
RM1
RM2
WestDeltaBlock
RM3 11.4  FuelOil#6  8-15 Grane 18.7 Grane 18.7
30
RMA4
RM5
West Delta
VG1 11.4  FuelOil#6  8-15 Grane 18.7 Grane 18.7
Block 3030
VG2 Naphtha Mapco  63.3 Gasoline  50-71 Sleipner 58.4 Kerosene 454
Mandalay Forseti20
VG3 Carpinteria 229  FuelOil#4 20-24 20.3 23.0
Battelle 01
VG4 Naphtha Mapco  63.3 Gasoline  50-71 Sleipner 58.4 Kerosene 454
Mandalay Forseti
VG5 Carpinteria 229  FuelOil#4  20-24 20.3 23.0
Battelle 2001
MA1  Eugene Island Marine Marine
35 Diesel 27-41 36.4 36.4
MA2 Block 276 Diesel Diesel
AP1
AP2 Abu Safah MedCrud Eldfisk
28.4 22-31 Norne 32.7 28.9
AP3 Aramco e 2000
AP4
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Since in the ADIOS software the minimum duration which can be assumed for a spill is equal to 1 hour,
this value was adopted also for the simulation of the oil spills with the GNOME, OWM, and OSCAR
software tools. Moreover, since the ADIOS code only allows considering spilled masses higher than
320 kg, the RM1, VG1, and VG2 spill scenarios were not modelled with this code.

Due to the need to limit the complexity in the calculation of the KPIs, a few simplifying assumptions
were introduced concerning the huge possible combinations of wind and current fields influencing the
fate of the spills. Thus, the wind and current vectors were assumed constant in time and uniform in
space. The same assumption was considered for the air and sea temperatures. At the VG installation,
the average values of the wind speed and of the current velocity are equal, respectively, to 6 m/s and to
0.13 m/s. Moreover, on average the wind and current vectors are orthogonal and directed so that the
advection of the slick is towards the open sea. For the sake of simplicity, these wind and current data
were assumed for all the facilities of the case-study, in order to get results independent from the

environmental conditions, thus allowing a more simple comparison.

5. Results and Discussion

5.1 Key Performance Indicators and ranking of the spill severity in the case-studies

The values of the KPIs defined in section 3.2 calculated for all the spill scenarios considered in the case-

studies described in section 4 are reported in Table 5.
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Table 5. Values of the Key Performance Indicators calculated for the oil spill scenarios considered in the case-studies

KPI of KPIs of level 2 KPIs of level 3
level 1
/ Software codes Software codes
/ ADIOS GNOME OWM ADIOS GNOME OWM OSCAR | ADIOS OSCAR ADIOS OSCAR
Spill KPl11 KPl,1 KPl21 KPl21 KPl,. KPlI,. KPl,.» KPl,.2 KPls1 KPl31 KPls» KPl32
ID (t) (t) (t) (t) (t-d) (t-d) (t-d) (t-d) (km?) (km?) (km?d) (km*d
RM1 |1.2-10%] - 8.3-102 1.0-101 - 2.8:101 52-10% 4.1-10° |- 44-10° - 1.9-10*
RM2 | 1.1 9.6-101 7.4-101 9.1-101 4.2:102 25 4.7 6.0-102 |1.1-102 34-10%2 22-10% 1.8-10%
RM3 | 1.7 15 1.2 1.5 4810t 41 75 34-10% | 1.7-102 24-102 54-10° 6.0-10°
RM4 |34 2.7 2.4 2.9 9.7:10t 8.1 15-10 85-101 | 34-102 4.4-102 96-10° 1.5-10%
RM5 |1.3-10* | 1.1-10* 9.1-10° 1.1-10% 4.2-10° 3.1-10* 57-10* 4.8-10* |13-102 1.0-10 1.1 3.7-10
VG1 1.2-107% ] - 8.5-102 1.0-101 - 2.9-101 53-101 3.7-10* |- 9.1-10% - 3.8-10°
VG2 |44-107 ] - 1.0-1072 25-102 - 2.8-10t 1.7-10t 7.0-10%° |- 6.2-10° - 4.1-10*
VG3 |27 1.4 1.4 2.1 51100 56 1.1-10 6.3-10t | 3.0-102 29-10* 85-10% 7.4-10°%
VG4 |10-10*|1.7-10° 6.1:10 6.4-102 1.2-10° 1.8-103 54-10° 14-10* |59 15 54-101 4.7
VG5 |14-10*|1.0-10* 6.810° 1.0-10* 1.7-10* 2.7-10° 52-10* 4.4-10* |14-102 16-102 8.2-10 2.3 102
MA1 |9.2-101|5.6-101 3.2:101 21-101 31102 1.6 1.6 16-102 |1.1-10%2 56-10°% 23-10* 2.7-10*
MA2 | 1.0 6.2-101 3.510% 24-101 34102 1.8 1.8 27-10% | 1.2-102 6.0-10° 25-10% 3.7-10*
AP1 |94-10'|6.3-10t 5.8-10% 6.5-101 3.31102 21 35 6.2-10°% | 1.1-102 32-10°% 2.2-10% 22-10*
AP2 |21 1.2 1.3 15 4510t 47 7.8 33-10t | 24-102 1.8-102 7.1-10% 6.5-10°
AP3 | 6.1 35 3.7 4.2 1.3 1.4-10 2.2-10 1.3 6.8-102 7.0-10%2 1.8-102 2.5-10%
AP4 |80 47 5.0 5.5 1.7 1.8-10 3.0-10 1.9 9.0-102 1.1-10%' 23-10% 3.8-10%

19



Table 5 shows that, for a given spill and a given KPI, differences of one or even two orders of magnitude
are present among the values calculated with the different software tools.

The KPIs summarized in Table 5 have different definitions and are expressed in different units, since
they correspond to different physical terms. Consequently, while a comparison among the values of the
same KPI is always possible, the values of the different KPIs cannot be immediately compared to each
other. In order to verify if the different KPIs give the same ranking of the severity of the contamination
caused by the oil spills within each facility, an internal normalization was carried out on each KPI and
each facility by means of the min-max method (Chakraborty and Yeh, 2007). The general formula for
this linear rescaling procedure allows to substitute each original KPI value x with its normalized value

x’

o x—min{x}
- max{x}-min{x}

(6)
where min{x} and max{x} represent, respectively, the minimum and the maximum of the KPI values
for the given KPI type and facility considered. By this approach, normalized values were obtained,
ranging between 0 and 1, where 0 corresponds to the minimum value of the KPI in the set of interest,
and 1 corresponds to the maximum value. Clearly enough, this internal normalization leads to trivial
results for the MA facility, for which only two releases were considered (the contamination of the spill
MAL results, obviously, as less severe than that due to the spill MA2). The normalized KPI values for
all the other facilities are shown in Figure 2. The figure also allows the comparison among the

normalized KPI values calculated with different software tools.
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Figure 2. Normalized Key Performance Indicators values calculated for the case-studies: (a) facility

RM; (b) facility VG; (c) facility AP
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From the results displayed in Figure 2, some conclusions can be drawn about the influence on the KPIs
of the spill mass, the oil type, and the spill temperature. Actually, when a different amount of the same
oil having the same temperature is released, the KPIs provide the same ranking of the severity of the
contamination, as evidenced by the results obtained for facility AP (Figure 2c). In fact, for facility AP,
whose spills involve the same oil type and have the same temperature (as shown in Table 3), every KPI,
whatever the software used for its calculation, has values that increase passing from spill AP1 (the spill
with the lowest spill mass) to spill AP4 (the spill with the largest spill mass). For spills concerning the
same oil type and having the same spill temperature, the larger the spill mass, the higher the value of
the KPI and, thus, the severity of the environmental consequences. Therefore, for a preliminary ranking
of the severity of the contamination of spills of the same oil and with the same spill temperature, it is
sufficient to use the simplest KPI (KPI1.1), which takes into account only the spill mass.

However, when a ranking among releases with different oil characteristics and / or oil temperatures is
of interest, the different KPIs can give different results, as shown in Figure 2a for the RM facility. In
the case of this installation, KPIy1 indicates that the spills RM1 to RM5 have an increasing criticality
of the expected environmental consequences. The values of level 2 and 3 KPIs confirm this ranking,
with the exception of KPIs1 when calculated with the OSCAR software, which provides an inversion
of the ranking of spill RM2 and spill RM3. The cause of this inversion can be attributed to the higher
temperature of spill RM3 with respect to spill RM2, despite the larger amount of the spilled mass in
spill RM3, as shown in Table 3. While a higher spill mass results in a more severe environmental
contamination, a higher spill temperature ensures a faster evaporation of the oil, as well as an enhanced
dispersion of the oil into the sea because of its reduced viscosity: thus, a higher spill temperature results
in less extended environmental consequences. Even if the spilled mass is usually the factor having the
more important influence on the severity of the environmental contamination, the temperature may
prevail in case of limited differences among the values of the spilled mass, as, for instance, in case of
spills RM2 and RM3.

As indicated in Table 1, the ADIOS, GNOME, and OWM codes are not able to take into account the

temperature difference of the spills. For this reason, the inversion in the ranking of the oil spills caused
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by differences in temperature is only present when the OSCAR software is used for the calculation of
the KPlIs.

A further factor influencing the spill ranking is the oil composition, and specifically its density. As
shown in the case of facility VG (Figure 2b), KPI..1 indicates an increasing severity of the environmental
effects when considering spills VG1 to VG5. However, KPIl,1 and KPl,,, when calculated with the
GNOME and OWM tools, show an inversion of the severity ranking of spills VG1 and VG2. Actually,
as reported in Table 3, spill VG1 has a smaller spill mass and a higher density than spill VG2. In general,
the higher the density of the spilled oil, the more serious the environmental contamination caused by
the spill. In fact, light oils, with respect to heavy ones, usually have a high content of low and medium
molecular mass components, which confer to the oil a high volatility, favouring its evaporation into the
atmosphere. Furthermore, they are usually characterized by a low viscosity, advantaging their capability
to be dispersed in the water column and increasing the effectiveness of emergency response actions
(Kingston, 2002; Federici and Mintz, 2014; RSC, 2015). In the GNOME and OWM software, the
influence of the oil type prevails on the role of the spill mass, and, consequently, the spill VG2 results
as having more severe environmental consequences than the spill VGL1. Differently, the influence of the
spill mass prevails on that of the oil composition in ADIOS, therefore KPI».1 and KPI2.2, when calculated
with the ADIOS software, confirm the ranking obtained when considering KPI11. The OSCAR software
tool, taking into account the spill temperature in addition to the spill mass and its density, provides a
more precise assessment of the KPIs and, thus, a more accurate ranking of the marine pollution due to
the spills VG1 and VG2, suggesting that the spill VG1 has lower effects than the spill VG2.

The above discussion highlights that, when spills with different temperatures and / or different oil types
are evaluated (e.g. when spills from different facilities or different reservoirs are compared), the bottom
level KPly.1, which is based on the sole spill mass, does not represent a reliable indicator of the expected
severity of the environmental consequences of the spills.

Moreover, it is evident that if oil spills with relevant temperature differences need to be compared, the
higher level KPIs need to be calculated by means of the OSCAR software, because this is the only
software tool that considers the role of the spill temperature. If a comparison among spills that have the

same temperature, but refer to different oils, is of interest, also the ADIOS and OWM software codes
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are suitable for the calculation of the KPIs. Both should be preferred to the GNOME software, since
their larger oil database allows a more appropriate selection of the oil to be simulated, as shown in Table
1.

In addition to the spilled mass, the actual importance of other parameters in influencing the KPI values
and thus the severity of the expected environmental contamination expressed by the different KPIs was
further investigated, as discussed below.

In order to systematically assess the influence of these parameters, the non-normalized KPI values
calculated for spill scenarios characterized by a mass of the same order of magnitude are compared in
Figures 3 to 6. As shown in Table 3, four different groups of spill scenarios may be identified on the
basis of the order of magnitude of the spilled mass: i) 0.1 t spills (including spills RM1, VG1, and VG2,
all showing differences in both the oil type and the spill temperature); ii) 1 t spills (including spills
MAL, MA2, AP1, AP2, RM2, RM3, RM4, and VG3, again all different in both the oil type and the spill
temperature); iii) 10 t spills (including spills AP3 and AP4, referring to the same oil type and with the
same spill temperature); and iv) 10,000 t spills (including spills VG4, RM5, and VG5, which refer to

different oil types having the same spill temperature).
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Quite obviously, KPI11, whose values correspond to the spilled mass, has a similar value for all the
spills in each group, as evident in Figures 3-6.

When Figure 5 is considered, which corresponds to spill mass values of about 10 t of the same oil type
having the same spill temperature, all the KPIs indicate that the spill AP4 is slightly more severe than
the spill AP3. This difference in the KPIs of the two spills has to be attributed to the slightly higher
mass of spill AP4, compared to the mass of the spill AP3. Again, the results confirm once more that all
the KPIs are equivalent in representing the severity of the environmental contamination caused by spills
having the same composition and temperature. Thus, KPl.1 is adequate and sufficient to rank the
environmental consequences of the spills for these scenarios.

The figures referring to the other groups of spills (Figure 3, 4 and 6) show that differences up to two
orders of magnitude are present in the values of level 2 and 3 KPIs. In general, the values of level 3
KPIs present the largest differences. These can be justified keeping in mind that the fate of the spilled
oil depends not only on the spill mass, but also on the oil type and the spill temperature: low density
and / or high temperature spills cause a less severe contamination than high density and / or low
temperature releases. Therefore, the results confirm once more that, in case of different oil types and /
or spill temperatures, the sole released mass (KPI1.1) cannot be used to rank the environmental severity

of the spills.

5.2. Influence of the software tools used to calculate the Key Performance Indicators

Since, as discussed above, several different software tools are available for the calculation of the KPlIs,
it is important to assess specifically if and how the choice of different codes influences the KPI values
obtained from the calculations. Thus, Figure 7 reports the value of each KPI calculated with the ADIOS,

GNOME, OWM, and OSCAR codes.
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Figure 7. Level 2 and level 3 Key Performance Indicators values for the oil spill mass categories considered: (a) 0.1t, (b) 1 t, (c) 10t, (d) 10,000 t
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Figure 7 clearly shows that differences of about an order of magnitude are present among the values of
the KPIs calculated for the same spill with different software tools (e.g. see the values of KPl,1 for spill
VG4, and the values of KPI,, KPIs1, and KPls for spills VG4 and RMb). These differences are mainly
due to the different capability of the software tools to model the oil type and the spill temperature.
Though, Figure 7c, which refers to two spills of about 10 t, with the same oil type and with the same
spill temperature, shows that, while the values of KPl21, KPIls1, and KPls. are similar, the values of
KPI,, differ of more than one order of magnitude when different software tools are used for their
calculation. This difference is not related to the different input data, but has to be attributed to the
different modelling approaches implemented in the software tools.

It can be concluded that the use of different software tools results in large differences in the values of
the KPIs. As a consequence, a single software tool needs to be selected to obtain consistent KPIs values,
even when considering spills of the same oil type and with the same spill temperature. Clearly enough,
the OSCAR code should be preferred to estimate the KPI values, because its oil database gives the
possibility of a more accurate selection of the oil and, in addition, this code can take into account the
effects of the spill temperature on the oil fate. Moreover, if compared to the other tools, the OSCAR
software is able to model a wider range of weathering phenomena and it implements more sophisticated
mathematical models for their simulation, allowing a more realistic description of the behaviour of the

oil slick (Reed at al., 1995; Aamo et al., 1997).

5.3. Determination of the most suitable Key Performance Indicators

From the above assessment, it clearly emerges that the bottom layer KPI can be used only for ranking
the severity of the environmental consequences of oil spills having the same composition and the same
temperature. This may be a relevant application when several spill scenarios are identified for a single
facility (e.g. in the case of the facility AP), or for a production cluster where all the production strings
process oil with a similar composition and temperature, or for facilities where the risk of environmental
contamination derives from the release of substances different from the product (e.g. in gas rigs, where

the diesel fuel from the emergency power supply system may be released, as in the case of facility MA).
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Differently, when it is required to rank the expected severity of spill scenarios involving different
facilities and / or having different composition and temperature, the higher level KPIs need to be used,
in order to correctly express the potential contamination caused by the spills.

However, it is important to understand if all the second and third level KPIs are actually suitable to
measure the environmental consequences of an oil spill. To address this issue, a first element to be
considered concerns the software code used for the assessment of the KPIs. From the above discussion,
it clearly emerges that, besides the oil mass and composition, the spill temperature is a relevant
parameter in determining the environmental effects of a spill. However, only the OSCAR software
allows to consider this factor in the calculation of the KPIs. Thus, a correct calculation of the higher
level KPIs may only be obtained using the OSCAR software. This excludes the use of KP4, since, as
discussed in section 3, this KPI cannot be calculated with the OSCAR software.

Therefore, when the severity ranking of multiple scenarios from different facilities, involving oils
having different composition and different temperature, is of interest, the values of KPI,,, KPls31, and
KPI3,, calculated using the OSCAR software are the more significant to carry out the comparison.
Figure 8 reports the upper level KPIs calculated with the OSCAR software for each of the four

categories of spills defined in section 5.1.
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Figure 8. Higher level Key Performance Indicators calculated using the OSCAR software for the oil

spill mass categories considered: (a) 0.1t, (b) 1t, (c) 10t, (d) 10,000 t

As shown in Figure 8, KPl31 and KPls, provide the same ranking of the spills for the spill categories
corresponding to 0.1 t, 10 t, and 10,000 t. When considering the group of the spills having an order of
magnitude of 0.1 t, both these KPIs result in the highest value for spill VG2, followed by spill RM1.
The lowest values and, thus, the lowest level of criticality, corresponds to spill VG1 (Figure 8a). When
considering the group of spills having an order of magnitude of 10 t, the values of KPls1 and KPl3_,
both calculated using the OSCAR software, show that spill AP3 is less hazardous than spill AP4 (Figure
8c). When considering the spills having an order of magnitude of 10,000 t, the hazard increases from
spill VG4 to spill RM5, while the maximum value and thus the maximum criticality corresponds to spill
VG5 (Figure 8d). In the group of spills having an order of magnitude of 1t (Figure 8b), OSCAR KPl31
and OSCAR KPIs both indicate that spills AP1, MA1, and MA2 are less hazardous than spill RM4,
that results the most critical. For the other spills of this group (i.e. the spills RM2, RM3, AP2, and VG3),
the two KPIs of level 3 do not give exactly the same ranking. Though, the KPI values are very similar,

so that they influence the ranking but not the actual criticality of the spills.
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It is also possible to notice that, in Figure 8, KPl,, values, when calculated using the OSCAR software,
provide a different ranking with respect to that obtained by the level 3 KPIs for spills having an order
of magnitude of 10,000 t. It is thus important to understand which, among the second and third level
KPIs, provides a more consistent representation of the potential for environmental contamination
caused by oil spills. Since the slick surface to which the KPIs of level 3 are referred is a more precise
parameter to express the environmental impact of an oil spill, the KPIs of level 3 should be preferred to
second level KPIs, which are referred to the oil mass in the slick (Reed at al., 1995; Aamo et al., 1997).
Thus, in Figure 8, the ranking obtained from the KPIs of level 3 should be considered more accurate
than that obtained from KPI; .

A further important remark is that both level 3 KPIs always provide the same ranking of the spills. In
fact, the maximum area of the thick slick (KPIs1) shows the same behaviour of the thick slick surface
exposure (KPls2). Therefore, since the calculation of KPIs 2 is more time-consuming than that of KPl3 1,
the latter may be given preference in expressing the severity of the contamination caused by oil spill
scenarios, when the bottom layer KPI (KPl11) is not sufficient to correctly represent their environmental

effects.

5.4. Strengths and limitations of the KPI approach proposed

Due to the lack of KPIs available to express the severity of the environmental consequences of oil spills,
a comparison of the proposed KPIs with other similar indicators is not possible. Moreover, the
comparison of the KPIs with the results of accurate Environmental Risk Assessment (ERA) studies is
not appropriate, due to the different purpose of such studies with respect to a KPI approach. However,
it is important to remark that these two approaches are not to be intended as alternative, but rather
complementary in the common context of Oil Spill Risk Assessment. In fact, the huge amount of data
required by ERA studies, as those regarding the morpho-bathymetric features of the spill area, the
environmental conditions during the year (in terms of the wind, the current, the salinity, the air, and the
sea temperatures), and the description of the spatial and temporal distribution of the biological
resources, makes detailed assessments costly from the point of view of the computational time. Thus,

necessarily a selection of the oil spills to be further considered in the detailed assessment is needed.
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Therefore, a KPI-based screening may support the ERA studies providing the identification of the most
critical spills, which should receive priority in detailed Environmental Risk Assessment studies.

The limited input information necessary for the calculation of the KPIs derives from the design data of
the oil and gas installation (e.g. the oil type, the spill temperature) or refer to the average environmental
conditions at the site of the facility (e.g. the air and the sea temperatures, the wind and the current speed
values). These data are usually known with sufficient accuracy, even in the early design steps.
Differently, the estimates of the potential spill volumes stem from the techniques adopted for the
ENVironmental hazard IDentification, since site-specific historical data are not available during design.
Thus, spill amounts represent the best estimates provided by the experts having the task to identify the
hazards.

When considering the results of the software tools for oil spill modelling, unavoidably they are affected
by the uncertainty of the mathematical models implemented to describe the fate of the oil. Though, the
tested software tools are developed by authoritative institutions, and are the result of extensive
validation campaigns, also addressing the comparison of the results against the data referring to real oil
spills. Despite the continuously ongoing research efforts for a better comprehension and a more accurate
modelling of the phenomena occurring to the spilled oil (documented, for instance, in Barker et al.,
2021), currently the results of oil spill software tools are considered sufficiently reliable by oil and gas
operators, as well as by public authorities. Thus, the results obtained from such software tools are
commonly applied to demonstrate that the risk of oil spills is acceptable and for planning oil spill
emergency response actions. Therefore, their use is fully justified also inside a KPI procedure.

It should also be remarked that, as discussed above, the developed KPIs are not suitable for the
assessment of subsea releases. In perspective, it seems important to introduce KPIs also to express the
environmental effects of subsea oil spills, as blowouts from the seabed or leaks from sealines. In fact,
in these cases the first marine compartment impacted by the oil is the water column, from which the
contamination spreads to all the other compartments. Thus, specific KPIs based on parameters reflecting
the damage caused by the oil to the water column are needed. Such KPIs could be also extended to
Hazardous and Noxious Substances (HNS), which are completely soluble in water and, thus, inflict

harm mainly to the organisms of the water column. The availability of a complete set of KPIs, applicable
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to all types of spills potentially caused by an oil and gas facility, would make it possible to have a
thorough screening of the environmental effects of all the potential leakage scenarios.

A further remark concerns the widespread acknowledgement of the need of multi-target procedures to
orient the design towards both inherently safer and more environmentally friendly solutions. Recalling
that risk is usually intended as a combination of the likelihood and of the consequences of accidental
events, the inclusion of the occurrence frequency of the accidental spills allows to define KPIs
expressing the risk of damage to the environment of accidents occurring on oil and gas installations,
integrating the information provided by the KPIs representing the environmental consequences of spills.
Lastly, the combination of environmental KPIs with indicators addressing other targets, as men and

assets, still remains a challenging issue on which to focus further research efforts.

6. Conclusions

In the present study, a layered set of KPIs has been introduced to express the severity of the potential
environmental contamination of the sea surface caused by on-surface oil spills deriving from offshore
oil and gas platforms in the open sea. The KPIs introduced allow to rank the severity of the expected
environmental consequences of the spills. The bottom layer KPI defined (KPl..1), based on the spill
mass, is adequate and sufficient to represent the severity of the contamination when spills of the same
oil and the same temperature are considered. When spills of oils having different compositions and / or
different temperatures are present, a software tool able to capture the influence of such differences and
more accurate KPIs need to be used. In particular, the OSCAR software and the KPIs based on the area
of the thick slick emerged as the most appropriate approach to estimate the effects of the spills in such
cases. Although the ADIOS, GNOME, and OWM codes are useful and simple tools for the modelling
of oil spills, they proved not to be suitable for the calculation of the specific KPIs developed in the
present study, due to limitations mostly concerning the capability of considering the oil spill
temperature.

In conclusion, the environmental KPIs defined in this study allow a preliminary quantitative
representation of the potential contamination caused by on-surface oil spill scenarios identified in the

ENVironmental hazards IDentification studies typically carried out for oil and gas installations,
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providing a ranking of the severity of the environmental consequences of the spills identified for an
installation or for a set of facilities. The KPIs obtained, providing a prioritization of the oil spills, also
produce a useful input to detailed Environmental Risk Assessment studies, supporting the selection of
the oil spills that need to be considered more accurately. Besides, these results may be used for orienting
the decision-making process in the early design phases of offshore projects. This may allow to widen
the horizons of risk management in early design, by including the marine compartment amongst the
targets damaged by accidents on offshore oil and gas installations. Actually, the set of KPIs provided
may integrate existing KPIs, allowing to consider also damage to the environment in addition to damage

to men and assets.
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