
Citation: Baihaqi, I.; Lazakis, I.;

Supomo, H. Integrated Value

Engineering and Risk Assessment

Performance Measurement

Framework in Ship-Manufacturing

Industry towards Net Zero Emissions

Using Fuzzy DEMATEL-AHP.

Machines 2023, 11, 799. https://

doi.org/10.3390/machines11080799

Academic Editor: Mosè Gallo

Received: 24 June 2023

Revised: 23 July 2023

Accepted: 29 July 2023

Published: 3 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Article

Integrated Value Engineering and Risk Assessment
Performance Measurement Framework in Ship-Manufacturing
Industry towards Net Zero Emissions Using
Fuzzy DEMATEL-AHP
Imam Baihaqi 1,2,* , Iraklis Lazakis 1 and Heri Supomo 2

1 Department of Naval Architecture, Ocean, and Marine Engineering, University of Strathclyde,
Glasgow G4 0LZ, UK

2 Department of Naval Architecture and Shipbuilding Engineering, Institut Teknologi Sepuluh Nopember,
Surabaya 60111, Indonesia

* Correspondence: imam-baihaqi@strath.ac.uk

Abstract: This paper aims to apply the novel integrated Value Engineering and Risk Assessment
(VENRA) framework for measuring shipyard performance based on the combination of fuzzy
Decision Making Trial and Evaluation Laboratory (DEMATEL) and Analytic Hierarchy Process (AHP)
tools. These are used to assess the criteria cause-effect and weight ranking analysis, considering the
causal and affected groups while prioritising the criteria and sub-criteria ranking. A shipyard case
study was used to apply the proposed framework, showing that the shipyard with a high personnel’s
safety group is majorly more important than the environmental impact. The combination of hybrid
MCDM tools has enhanced the process of determining the criteria analysis. Waste management has
become the most impacting attribute amongst the criteria group, while the HSE department is the
most critical criterion. However, the green energy used is still a minor factor as it is still not fully
exploited within the existing shipyard and has not been fully supported by existing regulations yet.

Keywords: ship-manufacturing performance measurement; Value Engineering; risk assessment;
fuzzy DEMATEL-AHP; personnel safety; environment

1. Introduction

Ship manufacturing, which includes new shipbuilding, ship repair and maintenance,
and ship conversion, is a complex industry, having to build, repair or convert a complex
asset, such as a ship. Shipbuilding and ship repair acquire specific knowledge of managerial,
financial, contractual, and other aspects within the marine industry, which differs from the
general manufacturing sector. As this requires a unique ability to consider (among others,
the shipyard has a slow-yielding business, and the payback period is relatively long [1]
could be more than 15 years), the parameters used to measure the shipyard’s performance
require a different set of criteria to be developed.

The challenge of a future greener shipyard needs a new performance measurement as
the current studies show that the focus is more on technological, business, and supply chain
aspects, and these are fragmented. Integrating these aspects, including personnel safety
and environmental impact on shipyard performance, is urgently required. Furthermore,
the shipyard industry has not been governed yet by International Maritime Organization
(IMO) as part of Greenhouse gas (GHG) emission contributors. In a reference study by
Chatzinikolaou and Ventikos [2], shipyards contribute about 2% and 1% to shipbuilding and
ship repair in GHG emissions impacts in the marine sector, which needs to be considered

Performance measuring tools can determine the element of “what industry perfor-
mance should be based on a number of attributes”. This tool is critical to developing a
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competitive company to enhance value, quality, resilience, and manufacturing cost. The ap-
propriate critical screening of components also involves choosing what aspects of corporate
achievement should be examined since they determine how the assessment is undertaken,
influencing the process of decision-making [3]. Concerning this condition, selecting ap-
propriate parameters for performance measurement remains essential in shipyards as it
impacts the results and further strategic steps to improve the existing gaps for future
challenges.

This study aims to develop a novel performance assessment for the ship-manufacturing
industry through the concept of integrated Value Engineering and Risk assessment. The
framework incorporates the five criteria groups: Technical, Business, External, Person-
nel’s Safety and Environment groups. The combination of Value Engineering and Risk
Assessment provides a systematic methodology for enhancing value (quality, cost and
delivery) while reducing the risk in terms of safety and environment, which is the potential
to be implemented for shipyard performance measurement. Specifically, this research
demonstrates the Personnel’s Safety and Environment group as part of all VENRA criteria
and is applied in a shipyard case study. In addition, since it uses MCDM tools to assess
the criteria analysis, it proposes a new methodology of fuzzy DEMATEL-AHP to gain
improved results in assessing the criteria cause-effect and weight analysis.

The following are the remaining sections: The second section explores the literature
and critically examines performance measurement in ship manufacturing models, Value
Engineering and Risk Assessment concept, and fuzzy Multi-Criteria Decision Making
(MCDM). Section 3 presents the detailed VENRA framework, followed by the application
in a shipyard case study and findings in Section 4. Section 5 contains the paper’s discussion
and is closed with conclusions and future works.

2. Literature and Critical Review

This section has three main parts. The review process is conducted by investigating
the existing literature through Scopus, ScienceDirect and Emerald journal articles databases
along with the Google Scholars database using specific keywords, such as performance
measurement in shipyards, shipbuilding, ship repair and maintenance, Value Engineer-
ing and Risk Assessment in construction projects and marine sector (ship design, ship
construction, ship production), and fuzzy DEMATEL and AHP tools used in the marine
sector. A number of noteworthy articles were identified for use in this paper. However, for
consistency and space requirements, the most relevant papers are included in the literature
and critical review section.

2.1. The Models in Ship-Manufacturing Performance Assessment

In the first instance, the ship-manufacturing or called as shipyard’s performance is
measured based on productivity as person-hour/Compensated Gross Tonnage (CGT),
which is used for shipbuilding and has been revised and updated with the latest one in 2007
by OECD [4]. Currently, person-hour/CGT is still applicable and used as a measurement,
such as a study by Roque and Gordo [5], who proposed a holistic method to measure
shipbuilding productivity by cost centre. However, this productivity model cannot accom-
modate another influencing factor as it only measures the man-hour recorded, the type of
the ship, such as general cargo or passenger ships and CGT measurement, which considers
the ship size and the work content.

The Data Envelopment Analysis (DEA) tool is proposed for assessing shipyard
performance since it provides a comprehensive approach by considering various influ-
encing factors. This model incorporates both quantitative metrics and qualitative at-
tributes through an input-output framework. Several studies, such as Chao and Yeh [6],
Pires et al. [7], and Rabar et al. [8], have utilised DEA to compare shipyard competitiveness,
benchmark shipbuilding performance, and analyse dry-docking performance, respectively.
DEA enhances the inclusion of influencing factors and can be integrated with other tools
and methodologies. However, DEA’s limitations include the requirement of sufficient data,
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which requires the ratio of Decision Making Units (DMUs) to analysed factors to be at least
twice the combined inputs and outputs attributes [9,10], or it needs a minimum of three
DMUs per the number of input and output parameters count [11]. The other limitation
is that the DEA approach is a non-parametric method and is unable to determine the
attribute’s rank.

The enhanced model for shipyard performance utilises multi-criteria decision-making
(MCDM), as demonstrated in studies, such as Gavalas et al. [12] on assessing shipbuilding
performance indicators and Sahin et al. [13] on selecting the best shipyard. It has also
been employed to analyse the shipbuilding sector’s barrier factors in achieving net-zero
emissions [14]. The MCDM approach improves the assessment process by considering
multiple factors, determining the criteria ranking, and comprehensively assessing shipyard
performance. However, there is limited literature on the application of the MCDM model
specifically for shipyard performance. Baihaqi et al. [15] proposed developing a multi-
transdisciplinary framework, suggesting a number of criteria and applied to the shipyard
performance measurement with the case study in the technical aspect through a hybrid
MCDM approach.

Since the MCDM models have advantages, the next issue in shipyard performance
is which criteria should be included in the measurement. The productivity model only
includes the person-hour and CGT, presenting the ship type complexity and size. In
DEA models, a number of criteria can be included, such as technology and industrial
environment [16]. The MCDM model also can include various factors and dimensions,
such as a study by Kafali et al. [17], who evaluated the shipbuilding cutting technologies
for piping through criteria involving cost, risk, and performance, which break down into
several sub-criteria, showing that worker safety is more important than environmental
impact. Another study [14] analysed the barrier factors in applying the green energy
used for shipyards which dominate with cost factors. However, no framework integrates
multi-dimension criteria for shipyard manufacturing performance measurement.

2.2. Integrated Value Engineering and Risk Assessment

Since the influencing criteria included in shipyard performance are scattered, and
there is no guidance in determining the selected criteria, a framework is required to develop
this and assess the measuring process. A balanced scorecard framework from Kaplan and
Norton can include four dimensions: customer, financial, internal and innovation and
learning dimensions [18], and this approach has also been applied in shipbuilding to assess
shipbuilding indicators [12]. The other potential framework is Tree Bottom Line (TBL),
which incorporates three dimensions: people, the economy and the environment. This
TBL approach has also been applied to investigate the risk analysis models for the ship
recycling sector [19]. However, both models only accommodate non-flexible and limited
dimensions. The balanced scorecard model integrates the parameters which focus on the
financial or business and has no basic guidelines for selecting performance measures as
well as has complex feedback from the financial perspective to the customer and process
perspectives [20]. On the other hand, the TBL model is limited to the three dimensions
mentioned above and cannot accommodate the criteria’s flexible dimensions.

Value Engineering (VE), introduced by Laurence D. Miles in the late 1940s, has a
systematic process that aims to improve the value and quality of a product or service while
simultaneously reducing costs [21,22]. This approach involves multidisciplinary experts
from various fields throughout the steps called the VE-jobs plans. This approach can be
effectively combined with many tools, such as the combination with gray multi-criteria
approach for decision-making [23], Quality Function Deployment (QFD) [24], sustainability
considerations in construction projects [25], and concept of design for assembly for project
development in products [26]. Furthermore, this concept can also be incorporated with risk
assessment practices and applied in the automotive industry through the Function Analysis
System Technique (FAST) and Failure Mode and Effect Analysis (FMEA) as proposed by
And̄elić et al. [27] and in the domain of construction project management as discussed by
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Masengesho et al. [28]. Nevertheless, it is worth noting that according to Baihaqi et al. [29],
the integrated VENRA concept has primarily been analysed theoretically and qualitatively,
with limited practical application within the marine sector.

Drawing upon the systematic concept of integrated VENRA, this framework can be
employed to incorporate more flexible criteria proposed for ship-manufacturing perfor-
mance assessment. Moreover, as previously elucidated, the utilisation of multidimensional
experts in VE eliminates the limitations typically associated with individual experts in each
specific dimension and facilitates comprehensive improvement across multiple dimensions.

2.3. Fuzzy DEMATEL and AHP

DEMATEL is a tool that can provide a cause-effect analysis and support the weighting
process of criteria used, which on the other hand, is very limited within the MCDM-relevant
research field. This tool can deal with a number of complex attributes in the decision-
making process and simultaneously determines the causal and affected criteria group
and provides the criteria ranking [30,31]. This MCDM tool can be combined with Fuzzy
Set Theory (FST), as introduced by Zadeh [32], and incorporated into fuzzy DEMATEL,
removing the numerical way and subjectivity in the assessment process and using a
linguistic approach, which is more natural for experts.

The fuzzy DEMATEL tool has been applied in marine sectors, especially in assessing
the causal factors, such as the study by Kuzu [33] in analysing the causal factors affecting
the accident of break-in two of ship hull construction and the research by Soner [34] in
analysing the causal factors affecting the accidents/incidents in confined space on ship-
board. It also has been applied in ship recycling safety management [19], port performance
measurement [35] and also in assessing shipbuilding indicators [12]. However, limited
studies use fuzzy DEMATEL to assess the criteria weight in marine shipyard performance,
and the results for criteria weighting are relatively not too strong [36]. Combining this
fuzzy DEMATEL with other tools can enhance the weighting analysis methodology.

There are many criteria weighting methods used in MCDM tools, such as Simple
Additive Weighting, Weighted Evaluation Technique (WET), and Analytical Neural Process
(ANP). However, the tool that is well-applied and considers a consistency ratio index is
Analytical Hierarchy Process (AHP), which was introduced by Saaty [37]. A review of
new weighting methods in MCDM tools also shows that AHP provides a thorough and
robust approach for weighting analysis applicable in many sectors [38]. The AHP tool has
been widely applied in the marine sector as well, such as for selecting the best shipyard
integrated with FST tool [13] and analysing the barrier factors in implementing green
energy in shipbuilding [14]. However, to the best of the authors’ knowledge, there is no
study in the present literature combining fuzzy DEMATEL and AHP in assessing a number
of criteria in the marine sector, especially those associated with shipyard performance
measurement.

This paper has two contributions. First, it presents the development of a novel inte-
grated VENRA framework as a new performance assessment for the ship manufacturing
industry. Second, it suggests a new hybrid approach, proposing the combined fuzzy
DEMATEL and AHP methodology to analyse the attribute cause-effect and ranking.

3. The VENRA Framework

Figure 1 presents the novel VENRA framework for the ship-manufacturing perfor-
mance measurement. It consists of three main parts: Developing the VENRA criteria model,
the criteria assessment process through MCDM tools and the shipyard assessment through
the collected shipyard’s case study data. After the shipyard’s performance is measured,
suggestions or recommendations are provided for future enhancement, filling the existing
gaps to improve or maintain the shipyard’s condition.
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Figure 1. The novel VENRA performance measurement framework for ship-manufacturing.

The development of criteria models for shipyard performance entails integrating
knowledge from integrated Value Engineering and Risk Assessment. This is achieved
through a combination of existing literature and expert interviews. The collected criteria
are then evaluated using MCDM tools, such as fuzzy DEMATEL, fuzzy SAW, fuzzy AHP, or
WET, which aim to determine weight rankings, interrelationships, and cause-effect analyses.
Simultaneously, the shipyard’s data, aligned with the established criteria, is assessed using
a combination of qualitative and quantitative approaches, such as an objective grading
system or fuzzy group decision-making. The scores obtained from assessing the attributes
and the shipyard’s data are incorporated to measure overall shipyard performance. The
resulting measured results can serve as valuable support for stakeholders’ future strategic
decision-making processes. The following sub-section introduces the VENRA criteria
framework and elements in more detail.

3.1. VENRA Criteria Framework

As shown in Figure 1, the developed framework includes five criteria groups called
the VENRA criteria framework. Since it consists of several criteria, the VENRA criteria are
explained further in more detail in Figure 2. The Technical Group comprises six criteria, the
Business Group encompasses eight criteria, and the External Group includes three criteria.
The Personnel’s Safety has six criteria while the Environment Groups include five criteria.
These criteria are specifically formulated based on the principles of VENRA, aiming to
optimise value (cost, quality, time) while concurrently minimising risk.

The incorporated five groups and criteria are suggested as ship-manufacturing’s
new performance measurement attributes. The first three groups have several sub-criteria,
which are very extensive and detailed. Since the number of criteria and detailed explanation
of criteria and sub-criteria are extensive and considering the typical space requirement in
this paper, the Personnel’s Safety and Environment groups are presented and explained
in more detail, as shown in Table 1. The subsequent articles will include comprehensive
descriptions of the remaining categories.

S1 attribute refers to the role of the HSE department in managing shipyard safety,
specifically for workers, such as providing the Standard safety operating procedures,
controlling the execution and providing a mitigating action to prevent or minimise the
risk to personnel’s safety. S2 criterion includes the establishment of shipyard’s policy to
enhance the shipyard’s personnel safety which is beyond the minimum safety standard.
The S3 criterion describes the availability and expiration date of the shipyard’s safety
certification, such as ISO or OHSAS. The S4 criterion refers to the recorded periodic safety
training conducted by the shipyard and how the training is delivered (in person or online)
for office and production line workers. S5 and S6 refer to the minor and major recorded
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incidents/accidents within a specific time, such as annually, five years or ten years and the
type of incidents/accidents that occurred (skin burn, head hit, fall, leg broken, death).
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Table 1. VENRA framework personnel’s safety and environment criteria.

Criteria
Code Description

S1 The availability and the role of HSE in the department

S2 Safety policy established and enforced by the HSE department

S3 The availability of safety certificates in the shipyard, e.g., OHSAS certificate

S4 Safety training conducted periodically

S5 Number of minor accidents/incidents annually

S6 Number of Major accidents/incidents annually

En1 Procedure/guideline to handle waste management (for dangerous and non-dangerous)

En2 Availability of dangerous goods storage (chemical, battery, radioactive, etc.)

En3 Availability of non-dangerous goods storage (oil waste, scrapped steel, slag,
barnacles/scrapped biofouling, etc.)

En4 Covered sandblasting workshop to prevent air pollution (Availability, condition, function)

En5
The stage of environmentally friendly energy used in the shipyard (plan, application in partial

sector, application in major sector), e.g., solar panel energy, gas-energy-driven rather than
diesel engine used for electricity power

On the other hand, En1 refers to standard operating procedures to handle waste man-
agement, either dangerous or non-dangerous and how it is implemented in the shipyard.
En2 and En3 include the storage availability of dangerous and non-dangerous goods and
how the shipyard handles them if the storage is unavailable. En4 refers to the availability
and condition of covered sandblasting workshops for raw materials and assembly parts
of ship construction, including the sand type used (is it environmentally friendly or not),
the type of blasting techniques (wet or dry), and equipment condition. En5 includes the
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shipyard’s stage to implement green energy use (plan, partially implemented, majorly
implemented), including the use of low-energy-efficient machinery and lighting, the use of
environmentally friendly energy resources (either external or internal), and the effort to
reduce energy consumption.

3.2. Methodology

The flowchart of the methodology combining fuzzy DEMATEL and AHP is presented
in Figure 3. A detailed explanation of each methodology is presented in the next sub-
subsection.
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3.2.1. Fuzzy DEMATEL

The typical scale used in fuzzy DEMATEL is from 0 to 4, which is relatively con-
ventional but too narrow to handle the wider scale required for expert opinion. Fuzzy
DEMATEL uses a modified version of the scale created by Chen and Hwang [39], as
indicated in Table 2.

Table 2. Fuzzy DEMATEL scale linguistic and abbreviation used for evaluation.

Abbreviation Linguistic Term
Triangular Fuzzy Number

Low (l) Medium (m) Upper (u)

N 0. None 0 0 0.1
VL 1. Very Low 0 0.1 0.2
L 2. Low 0.1 0.3 0.5

FL 3. Fairly Low 0.3 0.4 0.5

ML 4. More or less
low 0.4 0.45 0.5

M 5. Medium 0.3 0.5 0.7

MG 6. More or less
good 0.5 0.55 0.6

FG 7. Fairly Good 0.5 0.6 0.7
G 8. Good 0.5 0.7 0.9

VG 9. Very Good 0.8 0.9 1
E 10. Excellent 0.9 1 1

Step 1 to step 7, in the following paragraph, presents the fuzzy DEMATEL methodol-
ogy, starting from obtaining the fuzzy direct-relation matrix to constructing the cause-effect
diagram.
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Step 1. Experts’ pairwise comparisons of the criteria are used in step 1 to construct a

n × n fuzzy direct-relation matrix
∼
A. The criterion j which is affected by the criterion i is

presented by its components as presented in ãij =
(
lij, mij, uij

)
. Table 3 details the grading

and weighting used to determine the expers degree of level based on their formal degree
education background, experience in the industry, and experience in academic working.

Table 3. Scoring model for grading the experts level.

Formal Academic Background
(Weight: 15%)

Practical Experience in
the Industry (In Years)

(Weight: 70%)

Experience in
Academic Working

(In Years)
(Weight: 15%)

Group Score Year Range Score Year Range Score

High School 25% ≤5 40% <5 35%
Diploma (Pre-University) 35% 6–10 60% 5–10 50%

S1/Bachelor’s degree 60% 11–15 85% 11–15 75%
S2/Master’s degree 85% 16–20 90% 16–20 90%
S3/Doctoral/PhD 100% ≥21 100% ≥21 100%

Let’s suppose that the weight of expert’s opinion Ek (k = 1, 2,. . ., M) is wek, which each
expert’s relative importance is calculated. It starts with gathering the experts’ profile data
which is scored according to the expert’s scoring model in Table 3, and then calculating
each score as rek. Eventually, it defines the expert’s importance degree, wek, as follows:

wek =
rek

∑M
k=1 rek

(1)

As a result, the acquired aggregated experts in the form of a n × n fuzzy direct-relation
matrix become:

aij =
1≤k≤M

∑
k

wek

(
al

ij, am
ij , au

ij

)
(2)

Step 2. Using Equation (3), get the normalised fuzzy direct-relation matrix
∼
X

∼
X = s×

∼
A (3)

where s = 1
max1≤i≤n∑n

j Uij
.

Step 3. Classify the three crisp matrices (low, middle, upper) based on
∼
X, where

∼
x ij =

(
lij, mij, uij

)
.

Xl =


0 l12 . . . l1n

l21 0 . . . l2n
...

...
ln1 ln2 . . . 0

, Xm =


0 m12 . . . m1n

m21 0 . . . m2n
...

...
mn1 mn2 . . . 0

,

, Xu =


0 u12 . . . u1n

u21 0 . . . u2n
...

...
un1 un2 . . . 0

,

Step 4. Use Equations (4)–(7) to derive the fuzzy total-relation matrix
∼
T.

∼
T =

∼
X
(

I −
∼
X
)−1

(4)

Matrix
[
l′ ij
]
= Xl(I − Xl)

−1 (5)

Matrix
[
m′ ij

]
= Xm(I − Xm)

−1 (6)
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Matrix
[
u′ ij
]
= Xu(I − Xu)

−1 (7)

∼
T =


∼
t 11

∼
t 12 . . .

∼
t 1n

∼
t 21

∼
t 22 . . .

∼
t 2n

...
...

∼
t n1

∼
t n2 . . .

∼
t nn

 where,
∼
t ij =

(
l′ ij,m′ ij,u′ ij,

)
,

Matrices with ones on the main diagonal and zeros everywhere else are called identity
matrices, abbreviated as I.

Step 5. Matrix defuzzification to find the best non-fuzzy performance (BNP) of matrices
∼
T using centre of area (COA) method (Equation (8)) and calculate the sum influence matrix
for each group of attributes.

BNPij =
uij − lij + mij − lij

3
+ lij (8)

Step 6. Calculate and determine the causal and affected criteria group as well as the
ranking of criteria. It starts with summing up the row sum (Ri) and column sum (Cj) in
the total influence matrix. The score of (Ri − Cj) determine the causal or impacted factors,
in which the positive one means the attribute is classified as the causal factor, whereas if
it is negative, the factor is classified as the affected group. The (Ri + Cj) scores provide
importance score or weight or criteria, where the higher has more important level.

Step 7. Based on the score of (Ri + Cj) and (Ri − Cj), the cause-effect relation graph is
created where (Ri + Cj) score refers to the axis and and (Ri −Cj) score refers to the ordinate.

3.2.2. Analytic Hierarchy Process (AHP)

The fuzzy DEMATEL is combined with AHP in this research to strengthen the weight
determination of criteria. First, the pairwise evaluation matrix of all the criteria is con-
structed and then is scored using the AHP scale in Table 4 to the pairwise comparisons by

expert judgementa as to the following matrix
∼
Z.

∼
Z =


1 a12 . . . a1n

a21 1 . . . a2n
...

...
. . .

...
an1 an2 . . . 1

=


1 a12 . . . a1n
1

a12
1 . . . a2n

...
...

. . .
...

1
an1

1
an2

. . . 1


Table 4. Pairwise comparison scale for the AHP method.

Rating Definition

9 Row extremely more important

8 Row very strongly to extremely more important

7 Row very strongly more important

6 Row strongly to very strongly more important

5 Row strongly more important

4 Row moderately to strongly more important

3 Row moderately more important

2 Row equally important to moderately more important

1 Row and column equally important
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The next step is to calculate the standardised matrix by dividing each matrix by the
sum of each column. The weight is gained by averaging each attribute’s row matrix and
converting it into percentages.

The next step is calculating the consistency ratio (CR). First, the standardised matrix
in each column is divided by the weight in each row. These results are then summed in
each row and divided by the corresponding weight in each row. The average of the sum of
the column divided by the corresponding weight results, the λmax. Consistency Index (CI)
can be calculated according to Equation (9), where n is the number of criteria. Equation (10)
determines the values of CR, where RI values are determined considering the matrix size,
as shown in Table 5. It is suggested that the result of CR is 0.1 or less.

CI =
λmax − n

n− 1
(9)

CR =
CI
RI

(10)

Table 5. Random Index (RI) based on matrix’s size [35].

Size of Matrix 1 2 3 4 5 6 7 8 9 10

Random Index (RI) 0 0 0.52 0.89 1.11 1.25 1.35 1.4 1.45 1.49

In the following section, the explained concept of the VENRA framework for ship-
manufacturing performance is demonstrated in a shipyard application case study located
in Indonesia to illustrate its applicability and efficacy.

4. Case Study and Results
4.1. Shipyard Case Study and Data Analysis

The subject of the case study is a shipyard in Indonesia specialising in constructing
steel and aluminium vessels. Throughout its operational history, this small shipyard
has primarily concentrated on producing distinctive offshore support vessels and fast
patrol boats made from aluminium. Furthermore, the shipyard possesses the capacity to
construct general cargo and passenger ships up to 2000 GT. It has also gained valuable
experience through engagements with the Indonesian government’s Sea-Toll-Ship program
and general cargo shipbuilding projects both domestically and internationally.

Multiple methodologies were employed to collect data for this study, encompassing di-
rect surveys and semi-structured interviews conducted with representatives of the shipyard,
alongside the utilisation of online resources, reports, and publications. The data collection
process can be categorised into three distinct groups within this paper. First, information
was obtained from the shipyard’s website, company profile, and internal technical reports.
The second resource is from the expert opinions and informed judgments procured from
analogous shipyards, and the last resource is based on assumptions derived from observed
conditions and benchmarking processes. Subsequently, the collected data were summarised
and evaluated based on their qualitative and quantitative values validated by shipyard
experts, enabling the acquisition of requisite results necessary for measuring the shipyard’s
performance.

The summarised shipyard data pertaining to personnel safety and environmental
considerations, adhering to the criteria outlined by the VENRA framework, is presented in
Table 6. These data points have been scored employing the developed grading system.
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Table 6. The shipyard’s case study data.

Criteria
Code

Assessed Data from the Shipyard
Data Acquired

Verbal Assessment Score

S1 The significant role of HSE in the safety plan, process and control in the shipyard 90 Interview

S2 Safety policies are implemented, such as regular safety toolbox checks and safety
induction for personnel and visitors. 70 Interview

S3 ISO 45001:2018: Health and Safety Management System 90 Shipyard’s data

S4 Conducted periodically (possibly) 75 Interview,
Assumption

S5 Four minor accidents occurred and were recorded within the last six month 55 Interview

S6 Possibly less than two non-fatal major accidents/incidents in a year
(but not recorded) 65 Assumption

En1 ISO 14000:2015: Environmental Management 90 Shipyard’s data

En2
Dangerous and poisonous substances storages are available in the shipyard, the
stored waste is collected by a legal waste collection company and reported to the

Ministry of Environment (government)
80 Interview

En3 Available, but limited capacity 50 Interview

En4
A covered workshop for plate-blasting is available, but not for site-erection

blasting, which is conducted outdoors and uncovered, it may use prohibited
sand material for blasting

50 Interview

En5 The application of environmentally friendly energy has not been planned yet 15 Interview

4.2. Criteria Cause-Effect and Ranking Analysis

This research involved the participation of five experts who provided expert judgment
in evaluating the criteria by applying fuzzy DEMATEL and AHP approaches. The selection
of experts was carefully considered, taking into account their experience, academic back-
ground, and practical expertise. The detailed profiles of the experts are presented in Table 7.
Expert 1 holds a shipyard’s senior technical and development director position, boasting
extensive practical experience in similar projects. Additionally, this expert possesses aca-
demic experience as a researcher in the field. Expert 2 is a senior lecturer with a strong
educational foundation in shipbuilding engineering. Furthermore, this expert has served
as an owner surveyor for docking and ship repair for a duration of eight years, thereby
bringing valuable practical knowledge to the study. Experts 3, 4, and 5 are members of the
lecturer staff, each with a background in shipyard operations. They possess experience
in shipyard assessment and have acquired practical expertise in evaluating shipyards.
These experts were selected based on their qualifications and competence, ensuring diverse
perspectives and insights relevant to the study.

Table 7. Experts list backgrounds and profiles.

No Edu. Exper. Acad. Level’s Grade Occupation Sector Job’s Position

1 MSc 17 10 Senior Shipyard Technical and
development director

2 MSc 8 10 Middle Academia Senior Lecturer
3 MSc 6 8 Middle Academia Lecturer staff
4 MSc 6 8 Middle Academia Lecturer staff
5 MSc 6 8 Middle Academia Lecturer staff

Note: Edu.: Formal academic background, Exper.: Practical experience in industry, Acad.: Experience in academic
working.

The detailed steps of calculating fuzzy DEMATEL results are presented in Appendix A,
while the AHP are presented in Appendix B. The results of both approaches are summarised
in Table 8, presenting the VENRA group weight and criteria in percentage, the criteria
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ranking, and the cause-effect attributes as the result of fuzzy DEMATEL. Additionally,
as part of fuzzy DEMATEL results, the cause-effect graph is presented in Figure 4. The
shipyard’s data assessment and the criteria ranking of both approaches results are presented
in Figure 5.

Table 8. The summary of fuzzy DEMATEL and AHP results.

VENRA
Group

Weight

Criteria
Code

Fuzzy DEMATEL Results AHP Results

Fuzzy
DEMATEL AHP Weight Rank Cause/

Effect
Local

Weight

Local
Group
Rank

Global
Weight

Global
Rank

Pe
rs

on
ne

l
Sa

fe
ty

58.99% 79.80%

(S1) 10.47% 1 Cause 15.49% 4 12.36% 4

(S2) 9.35% 5 Effect 10.85% 5 8.66% 5

(S3) 10.10% 3 Cause 19.29% 2 15.39% 2

(S4) 9.98% 4 Cause 17.63% 3 14.07% 3

(S5) 9.12% 7 Effect 8.22% 6 6.56% 7

(S6) 10.15% 2 Effect 28.53% 1 22.77% 1

En
vi

ro
nm

en
t

41.01% 20.20%

(En1) 8.78% 9 Cause 32.90% 1 6.65% 6

(En2) 9.16% 6 Cause 28.63% 2 5.78% 8

(En3) 8.52% 10 Effect 8.12% 5 1.64% 11

(En4) 9.07% 8 Cause 20.60% 3 4.16% 9

(En5) 5.30% 11 Cause 9.74% 4 1.97% 10
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Table 8 presents slight conformity ranking results between both methods, presenting
that the top five most important factors in both groups are in the same group ranking,
although in different sequence rankings. The results in fuzzy DEMATEL shows that
S1 > S6 > S3 > S4 > S2 while the result in AHP (global ranking) are S6 > S3 > S4 > S1 > S2.
On the other hand, the six least factors according to fuzzy DEMATEL are En5 < En3 < En1
< En4 < S5 < En2, while in AHP results are En3 < En5 < En4 < En2 < S5 < En1. The least six
factors ranking on both methods have different ranking results, although some of them are
still very close, such as the En5 criterion, which are in the two least ranking. Furthermore,
fuzzy DEMATEL weight percentage has a similar weight score amongst criteria, whereas
AHP significantly has different gap values. It can be seen that the slope line graph, Figure 4,
presents a light slope for fuzzy DEMATEL weighting results, whereas, in AHP, there is a
steep slope in the line graph.

Figure 4 illustrates a cause-and-effect diagram resulting from fuzzy DEMATEL anal-
ysis. The diagram is constructed using (Ri + Cj) and (Ri − Cj) values as the axes and
ordinates, respectively, and was created through Microsoft Excel. It presents six criteria
for Personnel Safety and five criteria for the Environment group of VENRA, which each
criterion identified by its name and code. In this diagram, higher values of (Ri + Cj) signify
the greater level of importance for the respective criteria, while positive (Ri − Cj) values
indicate that these criteria serve as causal factors. The magnitude of the positive (Ri − Cj)
score reflects the extent of their impact on other criteria. Conversely, negative (Ri − Cj)
values indicate that the criteria are influenced by other causal factors, with the magnitude
of the negative score representing the influence exerted by the causal criteria.

Fuzzy DEMATEL produces two data results: The cause-effect and criteria weight.
According to criteria cause-effect analysis, based on Figure 4, ‘waste management pro-
cedure’ (En1) is the most impacting factor, while ‘HSE department role’ (S1), ‘major ac-
cidents/incidents; (S6) and ‘shipyard’s safety certification’ (S3) are the top three of the
most important criteria. ‘Green energy application’ (En5) ranks the minor factors for ship-
yard performance related to safety and the environment. At the same time, the ‘minor
accidents/incidents’ (S5) criterion is the most affected factor in the total-influence matrix
diagram.
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‘HSE department role’ (S1) and ‘major accidents/incidents’ (S6) become the most
critical factors at 10.47% and 10.15%, respectively, followed by ‘shipyard safety certification’
(S3) at 10.1%. At the same time, ‘safety policy’ (S4) and ‘safety training’ (S2) rank fourth
and fifth at 9.98% and 9.35%, respectively. At the same time, according to the AHP result,
the ‘major accidents/incidents’ (S6) criterion is the most critical, scoring at 22.7%, followed
by ‘shipyard safety certification’ (S3), ‘safety policy’ (S4), ‘HSE department role’ (S1),
subsequently, with the score around 12–15%. ‘Safety training’ (S2) is placed in the fifth
rank, same with fuzzy DEMATEL results, scoring at 8.66%.

Furthermore, according to fuzzy DEMATEL, ‘storage for dangerous goods/waste’
(En2), ‘minor accidents/incidents’ (S5), and ‘covered sandblasting workshop’ (En4) cri-
teria rank at 6th, 7th and 8th, having similar weights just above 9%, followed by ‘waste
management procedure’ (En1) and ‘storage for non-dangerous goods/waste’ (En3), scored
at about 8%., the minor factor is ‘green energy application’ (En5) scored at 5.3%. On
the other hand, based on AHP results, the ‘waste management procedure’ (En1), ‘minor
accidents/incidents’ (S5) and ‘storage for dangerous goods/waste’ (En2) rank 6th, 7th
and 8th with weight score around 5.7–6.6%, followed by ‘covered sandblasting work-
shop’ (En4) at 4.16%. The minor factors group are occupied by ‘green energy application’
(En5) and ‘storage for non-dangerous goods/waste’ (En3), with scores of 1.97% and 1.64%,
respectively.

Considering the shipyard case study assessed score, based on Figure 5, the ‘HSE
department role’ (S1), ‘shipyard safety certification’ (S3) and ‘waste management procedure’
(En1) have excellent scores at 90%, followed by ‘storage for dangerous goods/waste’ (En2)
by 80%. The lowest score in the shipyard is in ‘green energy application’ (En5), which
scored 15%. The other criteria have medium-good scores, ranging between 50% and 75%.

5. Discussion

According to the cause-effect diagram in fuzzy DEMATEL, focusing on causal factors
is suggested as it could impact the other criteria. In addition, the most important criteria,
based on fuzzy DEMATEL-AHP, can also directly influence the ship-manufacturing per-
formance in terms of personnel safety and environment. With this concern, focusing on
causal factors and the most critical group of criteria is suggested for shipyard performance
improvement. In addition, the focus also considers the shipyard’s score assessment results
which need improvements.

5.1. The Causal Factors

As stated before, the causal factor is measured based on the positive score of (Ri − Cj)
(shown in Figure 4 and Table A6 in Appendix A). The higher the score, the higher the
impact on other criteria. The first most causal factor is the ‘waste management procedure’
(En1), followed by ‘storage for dangerous goods/waste’ (En2), ‘safety training’ (S4) and
‘covered sandblasting workshop’ (En4). The following causal factors are ‘green energy
application’ (En5), ‘HSE department role’ (S1) and ‘shipyard safety certification’ (S3).

‘Waste management procedure’ (En1) can be the most influential factor since it impacts
the environment and the personnel’s safety in executing the process, according to the
expert’s preferences. It impacts how to treat dangerous and non-dangerous goods, includ-
ing handling them safely without impacting the environment in or outside the shipyard.
Similarly, ‘storage for dangerous goods/waste’ (En2) which also needs extra safety for
personnel, can also impact radiation and pollution, which dangerously impacts human
safety and the environment.

The regular-continue ‘safety training’ (S4) conducted is also a causal factor since it
can impact the personnel’s familiarisation in safely handling the shipyard’s manufacturing
process or any activity conducted there. The ‘covered sandblasting workshop’ (En4) is also
critical in the shipyard to prevent the safety of personnel and the environmental impact.
The ‘HSE department role’ (S1) factor is the following causal factors since they have a role
in planning, executing and managing the safety and environmental impact in the shipyard
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through their planning, control and mitigating the risk that occurred. It also impacts how
the activity in the shipyard is conducted, including in the manufacturing process or the
office since it is placed in the shipyard. More concern is also performed when handling
dangerous goods, working in height or confined spaces and hot working.

‘Green energy application’ (En5) may also impact the personnel’s safety and environ-
ment since using this relatively new energy may change manufacturing processes. For
example, using gas energy in operating the machinery may have another risk level in man-
aging the new fuel. Conversely, low-emission or zero energy can positively reduce GHG
emissions and pollution in the shipyard. ‘Shipyard safety certification’ (S3) factor may also
become the causal factor since it is the basic standard to comply with international safety
regulations. This certificate impacts the basic safety standard in the shipyard operation.

5.2. The Causal & Most Important Factors Group Based on Fuzzy DEMATEL & AHP

The causal factor can impact other criteria and indirectly impact the shipyard’s per-
formance in terms of safety and environment. However, focusing on the most critical and
included causal factors may improve the shipyard’s performance more effectively. In Figure 4,
the cause-effect diagram shows that the most crucial factor included in causal factors are the
‘HSE department role’ (S1), ‘safety training’ (S4) and ‘shipyard safety certification’ (S3).

Concerning the weighting results using both methods, it shows conformity between
fuzzy DEMATEL and AHP results, showing that the top 5 factors are the same group as
shown in Table 8, which are HSE department role (S1), safety training (S2), shipyard safety
certification (S3), safety policy (S5) and major accidents/incidents (S6). The most crucial
factors affecting the shipyard performance are prioritised in these criteria.

In the group weighting results, the AHP results show that the comparison of person-
nel’s safety group with the environment is 79.80%, and 20.20% means that in the preference
of experts, the personnel’s safety is essential rather than the environmental impact aspect.
Compared with fuzzy DEMATEL results, it shows the personnel’s safety and environmen-
tal impact as 58.17% and 40.83%, which still shows that it is more critical in personnel’s
safety. Overall, the personnel’s safety group is considered more important from the experts’
perspective than environmental impact. The reason is that it directly impacts the workers’
health, life and risk. It is also supported by the study by Kafali et al. [17], who analysed the
risk factors in evaluating the cutting technologies in shipbuilding for piping, presenting
that the risk for worker safety criteria accounted for 62%, whereas the environmental effect
is 38%. In addition, there is currently no rule for managing the GhG emission impact in
shipyards, as the study by Pulli et al. [40]. Nevertheless, the shipyard (shipbuilding and
ship repair) contributes about 2% and 1% to emission impact in the maritime sector [2], but
it has not been considered yet.

5.3. Shipyard’s Improvement Strategy

Based on the analysis above, focusing on the most causal-important factors group
is suggested. Concerning the shipyard’s case study, the ‘HSE department role’ (S1) and
‘shipyard safety certification’ (S3) criteria of the shipyard have an excellent score for having
a responsive personnel role in the HSE department and having ISO 45001:2018 for the HSE
management system. However, the regular safety training is not recorded well since it is
assumed that it may conduct regular safety training for the shipyard’s personnel. It also
indicates that the recorded number of minor accidents in the shipyard accounted for four
in the last six months, as might result from non-regular safety training.

The least score in the shipyard assessment is concerned with the ‘green energy ap-
plication’ (En5), ‘covered sandblasting workshop’ (En4) and ‘storage for non-dangerous
goods/waste’ (En3). The (En5) criterion is classified as the minor factor group according to
fuzzy DEMATEL-AHP, which has not been considered yet according to expert preference.
Until now, there is still no government regulation managing GHG emission control in ship-
yards. However, the shipyard sector contributes the GHG emission of 2% to shipbuilding
and 1% in ship repair and maintenance [2].
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On the other hand, the (En4) and (En3) criteria scored at 50%, which (En4) is more
critical than (En3). This low-medium score is due to the partial blasting workshop available
in the shipyard. The shipyard has a covered sandblasting workshop but can only accom-
modate small parts, such as plates or profiles. The workshop size may be small and cannot
accommodate enormous structures, such as assembly blocks. With this concern, the blasting
process for more enormous structures is conducted outdoors without being covered and
uncontrolled by the shipyard. At the same time, the (En3) criterion concerns storage for
non-dangerous goods/wastes that the shipyard has with limited capacity. This limited
capacity makes it possible to dispose of these non-dangerous goods improperly, such as
disposal to seawater. Although not dangerous, it can pollute seawater and adversely impact
the environment.

The minor-major accidents/incidents (S5, S6) should be recorded to show the safety
performance in the shipyard. The shipyard recorded four minor incidents/accidents
within the last six months. It is good to have this record, but the frequency should be
reduced by mitigating the cause of the risk. Since the detailed event is not explicitly
mentioned, it is also better to identify the specific incidents/accidents for proper and more
appropriate mitigation. However, the major incidents/accidents are not recorded yet. Since
no exact data is available (it may be confidential), it is assumed that this shipyard has some
incidents/accidents within a year. The major incidents/accidents should be concern more
and studied as they can be mitigated to avoid or reduce the impact or frequency of the
risk. According to the weighting analysis, it is also vital since it ranks in the top five most
important factors.

6. Conclusions

VENRA framework has been proposed and applied to personnel’s safety and environ-
ment group in a shipyard case study, presenting the groups, attributes and sub-attributes
contributing to the ship-manufacturing performance. The assessment methodology used
Fuzzy DEMATEL-AHP to assess the criteria, presenting cause-effect relationships and
weighting results comparing approaches in the VENRA framework. The case study ap-
plication results show that from the perspective of experts, Personnel’s Safety criteria
are more critical than environmental impact ones. With enhanced hybrid methodology,
the framework can analyse the most impacting and influencing factors in the shipyard
assessment.

The next phase in the study process involves presenting VENRA’s remaining two
groups of criteria and sub-criteria (Business and External, as the Technical Group has been
demonstrated [15]) and applying the above in the case of the same or other shipyards. The
procedure of comparing the outcomes to the performance of another shipyard in Indonesia
and Europe/the UK can be approached in an analogous manner. In addition, the procedure
for evaluating criteria can be improved by using an additional MCDM approach, such as
TOPSIS or simple additive weighting (SAW) method.
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Appendix A

The first step in fuzzy DEMATEL which presents the linguistic fuzzy direct relation
matrix of Expert 1, as an example, is shown in Table A1.

Table A1. The example of fuzzy direct-relation matrix
∼
A of Expert 1.

Criteria Code S1 S2 S3 S4 S5 S6 En1 En2 En3 En4 En5

S1 N FG G G FG FG VG VG VG VG MG
S2 FG N FG L MG MG MG FG FG FG FG
S3 E VG N FG FG FG FG VG VG VG MG
S4 FG ML VG N FG FG VG VG VG VG L
S5 FG G G FG N FG L MG MG VG L
S6 E VG VG VG VG N L MG MG VG L

En1 E G VG G G G N FG G G FL
En2 VG VG VG VG VG VG G N FL VL VL
En3 G G G G G VG G VL N VL VL
En4 E G E G VG E FG ML VL N VL
En5 MG VL VL M M M FG M ML VL N

The fuzzy aggregation of the direct relation matrix from five experts, which calculates
experts degree level based on Equation (2), are presented in Table A2.

Table A2. Aggregated fuzzy direct-relation matrix from five experts.

S1 S2 S3 S4 S5 S6

l m u l m u l m u l m u l m u l m u

S1 0.00 0.00 0.10 0.57 0.70 0.80 0.54 0.70 0.84 0.54 0.70 0.84 0.74 0.84 0.88 0.74 0.84 0.88

S2 0.65 0.77 0.86 0.00 0.00 0.10 0.56 0.68 0.77 0.30 0.42 0.54 0.65 0.75 0.82 0.74 0.82 0.84

S3 0.64 0.76 0.83 0.77 0.87 0.93 0.00 0.00 0.10 0.57 0.67 0.76 0.65 0.77 0.86 0.65 0.77 0.86

S4 0.48 0.60 0.71 0.54 0.62 0.68 0.72 0.82 0.88 0.12 0.14 0.24 0.74 0.84 0.88 0.74 0.84 0.88

S5 0.50 0.60 0.68 0.57 0.74 0.88 0.48 0.64 0.79 0.62 0.74 0.85 0.00 0.00 0.10 0.53 0.63 0.73

S6 0.71 0.84 0.88 0.84 0.94 1.00 0.77 0.89 0.98 0.84 0.94 1.00 0.58 0.70 0.83 0.00 0.00 0.10

En1 0.75 0.89 0.96 0.50 0.64 0.79 0.61 0.75 0.89 0.43 0.63 0.83 0.50 0.64 0.79 0.50 0.64 0.79

En2 0.84 0.94 1.00 0.69 0.83 0.96 0.69 0.83 0.96 0.61 0.75 0.89 0.69 0.77 0.85 0.80 0.90 1.00

En3 0.50 0.64 0.79 0.50 0.64 0.79 0.50 0.64 0.79 0.43 0.63 0.83 0.43 0.63 0.83 0.69 0.83 0.96

En4 0.90 1.00 1.00 0.50 0.70 0.90 0.90 1.00 1.00 0.50 0.70 0.90 0.69 0.77 0.85 0.90 1.00 1.00

En5 0.43 0.53 0.64 0.00 0.10 0.20 0.00 0.10 0.20 0.23 0.41 0.58 0.19 0.35 0.51 0.19 0.35 0.51

En1 En2 En3 En4 En5

l m u l m u l m u l m u l m u

S1 0.69 0.77 0.85 0.69 0.83 0.96 0.69 0.83 0.96 0.80 0.90 1.00 0.50 0.55 0.60

S2 0.46 0.51 0.56 0.50 0.60 0.70 0.50 0.60 0.70 0.50 0.60 0.70 0.50 0.60 0.70

S3 0.50 0.58 0.66 0.69 0.77 0.85 0.69 0.77 0.85 0.69 0.83 0.96 0.50 0.55 0.60

S4 0.69 0.83 0.96 0.61 0.75 0.89 0.61 0.75 0.89 0.61 0.75 0.89 0.10 0.30 0.50

S5 0.06 0.19 0.35 0.43 0.53 0.64 0.50 0.55 0.60 0.69 0.77 0.85 0.06 0.19 0.35

S6 0.06 0.19 0.35 0.50 0.61 0.71 0.50 0.61 0.71 0.84 0.94 1.00 0.06 0.19 0.35

En1 0.00 0.00 0.10 0.65 0.77 0.86 0.65 0.81 0.94 0.41 0.59 0.77 0.30 0.40 0.50

En2 0.57 0.74 0.88 0.00 0.00 0.10 0.38 0.51 0.63 0.08 0.20 0.33 0.00 0.10 0.20

En3 0.41 0.59 0.77 0.27 0.39 0.51 0.00 0.00 0.10 0.17 0.27 0.37 0.00 0.10 0.20

En4 0.32 0.42 0.51 0.23 0.31 0.40 0.18 0.28 0.38 0.00 0.00 0.10 0.22 0.30 0.38

En5 0.51 0.59 0.67 0.41 0.51 0.60 0.42 0.47 0.52 0.00 0.10 0.20 0.00 0.00 0.10
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The normalised fuzzy direct relation matrix as the results of Equation (3), is presented
in Table A3, splitting the matrices into three elements: low (l), medium (m) and upper (u)
scores.

Table A3. Normalised fuzzy direct-relation matrix
∼
X in three crips matrices.

S1 S2 S3 S4 S5 S6

l m u l m u l m u l m u l m u l m u

S1 0.00 0.00 0.01 0.07 0.08 0.09 0.06 0.08 0.10 0.06 0.08 0.10 0.09 0.10 0.10 0.09 0.10 0.10

S2 0.07 0.09 0.10 0.00 0.00 0.01 0.06 0.08 0.09 0.03 0.05 0.06 0.07 0.09 0.09 0.09 0.09 0.10

S3 0.07 0.09 0.09 0.09 0.10 0.11 0.00 0.00 0.01 0.07 0.08 0.09 0.07 0.09 0.10 0.07 0.09 0.10

S4 0.06 0.07 0.08 0.06 0.07 0.08 0.08 0.09 0.10 0.01 0.02 0.03 0.09 0.10 0.10 0.09 0.10 0.10

S5 0.06 0.07 0.08 0.07 0.08 0.10 0.06 0.07 0.09 0.07 0.08 0.10 0.00 0.00 0.01 0.06 0.07 0.08

S6 0.08 0.10 0.10 0.10 0.11 0.11 0.09 0.10 0.11 0.10 0.11 0.11 0.07 0.08 0.09 0.00 0.00 0.01

En1 0.09 0.10 0.11 0.06 0.07 0.09 0.07 0.09 0.10 0.05 0.07 0.09 0.06 0.07 0.09 0.06 0.07 0.09

En2 0.10 0.11 0.11 0.08 0.09 0.11 0.08 0.09 0.11 0.07 0.09 0.10 0.08 0.09 0.10 0.09 0.10 0.11

En3 0.06 0.07 0.09 0.06 0.07 0.09 0.06 0.07 0.09 0.05 0.07 0.09 0.05 0.07 0.09 0.08 0.09 0.11

En4 0.10 0.11 0.11 0.06 0.08 0.10 0.10 0.11 0.11 0.06 0.08 0.10 0.08 0.09 0.10 0.10 0.11 0.11

En5 0.05 0.06 0.07 0.00 0.01 0.02 0.00 0.01 0.02 0.03 0.05 0.07 0.02 0.04 0.06 0.02 0.04 0.06

En1 En2 En3 En4 En5

l m u l m u l m u l m u l m u

S1 0.08 0.09 0.10 0.08 0.09 0.11 0.08 0.09 0.11 0.09 0.10 0.11 0.06 0.06 0.07

S2 0.05 0.06 0.06 0.06 0.07 0.08 0.06 0.07 0.08 0.06 0.07 0.08 0.06 0.07 0.08

S3 0.06 0.07 0.08 0.08 0.09 0.10 0.08 0.09 0.10 0.08 0.09 0.11 0.06 0.06 0.07

S4 0.08 0.09 0.11 0.07 0.09 0.10 0.07 0.09 0.10 0.07 0.09 0.10 0.01 0.03 0.06

S5 0.01 0.02 0.04 0.05 0.06 0.07 0.06 0.06 0.07 0.08 0.09 0.10 0.01 0.02 0.04

S6 0.01 0.02 0.04 0.06 0.07 0.08 0.06 0.07 0.08 0.10 0.11 0.11 0.01 0.02 0.04

En1 0.00 0.00 0.01 0.07 0.09 0.10 0.07 0.09 0.11 0.05 0.07 0.09 0.03 0.05 0.06

En2 0.07 0.08 0.10 0.00 0.00 0.01 0.04 0.06 0.07 0.01 0.02 0.04 0.00 0.01 0.02

En3 0.05 0.07 0.09 0.03 0.04 0.06 0.00 0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02

En4 0.04 0.05 0.06 0.03 0.04 0.05 0.02 0.03 0.04 0.00 0.00 0.01 0.03 0.03 0.04

En5 0.06 0.07 0.08 0.05 0.06 0.07 0.05 0.05 0.06 0.00 0.01 0.02 0.00 0.00 0.01

Table A4 presents the fuzzy total relation matrix, calculated based on Equation (4) for
all elements and split into low, middle, and upper score based on Equations (5)–(7).

Table A4. The results of fuzzy total relation matrix
∼
T.

Low Score

S1 S2 S3 S4 S5 S6 En1 En2 En3 En4 En5

S1 0.128 0.177 0.178 0.165 0.198 0.211 0.157 0.173 0.176 0.187 0.100

S2 0.176 0.096 0.159 0.124 0.169 0.188 0.120 0.138 0.141 0.141 0.094

S3 0.193 0.194 0.117 0.166 0.187 0.199 0.137 0.171 0.174 0.174 0.100

S4 0.174 0.169 0.192 0.115 0.194 0.205 0.152 0.161 0.164 0.166 0.056

S5 0.147 0.147 0.141 0.145 0.089 0.156 0.070 0.118 0.128 0.151 0.042

S6 0.193 0.197 0.194 0.188 0.176 0.125 0.088 0.146 0.149 0.188 0.053

En1 0.186 0.151 0.165 0.136 0.155 0.165 0.072 0.154 0.157 0.131 0.073
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Table A4. Cont.

Low Score

S1 S2 S3 S4 S5 S6 En1 En2 En3 En4 En5

En2 0.199 0.177 0.179 0.161 0.180 0.200 0.135 0.090 0.135 0.106 0.044

En3 0.135 0.130 0.132 0.117 0.124 0.158 0.098 0.095 0.068 0.090 0.032

En4 0.205 0.157 0.199 0.149 0.179 0.209 0.108 0.115 0.113 0.096 0.068

En5 0.094 0.044 0.045 0.066 0.066 0.070 0.088 0.084 0.086 0.038 0.016

Middle score

S1 S2 S3 S4 S5 S6 En1 En2 En3 En4 En5

S1 0.269 0.324 0.333 0.318 0.344 0.362 0.272 0.305 0.309 0.318 0.180

S2 0.306 0.209 0.287 0.250 0.293 0.315 0.215 0.247 0.251 0.253 0.166

S3 0.339 0.331 0.248 0.305 0.328 0.345 0.246 0.291 0.295 0.302 0.176

S4 0.324 0.308 0.336 0.249 0.335 0.353 0.270 0.290 0.294 0.297 0.150

S5 0.268 0.269 0.267 0.264 0.196 0.278 0.168 0.223 0.228 0.254 0.115

S6 0.335 0.330 0.333 0.322 0.313 0.255 0.200 0.266 0.270 0.308 0.135

En1 0.334 0.294 0.312 0.286 0.299 0.316 0.174 0.279 0.287 0.265 0.153

En2 0.337 0.313 0.318 0.298 0.311 0.339 0.249 0.198 0.257 0.230 0.123

En3 0.265 0.255 0.260 0.247 0.256 0.288 0.203 0.205 0.166 0.200 0.103

En4 0.340 0.296 0.332 0.290 0.308 0.345 0.213 0.230 0.230 0.204 0.143

En5 0.184 0.131 0.135 0.161 0.160 0.168 0.156 0.160 0.159 0.118 0.057

Upper score

S1 S2 S3 S4 S5 S6 En1 En2 En3 En4 En5

S1 0.694 0.754 0.769 0.762 0.764 0.791 0.633 0.694 0.7 0.712 0.44

S2 0.663 0.570 0.650 0.622 0.649 0.673 0.515 0.573 0.577 0.584 0.391

S3 0.735 0.731 0.654 0.717 0.726 0.751 0.585 0.652 0.657 0.676 0.421

S4 0.739 0.721 0.753 0.677 0.744 0.770 0.628 0.67 0.676 0.683 0.419

S5 0.619 0.628 0.628 0.627 0.548 0.636 0.473 0.543 0.544 0.578 0.341

S6 0.722 0.721 0.729 0.724 0.707 0.654 0.54 0.623 0.628 0.667 0.387

En1 0.750 0.718 0.739 0.726 0.722 0.746 0.527 0.655 0.669 0.659 0.412

En2 0.734 0.718 0.728 0.713 0.709 0.747 0.593 0.561 0.624 0.601 0.372

En3 0.644 0.633 0.643 0.639 0.639 0.673 0.527 0.545 0.505 0.545 0.333

En4 0.699 0.678 0.697 0.680 0.675 0.712 0.527 0.564 0.567 0.546 0.373

En5 0.452 0.398 0.405 0.442 0.433 0.447 0.379 0.4 0.395 0.364 0.221

Table A5 shows the crisp value of the matrix
∼
T which is de-fuzzified based on

Equation (8).

Table A5. Defuzzification results values of the total-influence matrix
∼
T.

S1 S2 S3 S4 S5 S6 En1 En2 En3 En4 En5

S1 0.358 0.398 0.420 0.412 0.429 0.448 0.349 0.385 0.390 0.400 0.237
S2 0.400 0.311 0.415 0.388 0.412 0.430 0.340 0.363 0.367 0.371 0.202
S3 0.414 0.371 0.331 0.411 0.405 0.423 0.316 0.364 0.368 0.377 0.228
S4 0.380 0.327 0.363 0.290 0.369 0.390 0.282 0.318 0.321 0.324 0.216
S5 0.334 0.311 0.333 0.337 0.266 0.344 0.227 0.284 0.289 0.317 0.160
S6 0.410 0.389 0.411 0.409 0.391 0.337 0.269 0.339 0.342 0.381 0.188

En1 0.418 0.367 0.400 0.383 0.386 0.403 0.253 0.358 0.366 0.347 0.210
En2 0.417 0.374 0.402 0.397 0.394 0.422 0.321 0.278 0.333 0.307 0.176
En3 0.343 0.320 0.339 0.335 0.335 0.368 0.271 0.277 0.242 0.274 0.153
En4 0.409 0.357 0.404 0.371 0.382 0.416 0.278 0.298 0.298 0.277 0.192
En5 0.245 0.228 0.197 0.192 0.221 0.230 0.209 0.216 0.215 0.174 0.099
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The summary results of step 6 in fuzzy DEMATEL, showing the Ri , Cj, the weight
ranking and cause-effect group are tabulated in Table A6.

Table A6. Summary of fuzzy DEMATEL results.

Criteria Ri Cj (Ri+Cj) (Ri−Cj)
Normalised

Weight Cause/Effect Weight
Rank

S1 4.299 4.194 8.493 0.105 0.105 Cause 1

S2 3.601 3.990 7.590 −0.389 0.094 Effect 5

S3 4.108 4.085 8.194 0.023 0.101 Cause 3

S4 4.145 3.950 8.095 0.195 0.100 Cause 4

S5 3.342 4.059 7.401 −0.717 0.091 Effect 7

S6 3.955 4.283 8.238 −0.328 0.102 Effect 2

En1 3.956 3.172 7.128 0.784 0.088 Cause 9

En2 3.892 3.540 7.433 0.352 0.092 Cause 6

En3 3.318 3.592 6.910 −0.275 0.085 Effect 10

En4 3.749 3.611 7.359 0.138 0.091 Cause 8

En5 2.207 2.095 4.302 0.111 0.053 Cause 11

Appendix B

The AHP methodology first assesses the weight of group dimensions between per-
sonnel’s safety and environment, and then it assesses the criteria in both groups with the
same steps. The same five experts are employed to fill in the questionnaire in AHP without
considering their expert-level degrees. The results of the AHP for group dimensions are
presented in Table A7, showing the pairwise comparison, the standardised matrix and the
attribute weight ranking. According to AHP, the consistency index is needed for the size
matrix starting from 3 above. With this concern, the calculation of the consistency index is
inapplicable as the matrix size is only 2 × 2.

Table A7. AHP aggregated pairwise comparison, calculation, and results for group dimensions.

Group in VENRA PS Env Standardised Matrix
(Sum of Columns)

Criteria Weight
(Average of Row)

Personnel’s Safety (PS) 1 4.2 0.788 0.808 79.80%
Environment (Env) 0.269 1 0.212 0.192 20.20%

Sum of Columns= 1.269 5.2 100%

Table A8 demonstrates the aggregate of pairwise comparison of personnel’s safety
attributes in AHP calculations, while Table A9 presents the standardised matrix, showing
the weight of each criterion. The calculation result of the consistency ratio (CR) is presented
in Table A10, showing the CR for personnel safety criteria is 0.792.

Table A8. Aggregate pairwise comparison of personnel’s safety criteria in AHP calculations.

Personnel’s Safety Criteria S1 S2 S3 S4 S5 S6

* HSE department role (S1) 1 4.067 1.080 2.680 3.800 0.491
Safety policy (S2) 0.897 1 1.335 1.362 3.133 0.502

Shipyards Safety certification (S3) 2.467 3.240 1 4.029 4.467 0.707
Safety training (S4) 2.269 2.733 1.575 1 3.733 1.175

Minor accidents/incidents (S5) 1.844 1.335 0.764 1.307 1 0.168
Major accidents/incidents (S6) 4.600 4.200 2.200 4.040 7.000 1

Sum of columns= 13.077 14.467 7.954 16.526 23.133 4.043

* HSE = Health, Safety and Environment.
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Table A9. Aggregate standardised matrix of personnel’s safety criteria in AHP.

Criteria
Code S1 S2 S3 S4 S5 S6 Weight Criteria

Rank

(S1) 0.076 0.245 0.136 0.186 0.164 0.121 15.5% 4
(S2) 0.069 0.060 0.168 0.094 0.135 0.124 10.8% 5
(S3) 0.189 0.195 0.126 0.279 0.193 0.175 19.3% 2
(S4) 0.173 0.165 0.198 0.069 0.161 0.291 17.6% 3
(S5) 0.141 0.081 0.096 0.091 0.043 0.042 8.2% 6
(S6) 0.352 0.253 0.277 0.280 0.303 0.247 28.5% 1

Table A10. Consistency Index and Consistency Ratio calculation and results for personnel’s safety
criteria.

Criteria
Code S1 S2 S3 S4 S5 S6 Sum of Row Sum of Row/

Weight

(S1) 0.155 0.441 0.208 0.473 0.312 0.140 1.729 11.166
(S2) 0.139 0.108 0.258 0.240 0.258 0.143 1.146 10.562
(S3) 0.382 0.351 0.193 0.710 0.367 0.202 2.205 11.435
(S4) 0.351 0.297 0.304 0.176 0.307 0.335 1.770 10.040
(S5) 0.286 0.145 0.147 0.230 0.082 0.048 0.938 11.418
(S6) 0.712 0.456 0.424 0.712 0.575 0.285 3.165 11.094

lambda max 10.953

CI 0.991

CR 0.792

Similarly, environment criteria calculation in AHP is presented in Tables A11–A13,
demonstrating the results of the aggregated pairwise comparison, the aggregated standard-
ised matrix and the consistency ratio index calculation. The consistency index ratio for
environment criteria is slightly better than personnel safety but still above 0.1, accounting
for 0.608, as presented in Table A13.

Table A11. Aggregate pairwise comparison of environment criteria in AHP calculations.

Environment Criteria En1 En2 En3 En4 En5

Waste management procedure (En1) 1 3.667 5.400 2.040 3.640
Storage for dangerous goods/waste (En2) 0.924 1 6.600 2.867 4.600

Storage for non-dangerous goods/waste (En3) 0.224 0.159 1 0.947 2.240
Covered sandblasting workshop (En4) 1.507 0.947 2.867 1 4.000

Green Energy used (En5) 1.202 0.242 1.383 0.395 1

Sum of column= 4.857 6.015 17.250 7.249 15.480

Table A12. Aggregate standardised matrix of environmental criteria in AHP.

Criteria
Code En1 En2 En3 En4 En5 Weight Criteria

Rank

(En1) 0.206 0.610 0.313 0.281 0.235 32.9% 1
(En2) 0.190 0.166 0.383 0.395 0.297 28.6% 2
(En3) 0.046 0.026 0.058 0.131 0.145 8.1% 5
(En4) 0.310 0.157 0.166 0.138 0.258 20.6% 3
(En5) 0.247 0.040 0.080 0.055 0.065 9.7% 4
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Table A13. Consistency Index and Consistency Ratio calculation and results for environment criteria.

Criteria
Code En1 En2 En3 En4 En5 Sum of Row Sum of Row/

Weight

(En1) 0.32903 1.04993 0.43839 0.42031 0.35455 2.5922 7.878
(En2) 0.30396 0.28635 0.53582 0.59063 0.44806 2.1648 7.56
(En3) 0.07374 0.04563 0.08118 0.19505 0.21819 0.6138 7.561
(En4) 0.49574 0.27107 0.23273 0.20603 0.38962 1.5952 7.742
(En5) 0.39546 0.06927 0.1123 0.08143 0.0974 0.7559 7.76

lambda max 7.7

CI 0.675

CR 0.608
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