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Abstract

In recent years, the global demand for liquefieturad gas (LNG) as an energy source is
increasing at a very fast rate. In order to mestdiemand, a large number of facilities such
as platforms, FPSO (floating production, storage @ffloading), FSRU (floating storage and
regasification unit) and LNG ships and terminalks maquired for the storage, processing and
transportation of LNG. Failure of any of these liies may expose the market, companies,
personnel and the environment to hazards, hencenghéke application of risk analysis to
the LNG sector a very topical issue throughout wueld. To assess the risk of accidents
associated with LNG facilities and carriers, vasotisk analysis approaches have been
employed to identify the potential hazards, caluthe probability of accidents, as well as
assessing the severity of consequences. Nonethétesature on classification of the risk
analysis models applied to LNG facilities is vempited. Therefore, to reveal the holistic
issues and future perspectives on risk analysiN@ facilities, a systematic review of the
current state-of-the-art research on LNG risk asialis necessary. The aim of this paper is to
review and categorize the published literature alibe problems associated with risk
analysis of LNG facilities, so as to improve thederstanding of stakeholders (researchers,
regulators, and practitioners). To achieve this, @cholarly articles on LNG risk analysis are
identified, reviewed, and then categorized accagrdmrisk assessment methods (qualitative,
semi-qualitative or quantitative; deterministic mrobabilistic; conventional or dynamic),
tools (ETA, FTA, FMEA/FMECA, Bayesian network), put/strategy (RBI, RBM, RBIM,
facility siting, etc.), data source@OREDA handbook, published literature, UK HSE
databases, regulatory agencies’ reports, industtasdts, and experts’ consultations)
applications (LNG carriers and LNG fuelled shipdNG& terminals and stations, LNG
offshore floating units, LNG plants), etc. Our studill not only be useful to researchers
engaged in these areas but will also assist regalgpolicy makers, and operators of LNG
facilities to find the risk analysis models thdtthieir specific requirements.

Keywords. Liquefied natural gas (LNG), hazard identificatiorisk analysis, risk
assessment, data sources.



1. Introduction

Loss of control of combustible products such asdfeed natural gas (LNG) can result in
accidents with catastrophic consequences suclheaarfd explosion. In order to mitigate such
consequences, safety measures are required toslymel@ by asset managers in accordance
with regulatory requirements. For this purposek asalysis has emerged as a very useful
tool to guide decisions on design, manufacturimgtallation, operation and maintenance
(O&M) and decommissioning of assets in safety@altindustries.

According to Aven (2016), the study of risk anadyas a scientific field started about
30 to 40 years ago, hence making it a relativelyngpdiscipline. In spite of being a young
discipline, risk analysis has been applied to aewiahge of industries such as the medical
sector, engineering infrastructure sector, trartgfion sector, security and defence sector,
social and the legal sector to find appropriatéitezal, safety, economic and environmental
solutions to their problems (Aven, 2016). Histolligarisk analysis may trace its root to the
nuclear industry (Pasman, 2015). Information from Wnited States Regulatory Commission
(2016) also indicates that the first probabilistisk assessment (PRA) technique was
developed for a nuclear power plant in the 1978rg] since then, many new methods and
tools have been developed. Vikaal. (2016) indicated that the risk analysis approacires
shifting from conventional approaches to more dyieaapproaches, in order to enable
decision makers continuously address operatiorafktys economic and environmental
challenges in safety critical industries.

In the past few decades, some authors have atténipteeview risk assessment
methodologies and applications in different indestr These studies are highlighted in the
following:

Siu (1994) presented an overview of a number of alternativk rassessment
methodologies for dynamic systems. Khan and Ab(E398) presented a state-of-the-art-
review on techniques and methodologies for perfogmsk analysis in chemical process
industries. Tixieret al. (2002) identified 62 papers published on risk gsial methodologies
for industrial plants and then classified them ititeee different categories, including hazard
identification, risk evaluation and risk hierarction. Marhavilaset al. (2011) identified,
analysed and categorized risk assessment methatigppeared in the literature between
2000 and 2009. Pitblado and Woodward (2011) rewietlie historical progress, the lessons
learned, prediction models, and unresolved techngsues with regards to LNG risk
analysis. Necciet al. (2015) critically analysed the available tools akbwledge gaps
concerning domino effect assessment in chemicalgs®and energy industries. Vida al.
(2016) provided a comprehensive review on dynansk assessment methodologies and
relevant applications in the chemical process itrgius

Although the above-reviewed studies significantiyittibuted to the discipline of risk
analysis, there still exist considerable gaps tlirall articles focused on only one aspect of
the risk analysis process, that is risk assessmetitodology (Marhavilast al, 2011; Necci
et al, 2015; Tixieret al, 2002; Villaet al, 2016). Secondly, none of the articles focused on
providing comprehensive review of risk analysis moeiblogies and application in the LNG
sector. Thirdly, very few articles proposed a dfasgtion framework to categorize the
published literature and report their findings. piesthe obvious progress made in the field
of risk analysis, safety-related problems contitoebe an issue in many safety critical
industries (Knegtering and Pasman, 2009). Some ghegnof recent major incidents include
the explosion in the Texas city refinery in Mardd03; explosion of a natural gas condensate
tank in Warffum, the Netherlands, in May 2005; fatethe Buncefield oil storage and transfer
depot in December 2005; and the Deepwater Horidapil in the Gulf of Mexico in 2010.



LNG is emerging as the preferred future fuel in ynamdustries due to its higher
efficiencies and less environmental concerns. hassled to significant growth in processing,
storage and transportation of LNG in large volumexsind the world. However, as LNG is a
cryogenic fluid with vapour dispersion charactécstnd thus highly flammable, the growth
comes with additional health and safety challer{§es and Guo, 2013). Therefore, applying
risk analysis in the LNG sector is crucial to s&ugithe health, safety, security, and business
success of companies.

Though the application of risk analysis in the LN§&ctor continues to receive
considerable attention from practitioners and neseas, yet some regulators and the general
public remain unconvinced about the safety of LN@Gilities, thus delaying the expansion of
existing facilities as well as preventing the comstion of new facilities in some countries.
To reveal the holistic issues and future perspestion LNG safety, comprehensive and
systematic literature review of current state-a-#rt research on application of risk analysis
technologies in the LNG sector is increasingly Imeic important. The aim of this paper is
to review and categorize the literature publishbdua the problems associated with risk
analysis in the LNG sector, so as to improve theéewstanding of stakeholders (researchers,
regulators, and practitioners). This also covefgoiaspects of risk management process,
which may be missing in previous review studiese Téviewed literature will be classified
according to risk assessment methods (qualitatsemi-qualitative or quantitative;
deterministic or probabilistic; conventional or dynic), tools (ETA, FTA, FMEA/FMECA,
Bayesian network), output/strategy (RBI, RBM, RBIRcility siting, etc.), data sources
(OREDA handbook, published literature, UK HSE datds, regulatory agencies’ reports,
industry datasets, and experts’ consultations)liedmns (LNG carriers and LNG fuelled
ships, LNG terminals and stations, LNG offshorafiog units, LNG plants), etc.

The remainder of this paper is organized as folloSesction 2 presents the review
methodology as well as the framework used for digeg the published literature on
application of risk analysis in the LNG sector. Tdetails of the observations and findings of
the classification framework are presented in $ac8, and the findings of the literature
review will be discussed in Section 4. Finally, &l gaps in current knowledge regarding
the subject are mentioned and some recommenddtorfsiture research are provided in
Section 5.

2. Classification process
2.1. Search and review methodology

The number of peer reviewed articles and confergrag@ers which have employed risk
analysis approaches in the LNG sector has seencease in the past two decades. The
distribution of the number of papers is displayeérigure 1.

Figure 1. Distribution of the number of papers over the pastdecades.

The search and review process used in this pampisined as follows: First, several
academic databases were identified to search teeatlire. These databases included
ScienceDirect, ISI Web of Science, EBSCOhost, Eldern&EE Xplore Digital Library,
ProQuest, SpringerLink, Taylor and Francis, Wiléylerscience, Interscience, American
Society of Mechanical Engineers (ASME) digital eglion, Onepetro and Google scholar.
These databases were selected because they holdrglest coverage of scientific peer-
reviewed literature in relation to the LNG sectBecond, two keywords of “LNG” and
“risk” were used in combination with other termscluas “analysis”, “assessment’,

“methodology”, “approach”, “tool”, “technique mitigation” and “strategy”

, nmagement”,
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to identify the literature relevant to the topi@ @chieve the highest level of relevance, only
peer reviewed papers written in English and publisn top-tier international journals and
conference proceedings were considered. This nthabhMaster’'s and doctoral dissertations,
textbooks, book chapters, technical reports, warkiapers and lecture notes were excluded
from this review. Third, some exclusion and inoluscriteria were used by authors to screen
and select the relevant papers for this reviewthla regard, the authors first screened the
titles and abstracts of the identified papers drehtexcluded those studies which did not
cover any of the themes captured in the classificaframework (see Figure 2) were
excluded. The keywords search resulted in a total2d documents, among which 66
documents were found relevant after applying thetusxon and inclusion criteria.

After critically scrutinizing the identified litetare, our analysis resulted in 47 journal
articles (Shindeet al, 2000; Kimet al, 2005; Ochiaket al, 2005; Ronzat al, 2006; Haret
al., 2008; Vanenet al, 2008; Raj and Lemoff, 2009; Ywet al, 2009; Nwaohat al, 2010;
Vinnem, 2010; Nwaoheet al, 2011; Pariharet al, 2011; Tanabe and Miyake, 2011;
Keshavarzet al, 2012; Khalilet al, 2012; Li and Huang, 2012; Rathnaya#aal, 2012;
Berle et al, 2013; Chuet al, 2013; Nwaoheaet al, 2013; Suret al, 2013; Aneziriset al,
2014; Danet al, 2014; Elsayectt al, 2014; Martinset al, 2014; Mcinerneyet al, 2014;
Noh et al, 2014; Vianello and Maschio, 2014a; Vianello andsghio, 2014b; Ahmeet al,
2015; Giardina and Morale, 2015; Leeal, 2015; Martinez and Lambert, 2015; Eual,
2016; Martinset al, 2016; Yeoet al, 2016; Ahnet al, 2017; Jeongt al, 2017; Renjithet
al., 2018; Baalisampangt al, 2019; Badideet al, 2019; Georgeet al, 2019; Konget al,
2019; Li and Tang, 2019; Sultaeaal, 2019; Yoonret al, 2019; Leoniet al, 2019) and 19
conference papers (Dogliani, 2002; Bozzolsco, 2@Hllesio et al, 2009; Spitzenberger,
2009; Kolodziejet al, 2009; Chin and Saetren, 2010; Montewgtaal, 2010; Skramstadt
al., 2010; Roldaret al, 2012; Souzat al, 2012; Benyessaaat al, 2013; Chuet al, 2014;
Devkaran, 2014; Melart al. (2014); Hamedifaet al, 2015; Zhacet al, 2015; Jewitt, 2016;
Stavrouet al, 2016; Hogeliret al, 2018).

2.2 Classification framework

In order to classify and analyse the literaturerfek analysis in the LNG sector, we propose
a classification framework that is shown in FigaréVhile reviewing the literature, we found
that the application of risk analysis in LNG faids can be categorized into five different
themes, as explained below.

* Risk analysis methods (qualitative, semi-qualigatior quantitative; deterministic or
probabilistic; conventional or dynamic).

* Risk analysis tools (Checklist, HAZOP, LOPA, ETATA, FMEA/FMECA, Petri
Network (PN), MCDM, Bayesian Network (BN), fuzzytsteory, Markov chain,
computational fluid dynamics (CFD), hybrid methads)

* Output/strategy (Risk assessment, safety analiRid, RBM, RBIM, facility siting,
etc.).

» Data sources (historical data, OREDA handbook, ex@ntal data, UK HSE databases,
published literature, software tools and expergjudnt).

» Applications (LNG carriers and LNG fuelled shipd\@& terminals and stations, LNG
offshore floating units, LNG plants).

Figure 2. Classification framework for risk analysis in theG sector.

The above five categories were arrived at by itiadentifying, reviewing and
analysing scholarly and industrial contributionsaged in scientific journals and conference



proceedings. The classification framework was sgisetly validated by experts including
academics with several publications and years péeence in the field of risk analysis

3. Classification of studies, observations and findings

Based on the systematic literature review and cwrdaealysis of the selected publications,
the result of each category of the classificatramiework is reported in below:

3.1 Risk analysis methods

Many risk analysis methodologies have been devdlaped applied by researchers as a

decision support tool, by providing descriptionsrigk, in many fields. The main principles

of risk analysis methodologies include: establishim& context, identification of hazard,

calculation of failure frequencies, evaluation ohsequences, and calculation of risk. Tixier

et al (2002) classified the published literature int@lifative and quantitative risk analysis

methodologies. Villaet al. (2016) reviewed papers published on quantitatiske analysis

methodologies in the chemical process industrythla paper, we have classified the risk

analysis methodologies according to the followinteda:

- Qualitative, quantitative, or semi-qualitative (sequalitative methods may also be
referred to as hybrid methods).

- Deterministic, probabilistic, or hybrid determingsprobabilistic.

- Conventional or dynamic.

Qualitative risk assessment is the most commonkd usiethodology to estimate
uncertainties in many safety critical industriesr @@xample, assessing the condition of safety
barriers). According to Nwaohat al. (2013), qualitative risk analysis methodology is a
deductive method relying on the subjective judgasenh experts as input information. It is
perceived to be the quickest and simplest methooingst the risk analysis methodologies,
since it requires little or no use of mathematemadl computational skills. The results of the
gualitative risk analysis methodologies are oftepresented by colour indicators. For
instance, ‘red’ colour represents ‘high risk’ oragneptable risk, meaning it is absolutely
necessary to take steps to eliminate or reduceréaitisk. ‘Yellow’ (or ‘amber’) colour
represents ‘medium risk’, meaning that alreadytegsrisk reduction strategies can be used
to manage the risks. ‘Green’ colour represents fisk/, meaning it is almost unnecessary to
take any action.

On the other hand, quantitative risk analysis systematic approach for identifying
and quantifying potential accident probabilitiesdasonsequences using mathematical and
computational models. According to Marhaviktsal (2011), the application of quantitative
risk analysis methods ensure that risk is estimatequantity by utilizing simulation or
experimental approaches or applying real life infation as input information. Unlike the
gualitative risk analysis, the results of a quatitrte risk assessment are benchmarked against
established quantitative risk acceptance critedehsas fatal accident rate (FAR) and/or
individual risk (IR). Most international regulatisnrequire the use of quantitative risk
assessment methodologies to support decision-magnogess for siting of industrial
facilities with catastrophic failure consequencé&3eriter for Chemical Process Safety
(CCPS), 1999; National Fire Protection Associat{pl-PA) 59A, 2013). Simulation and
operational research (OR) methods are widely usepiantitative risk analysis projects. For
more on the requirements for performing quantiatigk analysis, the readers can refer to
NORSOK Standard Z-013 (2010) set by the NorwegiaatraReum Directorate
(https://www.npd.no/en/), as well as ISO 31000 @00

The semi-qualitative risk analysis is a hybrid bé tqualitative and quantitative risk
analysis methodologies. This is because both a@tigkt and quantitative risk analysis



techniques have limitations, therefore in orderctompensate for the limitations of each
method, subjective inputs from experts are combwél quantitative risk analysis. This
method is suitable when objective failure data @mavailable or insufficient. Berlet al.
(2013) suggested that semi-qualitative methods @ygpiantitative techniques, however they
do not utilize exact numbers for probability caltidn or consequence assessment. When
using semi qualitative methods, a Likert scale-&f i$ often assigned to the probability of a
risk occurring. Preliminary Hazard Analysis (PHA@ilure mode, effect and criticality
analysis (FMECA), hazard and operability (HAZOP)daBayesian networks (BNs) are
typical examples of semi qualitative risk analysisthods.

Risk analysis methods can also be classified aserrmdeatistic, probabilistic or a
combination of deterministic and probabilistic (iBixet al. 2002). Deterministic risk analysis
approaches are used to evaluate the impact ofgiedimmzardous event by determining the
damage consequences, whereas probabilistic risksemanethods are used to either evaluate
the probability of an undesirable event or evalusi@ultaneously its probability and
consequences.

In addition to the above-mentioned categories sk analysis methods, this review
further classifies the methods into conventionak ranalysis (CRA) and dynamic risk
analysis (DRA) methods. Over the past two deca@&As have widely been applied to
evaluate the risk of safety critical systems. Nbaktss, CRA procedures do have some
major drawbacks (Khan and Abbasi, 1998). Thesaid®lunavailability of good quality data
for the analysis, large set of uncertainties intictl to the decision-making process, rigid
nature of the process, and the inability of decisitakers to update the overall risk
assessments by taking into account new informatio@ to dynamic nature of complex
systems. In order to address these drawbacks,tretteties have geared toward the use of
DRAs to support risk-based decision making (Vélaal. 2016). Also, the flexibility in the
application of DRA methods for risk analysis makbem inherently superior to CRA
methods, since decision makers will be able toinantisly update the risk levels with new
information. The use of DRA in safety critical irglties such as the LNG sector can enhance
safe operation and ensure well informed decisiorkimga in critical areas such as
maintenance.

DRA methods have been applied to support the fatigvactivities in different safety
critical industries:

- modelling dynamic situations and identification ahissing accident scenarios
(Swaminathan and Smidts, 1999a, 1999b);

- dynamic fault tree and event tree analyses (CapinMavko, 2002; Buccaet al, 2008);

- proposing dynamic risk assessment frameworks (Meehl, 2007; Meel and Seider,
2008);

- refinery accident modelling (Kalantarreaal, 2010);

- LNG tanker manoeuvring (Montewla al, 2010);

- LNG dispersion risk assessment strategies ah, 2013);

- offshore oil and gas drilling (Abimbokt al, 2014); and

- LNG carrier loading operation (Melaet al, 2014).

Furthermore, DRA has been applied to several risklyais case studies involving
facilities such as Ethyl Benzene process plant (M@e Seider, 2008), LNG importation
terminals (Yunet al, 2009), LNG Jetty (Chin and Saetren, 2010), procgdfety alarm
systems (Pariyaret al, 2012a, 2012b), LNG transportation systems (Betlal, 2013),
regasification system (Martireg al, 2014), LNG fuel storage tanks (Nehal., 2014), LNG
carrier anchoring system (Zha al, 2015), loading arms for LNG (Stavra al, 2016),
FLNG platform (Yeoet al, 2016), and natural gas regulating and meteriagost (Leoniet
al., 2019).



The distribution of the journal articles and coefeze papers about risk analysis
methodologies in the LNG sector is shown in Tabl&4 can be seen, there are five papers
which employed qualitative risk analysis methods,papers used quantitative risk analysis
methods and 27 papers applied semi-qualitative aisiklysis methods. It is evident from
Table 1 that the number of papers utilizing quatitie risk analysis methods in the LNG
sector has been increasing since 2000. This is tbieswed by the application of semi-
qualitative and qualitative methods. This then eagtes the point that quantitative risk
analysis methods are recommended for risk and ysafealysis in most safety critical
industries.

Table 1. Distribution of the papers utilizing risk analysiethodologies.

It is evident from Table 1 that probabilistic rigkalysis methods have been extensively
used in the LNG sector. Among the papers reviewatkuthis category, 29 papers utilized
probabilistic risk analysis methods, 27 papers usddrministic methods, and 6 papers used
a combined deterministic-probabilistic approach.

The distribution of the papers utilizing convenaband dynamic risk analysis by year
of publication is given in Table 2. The resultsigade that the most popular type of risk
assessment method in the LNG sector is CRA (48rpgpehereas DRA is gradually gaining
popularity.

Table 2. Distribution of the papers utilizing conventiorald dynamic risk analysis.

3.2 Risk analysis tools

Over the past two decades, several risk analysis ttave been developed to support risk-
based decision making in various industries. Intwbkows, the most commonly used risk
analysis tools are briefly described.

3.2.1 Checklist

This is one of the common approaches used in igemdi hazards and risk exposure.
Checklists are mainly developed based on accunaal&towledge and judgment of experts
as well as information gained from previous prgedn risk analysis, checklist is known as
the simplest and fastest way of identifying pot@nhazards. It involves asking series of
guestions and providing answers in a structured apstematic manner. The main
characteristics of this tool include:

* it mostly produces qualitative outcomes;

» data collection process involves the use of inewyifield visit and review of project

documents;
* it requires well-trained individuals who understarcklist questions.

Though it is a simple tool, it has its own uniqueltenges such as: (i) team members
have to spend a lot of time to review and trim dogurestions when they are no longer
relevant to a project, (ii) since it relies on esiprce of individuals in developing questions,
this introduces uncertainties into the final resulfii) the results of checklist are mostly
subjective or qualitative. In order to overcomesthehallenges, it is suggested to combine
this tool with other risk analysis tools in the LN@&ctor.

3.2.2 Hazard and operability study (HAZOP)

This is a structured and systematic qualitativ&k assessment tool for evaluating risk in
industrial plants. It is a bottom-up approach usedientify potential hazards and deviation
in operations that are likely to result in acciderdand non-compliance. HAZOP s
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accomplished by brainstorming and using a set e€igp guide words (e.g. none, more of,
less of, part of, more than, etc.) (Marhaviddsal, 2011). One of the key uniqueness of this
tool is that it brings out the imaginative abilgief team members when considering design
intent, and operational and process deviations. déwations are determined based on the
experience of the project team, including a teaadde, engineers, risk analysts, material
specialists, operators, designers, and originaipegent manufacturer (OEM), as well as
historical information. HAZOP can be used to assessisk of safety systems from different
perspectives. Some of the advantages of this msltysis tool are:ij it is helpful when
confronted with risks that are difficult to quastif(ii) decision makers are not compelled to
assign numerical values to probability of occureeand severity of consequences) fisks

are not ranked,i\) it has brainstorming built into its applicatioand ¢) it is simple
compared to other risk assessment tools. On thex bdnd, the main disadvantage of this risk
analysis tool is its inability to assess risks immalti component system where different
components interact with each other.

3.2.3 Layer of protection analysis (LOPA)

This is a straightforward and simplified semi-quiative tool applied in risk analysis to
obtain quantitative results. As compared to otek analysis tools, quantitative results are
obtained with less effort and time (Ywt al, 2009). In risk analysis, LOPA provides the
basis for determining whether there are enougheptive systems or safety features against
hazardous events so as to reduce their risk. F®A_@rocedure, the frequency of initiating
event, consequences of failure, and likelihoodadtife of protection layers are calculated to
determine the level of risk for any given accideoénario. The main steps for performing
LOPA are: () describe the accident scenario under investiga identify initiating event
and assign frequency to initiating everit,) (dentify consequence severity levels) @ecide
on the requirements for risk reduction measureagusisk matrix, ¢) identify layers of
protection, ¥i) determine the probability of failure on demand éach layer of protection
and mathematically combine thenvii determine the combined riskyii) compare the
combined risk reduction effectiveness of the idesdi protection layers with the risk
reduction requirement to determine whether addiioisk reduction is needed. Depending
on the severity of consequences of potential aotsd®ne or many protective layers will be
required to prevent the accident from happening. feaher details on procedures and
application of LOPA, readers can refer to AIChEQ2Ppand Willey (2014).

3.2.4 Event tree analysis (ETA)

Event tree analysis (ETA) involves the use of logiodels to determine all possible
outcomes from accident scenarios (initiating eVetitat may lead to equipment failure or
process disruption. ETA can be used to identifypatiential accidental events and processes
in a complex system. The main steps for performfigA are: () identify all relevant
initiating events that may result in an unaccegaligk, (i) identify all safety measures
needed to reduce the riskii X construct event treejvj describe the potential accidental
sequences,v) assign probabilities to each event sequengg célculate the probability of
system’s success and failure by multiplying thebaimlities of individual event sequences.

ETA has several advantages compared to other mskysis tools. Rausand and
Hoyland (2004) suggested that ETA produces a gcabhiepresentation of sequence of
events after an accident. Also, ETA is suitableefgaluating multiple failures in complex and
dynamic systems. On the other hand, the inabibtyanalyse multiple initiating events or
safety incidents at a time is a limitation of ETA.

3.2.5 Fault tree analysis (FTA)



This is one of the well-structured and widely usesk assessment tools for root cause
analysis (RCA) of complex systems. It was firstoduced by AT&T’s Bell Laboratories in
1962 for a ballistic control system. FTA is a detle failure analysis tool used by safety
analyst to identify possible causes of system failor process disruption before they occur
(Kabir, 2017). In FTA, failure analysis of systerstarts with a top event and works
backwards toward determining the potential caudetom event. FTA produces graphical
display by showing logical connection between fa&land the path toward the failure of a
system. The main steps for constructing a fault inelude: () definition of the systemjij
definition of the top-level faults,i() identification of the potential causes for the-tevel
fault, (v) identification of the next level eventy)(identification of root causesyif
assignment of probabilities to eventij) analysis of fault tree.

FTA can be used to analyse the faults in eitheualitative, quantitative or semi-
gualitative way. The qualitative approach involveducing the fault tree to a minimum set of
events, whereas the quantitative approach requaalesilating the probability of occurrence
for the top event by means of statistical or amedyttechniques. The probability of
occurrence is estimated using quantitative infoiomatfrom each component. This
information may include reliability and maintainklyi data such as failure probability,
failure rate, and repair rate of a system.

One of the key advantages of FTA is that it helpsision makers identify the most
critical components in a system so as to plan tbstreffective method of maintaining them
(Kabir, 2017). Nonetheless, the conventional FTAnisre suitable for safety and reliability
analysis of those components experiencing singleréamode and exhibiting static failure
behaviour throughout the life cycle. However, mo$tthe modern complex industrial
systems suffer from multiple failure modes and bitldynamic failure behaviour. Therefore,
conventional FTA tool is unable to deal with dynarfailure behaviour of complex systems
(Kabir, 2017). The inability of conventional FTA tkeal with uncertainties in failure data is
also another limitation. In order to overcome thigsé&ation, some studies have extended the
conventional FTA to dynamic fault tree (DFT) (Cepind Mavko, 2002; Raet al, 2009;
Boudali et al, 2010), state/event fault tree (Kaisdral, 2007) and stochastic hybrid fault
tree automaton (SHyFTA) (see Chiacchtal, 2016).

3.2.6 Failure mode and effects analysis (FMEA) lltfa mode, effects and criticality
analysis (FMECA)

This is one of the most common inductive risk asiglytools used by safety analysts to
investigate the potential failure modes, causesedfetts of components failure in complex
systems within different safety critical industri@e ability of decision makers to come up
with possible ways of eliminating or minimizing patial failure modes of a system in order
to enhance operational safety and reliability & #ystem is an added advantage for using
FMEA. The procedure for using the tool starts wdlfining the system to be analysed,
breaking it down into subsystems and componengtiiying the potential failure modes
and possible causes, determining the current denfoo solutions) to detect or prevent the
causes, followed by evaluating the effect of fakion the system. For quantitative analysis,
numerical values based on an agreed scale arenadsig probability of occurrence (O),
severity of occurrence (S) and non-detectability. (he Risk-Priority-Number (RPN) is then
calculated by:

RPN=0OxSxD. (1)

For further details on the procedures for condgcHMEA, the readers can refer to
Shafieeet al. (2019). Despite the increase in FMEA applicatiorsafiety critical industries,
several of its limitations have been identified aegdorted in the literature over the years (e.qg.



see Dinmohammadi and Shafiee, 2013; Shafiee andnd@iammadi, 2014; Kabir and
Papadopoulos, 2018). One of the most importantdions is the subjective nature of input
data forO, SandD. These three factors are often determined basezkperts’ judgement,
which usually reduces the degree of confidenceRN Results for decision making. Also, the
issue of why different factors should be considezgdally important has been reported in the
literature.

FMEA was initially called ‘failure mode, effects @reriticality analysis (FMECA)'.
The ‘C’ in FMECA indicates that the criticality ¢fie various failure effects are considered
and ranked. Therefore, FMECA is a kind of FMEA withticality analysis. In FMEA,
multiple failure analysis levels are possible, hogre FMECA does not account for multiple
failure interactions, meaning that each failurecosidered individually. For this reason,
industries are not very sincere to perform FMECi#&mberforming FMEA.

3.2.7 Petri Network (PN)

This is a graphical and mathematical modelling tibait is applicable for risk analysis of
dynamic complex systems. Murata (1989) indicatedl BN is a promising tool for describing
those systems characterised as concurrent, asymlgo distributed, parallel,
nondeterministic, and/or stochastic. PN offersatieantage of representing time sequence of
events along with their durations (Lee and Lu, 30lt2ises two types of nodes, called places
and transitions. The places interact with the iteoms by connecting with directed arcs or
vice versa (Kabiret al, 2015). In PN, systems are graphically construcieda set of
conditions and events, where places represent womsliand transitions represent events.
Circles are used to graphically represent the plagbich may contain tokens, whereas
rectangles are used to represent transitions.dHentin a place is also referred to as marking
of the place. The token represents the set o&lrdbnditions and this changes by the firing of
transitions, which denote occurrence of event.

3.2.8 Multi criteria decision-making (MCDM)

Risk analysis of safety critical systems can beswm®red as a MCDM problem. This is
because the risk analysis may involve multiple fbguantifiable and non-quantifiable)
conflicting criteria, thus making it a complex dgon-making problem. In tackling such
complex decision-making problem, the applicationM@€DM is considered appropriate. In
the literature, various MCDM tools such as Analyeerarchy Process (AHP), Analytic
Network Process (ANP), Elimination and Choice Expieg Reality (ELECTRE), Technique
of Order Preference by Similarity to the Ideal $ioln (TOPSIS), Preference Ranking
Organization METHod for Enrichment of EvaluatiorBROMETHEE), Visekriterijumska
Optimizacija | KOmpromisno Resenje (VIKOR), etc.vhabeen applied in different
industries for different purposes. However, onlye graper was found to have used fuzzy
TOPSIS method for evaluating the risks related NgsLplant. A wide summary on MCDM
methods can be found in Shafiee (2015) and Shefiak (2019).

3.2.9 Bayesian network (BN)

This is a directed graphical model and a well-knastructured interference tool which is
very useful for dealing with uncertainty in risk cameliability decision-making process,
combining information from different sources, angbdating the results when new
information becomes available (Langseth and Pdejr2007). It is also useful for updating
maintenance plans when operating conditions draaiptichange. The main aim of BN is to
model the posterior conditional probability distrilton of the final outcome (often causal) of
a system after obtaining new information. AccordiogRausand (2011), BN establishes a
relationship between the causes and the final owtcof a system. A deeper insight into the
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application of BN is provided by Neapolitan (2004pngseth and Portinale (2007) and
Barber (2012). Many researchers consider BN astabdel and promising tool to deal with
uncertainties during risk analysis of dynamic coempystems such as LNG facilities.

3.2.10 Fuzzy set theory

One of the major limitations in risk analysis pfeis the difficulty in obtaining good
guality failure data for quantitative assessmerm ttupaucity of statistical information about
failure of subsystems and components. The insefiy of good quality data is mostly
addressed by the use of expert judgement or ustey fdom similar systems or the use of
generic data. However, the use of expert judgerardtgeneric data can introduce higher
degree of uncertainty, vagueness, and imprecisite final risk assessment results. To deal
with the uncertainty, vagueness and imprecision@ated with the classical risk assessment
tools, fuzzy set theory was developed. When apglyuezy set theory, the uncertainty,
imprecision and vagueness associated with humagednt are represented by linguistic
scales (Shafiee, 2015; Animah, 2018).

The triangular fuzzy number (TEN) and the trapeabidizzy number (TZFN) have
been widely used for risk and reliability analysfandustrial plants. Lex, a;, by, ¢;, d; O R.
A triangular fuzzy numbers is defined by three nemslkexpressed ag;( b, ¢;), wherea; <
b; < c; represent the lower bound, mean bound and uppemndyaespectively. The fuzzy

membership functions(X) is a continuous function defined on a closed k[0, 1], and
its mathematical function is expressed as:

X-8&
for a <x<b
b -2
C, — X
= f
w9 =i for b<x<q @
0 otherwise

Similarly, the trapezoidal fuzzy numbers can beraef by four numbers expressed as
(ag, by, ¢, dp), and its membership function is given by:

X—a
for a <x<b
b, —a
1 for < X<
1= b EXG @)
d, —x
for ¢ <x<d,
dl_cl
0 otherwise

Over the years, fuzzy set theory has been combuitbdclassical risk assessment tools
to produce fuzzy based risk assessment methodslémi@assessing the risk and reliability of
complex systems in safety critical industries. FUEZA (Kenarangui, 1991; Fu et al, 2018),
fuzzy FTA(Yuhua and Datao, 2005; Yazdi et al, 2017; Moeinedini et al, 2018; Piadeh et al,
2018), fuzzy FMEA(Baykasoglu and Golciik, 2017; Karatop and Sinan, 2017; Orouei and
Jahan, 2017), fuzzy BN, fuzzy PN (Chaetgal, 2018; Zhou and Reniers, 2017; Zhou et al,
2017; Zhou et al, 2017) and fuzzy Markov chain (Fet al, 2012) are examples of the
common fuzzy based risk assessment tools.

3.2.11 Markov chain model
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This is a sophisticated quantitative method basediagrammatic modelling which allows
for inclusion of transitions between different s&atThis approach is suitable for modelling
the risk of dynamic systems. A Markov chain dessila system whose state changes over
time. The changes can be modelled by probabiligtridutions with a simple sort of
dependence structure, where the conditional digtab of future states of the system
depends only on its present state and not at altsopast states. According to Kabir and
Papadopoulos (2018), information such as compontilisre modes, failure sequence and
spare parts availability can also be incorporated Markov model for safety and reliability
analysis, where the failure or repair rate of congyas denote the transition rates.

3.2.12 Computational fluid dynamics (CFD)

The use of computational fluid dynamics (CFD) assk analysis tool is gaining popularity
in the LNG sector. This is because CFD models aka different factors such as wind speed,
wind direction, leak rate, location of leaks, paftrelease and other obstacles into account
for risk evaluation. In addition, CFD models ar@ahle when a comprehensive risk analysis
study with sensitivity analysis is required. In tapplication of CFD for risk analysis, a
number of mathematical models are formulated. Thmedels combine the probability of
failure of an event and its corresponding consecgeewith environmental factors to evaluate
the risk. The use of this powerful tool does notyoenable LNG facilities to set the
appropriate safety tolerance limits for accidenérgs during siting and operations but also
can provide decision makers with appropriate infatron for risk reduction.

3.2.13 Hybrid decision making tools

Majority of the individual risk analysis tools hapeactical limitations. In order to overcome
the limitations of the individual tools and enhartbeir performance, some studies have
integrated two or more individual risk analysis [fooSome of the common hybrid risk
analysis tools used in the LNG sector include: doedb FTA and ETA, check list and
FMEA, ETA and PHAST simulation (https://www.usgsvignftware/phast-a-computer-
program-simulating-groundwater-flow-solute-tranggsrd-multicomponent), Bayesian—
LOPA, non-linear finite element method (FEM) and,Bbrmal safety assessment (FSA) and
fuzzy evidential reasoning (FER), FTA and causeseguence diagram, risk matrix and FER
and FTA, dynamic process simulation and Monte Caréthod, FMECA and HAZOP, ETA
and CFD, etc.

The results of the review for risk analysis toote ahown in Table 3. The results
indicate that majority of the papers have appldgdrated risk analysis tools (19 out of 66),
followed by individual risk analysis tools (18 oaoft 66) and then fuzzy-based analysis tools
(7 out of 66). The rest of the papers were notroteathe type of tools they used for risk
analysis. Among the individual risk analysis tod&3,A was found to be the most commonly
used tool, followed by BN and CFD, whereas Markbain method and PN have been rarely
used for risk analysis in the LNG sector.

3.3 Data sources

In order to make appropriate decision, risk analystjuires good quality quantitative and

gualitative data. In many cases, these data awnaot from some popular sources such as
OREDA handbook, UK HSE databases, regulatory agehoeports, industry datasets, and

experts’ consultations. In what follows, some oé thopular data sources used for risk
analysis in the LNG sector are briefly described.

3.3.1 Offshore and onshore reliability data (OREDA)

The OREDA database (https://www.oreda.com/) costamgh quality reliability data
collected from both offshore and onshore oil andg gquipment over a period of time. The
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reliability information in OREDA handbook has beeased by researchers, practitioners,
scholars and other stakeholders in the oil andrghsstry in order to evaluate the reliability,
availability, maintainability (RAM) of safety, proadtion and environmental critical systems.
There are two volumes of the handbook, volume &gires information on topside equipment
and volume 2 presents information on subsea equiprBence the beginning of the OREDA
project in the 80’s, six different editions of thandbook have been published; 1984 (1st
edition), 1992 (2nd edition), 1997 (3rd edition02 (4th edition), 2009 (5th edition) and
2015 (6th edition). The structure of the newesti@dipublished in 2015 includes two parts.
The first part describes the OREDA project andgéeond part presents the data collection
process as well as the procedures employed tonotbtaireliability data.

3.3.2 Pipeline and riser loss of containment (PAR).O

Over the years, the pipeline and riser loss of aioment (PARLOC) database
(https://oilandgasuk.co.uk/parloc/) has become efepred source of information for risk
assessment of pipelines and risers in the oil asdirgdustry. It contains data on generic loss
of containment incidents that have occurred on lpips and risers in the UK continental
shelf (UKCS). PARLOC data can help designers andraiprs to validate design and
operational safety requirements for pipelines sltNG sector.

3.3.3 UK HSE databases

The UK HSE databases (http://www.hse.gov.uk/pessftopics/databases.htm) contain
details of equipment used in the petroleum indusirg their corresponding failure rates and
event data for risk assessment. The failure rateeaent data present in these databases are
generic, since they are obtained from risk assesistoels. In the absence of failure rate data
for some specific systems or components, the irtion contained in the failure rate and
event document can be a good starting point feramalysis in the LNG sector.

3.3.4 Experts’ consultations

Risk analysts require the use of good quality datadecision making with high degree of
confidence. However, in some instances, when theined data is not available, limited or
difficult to collect, experts’ judgements become thnly source of information. The experts’
judgement is based on the knowledge and experieficexperts in a particular field.
Elicitation of experts’ opinion is the frequent metl used to obtain data. According to
Rosqvist (2003), the elicitation process requires tise of decision makers, facilitators,
normative experts, domain experts and stakeholdersrder to obtain the required data
through the elicitation process, there should b&ractured interaction (i.e. face to face,
telephone, etc.) between the facilitator and espdrn the LNG sector, failure modes and
causes, failure rates, mean time to failure (MTTégoenomic impact of incidents, type of
model to be used for analysis as well as intempgediata from sensors are examples of data
that may be obtained through experts’ consultatfonsisk assessment. For more details on
how to use experts’ judgement for risk assessnseetMayer and Booker (1991).

From Table 3, we observe that several databaseshe®en used for risk analysis in the
LNG sector. Out of 59 papers reviewed under thtegmy, eight papers utilized historical
data, 11 papers relied on experts’ judgments, apempused experimental data, three papers
utilized reliability data, one paper used data freoftware packages, 4 papers applied
OREDA dataset, two papers used datasets in safganiaations, one paper combined data
from literature with experts’ judgment, and foumppes utilized generic data from published
literature and industry reports. In addition, téidges used data from two or more databases
for their analysis and the rest of the studiesrhtl indicate the source of the data used in
their analysis.
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3.4 Output/strategy

While reviewing the literature, we found that rigkalysis methodologies and tools in the
LNG sector have been applied as a decision sugpottfor risk assessment, risk-based
maintenance (RBM) strategy, risk-based inspectiRiI) strategy, risk-based inspection and
maintenance (RBIM) strategy, risk verification &gy, safety analysis, shutdown strategy,
availability estimation, accident modelling, hazaadking, etc.

The results of the review for risk analysis outpansl strategies are shown in Table 3.
39 papers proposed methods for risk assessmenteaghéhe rest of the papers proposed
methods for safety analysis, risk verification, krigeduction, risk-based shutdown
management strategy, RBM, accident modelling, lhzanking, risk-based availability
estimation, dynamic risk failure monitoring, riskded design, corrosion protection and
maintenance optimization.

Table 3. Output, analysis tools and data sources

3.5 Applications

LNG as fuel is used in wide range of safety critindustries with additional responsibility of

environmental management being core to their oppamt This study identified four different

subsectors in the LNG sector that have reportediodimg risk assessments for their own
systems or assets. These include: LNG carriersLalt@ fuelled ships, LNG terminals and

stations, LNG offshore floating units, and LNG gknn what follows, the most important

publications in each subsector are briefly reviewed

3.5.1 LNG carriers and LNG fuelled ships

Hanet al. (2008) performed structural risk analysis of Gaanbport/Technigas (GTT) NO96
membrane-type LNG carriers operating from the Béa to Quebec, Canada. Varemal.
(2008) presented a risk assessment model to supperations of sea-going LNG carriers.
Montewkaet al. (2010) calculated the collision risk between an@ hinker and a harbour
tug during mooring operations. Nwaoégal. (2010) developed a genetic algorithm (GA) to
model the cost of maintenance and repair of LNGieasystems. Nwaohat al. (2011)
investigated the risk levels of LNG carrier systemysmeans of fuzzy evidential reasoning
method. Parihaet al. (2011) applied CFD dispersion methodology to penfconsequence
analysis for an LNG deepwater port facility. Li ahllang (2012) evaluated the fire and
explosion risk associated with LNG ships. Roldgtnal. (2012) presented a risk-based
approach to analyse the failure modes and consegsesmssociated with cargo handling
operation of LNG carrier. Berlet al. (2013) addressed the vulnerability in maritime
transportation system by applying the formal vuhtdity assessment approach using
guantitative data. The approach was illustratedgiai maritime LNG transportation system.
Nwaohaet al. (2013) developed a new framework by combining nektrix and FER method
to identify and rank hazards associated with LN@ieaoperations. Elsayeet al. (2014)
used a fuzzy TOPSIS methodology to assess theofitNG carriers. Melanget al. (2014)
applied BN to support risk-based analysis of LNGriea operations. Notet al. (2014)
developed a risk-based approach by combining dyng@micess method with Monte Carlo
simulation to determine the risk of LNG fuel stogagnks in LNG-fuelled ships. Lext al.
(2015) assessed and compared the fire risk of fwest of LNG fuel gas supply (FGS)
systems used in marine vessels. Zbtal. (2015) applied BN to assess the risk of accidents
in LNG carrier anchoring system. i al. (2016) proposed a quantitative risk assessment
framework for determining the potential risk ofkege events in LNG-fueled vessels. A¢tn
al. (2017) applied a fuzzy-based FMEA to conduct &sklysis of hybrid systems possessing
an MCFC (molten carbonate fuel cell) and a gasiteriior marine propulsion. Jeormdq al.
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(2017) adopted probabilistic risk assessment apgpemto determine the safety exclusion
zone for LNG bunkering stations on LNG-fuelled shigouzeet al. (2012) conducted risk
analysis of a header failure in LNG carriers. Ldamang (2019) proposed a structural risk
analysis model based on Bayesian belief networkNB® assess the risk of hull girder
collapse of a membrane LNG carrier after groundiBgltanaet al. (2019) assessed the
feasibility of replacing conventional HAZOP anal/sivith a method called System
Theoretical Process Analysis (STPA). The studyhferricompared the results from applying
STPA and conventional HAZOP analysis to ship-tggghansfer system of LNG.

3.5.2 LNG terminals and stations

Shindoet al. (2000) developed an approach by combining FTAERA for risk analysis of

a networked chemical plant. The validity of the mygch was tested by applying it to assess
the risks of LNG receiving terminal. Ochiat al. (2005) applied the ASME’s risk-based
maintenance concept to quantitatively analyseittkes iof LNG terminal. Ronzat al. (2006)
presented a methodology for performing quantitatig& analysis on marine hydrocarbon
terminals sited in harbours. Spitzenberger (20@@8dwcomparative risk assessment approach
to assess four different pipe-in-pipe alternatif@sloading line design of LNG liquefaction
offshore jetty system. Yuet al. (2009) estimated the potential risks of LNG terahsnusing
LOPA. Chin and Saetren (2010) presented the restitisdetailed risk analysis for an LNG
export loading operation at a Jetty. Gétual. (2013) developed a risk prediction model for
LNG terminal station using the information diffusitheory. Suret al. (2013) applied CFD
simulations based on NFPA 59A (2013) to condudt assessment for most likely spill
scenarios at LNG terminals/stations. Anezieis al. (2014) presented an integrated risk
assessment model for LNG terminals. GHual. (2014) assessed the risk of fire in LNG
terminal stations using the information diffusioroael. Vianello and Maschio (2014b)
applied a quantitative risk assessment methodotogy case study of an FSRU terminal.
Hamedifaret al. (2015) provided an overview of quantitative riskabysis methods for LNG
and LPG marine terminals and transportation prseject North America. Martinez and
Lambert (2015) proposed a risk assessment frameworiklentify, screen and prioritise
different sources of risks in an LNG storage teahiGeorgeet al. (2019) applied FMECA
method to assess the risks of LNG unloading fgcilitan LNG terminal in South India.
Yoon etal. (2019) proposed a collaborative quantitative asklysis framework and applied
it to three large LNG import terminals.

3.5.3 LNG offshore floating units

Dogliani (2002) performed a safety assessment ono#ishore LNG storage and
regasification unit. Ballesiet al. (2009) assessed risk of subsea cryogenic pipdi@sgn
and concluded that the pipeline is technically itdasfrom safety and functional point of
view. Skramstadet al. (2010) presented a risk-based verification approfchprocess
systems on an FLNG producing unit. Benyessetadl. (2013) presented a risk and safety
analysis study for a new LNG floating unit proj@ctthe offshore LNG industry. Daet al.
(2014) applied a quantitative risk assessment nietimevaluate the risk of fire and explosion
in an LNG-FPSO. Martinst al. (2014) proposed a hybrid BN model to analyse tkk of
LNG regasification system on board FSRU vessels.etfal. (2016) developed an approach
employing BN to perform dynamic safety analysisdtifoading process in FLNG platforms.

3.5.4 LNG plants

Bozzolsco (2005) applied quantitative risk assessmaethe early stages of a project to select
site for the construction of LNG plant. Kiet al. (2005) employed FTA to identify and
estimate the risks associated with membrane-typ@ kbdrage tank. Kolodzigjt al. (2009)
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applied a concept risk assessment (CRA) technigugeheric FLNG, Compressed Natural
Gas (CNG), and Floating Gas to Liquids (FGTL) temlbgy concepts by estimating the
comparative risk measurement of Personnel Risk &xgo(PRE) and Cumulative Risk
Factor (CRF). Raj and Lemoff (2009) discussed thlke evaluation approach incorporated
into the mandatory annex in the 2009 edition of NFFOA (2013) and other possible
approaches for conducting risk assessment on LNftiss. Vinnem (2010) applied the
Norwegian risk analysis approach to support rigkfimed decision making in siting LNG
facilities of urban areas in Norway. Tanabe and @/ (2011) proposed an approach for
functional safety requirement evaluation as a otefor design of emergency systems. The
approach was verified by applying it to an onshorés plant, in order to provide the risk
reduction criteria and establish the design requergs for the emergency system. Keshavarz
et al. (2012) developed a risk-based shutdown managestrategy for LNG units. Khaliét

al. (2012) presented a novel cascaded fuzzy-LOPA ndéfibrorisk assessment in the natural
gas industry. In Rathnayaket al. (2012), a novel accident investigation model was
developed using the System Hazard ldentificatiod Brediction and Prevention (SHIPP)
methodology. The methodology was tested and vatasing LNG facility. Ahmeckt al.
(2015) developed a risk-based availability modehgisviarkov method. The model was
applied to evaluate the availability of gas sweigigminit of a natural gas plant. Mcinernety
al. (2014) proposed a new quantitative risk criteva S LNG facilities. Vianello and
Maschio (2014a) applied a quantitative risk assessntechnique to analyse the risk of
Italy’s high pressure natural gas distribution matw Vianello and Maschio (2014b)
determined the safety and security risks of new alternative technologies for LNG re-
gasification unit. Giardina and Morale (2015) apglian integrated FMECA and HAZOP
methodology to analyse the risk of LNG storage litaes under construction in Porto
Empedocle, Italy. Stavrowet al. (2016) employed a Fuzzy Inference System (FIS)
methodology for dynamic monitoring of risk of faiés in LNG site operations. Renjigh al.
(2018) applied fuzzy FMECA to assess the risks MGLstorage facilities. Baalisamparg

al. (2019) proposed a framework and applied it to ss#ee risks of LNG processing plant
considering accidental LNG release, including vegadion, a pool fire and Vapour Cloud
Explosion (VCE). Badid&t al. (2019) applied a fuzzy FTA method to evaluateribks of

oil and natural gas pipelines. Korgal. (2019) provided a vital guide for formulating egner
policy aimed at assessing the risks associatednaitiral gas importation.

4. Discussion of findings

This paper provides an overview of risk analysigligption in the LNG sector. A total of 66
papers have been reviewed, comprising 47 jourralles and 19 conference proceedings.
Figure 1 represented a bar chart showing the nurobescientific works by year of
publication. It was observed that literature ok asalysis application in the LNG sector has
been growing in the last two decades with majooityhe papers appearing during the last
decade (2009- 2019). It can therefore be projetitat more publications in this field of
study may be expected in the next coming yearsFigure 2, the proposed framework
underpinning the categorization of the state-ofdlte publications on risk analysis
application in the LNG sector is introduced. Tcstknd, the categories, listed in Section 2.2
are used as the structure to further discuss igknfys of the review.

4.1 Risk analysis methods

On comparing qualitative, quantitative and semilitatave risk analysis methods (Table 1),
qualitative risk analysis methods which are congdehe quickest and the simplest, are least
reported in literature among the three categoriegsk analysis methods applied in the LNG

16



sector. This may imply that qualitative risk an&édysethods are deficient in their application
because of the high hazards in the LNG sector wharh lead to catastrophic accidents
resulting in injuries, fatalities, significant eamnic loss and reputation damage. It can also be
observed from Table 1 that semi-qualitative riskeasment methods which have advantage
of compensating for the limitations of the both lgaive and quantitative methods is
gradually gaining popularity in the LNG sector,haligh international regulations advocate
for the use of quantitative risk assessment metHodsrisk analysis in safety critical
industries such as the LNG sector (CCPS, 1999; N&®% 2013).

On comparing probabilistic and deterministic ristalysis methods (Table 1), it is not
surprising that 46.8% of the studies have repaotethe application of probabilistic methods
as opposed to 43.5% for deterministic methods. iBhiecause probabilistic risk assessment
methods are suitable for evaluating the risk of plemx engineering assets with multiple risks
such as LNG facilities, nuclear plants and chempratessing plants (Tixiest al, 2002).
Also, very few studies have utilized the hybrid pabilistic and deterministic methods for
risk assessment in the LNG sector.

Risk analysis methods continue to play a criticd throughout the life cycle of safety
critical assets from design, construction, inst@lig operation, maintenance to
decommissioning. CRA approaches have some limitatand key amongst them is the
inability to update risk analysis results when nefermation emerges. This has led to the
development of DRA approaches with the potentiawa&rcoming the limitations of the CRA
approaches. DRA approaches are capable of dyndynigadating risk analysis results when
new information emerges. However, as can be se&ahie 2, significant number of studies
continues to apply the CRAs during risk analysisthe LNG sector, regardless of the
limitations. This means that a lot more researcheauired to demonstrate the capabilities
and advantages of using DRA to practitioners asdarchers.

4.2 Risk analysis tools, output strategies and datarces

It can clearly be seen from Table 3 that integrated analysis tools are the greatest
contributor in literature as far as risk analyspplecation in the LNG sector is concerned.
Although it is well established in literature thltzzy based approaches can deal with
uncertainties, vagueness and imprecisions assdciai®y human judgement during risk
assessment, the result indicates that less stindies applied fuzzy based approaches to
support risk analysis in the LNG sector.

Fuzzy risk analysis tools such as FER, fuzzy-LOR&zy-TOPSIS, Fuzzy Inference
System (FIS) and fuzzy-based FMEA/FMECA are sonmybased approaches developed
for risk analysis in the LNG sector, whereas ETAAF BN and CFD are some of the
individual tools combined with others. This is raairprising because these tools are very
suitable in tackling complex risk problems, andréfiere, combining them with certain tools
can help overcome the limitations of those tooleblgancing their performance.

As can be seen from Table 3, expert judgment apgedre the most dominant source
of data for risk analysis in the LNG sector. Theplication of this finding is that there may
be paucity of good quality data to support risklgsia in the LNG sector. Furthermore, when
linking data sources to risk analysis tools, itolsserved that most studies utilizing DRA
approaches such BN and Monte Carlo simulation eelynformation from data handbooks,
technical reports and historical data for risk gsigl Thus, in order for the LNG sector to
shift toward the use of DRA approaches for risklgsig, good quality data must be available
to decision makers.

4.3 Applications
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The adoption of LNG as an environmentally friendburce of fuel across several industries
has led to dramatic development of LNG infrastreetsuch as LNG carriers, LNG terminals,
stations and jetties and onshore and offshore Li@gssing facilities. Figure 3 represents a
pie chart showing percentages of studies in relatm risk analysis in different LNG
subsectors.

Figure 3. Distribution of papers according to their applicatareas in the LNG sector.

As shown in Figure 3, the LNG carriers and LNG leglships sector with 21 reported
studies has received the most attention in the L$éGor, followed by LNG plants (19),
terminals and stations (15) and LNG offshore fiogutunits (7).

The statistics above indicate wide acceptance d& la¥ an alternative environmentally
friendly fuel with the potential of reducing emisss compared to conventional fuels. Thus, a
number of ships are now handling LNG as cargo el far running shipboard machinery.
This may have accounted for the increase in nurabeapers reporting on risk assessment
for LNG carriers and LNG fuelled ships. AccordimgAnimahet al. (2018), the use of LNG
by ships as an alternative fuel is considered asabfithe most viable ways ships can comply
with the strict emission requirements set out by thternational Maritime Organization
(IMO). On another hand, the increase in LNG infiadture will mean that assets and
personnel working in the LNG sector will be exposetteased health and safety risks. Thus,
stakeholders must make conscious effort to enhtiecsafety of LNG facilities through the
application of proven risk analysis methodologies.

5. Conclusions

The use of risk analysis has contributed to act¢igezvention as well as enhancing the safety
and reliability of critical systems in the LNG secbver the past two decades. In this paper,
we have reviewed 66 international journal artidesl conference papers published between
January 2000 and June 2019 about the applicatioislofinalysis in the LNG sector. Based
on the current practices in the LNG sector, we psed a comprehensive classification
framework according to risk analysis methods, rsialysis tools, output/strategy, data
sources and application.

The proposed classification framework covered mempects of risk analysis process
compared with the existing review articles on rigkalysis which classified scientific
literature according to only risk assessment methddhus, this paper reveals the holistic
issues and future perspectives on application s analysis in the LNG sector. Our
classification scheme will not only help researshand practitioners to identify and classify
potential risk factors in the LNG sector but casoaderve as a starting point in risk decision-
making, since it provides useful insights on theetpf risk analysis method, risk assessment
tool, and the data sources may be applicable fartécular case.

The review of scientific literature revealed thaetnumber of publications on risk
analysis application in the LNG sector is graduatigreasing, with the year 2014 recording
the highest number of publications. In spite of agkable progress in the application of risk
analysis in the LNG sector, there are still oppaittas for further research in this area of
study. Some of the potential future research doastare provided below:

1. There is clear research gap in the area of risksaasent type, where approximately 71%
of the published literature on LNG risk analysisrdaised conventional type of risk
assessment as opposed to 29% which have emplopadhdyrisk assessment.

2. The difficulty in obtaining good quality real-lifdata has been expressed by researchers
as one of the key challenges in relation to condgctisk analysis in safety critical
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industries (Berleet al, 2013). The introduction of electronic data cdil@e platforms in
different industries including the LNG sector camyide a solution to this problem.
Electronic data collection platforms have the cdpgbof providing decision makers
with good quality data for the right decision.

3. Though Petri net and Markov chain are two powegfusntitative risk assessment tools,
this review revealed that very few papers have negousing these methods for risk
analysis in the LNG sector. Therefore, future regean risk analysis in the LNG sector
can use these methods.

4. Our findings indicated that few attempts have beede to use MCDM methods to
solve risk-based problems in the LNG sector. Theeefthere is a critical need to
develop MCDM methods which can take into accoumirenmental, safety, economic
and social issues into risk-based decision makiM@&DM has the capability of
overcoming the limitations of some risk analysigimeologies.

5. The trend towards the development of more efficienegrated risk analysis tools
(combining techniques) to evaluate risk of compdexd dynamic assets such as LNG
plants is growing steadily. We suggest that theséstshould be further developed to
incorporate sensitivity analysis to deal with utaerties associated risk analysis in the
LNG sector.
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Table 1. Distribution of the papers utilizing risk analysiethodologies.

Reference Qualitative Quantitative Semi-qualitative  Probabilistic Deterministic Hybrid Deter ministic-Probabilistic

Shindoet al. (2000) \ V

Dogliani (2002) V \
Bozzolsco (2005)
Kim et al. (2005)
Ochiaiet al. (2005)
Ronzaet al. (2006)
Hanet al. (2008)
Vanemet al. (2008) V
Ballesioet al. (2009) \
Kolodziejet al. (2009)

Raj and Lemoff (2009)
Spitzenberger (2009)

Yun et al. (2009) V
Chin and Saetren (2010) V \
Nwaohaet al. (2010) \/

Montewkaet al. (2010) \ V
Skramstadkt al. (2010) \/

Vinnem (2010) \
Nwaohaet al. (2011) V
Tanabe and Miyake (2011) \

Keshavarzt al. (2012) \

Khalil et al. (2012) V
Li and Huang (2012)
Rathnayakat al. (2012) \
Roldanet al. (2012) V
Souzeet al. (2012)
Berleet al. (2013)
Benyessaast al. (2013)
Chuet al. (2013)
Nwaohaet al. (2013)
Sunet al. (2013)
Aneziriset al. (2014) V V

<L 2 2 2 2
A N
P

< 2 2
2 2 2

<2
2. =2 2 =2 2

R

<. 2 22
2
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Chuet al. (2014)

Danet al. (2014)
Devkaran (2014)
Elsayedet al. (2014)
Melaniet al. (2014)
Martins (2014)

Nohet al. (2014)

Vianello and Maschio
(2014a)

Vianello and Maschio
(2014b)

Ahmedet al. (2015)
Hamedifaret al. (2015)
Giardina and Morale (2015)
Leeet al. (2015)

Martinez and Lambert
(2015)

Zhaoet al. (2015)

Fuetal. (2016)

Jewitt (2016)

Martinset al. (2016)
Yeoet al. (2016)
Stavrouet al. (2016)
Ahnet al. (2017)

Jeonget al. (2017)
Hogelinet al. (2018) \
Renjithet al. (2018)
Baalisampangt al. (2019)
Badidaet al. (2019)
Georgeet al. (2019)
Leoniet al. (2019)

Li and Tang (2019)
Konget al. (2019)
Sultanaet al. (2019) \
Yoonet al. (2019)

< 2 2

< < < 2 2

< 2 2

2 2 =2 2
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Table 2. Distribution of the papers utilizing conventiorald dynamic risk analysis.

Year No Conventional No Dynamic

2000 1 (Shindet al., 2000) 0

2001 0

2002 1 (Dogliani, 2002) 0

2003 O 0

2004 O 0

2005 3 (Bozzolsco, 2005; Kiet al., 2005; Ochiagt 0
al., 2005)

2006 1 (Ronzat al., 2006) 0

2007 O 0

2008 2 (Haret al., 2008; Vanenet al., 2008) 0

2009 3 (Ballesiat al., 2009; Kolodziegt al., 2009; 1 (Yunet al., 2009)
Spitzenberger, 2009)

2010 2 (Skramstad al., 2010; Vinnem, 2010) 2 (Chin and Saetren, 2010;

Montewkaet al., 2010)

2011 2 (Nwaohat al., 2011; Tanabe and Miyake, 0
2011)

2012 6 (Keshavara al., 2012; Khalilet al., 2012; Li 0
and Huang, 2012; Rathnayadtaal ., 2012;

Roldanet al., 2012; Souzat al., 2012)

2013 3 (Benyessaatial., 2013; Chwet al., 2013; 2 (Berleet al., 2013; Suret al.,
Nwaohaet al., 2013) 2013)

2014 6 (Anezirist al., 2014; Daret al., 2014; 3 (Martins et al., 2014; Melani
Devkaran, 2014; Elsayed al., 2014; Vianello etal., 2014; Nohet al., 2014)
and Maschio, 2014a, 2014b)

2015 5 (Ahmedtt al., 2015; Giardina and Morale, 1 (Zhaoet al., 2015)

2015; Hamedifaet al., 2015; Leest al., 2015;
Martinez and Lambert, 2015)

2016 3 (Fwet al., 2016; Jewitt, 2016; Martiret al., 2 (Stavrowet al., 2016; Yeoet
2016) al., 2016)

2017 2 (Ahret al., 2017; Jeongt al., 2017) 0

2018 2 (Hogelinet al., 2018; Renjithet al., 2018) 0

2019 6 (Baalisampangt al., 2019; Badidat al., 2019; 2 (Leoni et al., 2019; Li and

Georgeet al., 2019; Konget al., 2019; Sultana

etal., 2019; Yooret al., 2019)

Tang, 2019)




Table 3. Output, analysis tools and data sources

Ref Output/strategy Tools applied Data sour ces

Shindoet al. (2000) Risk assessment Combination of FTA and ETA

Dogliani (2002) Safety analysis Application of I@Gde -

Bozzolsco (2005) Site selection an&oftware tool -

plant layout
Kim et al. (2005) Risk assessment FTA Generic data
Ochiaiet al. (2005) Risk assessment APl and ASME quantitative
risk evaluation method

Ronzaet al. (2006) Risk assessment ETA Historical data

Hanet al. (2008) Risk assessment -

Vanemet al. (2008) Risk assessment ETA Historical data, el
damage statistics and expert
judgement

Ballesioet al. (2009) Risk assessment Check list and FMEA Expeknowledge  and
Engineering judgement

Kolodziej et al. Risk assessment Concept risk  assessm@&uwneral arrangement

(2009) (CRA) model drawings and a 3D
CADView model

Spitzenberger (2009) Risk assessment ETA and PHaAi®ulation Historical data

software

Yun et al. (2009) Risk assessment Bayesian—LOPA OREDA datgabas

Chin and Saetren Risk assessment BN Expert judgement

(2010)

Montewka et al. Risk assessment Non-linear ~ finite  elemeistorical data

(2010) method (FEM) and BN

Nwaohaet al. (2010) Risk based Genetic algorithm Literature review

maintenance

Skramstad et al. Risk based Expert technical assessmemnt

(2010) verification and literature review

Nwaohaet al. (2011) Risk assessment Combination of the F3&pertjudgement

methodology  and fuzzy
evidential reasoning (FER)

Tanabe and Miyake Risk reduction IEC 61508 and 61511 Historical data

(2011)

Keshavarz et al. Risk-based shutdownParameter estimation OREDA database

(2012) management strategy

Khalil et al. (2012) Risk assessment Cascaded-fuzzy-LOPA Datwinglll from PHA
along with that from the look
up tables.

Li and Huang (2012) Risk assessment Dow methodc\HL model -

and VCE model
Rathnayaka et al. Accident modelling Combination of FTA and ETA  Histal data
(2012)

Roldanet al. (2012) Risk assessment FTA and cause-conseque@&EDA and UK HSE
diagram databases
Berleet al. (2013) Risk assessment Monte Carlo simulation ExXpdgment
Benyessaad et al. Risk and safety Design risk assessmentistorical data
(2013) studies flowchart
Chuet al. (2013) Risk assessment Information diffusion theory -
Nwaohaet al. (2013) Hazards ranking inRisk matrix and fuzzy Expert judgement
LNG carrier evidential reasoning (FER)
operations method and FTA
Sunet al. (2013) Risk assessment CFD Experimental data
Aneziriset al. (2014) Risk assessment Parameter estimation, EDOREDA database
and FTA
Danet al. (2014) Risk assessment ETA and PHAST software E&Rm and OGP data
Devkaran (2014) Risk assessment Risk assessmeniatain in -

line with international



Elsayedet al. (2014)
Melaniet al. (2014)

Martinset al. (2014)

Nohet al. (2014)

Vianello
Maschio (2014a)
Vianello
Maschio (2014b)
Ahmedet al. (2015)

Hamedifar et al.

(2015)

Giardina and Morale

(2015)
Leeet al. (2015)

Zhaoet al. (2015)
Fuet al. (2016)

Jewitt (2016)
Martinset al. (2016)
Yeoet al. (2016)
Stavrouet al. (2016)
Ahnetal. (2017)
Jeonget al. (2017)
Hogelinet al. (2018)

Renijithet al.
(2018)

Baalisampangt al.

(2019)

Badidaet al.
(2019)
Georgeet al.
(2019)

Leoniet al. (2019)

Li and Tang (2019)
Sultana e al.

(2019)
Yoonet al. (2019)

and

and

Risk assessment
Risk assessment

Risk assessment
Risk-based
information

Risk assessment
Risk assessment
Risk-based
availability
estimation

Risk assessment
Safety analysis

Risk assessment

Risk assessment
Risk assessment

Safety
analysis
Risk assessment
Risk assessment

standards (IEC 62305)
Fuzzy-TOPSIS

Cause-Consequence Diag@REDA and UK

and BN
Hybrid BN

Expert Judgeme
HSE
databases

Dynamic process simulationOREDA database

combined with Monte Carlo

method
ETA

ETA and PHAST software

Markov method

Modelling
Integrated FMECA
HAZOP
ETA and CFD
BN

Integrated ETA and CFD

design CFD

PHAST Risk software
BN

Dynamic risk failure Fuzzy Inference System

andata

Generic data
Genere dat

Available plant
data and OREDA database

Historical data

from risk analysis
database software
Actual nawigatiata and
UK HSE database
Experts’ judgement
Chacademy of safety
science and technology

Generic data
Experimental data

monitoring

Risk-based design Fuzzy-based FMEA Rdiliploiata

Identify potential Bespoke IQRA software DNV  frequency failure
risks of LNG datasheets

bunkering

Safety and corrosionRisk  Assessment  Procesdistorical data

protection Flowchart

Risk assessment Fuzzy FMECA Expert judgement
Consequence Grid based approach Expert judgement
modelling and risk

assessment

Risk assessment Fuzzy FTA Expert judgement

Risk assessment Fuzzy FMECA Expert judgement
Optimization of BN Combination of literature
maintenance time and experts judgement.
schedule

Risk assessment BBN Statistical data

Hazard analysis

Risk assessment

System Theoretical ProcesExpert judgement

Analysis (STPA)
Collaborative QRA

LNG equipment reliability

data book of Korea gas
corporation (KOGAS) and

technical assessment
reports
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Figure 1. Digtribution of the number of papers over the past two decades.



Risk analysis of LNG sector
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Figure 2. Classification framework for risk analysisin the LNG sector
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Figure 3. Digtribution of papers according to their application areas in the LNG sector.



RESEARCH HIGHLIGHTS

To systematically review the published literatubmuat risk analysis in the LNG
sector.

To identify various applications of risk analysmsLiNG carriers, LNG fuelled ships,
LNG terminals and stations, LNG offshore floatingts, LNG plants, etc.

To analyse the state-of-the-art of risk analysiategies, methods, tools and
techniques in the LNG sector.

To identify application areas and data sources (@&REhandbook, published
literature, UK HSE databases, regulatory agencigsorts, industry datasets, and
experts’ consultations) to apply risk analysishe LNG sector.



