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Abstract: A joint-analysis by the use of (i) the multi-criteria decision-making (MCDM) technique of
Typical-Analytical-Hierarchy-Process (T_AHP) and Fuzzy-Analytical-Hierarchy-Process (F_AHP)
with (ii) the Hazard and Operability (HAZOP) method respectively, was conducted in a sour-crude-oil
process industry (SCOPI), focusing on the deviations with economic/health/environmental impact.
Consequently, the intention of this paper is dual; that means the first one is the presentation and
application of the traditional HAZOP method on a SCOPI, and the second one the illustration and
usage of the combined HAZOP_TAHP/FAHP framework in the previous referred industry, via the
resulted hazards with economical, health and also environmental impacts, unveiling the sustainable
dimension of this approach. The choice of the particular SCOPI for executing the HAZOP process is
greatly powerful for the implementation of this approach, due to the plentiful hazards that the process
includes, and due to its sophisticated design, as well. Originally, the conventional HAZOP study was
carried out for finding out the potential destructive causes of abnormal circumstances in the SCOPI’s
establishment. Subsequently, the defined (by HAZOP) hazards with particular economic, health and
environmental impacts were elaborated by the T_AHP and F_AHP techniques in order to broaden the
HAZOP results and prioritize the risks in the worksite of the SCOPI. It is worthwhile mentioning that
this joint-analysis can afford a reliable base to enhance procedure safety and upgrade the occupational
health safety’s level (OHS). Likewise, it might be a constructive means for the decision-makers to:
(i) evaluate the urgent situation of the restricted resources’ investment, in measures of preventing
particular deviations (like the ones with economical, health and environmental consequences),
and (ii) to endorse the sustainable growth of this industry, taking into account that a significant part of
literature utilized the issue of sustainability as a frame for the development of OHS RAA techniques.

Keywords: crude-oil; sour gas; hydrogen sulfide; crude stabilization; hazard identification;
HAZOP study; risk analysis; operability study; process safety; risk-matrix; DMRA; multi-criteria
decision-making; Analytical-Hierarchy-Process; Typical-AHP; Fuzzy-AHP

1. Introduction

Although the chemical process industries (CPI) are among the safest workplaces in the world [1–3],
mainly due to the severe procedures applied towards hazards, the public sense about them is that
they are extremely hazardous with people fearing for their lives and/or health, and on the other hand,
for their belongings and for the environment as well. Even so, throughout the last twenty years,
the risk management and process safety actions were unfolded to a remarkable level, so that disasters
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like Flixborough (England, 1974), Seveso (Italy, 1976), Bhopal (India, 1984), Phillips (Pasadena/Texas,
USA, 1989), AZF explosion (Toulouse/France, 2001) and Jilin (China, 2005) start to become lighter
from memory. Above and beyond, a SCOPI can be greatly valuable for the local economies due to:
(i) the work opportunities and (ii) the broad financial benefits it provides. Hence, even though there
is always an existing likelihood for a catastrophe commencing, on the other side, disasters could be
eliminated by proper risk management.

The Hazard and Operability analysis (abbreviated as HAZOP) emerged with the purpose of
recognizing potential hazards in establishments that operate using extremely harmful materials.
The major care was to abolish every source that can probably lead to a serious accident, such as
explosions, fires and toxic-release [4]. Nevertheless, with the passage of time, HAZOP’s handling was
expanded to various other kinds of services because of its capability, not only to recognize hazards,
but also to identify functional deviations from the preferred state. Thus, HAZOP technique has
been chosen, among other actions, for road safety actions [5], hazard identification in photovoltaic
installations [6], and diagnostic systems in medicine [7]. The miscellany of fields, that used HAZOP,
shows that this methodology has been constituted as a dominant technique to meliorate numerous
types of systems.

On the other hand, the Analytical-Hierarchy-Process (AHP), introduced by [8] was recognized
as one of the more frequently used and proficient multi-criteria decision-making methods. Many
applications (which employed AHP) were used for assessing health and safety risk factors such as the
pioneer study of Henderson and Dutta (1992) [9], in which ergonomic factors were assessed. Other
interesting applications were the multi-criteria-based occupational health safety (OHS) risk-evaluation
method proposed by Badri et al. (2012) [10] and the study of Aminbakhsh et al. (2013) [11] which
employed Typical-AHP (T_AHP) for assigning priorities to safety risks in construction sites.

Over and above, one of the highly significant features of risk management is the hazard
identification, while a significant means is the HAZOP method. According to Mayes and Kilsby
(1989) [12], HAZOP is a greatly versatile technique for hazards’ identification in the chemical engineering
industry, and has been confirmed, over the years, to be one of the most essential tools in order to
ensure: (i) the safety of the employees in a plant, (ii) the environment, and naturally (iii) the probity
of the facility itself [2]. Besides, taking into account that HAZOP’s major intention is hazards’
identification, it is assumed as the most excellent PHA technique of producing data for consequent
quantitative-analysis techniques like QRA or FTA [2,13]. What is more, as the motivation for all
industries (and the same for a SCOPI) is the turnover’s raise, HAZOP analysis has additionally the
considerable potentiality of identifying (i) not only the hazards for health and safety, but in addition
(ii) the functional establishment’s troubles, and (iii) the deviations with economic and environmental
impacts, as well.

Nonetheless, although being efficient and well-organized for hazards’ identification and
risk-ranking in hazardous systems, HAZOP has its weaknesses; it is susceptible to ambiguous decisions,
and, additionally, it has a variety of restrictions, like the subsequent: (a) it considers equivalent weights
for the risk-factors (i.e., “low-probability/high-consequence” and “high-probability/low-consequence”
hazards are approximately equivalent as far as the risk-ranking is concerned), and (ii) it utilizes accurate
data, which are seldom available, particularly in the SCOPI’s establishments [14,15].

On the other hand, risk prioritization (by T_AHP and F_AHP) can certainly help a manager: (i) to
define the most urgent risk factors and implement the most significant safety measures, in order to attain
the best allotment of a limited budget in risk-diminishing projects, and (ii) to degrade and/or eradicate
the most critical risk-deviations (determined by HAZOP) with economic/health/environmental impacts
by fulfilling the most imperative safety measures. In other words, improved distribution of the
constricted funds: (a) can decrease support and financial costs, and (b) can normally allow managers
to have available resources for further risk-diminishing in the enterprise [16,17].

This work concentrates (i) on an extensive HAZOP methodology with the DMRA tool
(i.e., decision-matrix risk-assessment), combined with the Typical-Analytical-Hierarchy-Process
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(T_AHP) and also with the Fuzzy-Analytical-Hierarchy-Process (F_AHP), and (ii) on the jointed
HAZOP_TAHP/FAHP approach, executed as a case study in a SCOPI’s establishment. Accordingly,
the paper’s intentions are the following: (i) the presentation and application of the HAZOP process
in a specific SCOPI, (ii) the execution of the combined HAZOP_TAHP/FAHP framework on this
SCOPI (focusing on the defined hazards that have economic, health and environmental impact),
and additionally (iii) to disclose that the proposed HAZOP_TAHP/FAHP scheme can be a valuable
technique for the decision-makers to meliorate OHS and process safety, and also to support the
sustainable-operation of this SCOPI, given that a considerable part of literature utilized the matter of
sustainability as a frame for the progress of OHS-RAA techniques [18].

In particular, the pathway toward accomplishing the sustainable development targets in
a corporation, is achieved by intensifying amalgamation among different fields, and is associated with
various key topics, like: (i) sustainable environment (that concerns the dynamics between human
activities and ecosystem, including energy, chemistry, climate change, etc.), (ii) sustainable living
(that means the achievement of health, carbon neutral and zero waste communities, including among
other aspects, industrial production and consumption, buildings and infrastructure, supply chain and
transportation, etc.), and (iii) sustainable technology (i.e., technologies that improve sustainability in
all aspects) [19] (ICST&D, 2019).

Principally, a separate technique could not accomplish the best RAA performance in the industries’
workplaces, and consequently, the development of an integrated RAA technique, which will combine
a well-considered selection of comprehensive techniques (like HAZOP, DMRA, T_AHP, F_AHP, etc.)
would allow industries (by the joint-analysis) to attain significant results in risk assessment [20–22].

The paper is structured by the subsequent parts: (1) introduction, (2) theoretical background,
which concentrates on the conventional HAZOP method, on the DMRA risk-ranking technique and on
the T_AHP/F_AHP processes, (3) the technical illustration of a particular sour-crude-oil process industry
(SCOPI), (4) the development of the proposed HAZOP_TAHP/FAHP approach and its application, as
a case study, on the precise SCOPI, and (5) the discussion of the foremost points and conclusions.

2. Theoretical Background

2.1. The Hazard and Operability (HAZOP) Procedure

HAZOP study was introduced, in the decade of 1960, through the “crucial examination” procedure
of ICI (the Imperial Chemical Industries); while a decade afterward it was officially published as
a restricted procedure for defining deviations from the design target. More explicitly, the HOC/ICI
(Heavy Organic Chemicals) tried to design a construction for producing acetone and phenol from
cumene, and so that, the responsible management team identified hazards or deviations from the
normal operation. Thus, the HAZOP process (or another one similar to the current standardized
method) appeared.

Furthermore, Lawley, in his interesting article of 1974, described the required principles to
accomplish HAZOP analysis/studies due to the rising difficulty of the novel technique that might
not be comprehensively explained by the normal standards [23,24], while the first primary directions
concerning HAZOP were published in 1977 [25], and thus, it was recommended as a method to be
applied in the process industries in order to recognize hazards and prepare safety actions.

The most important issue of the HAZOP technique is the detection of such design features that
are susceptible to deviations which may result in a state of affairs within the study’s intentions or
aims. Normally, the design goal for a process is composite with some features that are subtle and its
description is demanding, and on the other hand, the HAZOP study’s team frequently identifies the
design’s goal plainly by choosing process factors from a checklist with no complete consideration of
all key features of the design’s goal [26]. To continue, Markowski and Siuta (2018) [27] developed
a fuzzy-relied HAZOP for PHA of LNG storage services, where various indices are set up for managing
the study’s effectiveness and its quality as well. A widespread literature review for HAZOP technique
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has been recently incorporated in the work of Marhavilas et al. (2019) [2], while in the review of RAA
techniques by Dallat et al. (2019) [28], some HAZOP derivatives are additionally referred.

Despite its usefulness, the HAZOP study has its own weakness and it shares limitations with
other process hazard-analysis techniques [29]. More explicitly, Baybutt [29] presents a detailed critique
wherein restrictions of HAZOP coming from the people executing the HAZOP study, in association
with the deviations, the initiating events, the design intent, the technical coverage, the guide words,
and the documentation, are discussed exhaustively. Moreover, Sultana et al. (2019) [3] notice that
complex systems could not be suitably analyzed by conventional hazard-analysis tools (like the
HAZOP one) and/or plain reliability-analysis techniques (like the FMEA one), so other techniques,
such as the systematic hazard-analysis technique of STPA (System Theoretical Process Analysis) can be
complementary to conventional HAZOP.

Recently, Animah and Shafiee (2020) [30] in their analysis exemplify several of the HAZOP’s
advantages (like its helpfulness in cases of risks which are complicated to be quantified in the LNG
sector), and on the other hand, the disadvantages (like its incapability to appraise the risks appeared in
a multi-component system, wherein diverse parts interrelate with each other).

The HAZOP technique needs the joint efforts of a team that is responsible for the system’s management
and is separated into the next stages: preparation, organizing, and execution/documentation [31,32].

Several factors are taken into consideration for the proper preparation of the HAZOP process, and
the specification of its steps, like the consequent of the interrogative words: “how”, “why”, “where”,
“when”, and “who” [32–35].

HAZOP technique cannot be performed at the conceptual stage of a project, due to the lack of
any comprehensive P&ID, i.e., any “Piping and Instrumentation Diagram” at that moment. A hazard
appraisal has to be achieved for identifying possible hazards existing in the process. Through the
design phase, wherein its basic concept is entirely defined, the P&IDs are becoming available in
order to provide adequate information for the deviations’ investigation step of the study. In addition,
HAZOP process is an extra handy process for accomplishing a comprehensive appraisal, earlier than
installations’ commencement [25].

Initially, HAZOP was considered appropriate only for new installations, but shortly after, was
recognized as a valuable tool for existing establishments as well, because of the introduction of new
regulations (such as SEVESO-directive), which require the performing of a periodic hazard-analysis in
a facility, and due to the increasing safety-consciousness in industry. The possible hazards in an existing
establishment cannot be calculated or recognized at the commencement of its functioning because the
elaborated processes could change noticeably over time. In the case that a hazard might be present in
the process, the existing HAZOP process should be revised, according to Baybutt (2013) [36]. Taking
into account the article of Frank and Whittle (2001) [37], three types of HAZOP revalidation exist, such
as, support, revision and replacement.

The study’s definition has an evident consequence on the analysis’s content, and also settles
the criteria that the team’s leader will use in order to gather the team-experts for conducting the
HAZOP P-study. The project-leader in collaboration with the HAZOP’s team-leader will determine
the two key-topics of the process; initially, the details of its intention (i.e., why the study is performed),
scope (i.e., what is included in the study) and objectives (i.e., what is to be considered), and secondarily,
the efficient HAZOP team to realize the specific objectives (more information in the guidelines for
defining HAZOP studies, by CCPS (1995)) [38].

Furthermore, the study’s scope will comprise the whole equipment/tools which are used in
the installation. Eventually, the intentions must always contain the identification of hazards in
the establishment and the possible operating troubles. The hazards, according to Qureshi, can be
safety/health and/or environmental ones, which might come from, or create an impact, both on- and
off-site [39].

There are various types of hazards in a variety of installations that the HAZOP process might take
place (for instance, fire, explosion, physical explosions, chemical explosions, toxic release, reactivity,
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etc.). Several of the potential hazards which must be recognized, particularly in process-installations
that manage exceedingly hazardous materials, have been published by CCPS [40] in a catalog. This
one constitutes a guidelines-list of the objectives as they are the hazards that need to be determined in
the HAZOP analysis [41].

A HAZOP team involving: (a) more than seven (7) members, is not creative enough (mainly,
due to communication problems), and (b) fewer than five (5) members, typically does not cover the
essential knowledge-field for ensuring the execution of a thorough study. Consequently, the best size
for the HAZOP’s team must be equal to five, six or seven members [42].

The HAZOP analysis is a structured technique of defining forthcoming hazards. Hence, one
critical point for the success of the effort is the study’s planning into manageable parts, suitable for
analyzing. The appropriate partition into nodes, with the right sizes, is a complicated job, so the
practice can be considered as a subject of an art, due to the fact there is no aided node-management,
but on the other hand, it relies completely on the judgment of the HAZOP team leader [43].

Chemical processes incorporate a broad range of interrelated components and auxiliary devices
to implement the establishment’s design intention (for instance, the crude-oil stabilization), so the
equipment splitting into various nodes could be thorny due to their interconnectivity in the specific
process industry. Thus, there are two views, which the HAZOP team’s leader has to consider, when
he decides the selection of the nodes, i.e., the node-parts ought to be equivalent as far as the size is
concerned, and the involved equipment of a node ought to share the similar design and aim [2].

The members of the HAZOP team can recognize hazards that originate from various situations, such
as: (a) deviations, that influence more than one-node (for instance a “flooding”, or an “electric-power
failure”), (b) situations, which also influence more than one-node (like “human factors”, “piping and
vessel physical configuration” and others), and (c) multiple-failure scenarios [42].

The HAZOP execution sub-stage of the study, associated with a division of the system into nodes,
with particular interconnectivity and operation, follows the arrangement of nodes. The method is
relied on the handling of specific guidewords, like the subsequent: (i) “No”, (ii) “More” and (iii)
“Less”, in amalgamation with a variety of parameters, like the following: (i) “Flow” (ii) “Pressure” and
(iii) “Temperature”, in order to generate deviations from the regular functioning. The HAZOP team
investigates the potential hazards of a node and proceeds to the identification of specific causes or/and
consequences, constituting a scenario with safeguards which can detect/prevent and control/alleviate
the hazardous circumstances. Ultimately, when the safeguards are inadequate to appropriately
manipulate the specific problem, subsequently, the HAZOP team’s members will be obliged to give its
advices [41].

Even though, HAZOP process “knows” how to adapt the diverse requirements, there are some
critical and most frequently used guidewords [44], as follows:

• “No” (alternatively: none/not), that means, nothing of the aim is realized and nothing else happens,
as well.

• “More” (alternatively: more of/higher), that means, the design’s target is accomplished in such
a way which is quantitatively greater.

• “Less” (alternatively: less of/lower), that means, the design’s target is implemented by
a quantitative reduce of the parameter it is associated to.

• “As well as”, that means, the design’s aim is succeeded in parallel with something else (e.g., an extra
action).

• “Part of”, that means, the design’s aims are achieved, only partially.
• “Reverse”, that means, the logical opposite of the design’s goals really happens.
• “Other than”, that means, nothing of the intent is realized, and on the other hand, something

entirely unusual happens.

The combination of these guidewords with process factors (or parameters) defines particular
deviations from the design’s goals.
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2.2. Risk Ranking

It is a valuable procedure for prioritizing the recommendations resulted by HAZOP, and it is
attained by the evaluation of the severity (S) and probability (P) of hazardous event sequences, in
order to produce risk-outcomes which are illustrated in a table (e.g., matrix), implementing in this
way the DMRA (i.e., decision-matrix risk-assessment, or risk-matrix) technique as an efficient tool for
risk-estimations [45].

As soon as the hazards have been defined, the issue of designating the ratings of severity (S) and
probability (P) must be arranged. It is essential to note that frequency estimations and consequence
estimations are successfully determined by experienced risk–managers. Thus, the risk (R) is produced
by establishing the risk–matrix according to relation of R-S x P [46].

In the recent work of Marhavilas et al. (2019) [2], the reader could find: (i) the necessary
risk-ranking produced by the combination of the severity/reasons-frequency grades, according to the
guidelines of IEC (2003) [47], and (ii) the resulted risk-matrix, according to Alaei (2014) [13].

2.3. The Typical- and Fuzzy-Analytical-Hierarchy-Process

During the past, there are many studies that use multi-criteria decision-making methods in
cooperation with risk management methods, widely used in process industries. However, these studies
used only Typical-AHP or Fuzzy-AHP, separately, and no comparative analysis was performed about
the specific circumstances under which using fuzzy extensions of AHP could benefit the whole analysis.

More specifically, Abdelgawad and Fayek (2010) [48] used a Fuzzy-AHP approach to address
the limitations of the traditional “failure mode and effect analysis” (FMEA) for managing risks in
construction, and Zheng et al. (2012) [49] employed the Fuzzy-AHP method with trapezoidal fuzzy
numbers for safety assessments in hot and humid environments.

Additionally, Basahel and Taylan (2016) [50] proposed a method for finding, assessing and
evaluating safety risk factors at the construction sites (in Saudi Arabia), while Pour and Gheorghe
(2017) [51] applied Fuzzy Risk Assessment (FRA) and AHP for determining and prioritizing the
aggregate risk of oil and natural gas drilling process.

What is more, Gul (2018) [52] presented a significant review of OHS-risk assessment studies, via
multi-criteria decision-making-based (MCDM) techniques. He incorporates in his work the fuzzy-side
of MCDM techniques concerning OHS risk-assessment, and also refers to a structured methodology
that uses prioritization (through T_AHP) in HAZOP analysis (presented by Othman et al. (2016) [14]).

In the article of Zhen et al. (2018) [53], a modified Fuzzy-AHP approach, used for importance
degree of assessment of human, operational and organizational risk influencing factors at offshore
maintenance work, and Fattahi and Khalilzadeh (2018) [54] developed an approach for evaluating
risks in steel industry using FMEA, Fuzzy-AHP and also Fuzzy Multi-Objective-Optimization based
on the Ratio-Analysis (MULTIMOORA) methods.

The Typical-AHP (T_AHP): The method defines the problem as a hierarchy and calculates the
priorities (local and global) of the problem’s factors (criteria and sub-criteria). The process’ inputs are
the decision-maker’s judgments, namely the relative significance of each factor over another while
performing pair-wise comparisons. The output result is a ranking of factors in descending order of their
importance. The decision-maker must express the relative importance of the factors using a standard
scale (Table 1) in order to transform the qualitative estimations of importance to numerical values.

One of the most important advantages of the T_AHP method is the integrated calculations for the
decision-maker’s consistency of judgments. Thus, the index CR (Consistency Ratio) is evaluated in
order to check that the expert has a stable axiom system and is not assigning priorities “randomly”. A
pair-wise comparison matrix is characterized as consistent if the corresponding CR index is less than
10%. This characteristic improves the reliability of the results.
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Table 1. The scale used to transform qualitative estimations to numerical values according to Saaty
(1990) [8].

Linguistic Variable
(Expressing the Significance of Factor I over Factor J to the Objective) Value

“Equal” 1
“Equal to Moderate” 2

“Moderate” 3
“Moderate to Strong” 4

“Strong” 5
“Strong to Very Strong” 6

“Very Strong” 7
“Very Strong to Extremely” 8

“Extremely” 9

The Fuzzy AHP (F_AHP): Besides the proven efficiency of the Typical-AHP (T_AHP), it was
criticized for not taking into consideration that there is uncertainty to the decision-maker’s judgments.
For this reason, the Fuzzy Extended AHP proposed by Chang (1996) [55] using Extent Analysis Method
was combined with Triangular Fuzzy Numbers (TFNs) to better correspond the expert’s choices.
The fuzzy extended AHP is a very popular AHP alternative because of its simplicity and its proven
efficiency. In our approach, the decision-maker’s judgments are inserted and assigned to numerical
values using a scale, proposed by Lamata (2004) [56], and are illustrated in Table 2. Note that each
linguistic variable corresponds to a value of the standard Saaty’s scale and then to a Triangular Fuzzy
Number (TFN).

Table 2. Linguistic variables to Saaty’s scale and Triangular Fuzzy Numbers (TFNs) according to
Lamata (2004) [56].

Linguistic Variable
(Expressing the Significance of Factor I

over Factor J to the Objective)
Saaty’s Scale Triangular Number

“Equal” 1 [1,1,1]
“Equal to Moderate” 2 [1,2,3]

“Moderate” 3 [2,3,4]
“Moderate to Strong” 4 [3,4,5]

“Strong” 5 [4,5,6]
“Strong to Very Strong” 6 [5,6,7]

“Very Strong” 7 [6,7,8]
“Very Strong to Extremely” 8 [7,8,9]

“Extremely” 9 [8,9,9]

A Triangular Fuzzy Number T = (t1, t2, t3) has as membership-function the one of µM(x) defined
by Zimmermann (2001) [57].

µm(x) =


0, x ≤ t1
x−t1
t2−t1 , t1 ≤ x ≤ t2
t3−x
t3−t2 , t2 ≤ x ≤ t3
0, x ≥ t3

 (1)

Two TFNs T1 = (t11, t21, t31) and T2 = (t12, t22, t32) can be summed, subtracted, and multiplied
with the operational laws described by Chang (1996) [55]. According to the process of the FEAHP, for
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a set of objects O =

{
o1, o2, . . . , o n

}
, and a goal set GS =

{
g1, g2, . . . , gn

}
, the extent analysis is applied

resulting to m values for each object:

T1
gi

, T2
gi

, . . . , Tm
gi

, i = 1, 2, . . . , n (2)

where all T j
gi

, ( j = 1, 2, . . . , m) are TFNs. The value of the fuzzy synthetic-extent, for each ith object, is
described by:

FSEi =
m∑

j=1

T j
gi
⊗

 n∑
i=1

m∑
j=1

T j
gi


−1

(3)

These fuzzy numbers’ output is transformed to crisp numbers using a defuzzification process. In
the present study, we perform an average value approach, according to the work of Zimmermann
(2001) [57], where a fuzzy number TFN T = (t1, t2, t3) is altered into a crisp number of CRN as:

CRN(M) = (l + m + u)/3 (4)

3. Presentation of the SCOPI

In this section, we give a technical illustration of a particular sour-crude-oil process industry
(SCOPI), which has been chosen as a case study in this work, and additionally (a) constitutes the binder
between the manuscript’s sections concerning HAZOP, T_AHP and F_AHP techniques, and (b) could
represent something in general, as far as the benefits of the application of the cooperative HAZOP_T
AHP/F AHP framework on SCOPIs and other chemical industries, is concerned.

Depiction of the plant: A SCOPI performs a series of chemical and mechanical processes, which
are applied on the sour-crude-oil (SCO), i.e., the one including hydrogen-sulfides and coming from the
oil-production platform, in order to produce marketable crude-oil, incorporating the next units:

(i) The unit for the desalinization and stabilization of crude-oil: It desalinates and stabilizes
approximately of 100 m3/hr crude-oil, coming from the platform, while the produced sour-gas is
of ~70,000 m3/day.

(ii) The unit of the gas-compression, essential for compressing the sour-gas from stabilizer,
and merging this with the stream of sour gas coming from the platform after it passes through
a vessel, called three-phase separator that separates the well-fluids into: (a) gas and (b) two liquid
kinds (oil and water). The cooling process of the two streams is realized by heat-exchanger units
used to cool and/or condensate process streams with ambient air as the cooling medium rather
than water, while later through a three-phase separator, there is a separation of the water and the
“NGL”.

(iii) The unit for “NGL”-stripping, wherein the produced “NGL” is stripped of several volatile
hydrocarbons and hydrogen-sulfide (H2S), before its mixture with the stabilized crude-oil.

Moreover, there is a variety of processes which happen, like the subsequent:

(i) The steam of 20.7 bar is directed to heat-exchangers in order to provide the essential energy for
the “NGL”-stripping and also the crude stabilization

(ii) The water is mixed with the SCO to improve the desalinization process
(iii) The compressed dehydrated air to supply control air-actuated valves’ functioning
(iv) The inaction of vessels or pipelines is achieved by occasional use of Nitrogen

The input-stream of the SCO arriving at the plant (through an 8” pipe), has a pressure of ~20 bars,
a temperature equal to the sea’s one (i.e., presents a seasonal fluctuation from 14 ◦C (winter) to 25 ◦C
(summer)), and constitutes a mixture that contains: (a) saturated volatile hydrocarbons, (b) a variety of
volatile compounds (e.g., Hydrogen-Sulfide/ Nitrogen/Carbon-dioxide), (c) heavier compounds and (d)
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medium volatility hydrocarbons. The unprocessed SCO that inserts in the unit also includes dissolved
sodium, salt-water, magnesium-chlorides, and calcium in tiny amounts of water. The salt-water is
scattered in the crude-oil in the form of little balanced droplets, and due to their diameter, the droplets
could be divided by an electrical field or by gravity in calm conditions. A characteristic laboratory
analysis of the inward SCO is illustrated in Table 3.

Table 3. The input-composition of Sour-Crude-oil (SCO).

Volatile—Low Molecular Weight

Component N2 H2S CO2 COS CH3SH C2H5SH CS2 C1 C2 C3 iC4 nC4

MOLE % 0.01 21.89 0.68 0.01 0.03 0.01 0.04 0.65 1.06 2.99 1.24 3.32

Medium Volatile—Medium Molecular Weight

Component iC5 nC5 C6 C7 C8 C9

MOLE % 2.88 2.64 4.75 3.73 3.52 3.41

Heavy Components

Component 150–200 ◦C 200–350 ◦C Boiling Point > 350
◦C

MOLE % 5.17 7.35 34.61

The intention of the establishment: The unit has been designed to: (i) take away (from the SCO),
water, hydrogen-sulfide, suspended particles, salts and a great amount of the volatile hydrocarbons, and
(ii) transform SCO into stabilized crude-oil, which is proper and safer for the storage/transportation and
additional treating in a refinery plant, and on the other side, has specific features as follows: (a) Vapor
pressure-reid less than 12 PSI, (b) H2S content less than 15 ppm, (c) water content around zero, as it is
possible, and (d) salt content less than 28 mg/lt. The subtraction of the dissolved hydrogen-sulfide gas
is compulsory, due to its volatile, toxic and flammable features that could make transportation and
storage considerably more unsafe. The existence of salts in the final product is dangerous because it can
enhance the corrosion in the involved transportation pipelines and in the storage equipment. What is
more, there are chloride salts, for instance magnesium-chlorides, which form the enormously corrosive
hydrochloric-acid. Furthermore, the avoidance of the problematical function in the sour-gas handling
unit is achieved by the separation of the produced sour-gas from its liquefiable contents, while the
recovered “NGL” ought to be splitted from the containing H2S, due to the fact of a hazardous-spiking
occurring in the crude-oil.

Likewise, stabilizers decrease the stored crude-oil volatility aiming that the final product has
specific features as follows: (a) Vapor pressure-reid less than 12 PSI, (b) H2S content less than
15 ppm, (c) water content around zero, as it is possible, and (d) salt content less than 28 mg per L.
The subtraction of the dissolved H2S gas is compulsory, due to its volatile, toxic and flammable features
that could make transportation and storage considerably more unsafe. The presence of salts in the final
product is dangerous because it can enhance corrosion in the involved steel pipelines for transfer or
transportation and in the storage tanks and vessels. What is more, there are chloride salts, for instance
magnesium-chlorides, which form an acidic environmental damage-mechanism, the Hydrochloric
(HCL) Acid Corrosion.

Furthermore, the avoidance of the problematical function in the sour-gas handling-unit is achieved
by the separation of the produced sour-gas from its liquefiable contents, while the recovered “NGL”
ought to be splitted from the containing H2S, due to the fact of a hazardous-spiking occurring in
the crude-oil.

The equipment of the establishment: In Table 4 we present synoptically the installation’s
equipment that is structured with heat-exchangers, compressors, vessels, pumps and control/relief
valves, while an analytical description of their functioning, with extensive details and
further information, is presented in the thesis of Filippidis (2017) [58] and the article of
Marhavilas et al. (2019) [2]. Moreover, in Figure 1 we illustrate the process flow diagram (PFD)
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concerning the SCOPI’s functioning, which is located in the north part of Greece. Besides, the PFD
drawing depicts by dashed-line frames, the necessary HAZOP nodes (i.e., simpler parts) in order to
perform, in the consequent sections, the HAZOP analysis.

Table 4. A synoptic presentation of the equipment of SCOPI.

Nr Parts of the Equipment Basic Technical Clarifications

1 Vessels

V-101: A three-phase separator vessel that releases sour-gas is from the
sour-crude-oil

ME-101: A desalinization vessel that separates the salts from the
sour-crude-oil

V-102: A crude stabilizer column

V-103: A scrubber vessel that retains water which is contained in the gas
output from the top of V-102

V-106: A vessel that acts as a buffer between the potable water intake and the
crude-oil pipeline injection point.

V-107: A “N G L” (Natural Gas Liquids) separator which collects the “N G L”
from the cooled gas stream from E-104

V-108: A condensate stripper column

V-110: A three-phase separator

2 Heat–Exchangers

There are two cooling heat-exchangers using sea-water and one using fans. There are
also two heating heat-exchangers that use 20.7 bar steam as a source of energy. There

is also a heat recovery heat-exchanger.

E-101: A heat-exchanger which uses steam to heat the sour-crude-oil in V-102

E-102: A heat-recovery heat-exchanger that utilizes the energy from the
stabilized crude-oil leaving V-102 to heat the incoming sour-crude-oil

entering the unit

E-103: A cooling heat-exchanger that uses sea-water to achieve its purpose

E-104: An air-cooled heat-exchanger that is used to cool the stream of
sour-gas originating from C-101 and V-101

E-105: A heat-exchanger that uses steam to heat the sour-crude-oil in V-108

E-106: A water cooled heat-exchanger using sea-water as a cooling medium

3 Pumps

P-101: A centrifugal pump to move the stabilized crude-oil from the bottom
of V-102 through E-102 and E-103 to storage

P-102: A reciprocating pump to inject potable water in the
sour-crude-oil stream

P-103: A centrifugal pump to move the sour “N G L” from the bottom of
V-107 to V-108 for stripping

4 Compressors C-101: A two-stage double action reciprocating gas compressor

5 Control–Valves

There are three types of control valves, i.e., pressure, flow and level valves that control
the respective element. They are pneumatic valves that draw their power from

compressed air supplied from a utilities unit. If the air supply is lost, for whatever
reason, the control valves will assume a predetermined position, either closed or open,

to ensure the safety of the installation.

Pressure Control Valves: PV-101, PV-102A, PV-102B, PV-103A, PV-103B,
PV-113, PV-117, PV-118

Flow Control Valves: FV-107, FV-110, FV-124, FV-127

Level Control Valves: LV-101, LV-102, LV-104, LV-106, LV-109, LV-114,
LV-120, LV-121

6 Relief–Valves

There are several pressure relief-valves and alarm-switches to ensure the safe
operation of the facility.

PSV103-104, PSV105–106, PSV107, PSV108-109, PSV110-111, PSV115-118,
PSV116-117, PSV121-123, PSV126-133, PSV127-128, PSV129-132,

PSV134-135, PSV138, PSV139, PSV140, PSV141
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4. Case Study: Application on a SCOPI Plant

4.1. The Procedural Framework of HAZOP_TAHP/FAHP

In Figure 2, we illustrate the flowchart of a RAA process (as a part of the risk management) after
the incorporation of a HAZOP_TAHP/FAHP framework and the DMRA risk-ranking tool.
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This methodological framework is composed of three (3) separate sub-phases: the risk-analysis
(#A) and risk-evaluation (#B), constituting the risk-assessment stage, and also the risk reduction/control
(#C). In particular, the first sub-process, which includes the identification of hazard sources and
the risk-consideration, incorporates HAZOP analysis, while the second sub-process considers the
combination and joint-evaluation of Typical-AHP/Fuzzy-AHP and also DMRA, as a portion of QRE
(i.e., quantitative risk-evaluation). The T_AHP/F_AHP process is applied for prioritizing the risk-factors
of the project. Eventually, the third module #C incorporates safety-related decision-making. Besides, it
is worthwhile mentioning, that the creation of this drawing was based on the safety-topics/guidelines
of the works by Høj and Kröger (2002), Marhavilas (2015) and ISO/IEC (1999, 2009) [45,59–61].

4.2. Application of the HAZOP Process

The systematic HAZOP study was executed in a SCOPI, which is placed in NE-Greece, by
the members of the HAZOP team which consisted of two unit-operators, e.g., the plant-operation
administrator and the maintenance-department manager. The installation-operation superintendent is
a capable chemical engineer with substantial capability in CPIs, whereas the maintenance-department
superintendent is a mechanical engineer. The plant-operators have a significant ability for operating
the SCOPI’s units, and important experience on preceding incidents. The HAZOP sessions were
accomplished through a six-month period, including entirely twelve sessions. The first two sessions
included the explanation of the SCOPI process to the team, and also the selection of the HAZOP-nodes.
Below, it is collocated the essential steps for implementing the HAZOP process, as follows:

(1) Selection of the nodes and intentions: Taking into consideration the equipment’s operation
and their interconnectivity, wholly nine nodes were chosen, such as:

(i) “Node–1“, which is the “Water-injection system”
(ii) “Node–2“, which is the “Reheating/cooling exchangers”
(iii) “Node–3“, that means, the “Desalting process unit”
(iv) “Node–4“, i.e., the “Low-Pressure L.P. separator”
(v) “Node–5“, which is the “Crude stabilizer column”
(vi) “Node–6“, that means the “Gas compressor”
(vii) “Node–7“, e.g., the “Compressor gas cooling and liquids recovery”
(viii) “Node–8“, i.e., the “Condensate stripper column” that feeds vessel and “Pump P103”
(ix) “Node–9“, the “Condensate s t r i p p e r and cooling unit”

(2) Guideword and safe limits of the process: The central idea of HAZOP method is the
identification: (a) of deviations (i.e., hazards) from the normal and prospective (by the design)
safe-state, and also (ii) the crucial process parameters, like: “Composition”, “Flow”, “Level”, “Phase”,
“Pressure” and “Temperature”. Moreover, the proper guidewords concerning the deviation from the
safe operation are: “Less”, “More”, “No”, “Other than” and “Reverse”, which are combined with the
previous referred process factors (parameters) in order to define the deviation from the conditions of
a safe situation.

(3) The identification of the causes and the hazards: This step is realized after the previously
referred two steps, whence the HAZOP team identifies the root causes for any hazard that is associated
with a particular node.

(4) The determination of consequences: At this step, the members of the HAZOP team define
the consequences of any hazard in association with safety, environmental, and economical aspects.

(5) The identification of safeguards: At this step, the HAZOP team documents, in a HAZOP-
worksheet, the related safeguards in order to recognize the hazards and prevent the consequences.

(6) Recommendations: At this step, the necessary recommendations about decreasing the
risk-level are discussed and analyzed by HAZOP’s team members and are recorded in the worksheet
of HAZOP.
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It is worthwhile to mention, that the risk-matrix used in RAA, will have the structure presented
by Table 4, involved in the paper of Marhavilas et al. (2019) [2]. Thus, (i) the probability of the recognized
hazards and (ii) the failure-rate of ordinary control-equipment (like level/pressure-transmitters), were
specified by the usage of an information-base of preceding incidents in SCOPI-units with equivalent
equipment. On the other side, the evaluation of the hazards severity was performed with the accordance
of the team’s members and their individual decision. Besides, Table 5 illustrates the “Guidewords“
and “Elements”, which were used to generate the deviations produced by the HAZOP procedure.

Table 5. Depiction of “Guidewords“ and “Elements“ of the HAZOP study.

Elements

Level Flow Pressure Temperature Composition Phase Containment

Guidewords

More Less Reverse No Other than

At the beginning of the study, we depicted by drawing colored dashed-line frames, the existence
of the previously referred nine nodes, as structural parts of the unit’s ‘process-flow-diagram’ (PFD)
presented in Figure 1.

The first node (Node-1) which is the water-injection system, was analyzed (by HAZOP) in
association with the general process parameters (or elements) of “Level”, “Pressure”, “Flow” and
“Containment”.

Node-2, i.e., the preheating and cooling exchangers, was analyzed taking into account the elements
“Flow”, “Pressure”, “Temperature”, “Composition” and “Containment”.

The HAZOP analysis of the installation’s desalting vessel (i.e., Node-3) was achieved by using the
elements “Level”, “Flow”, “Pressure”, “Temperature”, “Composition” and “Containment”.

Besides, the HAZOP analysis of the low-pressure separator vessel (of Node-4) was conducted in
association with the process parameters: “Level”, “Flow”, “Pressure”, “Phase” and “Containment”.

Node-5, which is the crude stabilization column-group of equipment, was HAZOP-analyzed
taking into consideration the elements of “Composition”, “Containment”, “Flow”, “Level”, “Pressure”
and “Temperature”.

What is more, Node-6 (i.e., the ‘gas compressor station’ and its supplementary scrubber vessel)
was analyzed taking into account the elements of “Containment”, “Flow”, “Level”, “Phase”, “Pressure”,
and “Temperature”.

In addition, the HAZOP analysis of the compressor gas cooling and liquid-recovery system
(in Node-7), was performed by the elements “Containment”, “Flow”, “Level”, “Pressure” and
“Temperature”.

Moreover, Node-8, i.e., the condensate stripper column that feeds vessel V-107 and pump P103, was
HAZOP-analyzed in association with the elements of “Containment”, “Flow”, “Level”, and “Pressure”.

Finally, the HAZOP analysis in Node-9, which is the condensate stripper and cooling system of the
facility, was applied by the elements “Containment”, “Flow”, “Level”, “Pressure” and “Temperature”.

Taking into consideration the sizable SCOPI’s plant, the large number of the HAZOP-nodes,
and their operability as well, we concentrated, via this article, on a considerable node of the SCOPI’s
plant, as far as the risk is concerned. More explicitly, we selected Node-5, for applying (as an instance)
the conventional HAZOP-DMRA technique, in order to identify the likely fault causes due to
irregular deviations. Hence, for this node, which is shown in Figure 3, we operate and implement
HAZOP analysis using the elements “Level”, “Flow”, “Pressure”, “Temperature”, “Composition”
and “Containment” having as final outcomes the ones shown in Tables A1–A6, correspondingly. We
elucidate, that the conventional HAZOP/DMRA technique was also performed for the rest nodes in
order to achieve the full application of the HAZOP-DMRA scheme in the specific SCOPI.
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In the tables originated from the HAZOP study, all the plausible sources and hazards due to
a particular deviation have been defined, and with the intention that HAZOP study forms a useful
guide for providing a list of priorities to the maintenance/inspection staff. Many of them are ordinary for
multiple deviations and some additional analysis was essential to determine distinctive hazards, which
have been categorized into the next three classes: The first one corresponds to ‘hazards to human life
and the environment’ and has been analyzed thoroughly in the work of Marhavilas et al. (2019) [2].
The second one, presents the ‘operability hazards’ i.e., the ones associated with the product quality and
economic operation of the establishment and will be analyzed comprehensively in a forthcoming work.
Finally, the third category includes the ‘hazards with both economic and health (or environmental)
impact’, which means the hazards that influence the economical performance of the establishment and
concurrently cause a risk to human life and/or to the environment, and they are depicted in Table 6.

Table 6. Deviations (or hazards) that include “economic and health and/or environmental” impacts.

Nr Deviations/Hazards

“1” Higher temperature crude to tanks due to more oil flow

“2” Stabilized crude-oil containing H2S due to leak in E–102

“3” No crude stabilization due to column flooding

“4“ Volatile hydrocarbons to crude storage tanks from V–102

“5“ Stabilized crude containing H2S due gas from V–102

“6“ C–101 damage due to overheating

“7“ Hydrate formation in V–110

“8“ “NGL” release in the sea

Several serious deviations (given by Table 6) are the ‘H2S releasing’ and also the ‘hydrocarbons
releasing’, taking into consideration the impacts of bad-breathing that might have happened to people,
producing substantial problems concerning health. What is more, when hydrocarbons are taken into
consideration, these would be liquid and/or gas. The discrimination can be hard due to the volatility of
these components. In addition, “NGL” can be in liquid form, inside a vessel under pressure, and be
evaporated nearly immediately, when it is exposed to atmospheric conditions. An additional important
aspect, which has financial effects on the plant’s operations, is the crude-oil storage, when this specific
kind of crude-oil does have proper quality specifications (for instance, due to enhanced H2S content,
and/or because of the existence of water/salt content).

4.3. Application of the Typical-AHP and Fuzzy-AHP Processes

In light of the outcomes of the prior HAZOP/DMRA scheme (shown by Table 6), we continue to
the subsequent stage, e.g., the execution of the Typical-AHP and Fuzzy-AHP processes, on the SCOPI’s
plant (as a case study), by the usage of the hazards depicted in Table 6, so as to entirely implement the
HAZOP_TAHP/FAHP approach.

The problem of assessing eight hazard factors with health and environmental impacts in a SCOPI
is modeled by a hierarchy in which the goal is safety’s prevention while the first level consists of eight
hazard factors (Figure 4).

It is worthwhile to mention that, the decision-maker fills the pair-wise comparison matrix presented
in Table 7 with numbers that correspond to his preferences about the risks’ relative importance, as
described by linguistic variables (Tables 1 and 2). Firstly, the Typical-AHP is applied to calculate each
hazard’s weight and construct the ranking. An important element of the Typical-AHP calculation is
the consistency-ratio (CR) estimation, which, in a case that is below 10% means that the judgments of
the expert are consistent and the ranking is reliable. Note that, in the present case the consistency-ratio
is found to be CR ≤ 10%.
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Table 7. The expert’s judgments serving as input on both Typical-AHP and Fuzzy-AHP.

Safety [01] [02] [03] [04] [05] [06] [07] [08]

[01] 1.00 3.00 2.00 3.00 6.00 0.50 3.00 0.50
[02] 1.00 0.33 0.20 2.00 0.17 0.50 0.25
[03] 1.00 0.33 3.00 0.20 0.50 0.25
[04] 1.00 5.00 0.50 2.00 0.33
[05] 1.00 0.14 0.25 0.13
[06] 1.00 4.00 0.33
[07] 1.00 0.50
[08] 1.00

The weights for each hazard calculated by Typical-AHP and F_AHP, are illustrated in Table 8 and
also the rankings of hazards extracted by each method, in descending order of importance. It is worth
mentioning that both methods use as input the same judgments pair-wise comparison matrix.

Table 8. Weights and rankings derived with both Typical- and Fuzzy-AHP.

Weights for the Hazards
(Typical-AHP)

Final Ranking
(Typical-AHP)

Weights for the Hazards
(F_AHP) Final Ranking (F_AHP)

[01] 16.50% [08] 28.17% [01] 18.00% [08] 25.29%
[02] 3.92% [06] 22.53% [02] 4.70% [06] 25.11%
[03] 6.19% [01] 16.50% [03] 8.51% [01] 18.00%
[04] 12.22% [04] 12.22% [04] 16.14% [04] 16.14%
[05] 2.38% [07] 8.08% [05] 2.66% [07] 10.26%
[06] 22.53% [03] 6.19% [06] 25.11% [03] 8.51%
[07] 8.08% [02] 3.92% [07] 10.26% [02] 4.70%
[08] 28.17% [05] 2.38% [08] 25.29% [05] 2.66%
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According to the Typical-AHP calculations, the factors “NGL release in the sea” (08) and “C-101
damage due to overheating” (06) are more important since their weights are 28.17% and 22.53%,
respectively. The second more important group consists of the factor “Higher temperature crude to
tanks due to more oil flow” (01) with weight of 16.5%, and the (04) “Volatile hydrocarbons to crude
storage tanks from V-102” with 12.22% score. The third more important group includes hazards
with small differences on their weights but they are responsible for the 20.57% (cumulatively) of the
total risk. The risk factors belonging to this group are “Hydrate formation in V-110” (07), “No crude
stabilization due to column flooding” (03), “Stabilized crude containing H2S due to leak in E-102” (02),
and “Stabilized crude containing H2S due gas from V-102” (05).

The calculation with Fuzzy-AHP, results to a same ranking of the hazards, as shown in the last
column of Table 8. However, the distance of the weights between the first factor [08] and the second
factor [06] is dramatically reduced, meaning that the F_AHP can better describe the uncertainty of the
expert’s choices. Additionally, it is observed that except the ranked—as more important—hazards,
the scores of all the other hazards are increased, and especially the financial impact hazards ([06], [01],
[03]) are responsible (cumulatively) for the 51.62% of the total risk instead of the 45.22% found by
T_AHP. In addition, the scores of the hazards with impact on the workers’ health are higher than
these computed by Typical-AHP, namely the factor [04] is weighted to 16.14% and [07] to 10.26%. This
finding is of great interest for business managers and safety executives who, usually, are concerned
more about workers’ safety and health issues, as well as, about business profits, rather than impacts on
the environment. Additionally, the above findings could be used for prioritizing investments in health
and safety prevention measurements.

These results verify the findings of the recent study of Chan et al. (2019) [62] wherein the
circumstances under which the F_AHP is preferred over Typical-AHP are stated. More specifically,
in our case, quantitative difference was observed while the pair-wise comparison matrix is highly
consistent, and the importance of hazards is relatively close to one another. Due to the presence of the
above conditions, the F_AHP is used, having as a result the efficiency’s rising of the proposed approach,
since the proven ability of Fuzzy-AHP to handle uncertainty is necessary for applications such as risk
assessment in industry where ambiguous conclusions might affect health and safety of employees.

In the beginning of this article, the execution of the conventional HAZOP study is attained, to
identify the potential consequences and causes which correspond to irregular conditions. Thus, several
serious hazards/deviations (depicted in Table 6) are the following: “hydrocarbons releasing”, “H2S
releasing”, and “NGL releasing”, with regards to affecting breathing that may happen to people,
causing substantial problems to their health. In association with the results of the HAZOP technique,
on the one hand, and also the utilization of the DMRA for risk-ranking, on the other side, the T_AHP
and the F_AHP procedure is then applied consecutively, to expand HAZOP study by prioritizing the
risks in the SCOPI’s establishment. The choice of the explicit SCOPI for executing the HAZOP study is
greatly valuable for the implementation of this approach, due to a variety of hazards included in the
process, and because of its innovative design.

The hazards’ recognition (by HAZOP study) denotes that we could systematically assess and
judge the SCO process. This technique can be, consequently, considered as an efficient method, for
hazards’ identification and prediction, and it may enhance the safety levels, obstruct accidents and
increase the reliability of systems, through the decrease of operational and environmental problems [13].
The specific SCOPI, under consideration in this article, was proved to be trustworthy and safe, at such
a level that right establishment inspections and maintenance are imposed. The arranged approach
and systematic analysis that HAZOP technique provides, is a brilliant tool for judging the SCOPI’s
parts’ operation. In general, the equipment of chemical industries (and of SCOPIs as well) is extremely
expensive, because of the unique technical and quality specifications, and due to the fact, that such
equipment is regularly custom-engineered to particular applications. Therefore, any act of changing
(entirely or partially) the equipment, creates significant economic consequences to the corporation.
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To be brief, the examined SCOPI’s plant, despite its lengthy lifetime, presents tolerable risk in its
functioning, because of the appropriate inspection and maintenance [2].

The main results derived by applying the T_AHP and F_AHP are the following: (i) The outcomes
of the T_AHP and F_AHP process, agree (between them) on the final results as far as the hazards’
ranking is concerned; (ii) The most important source of risk is the deviation Nr [08], which has
an environmental impact. This finding is of great value given the fact, that both at the state/national
level (with the development of a legislative framework for environmental impacts) and also at the
international level (with global transnational agreements on the environmental impact of industrial
activity), the international community is becoming more and more aware of environmental issues
(e.g., CO2 footprint, climate change, industrial pollutants, etc.); (iii) F_AHP enhances (in comparison
with T_AHP) the hazards’ importance factors which have impacts on the financial consequences on the
company (e.g., deviations [06], [01], [03], [02]), as well as the impact on employee health (e.g., deviations
[04], [07]). This may be of greater interest to business manager and safety executives, who are firstly
concerned with the safety/health of workers, and the economical factor of their business, and less with
the impact on the environment.

In the present approach, we used F_AHP and T_AHP, so as to rank hazards, while exploiting the
expertise of the decision-maker. The hazards’ ranking using F_AHP remains the same with the ranking
using T_AHP, but the scores for each hazard are quite different, and the relative distances between
them are smaller/larger, respectively. These different scores are very important, in case of spending
budget, to safety measures, as they can lead to over/under-investing in measures for a hazard, resulting
to lower effectiveness in prevention of accidents. Additionally, as stated in Chan et al. (2019) [62],
given that there are present “judgments with dominant preference and equal important elements” in our case,
the total effectiveness of the approach could be benefited by using the Fuzzy-AHP.

5. Discussion and Conclusions

This work concentrates on the spreading out of the HAZOP process (i.e., one of the most frequently
applied in industry) and more particularly, on the widespread presentation: (i) of the conventional
HAZOP study, and (ii) of an extended HAZOP methodology with DMRA, combined with the
Typical-Analytical-Hierarchy-Process (T_AHP) and also with the Fuzzy-Analytical-Hierarchy-Process
(F_AHP). Additionally, the cooperative HAZOP_TAHP/FAHP scheme is performed as a unified
approach to identify and prioritize crucial points and impending hazards in a SCOPI (i.e., a case study),
which is remarkably important, since it combines many hazards, like gases, toxic gases and flammable
liquids as well. Hence, this is the reason for choosing the SCO chemical process as a case study.

This article provides a framework for systematically evaluating economical, health and also
environmental impacts, and prioritizing the risks by hazards or deviations from the normal operation
of a specific chemical process (i.e., a SCOPI). In particular, an individual technique cannot attain
optimal RAA results in the workplaces, and future points of view should focus on the concurrent
application of diverse RAA methods. Consequently, the development of an integrated RAA technique,
which will combine a well-considered selection of wide-ranging techniques (like HAZOP, DMRA,
T_AHP, F_AHP, etc.) would make able industries achieve substantial results in risk assessment [20–22].

Besides, this study is an effort to downgrade the negative aspects of conventional HAZOP through
the jointed HAZOP_TAHP/FAHP approach. In the literature, the improvement of HAZOP methodology
is underway, so that various techniques have been incorporated in traditional HAZOP studies, like the
subsequent combinations: (a) HAZO–DMRA that presented by Alaei et al. (2014) [13], (b) Fuzzy-DMRA
by Gul and Guneri (2016) [63], (c) HAZOP-AHP by Othman et al. (2016) [14] and Marhavilas et al.
(2019) [2], (d) HAZOP-dynamic FTA by Guo and Kang (2015) [64], (e) Fuzzy-based HAZOP by Ahn and
Chang (2016) [65], (f) Fuzzy multi-attribute HAZOP by Cheraghi et al. (2019) [15], (g) HAZOP-Fuzzy
TOPSIS by Cheraghi et al. (2019) [15], and (h) HAZOP–Fuzzy AHP by Marhavilas et al. (2020) [66].

It is worth mentioning that for the first time, through this work, we designate the weight of
risk-factors and prioritize the hazards by using together T_AHP and F_AHP in the environment of
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HAZOP. Likewise, the usage of the HAZOP_TAHP/FAHP framework on a SCOPI shows that this
combined technique displays a more distinct environment, as far as the hazards’ ranking is concerned,
compared to conventional HAZOP.

What is more, the Fuzzy-extended AHP was applied in the present study because of its usability,
since only the expert has to fill in a pair-wise comparison matrix with relative importance of each
hazard of the analysis over another. Next, the assignment of linguistic values (to Triangular Fuzzy
Numbers) rises the efficiency of the analysis, as the uncertainty of the expert’s judgments is taken
into account, which leads to a more reliable ranking in applications such as health and safety hazards
analysis, due to the impacts on the environment and workers.

It is noteworthy that by focusing on the deviations (illustrated in Table 6 and defined by
HAZOP study) with economic/health/environmental impacts: (i) we broaden, through this article,
the outcomes of our previous work, which have already integrated HAZOP with AHP [2], and (ii) we
unveil the sustainable dimension of the HAZOP_TAHP/FAHP approach, having as the main gain,
the improvement of the sustainable living in the specific SCOPI, taking into account that a significant
part of literature [18] utilized the issue of sustainability as a frame for the development of OHS
RAA techniques.

In fact, the idea of sustainability was used as a frame to develop OHS RAA methods, and the
greater part of OHS subjects are associated with enterprises’ compliance with legislation requests,
while a considerable part of literature integrated OHS issues into the concept of social responsibility
of organizations, which should go beyond the law by adopting voluntary OHS standards [18].
Furthermore, the implementation of the methodology that developed within this article could be useful
to reorganize the production processes of some industries in order to reduce operational risk and to
lead sustainable manufacturing. To this logic, the concept of sustainability is utilized as a frame for the
development of OHS RAA techniques.

Therefore, this is the new contribution of this piece of writing (in comparison with previous
work), and also one of its main aims. Likewise, an extra intention is to disclose that the proposed
HAZOP_TAHP/FAHP framework could be a valuable means for decision-makers to meliorate OHS
and process safety, as well, and to support the sustainable operation of this SCOPI.

We have the opinion that the usage of the new alternative framework, which is presented in this
paper, would help industries in the achievement of occupational risk prevention. In future work, we are
planning (a) the development of additional RAA frameworks (including more stochastic/deterministic
techniques), and (b) the application on OHSS of SCOPIs and other industries. This means that according
to Zheng and Liu (2009) [67], there is a potentiality for the combination of more different techniques
(like neural networks, Markov chains, grey model, Bayesian networks, etc.) with traditional HAZOP.

In conclusion, the joint-analysis (by HAZOP_TAHP/FAHP) in this article can afford a reliable
base to enhance process safety and meliorate OHS. Similarly, it might be a constructive means for the
decision-makers to: (a) evaluate the urgent situation of investment’s restricted resources in measures
preventing particular deviations (like the ones with economic, health and environmental consequences),
and (b) to endorse the sustainable growth of this industry. Besides, the novelty and key points of
this study or, in other words, its contributions to "new knowledge" as far as health and safety science
are concerned, could be focused on: (i) the development of an alternative beneficial RAA process
(i.e., the HAZOP_TAHP/FAHP one), (ii) the improvement of RAA processes due to combination of
separate RAA techniques with real data of deviations (hazards), (iii) the comparison of their outcome
risk-estimation results (T_AHP vs. F_AHP), (iv) the application of this new technique (as a case
study) on a SCOPI, which presents significant scientific interest, and (v) the enrichment of the scientific
literature with new results for the OHSS and principally in the field of sour-crude-oil processes.
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Appendix A

The appendix contains the tables which illustrate the outcomes from the implementation of HAZOP analysis
using the elements “Level”, “Flow”, “Pressure”, “Temperature”, “Composition” and “Containment”, concerning
“Node-5”.
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Table A1. The “Level”-Element of “Node-5”.

Node 5

Element Level

Guideword Deviation Possible Cause Consequences Safeguards Risk Matrix
Recommendations

S L R

More Higher level in V-102
bottom

1. P-101
shutdown

- No production
to storage

- Column flooding, poor
H2S stripping

- 1.1 High Level
Alarm LT-106

- 1.2 Spare P-101
- 1.3 LSH-134 alarm

4 2 AC None

2. LT-106 failure - 2.1 LSH-134 alarm 4 3 AC None

3. Oil line to
storage blocked

- 3.1 LSH-134 alarm
- 3.2 High Level

Alarm LT-106
4 3 AC None

Less

Lower level in V-102
bottom 4. LT-106 failure

- Gas to storage
- H2S release in the tanks

- 4.1 PdT high alarm 2 3 1 Install an LSL alarm
at V-102

Lower level in V-102
chimney tray

5. Low oil input
to V-102

- No feed to E-101
- Poor crude stabilization

- 5.1 Crude from
LV-106 sampling
every 4 hours

4 2 AC None
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Table A2. The “Flow”-Element of “Node-5”.

Node 5

Element Flow

Guideword Deviation Possible Cause Consequences Safeguards Risk Matrix
Recommendations

S L R

More

More crude-oil input
flow 6. FV-107 bypass open

- Poor crude stabilization
- Crude to V-103. Possible

damage to C-101
None 4 4 NSR None

More crude vapors
output from E-101

7. Increased temperature
in E-101

- Pressure increase
- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

- 7.1 PSV-108/109
will open

- 7.1 H2S alarm
- 7.2 Explosive alarm

2 3 1 None

8. High volatility oil from
platform 2 4 AC None

More steam flow to
E-101 9. TT-101A/B Failure

- Damage to E-101
- Loss of non-volatile

hydrocarbons
through V-103.

- Increased
steam consumption

None 4 3 AC Install TSH alarm in
E-101 vapor exit

More gas flow to
V-103

10. High H2S content of
oil

- Pressure increase
- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

- 9.1 PSV-210/211
will open

- 9.2 PV-103B will
open to flare

- 9.3 H2S alarm
- 9.4 Explosive alarm

2 4 AC None

11. Excessive vapor
production in E-101

- Pressure increase
- Loss of non-volatile

hydrocarbons
through V-103

- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

- 10.1 PSV-210/211
will open

- 10.2 PV-103B will
open to flare

- 10.3 H2S alarm
- 10.4

Explosive alarm
- 10.5 PdT alarm

2 3 1 None
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Table A2. Cont.

Node 5

Element Flow

Guideword Deviation Possible Cause Consequences Safeguards Risk Matrix
Recommendations

S L R

Less

Less crude-oil input
flow

12. Low oil flow from
platform

- Column disks not
working properly.

- Poor stabilization

- 12.1 Crude from
LV-106 sampling
every 4 hours

4 2 AC None

13. FT-107 failure 4 3 AC None

Less crude-oil vapors
output flow from

E-101

14. TT-101 failure

- Poor stabilization 3 3 AC

Install TSL alarm at
E-101 vapor output

15. Non-volatile oil from
platform None

Less steam flow to
E-101 16. TT-101 failure None

Less stabilized oil
flow to P-101

17. Low oil flow from
platform

- Pump cavitation None 4 3 AC Install a FSL alarm at
P-101 suction

Reverse Reverse flow of gas to
FV-107 18. Pipeline fracture

- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

- 18.1 H2S alarm
- 18.2

Explosive alarm
2 4 AC None

No

No crude-oil input
flow

19. No oil flow from
platform

- No production - 19.1 PSL-120 alarm 4 3 AC None

No steam flow to
E-101

20. FT-110 Failure - No crude stabilization
- 20.1 TR-201 will

record the
temperature drop

3 3 AC Install a TSL alarm at
E-101 vapor exit

21. Steam production
facility failure None 3 4 AC None

22. Blocked E-101 tubes - 22.1 Spare E-101 3 3 AC None

No stabilized crude
flow

23. P-101 shutdown
No Production

- 23.1 PSL-120
P-101 Discharge

- 23.2 Spare P-101
4 3 AC None

24. Pipeline to storage
blocked None 4 3 AC None
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Table A3. The “Pressure”-Element of “Node-5”.

Node 5

Element Pressure

Guideword Deviation Possible Cause Consequences Safeguards Risk Matrix
Recommendations

S L R

More

More pressure in
crude input line

25. Column tray disks
clogged

- No crude stabilization None 3 3 AC None

More pressure in gas
line

26. PT-103 failure

- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

- 26.1 PSV 110/111
will open to flare

- 26.2 H2S alarm
- 26.3

Explosive alarm

2 3 1 None

27. Line to V-103 blocked

- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

- 27.1 PSV 110/111
will open to flare

- 27.2 H2S alarm
- 27.3

Explosive alarm
- 27.4 PV-103B will

open to flare

3 3 AC None

More pressure in
pipeline to P-101 28. PT-103 Failure

- Pump seal failure
- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

None 3 3 AC None

More pressure in
E-101

29. Line from E-101 to
V-102 blocked

- No crude stabilization
- E-101 fracture
- H2S release
- Oil spill-Fire Hazard
- Explosion Hazard

- 29.1 PSV-109 will
open to flare 3 3 AC None

30. Steam to Crude leak

- Increased V-102 pressure
- Crude to storage increased

water content

- 30.1 PSV-109 will
open to flare 3 3 AC During shutdown

check E-101 integrity
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Table A3. Cont.

Node 5

Element Pressure

Guideword Deviation Possible Cause Consequences Safeguards Risk Matrix
Recommendations

S L R

Less

Less pressure in
crude input line

31. PT-102 failure - No production None 4 3 AC None

32. Pipeline fracture

- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

- 32.2 H2S alarm
- 32.3

Explosive alarm

2 4 AC

None

Less pressure in
pipeline to P-101 34. PT-102 failure - Pump Cavitation None 3 3 AC None

Less pressure in gas
pipeline 35. Pipeline fracture

- Pipeline fracture
- H2S release
- Oil spill
- Fire Hazard
- Explosion Hazard

- 32.2 H2S alarm
- 32.3

Explosive alarm
2 4 AC None

Table A4. The “Temperature”-Element of “Node-5”.

Node 5

Element Temperature

Guideword Deviation Possible Cause Consequences Safeguards Risk Matrix
Recommendations

S L R

More Higher temperature
in E-101 exit

36. FT-110 failure
- Steam waste
- More hydrocarbon

evaporation and escape to
Sour Water

- 36.1 TR will record
temperature increase 3 3 AC Install a TSH alarm at

E-101 output
37. TT-101 failure None 3 3 AC

38. Steam leakage to
crude in E-101

- Increased pressure in V-102
- Steam Waste

- 38.1 PSV-109
will open 3 4 AC

Less Low temperature in
E-101 exit

39. FT-110 failure - Poor Crude stabilization
- 36.1 TR will record

temperature increase 3 3 AC None

40. TT-101 failure None 3 3 AC None
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Table A5. The “Composition”-Element of “Node-5”.

Node 5

Element Composition

Guideword Deviation Possible Cause Consequences Safeguards Risk Matrix
Recommendations

S L R

Other than
Composition in

Crude to storage
other than required

41. Low steam flow to
E-101 - Increased H2S in crude

to storage
- H2S release in the tanks

- 41.1 Crude to
storage sampling
every 4 hours

3 3 AC Install a TSL alarm in
E-101 output

42. Low crude input 3 2 1 None

43. High crude input 3 4 AC None

44.Asphaltenes on
Column disk

- 44.1 High Pressure
differential PdT-140 3 3 AC None

Table A6. The “Containment”-Element of “Node-5”.

Node 5

Element Containment

Guideword Deviation Possible Cause Consequences Safeguards Risk Matrix
Recommendations

S L R

No No Containment

45. Fractured Vessel - Oil spill
- Sour water spill
- H2S release
- Fire hazard
- Explosion hazard

- 45.1 H2S Alarm
- 45.2

Explosives Alarm

2 3 1
Install a PSL alarm at
V-101

46. Valve opened to
atmosphere

Allow only qualified
personnel to operate
valves
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