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Abstract Maritime shipping is considered the most
efficient, low-cost means for transporting large quantities
of freight over significant distances. However, this process
also causes negative environmental and societal impacts.
Therefore, environmental sustainability is a pressing issue
for maritime shipping management, given the interest in
addressing important issues that affect the safety, security,
and air and water quality as part of the efficient movement
of freight throughout the coasts and waterways and
associated port facilities worldwide. In-depth studies of
maritime transportation systems (MTS) can be used to
identify key environmental impact indicators within the
transportation system. This paper develops a tool for
decision making in complex environments; this tool will
quantify and rank preferred environmental impact indica-
tors within a MTS. Such a model will help decision-makers
to achieve the goals of improved environmental sustain-
ability. The model will also provide environmental policy-
makers in the shipping industry with an analytical tool that
can evaluate tradeoffs within the system and identify
possible alternatives to mitigate detrimental effects on the
environment.
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1 Introduction

Maritime transportation systems (MTS) consist of ports
and inter-modal land-side connections that allow various
modes of transportation to move goods to, from, and on the
water. MTS transport about 90% of global trade (United
Nations Business, 2016). MTS are considered the most
efficient and cost-effective method for the international
transportation of goods, providing a dependable means of
facilitating commerce among nations (UNCTAD, 2012;
IMO, 2012). However, MTS are also a source of
environmental pollution (Luo and Yip, 2013). According
to the International Maritime Organization (IMO), mar-
itime shipping was estimated to have accounted for 2.3%
of global CO, emissions in 2012, and these emissions will
increase by 50% in 2050 (OECD and PBL Netherlands
Environmental Assessment Agency, 2012). The increasing
demands on our MTS must be safely handled and balanced
with environmental values to ensure that freights move
efficiently to, from, and on our waterfronts.

As container traffic increases, ports continually increase
in size and throughput to compete in the global trade.
Ideally, this growth should transpire without imposing
additional externalities that harm the environment. Thus,
port authorities must find ways to lessen the environmental
damage from their operations while enhancing perfor-
mance (Melious, 2008). Hence, ports should adapt to 21st
century concerns and implement best practices to reduce
their environmental impact at both the local and global
levels.

De Toni and Comello (2005) stated that complex
systems and phenomena comprise numerous components
that interact in a highly dependent manner. These
researchers also reported that such interactions occur at
different levels; both elements and hierarchical levels are
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linked by a variety of nonlinear relationships, capable of
exchanging stimuli with one another and with their
environment. The management of MTS supply chain is a
highly complex problem, that is, a complex phenomenon
that cannot be understood analytically but it has to be
looked at as a system that cannot be divided. Further,
limited research address the sustainability of MTS (IMO,
2012). Experts must gain a more complete understanding
of the environmental impact of the industry on local and
global ecosystems to develop a sustainable protocol as
MTS activity will grow significantly in the near future. If
the preferred environmental performance measures lack
understanding by the typical management reviewers in the
marine industry, evaluation of the sustainability of the
system will present difficulty (Johnson et al., 2013). For
the efficient functioning of MTS, certain key performance
environmental measures must be understood and
addressed. These key performance measures will aid in
the achievement of sustainability and enhancement of a
system’s competitiveness.

1.1 Environmental sustainability

Environmental sustainability is a global issue that has been
gathering momentum over the last decade (Carter and
Rogers, 2008; Mudgal et al., 2010). This condition is
triggered by the growing needs of an expanding world
population and increasing economic activity which deplete
natural resources and impose considerable pressure on the
environment. The increasing demands on our MTS must
also be safely handled and balanced with environmental
values to ensure that freights move efficiently to, from, and
on our waterfronts. Coordination, leadership, and coopera-
tion are essential to addressing the challenges faced by
MTS. Information on safety, natural environment, and
security must be shared among regional and local agencies
and private sector owners and operators to effectively meet
the needs of the MTS. As a consequence of this consensus,
green concepts are important for the operation of marine
activities to prevent environmental damage (Chiu et al.,
2014). The green economy is considered a vital policy
option that can address the growing economic, environ-
mental, and social challenges.

A review of literature on sustainability in the maritime
industry focused on the importance of comprehensive
understanding of the concept of sustainability in MTS. A
port is considered sustainable if it presents an optimal
balance between its performance as a business entity and
its environmental performance (Broesterhuizen et al.,
2014).

Numerous studies published in recent years pointed out
the importance of environmental sustainability as a topic
among academic communities and the maritime industry
(Chiu et al., 2014). The shipping industry continually
increases its environmental awareness and requires their
supply chain partners to also offer eco-efficient services

(Lee and Lam, 2012). Most studies considering maritime
pollution suggested control measures and goals to mitigate
the environmental impact of the ports under study
(Johnson et al., 2013; Woo and Moon, 2013; Homsomba
et al.,, 2013; Chang, 2013). From a supply chain
perspective, key performance measures for the environ-
mental performance of the system are crucial to a system’s
success and effectiveness. Therefore, green port strategies
require further examination to prioritize their impacts on
achieving environmentally sustainable status.

In theory, the MTS cannot implement all sustainable
measures existing in literature (Bailey and Solomon, 2004;
Darbra et al., 2005; Peris-Mora et al., 2005; Chiu and Lai,
2011; Lirn et al, 2013) without compromising their
efficiency and associated costs. Hence, the most significant
measures capable of attaining the most sustainable MTS
must be prioritized.

A number of reasons limit the possibility of continuous
improvement toward a more sustainable environment in
the maritime transportation industry. Studies have shown
that despite the necessity of identifying key performance
indicators (KPIs), only 17% of the industry utilizes these
KPIs (Konsta and Plomaritou, 2012). Studies have also
revealed that among performance problems observed in the
maritime industry, 8% are directly attributed to the lack of
understanding of environmental aspects (Konsta and
Plomaritou, 2012). Although the rank of these KPIs in
uncertain environments must be determined to improve the
quality of the sustainable performance of MTS, few studies
focused on how port management can select the preferred
environmental performance measures based on this type of
ranking (Peris-Mora et al., 2005; Chiu & Lai, 2011; Park &
Yeo, 2012;Lirn et al., 2013; Puig et al., 2015).

As expressed previously, limited research focused on
developing indicators or frameworks that assess the MTS
sustainability. Peris-Mora et al. (2005) proposed a system
of sustainable environmental management indicators to be
used by port authorities to analyze potential environmental
impacts and risks with the use of multi-criteria analysis
technique. Their research used the Port of Valencia as
reference. Lirn et al. (2013) applied the analytic hierarchy
process (AHP) to measure a port’s green performance
indicators and to determine the overall sustainable
performance of three major ports in Asia: Shanghai,
Hong Kong, and Kaohsiung. In their research, they studied
the weight and degree of performance of 17 indicators
under five dimensions: (1) air pollution management, (2)
aesthetic and noise pollution management, (3) solid waste
pollution management, (4) liquid pollution management,
and (5) marine biology preservation. These dimensions
were used to evaluate the greening of ports. Park and Yeo
(2012) implemented factor analysis and the fuzzy approach
to create the Green Criteria of Seaport, which consist of 15
indicators grouped into five main groups: (1) ease the
environmental burden, (2) environment-friendly method
and technology development of construction, (3) utiliza-
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tion of resources and waste inside a port, (4) efficient
planning and management of port operations, and (5) port
redevelopment with introduction of the waterfront concept.
These criteria were utilized to evaluate the greenness of
five major Korean ports. Chiu and Lai (2011) formulated a
fuzzy AHP (FAHP) model which comprises 5 dimensions
and 13 factors as strategies for green port operations.
Results from an evaluation of the operations of the ports of
Kaohsiung, Taichung, and Keelung showed the top five
attributes of green port operations: hazardous waste
handling, air pollution, water pollution, port greenery,
and habitat quality maintenance. Finally, Puig et al. (2015)
developed a computer-based tool to assist port authorities
in identifying and assessing the significant environmental
aspects for implementing effective environmental manage-
ment of port operations.

1.2 Purpose of study

Limited research address the environmental sustainability
of MTS (IMO, 2012). This gap implies the lack of
knowledge as to which performance metrics best evaluate
environmental sustainability within MTS. Most existing
studies (Peris-Mora et al., 2005; Chiu and Lai, 2011; Park
and Yeo, 2012; Lirn et al., 2013) are port-specific and
therefore feature limited applicability outside of the
selected port.

In this paper, key environmental quality indicators are
identified and used to develop a tool for decision making in
complex environment (DCME) particularly with regard to
energy efficiency and minimization of pollution. The
indicators are identified by evaluation of green perfor-
mance measures using the integration of fuzzy logic with a
combination of AHP and techniques for order performance
by similarity to ideal solution (FTOPSIS). The integration
of fuzzy theory to the analysis provides a unique view to
the uncertainties associated with the models.

2 Method

The evaluation of MTS sustainability becomes increas-
ingly complicated. This condition is due in part to
numerous inter-related variables that are used to define
MTS models. Each variable results in potential conse-
quences that must be predicted far into the future to
quantify sustainability. Furthermore, considerable uncer-
tainties are associated with both the measurements of these
variables and their predicted consequences, making them
eligible for fuzzy analyses. This situation leads to the
development of multiple operational, organizational, and
strategic management approaches to port systems, result-
ing in considerable discrepancies and uncertainties (Ogu-
zitimur, 2011). These uncertainties may result from
unquantifiable information or imprecise opinions and
lead to the need to produce a comprehensive and structured
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port management discipline. In effect, KPIs are ranked
based upon the experience of port managers, maritime
experts (Tadic, et al., 2016), or stakeholders in private
industries. Such an ad hoc system makes the rankings
extremely subjective and difficult to reproduce (Konsta
and Plomaritou, 2012). Fuzzy, multi-criteria, and decision-
making methods have been developed to more effectively
handle such uncertain and subjective information than
conventional multi-criteria decision-making methods. In
multi-criteria decision analysis, the fuzzy set theory,
introduced by Zadeh (1965), is considered the most
common method when dealing with uncertainties (Demirel
et al., 2008), particularly the uncertainty resulting from
fuzziness in human judgment and preferences (Ding,
2011). Fuzzy analyses provide a documented approach for
understanding vague or qualitative inputs and allow these
valuable inputs to be considered a part of a system of
systems approach for sustainable transportation systems
(Paz et al.,, 2013). Fuzzy analyses are also useful in
considering vulnerability to pollutants (Aydi, 2018).
Decision-makers find more convenience and confidence
dealing with interval judgments than with fixed crisp
values.

Expert preferences are difficult to quantify with
certainty, consequently resulting in the difficulty to use
them as input to numerical models (Torfi et al., 2010). The
fuzzy set theory provides a valuable tool by using
linguistic variables that are translated into fuzzy numbers
to generate decisions (Kaur & Chakrabortyb, 2007;
Kahraman, 2009). The approach is particularly useful for
the interdependent systems inherent in transportation
networks (Paz et al., 2013). Fuzzy numbers stand for a
range of possible values applied to a particular variable; in
consequence, a variable that is expressed in vague and
imprecise terms by the experts is treated by the fuzzy set
theory as a triangular probability distribution to be
effectively used in logical reasoning and assist in making
decisions (Fig. 1). A single linguistic rating given by an
expert will be transformed into a fuzzy number comprising
multiple numbers that convey a range of possible values
(Shukla et al.,, 2014). The mathematical concept, as
presented by Hsieh et al. (2004) and Liou et al. (2008),
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explains fuzzy number 4 to possess a triangular fuzzy
number (TFN) distribution (x4 (x)) calculated using Eq. (1)
(Balli and Korukoglu, 2009), where TFN A is defined as a
trio (/,m,u), representative of the lower bound or smallest
possible value, the modal or most favorable value, and the
upper bound or largest possible value, respectively, to
describe the fuzzy number, 4.

0 x <l
x;ll I<x<m;
m—
pa(x/A4) =
ux m<x<su;
u—m
0 x> u. (1)

Figure 1 shows a geometric representation of fuzzy
number 4 from Eq. (1), as modified from the work of Balli
and Korukoglu (2009).

Environmental port management is a component of port
efficiency and competitiveness (Lai et al., 2011). Thus,
shipping firms should find ways to lessen the environ-
mental damages of their operations while enhancing their
performance (Han, 2010) and identifying and satisfying
the chief interests of the industry at the same time. In this
paper, criteria are selected to evaluate operational alter-
natives in terms of their environmental performance within
the MTS. Table 1 shows a list of literature studies that
influenced the criteria upon which alternative performance
will be evaluated.

Table 1 Select heavily cited expert literature used for the evaluation of

criteria and alternatives
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The six criteria and four alternatives used to evaluate the
sustainability of MTS are selected based on a synthesis of
numerous green port metrics and KPIs (Gudmundsson,
2001; Jeon & Amekudzi, 2005; Peris-Mora et al., 2005;
Lai et al., 2011; Shimin and Diew, 2012; Schinas and
Stefanakos, 2012; UNCTAD, 2012; Duru et al., 2013;
Rodrigue et al., 2013; Yang et al., 2013; InterManager and
MARINTEK, 2015; Kavakeb et al., 2015; Lam, 2015;
Lister, 2015; Lun et al., 2016). Table 2 presents the criteria
identified in literature and have been repeated most often
and given the highest weight of importance with respect to
environmentally sustainable MTS. These criteria permit
the evaluation of alternatives that are selected to lead to a
more sustainable MTS (Table 3).

With the increasing environmental concerns with regard
to maritime activity, the shipping industry must find
solutions to attain environmental sustainability in their
operations and the system as a whole. Along with
regulatory requirements from institutions such as IMO,
customers and stakeholders of shipping services demand
for environmental sustainability from maritime services.
Hence, the importance of this research concerns the
selection of the criteria and alternatives to be considered
and evaluated in order to ensure that environmental
concerns and practices are integrated into industry
activities. In the search for environmental sustainability
of MTS, the expectations and requirements of shipping
managers and stakeholders from the system in environ-
mental dimensions must be understood. How such
requirements can be translated into specific processes
must also be determined. For these reasons, in this
research, criteria are defined as the preferred environmental
management requirements that allow meeting of a goal,
that is, the set of preferred feasible solutions to the
environmental sustainability performance issue. Alterna-

Expert Source(s) tives are defined as the desired objectives that fit best with

El Dura et al. (2012) the goal Qf attaiging .enViror.lmental sustainability in the

. MIS i lnprvin s svmmenl,prformes o

E3 Lai et al. (2011) criteria to be used for evaluation and to better support the

E4 Peris-Mora et al. (2005) decision-making process in the complex real-world of the

E5 Jeon & Amekudzi (2005), Rodrigue et al. (2013) maritime industry, a survey of literature related to the

E6 Lister (2015), Lun et al. (2016) maritime industry is evaluated to detect patterns in
discussed preferences among different reports and/or

Table 2 Criteria from the FAHP that are most connected to improved environmental performance of MTS

Notations Environmental Performance Criteria

Cl Use of green design in ships, engines and machinery

C2 Use of clean technologies such as, low sulfur fuel and option to alternate energy (fuel type)

C3 Reuse and recycle of resources used in shipping

C4 Ballast water treatment and residue/waste/spill control

C5 Logistic and scheduling efficiency for such as reduction of idle and waiting times

C6 Use of environmentally friendly shipping equipment and facilities
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Table 3 Environmental performance alternatives determined by FTOPSIS for environmentally sustainable MTS

Notations Environmental performance alternatives

Al Reduction of release of substances as defined by MARPOL Annex 1-6
A2 Management of water ballast violations

A3 Contained spill of hazardous materials

A4 Reduction of environmental deficiencies

studies (Table 1).

The criteria from Table 2 are described in detail. (C1)
The use of green design ships, engines, and machinery is
considered a vital step for the shipping industry to address
technical and economic aspects of using environment-
friendly shipping equipment and facilities. For example, a
new vessel design includes a waste-heat recovery system
that reduces fuel consumption and CO, emissions by 9%
along with a newly designated space to accommodate
sulfur-cleaning scrubbers and remove SO, before its
release into the atmosphere. The SO, captured in the
scrubber is a recyclable product that can later be used as
soil amendment in agriculture and in construction
applications including cement (Romeo, 2013). (C2) The
use of clean technologies, such as low-sulfur fuel or
alternate energy sources to fuel container ships, leads to
high fuel consumption efficiency and reduced CO,
emissions (Peris-Mora et al., 2005). Alternatives to the
heavy fuel oil, which is presently used in maritime
transport, are needed to address environmental concerns
and develop more stringent government regulations
(Bengtsson et al., 2012). For instance, studies have
evaluated whether hybrid fuels, biofuels, or nuclear energy
can be applied in shipping operations (Bengtsson et al.,
2012; Dedes et al., 2012). (C3) Reuse and recycling of
shipping-related wastes involve the development and
implementation of recycling programs. These programs
can include the storage of waste during transit and use of
green packing materials. Lai et al. (2011) suggested the
sale or reuse of shipping materials and used oil as an
incentive for implementing such sustainability programs.
(C4) Ballast water treatment and residue/waste/spill
control includes the management of ship wastes during
voyage to prevent waste disposal at sea. Installation of
ballast water treatment systems on future ships will
minimize the introduction of invasive species that threaten
local ecosystems (Department of Homeland Security,
2012). (C5) Logistics and scheduling efficiency for the
reduction of idle and waiting times is also attributed to the
environmental sustainability of an MTS (Lam, 2015)
because it minimizes environmental impacts and improves
the environmental performance of the system. For
example, optimized voyage planning can result in fuel
savings, and identifying the most fuel-efficient route and
engaging in a steady running strategy contribute to the
reduction of emissions and the environmental performance

of the system (Lai et al., 2011; Xin at al., 2014). Also,
reducing idle and wait times at the port results in reduced
gaseous and particulate emissions from vessels, thus
improving air quality (Eyring, et al., 2010; Fagerholt et
al., 2015). The last criterion is the usage of environmen-
tally friendly shipping equipment and facilities (C6), which
include green practices adopted by the industry to improve
environmental performance and economic competitive-
ness. For example, MTS engage in green practices, such as
the use of non-toxic paint (Gudmundsson, 2001; Yang et
al., 2013).

Table 3 depicts the four alternatives for a sustainable
MTS, namely (A1) reduction of release of substances as
defined by International Convention for the Prevention of
the Pollution from Ships (MARPOL) Annex 1 through 6,
(A2) management of ballast water violations, (A3)
containment of spills of hazardous materials, and (A4)
reduction of environmental deficiencies (Duru et al., 2013;
Lam, 2015). These alternatives are specifically related to
environmental sustainability and are considered herein as
major pathways that promote improved performance in
MTS. The first alternative (A1) focuses on the pollution
aspect of environmental sustainability, including air and
water pollution, with specific emphasis on reducing the
release of waste substances as defined by the International
Convention for the Prevention of Pollution from Ships or
MARPOL in Annex 1 through 6 (IMO, 1978).

1. MARPOL Annex I — Prevention of Pollution by Oil

2. MARPOL Annex II — Control of Pollution by
Noxious Liquid Substance in Bulk

3. MARPOL Annex IIl — Prevention of Pollution by
Harmful Substances Carried by Sea in Packaged Form

4. MARPOL Annex IV — Prevention of Pollution by
Sewage from Ships

5. MARPOL Annex V — Prevention of Pollution by
Garbage from Ships

6. MARPOL Annex VI — Prevention of Air Pollution
from Ships

The second alternative (A2), the management of ballast
water violations, considers the discharges from ships that
have a negative impact on the marine environment because
discharge typically contains a variety of biological
materials, such as plants, viruses, and bacteria, often
non-native, that can cause extensive ecological and
economic damage along with serious human health
problems (Darbra et al., 2005; Eyring, et al., 2010). The



Lizzette PEREZ LESPIER et al. Sustainable maritime KPIs

third alternative (A3), the containment of spills of
hazardous materials, can have devastating effects on the
environment. Such spills can be toxic to marine life and
stored for a long time in marine sediments, given that
natural bioremediation is typically a slow process and
anthropogenic remediation is costly (Eyring, et al., 2010).
The fourth alternative (A4), the reduction of environmental
deficiencies, is another requirement on environmental
performance and contributes to the improvement of social
performance and human health conditions at local and
global levels (Eyring, et al., 2010; Chiu et al., 2014; Lam,
2015).

The first step of a DMCE protocol is to set up a hierarchy
system, such as the one shown in Fig. 2. This system is
composed of multiple hierarchies and includes the goal of
evaluating the preferred KPIs for a sustainable MTS
criteria, as shown in Table 2, with the decision alternatives
to determine the preferred choice, as shown in Table 3.

The model proposed in this work is developed in two
main steps: (1) the prioritization of weights for criteria
using FAHP and (2) the prioritization of alternatives using
FTOPSIS technique with the use of the weights of criteria
attained from FAHP. Basically, the DMCE tool consists of
the integration of two methods. The intent of using FAHP
is to compute the importance weight of the criteria that will
be used in the FTOPSIS method. In this work, an
adaptation of Chang’s (1992; 1996) analysis on FAHP is
used.
2.1 Fuzzy AHP
The following steps explain the process of determining the
priority weights for the decision criteria:

Step 1: The collection of literature that will be used as
the voice of the experts is selected, as depicted in Table 1.

Step 2: The criteria are identified, as shown in Table 2.
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Step 3: The opinions and voice of experts are utilized to
provide the relative weight to each criterion that conforms
to the linguistic variables shown in Table 4, as defined by
Tolga et al. (2005). The criteria are evaluated according to
the experts by the selection of the related linguistic
variables according to Table 4. The experts’ comparisons
of criteria according to linguistic variable (by comparing
which is the more important of each two criteria) as
presented in journal articles and are herein interpreted as
illustrated in Table 5. Furthermore, to proceed with the
calculation of the pairwise comparison of criteria, the
linguistic variables in Table 5 are converted into their
corresponding TFNs, which are found in Table 4, resulting
in Table 6 after combining Tables 4 and 5.

Step 4: The fuzzy importance weight of criteria is
calculated by employing the geometric mean of the
experts’ opinions. To calculate the geometric mean,
Buckley’s (1985) geometric mean method is used. Results
are shown in Table 7.

Step 5: The fuzzy relative importance weight of the
criteria is calculated using an adaptation of Chang’s (1996)
extent analysis method (Egs. (2)—(5)).

Let G = {g1,22,»----g,} be a goal set. Each criterion is
utilized, and the extent analysis for each goal g; is
performed. Then, m extent analysis values for each
criterion are attained using the following notation (Kahra-
man et al., 2004); M, li,Mé...,Mg’t‘, where g; is the goal set

(i=1,2,....n) and Mél(j = 1,2,...,m), where all are TFNs.
The value of the fuzzy synthetic extent value (S;) with
respect to the ith criteria is defined as seen in Eq. (2)

~1
M{;,l .

Then, to obtain equation ij:l M, , the fuzzy addition

n m

2

i=1 j=1

@)

m
Si=Y M@
J=1

Goal

Evaluating the preferred KPIs for a

Sustainable MTS

Criteria (& G,

Alternatives

Fig. 2 DMCE model framework
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Table 4 Values of TFNs (Tolga et al., 2005)

Linguistic Variables Triangular Fuzzy Numbers Reciprocal Triangular Fuzzy Numbers
Absolute (A) (72, 4, 9/2) (219, 1/4, 2/7)

Very Strong (VS) (5/2,3,7/2) (2/7,1/3, 2/5)

Fairly Strong (FS) (3/2,2,5/2) (2/5, 172, 2/3)

Weak (W) (2/3, 1, 3/2) (2/3, 1, 3/2)

Equal (E) (1,1, 1) (1,1, 1

Table 5 Pairwise comparisons of criteria via linguistic variables

Criteria Experts Cl1 C2 C3 C4 C5 C6
El E E FS VS E VS
E2 E W w W VS
o E3 E FS FS FS A
E4 E E W FS FS
E5 E W E w E
E6 E w w E
El E! E W E A
E2 w! E VS FS VS FS
E3 FS™! E FS E FS E
2
E4 E! E VS FS FS VS
E5 w! E FS W E FS
E6 w! E VS VS w E
El FS! w! E E W
E2 wl Vst E E W E
o E3 FS™! FS! E W E
E4 E! vs! E E FS FS
E5 E! FS™! E W E E
E6 w! Vs E W
El Vst E’! E! E E FS
E2 wl FS! E! E
4 E3 FS™! E! w! E FS E
E4 w! FS™! E! E VS FS
E5 w! w! w! E FS E
E6 E! vs! wl E E E
El E! w! wl E! E A
E2 vs! w! w! E! E E
. E3 Al E! E! FS™! E E
5
E4 FS™! FS! FS! vs! E VS
E5 E! E’! E! FS! E FS
E6 w! w! wl E! E E
El vs! Al w! FS™! A’ E
E2 E! FS™! E! E! E! E
E3 E! E! E! E! E! E
C6
E4 FS'! vs! FS! FS’! vs! E
E5 E! FS! E! E! FS! E
E6 E! E! w! E! E! E
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Table 6 Pairwise comparisons of criteria via TFNs
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Criteria Experts Cl 2 c3 c4 cs C6
El (LL,1) (11,1 (312, 2, 502) (52,3,7/2) (1,1,1) (52,3, 712)
B2 (11,1 13, 1,312) (2/3,1,302) (213, 1,302) (52,3, 7/2) (1,1,1)
o E3 (1,1,1) (12,2, 5/2) (3/2,2, 502) (3/2,2, 5/2) (712, 4, 9/2) (11,1
B4 (1,1,1) (1,1,1) (1,1,1) (213, 1,302) (312, 2, 5/2) (312, 2,5/2)
E5 (11,1 213, 1,312) (11,1 213, 1,302) (1,11 (1,1,1)
E6 (11,1 213, 1,312) 2/3,1,302) (LL1) 213, 1,3/2) (11,1
El (1,11 (11,1 (2/3,1,302) (11,1 (11,1 (712, 4, 912)
E2 (213, 1,3/2) (11,1 (5/2,3,7/2) (312, 2, 52) (52,3, 7/2) (312, 2,5/2)
“ E3 (2/5, 112, 2/3) (1,1,1) (3/2,2, 52) (1,1,1) (12,2, 5/2) (1,1,1)
E4 (11,1 (11,1 (5/2,3,7/2) (312,2,502) (312, 2,52) (5/2,3,7/2)
E5 213, 1,312) (11,1 (3/2,2,52) 213, 1,302) (1,11 (312, 2, 512)
E6 213, 1,372) (11,1 (5/2,3,7/2) (52,3,7/2) 213, 1,3/2) (11,1
El (2/5, 112, 2/3) 213, 1,372) (1,1,1) (11,1 213, 1,3/2) @53, 1,312)
E2 (213, 1,3/2) (217,173, 2/5) (1,1,1) (11,1 213, 1,3/2) (1,1,1)
o E3 /5, 112, 2/3) (215, 12, 2/3) (1,1,1) (2/3,1,302) (LL1) (11,1
E4 (LL1) /7,173, 2/5) (11,1 (11,1 (12,2, 52) (312, 2, 512)
ES (LL1) /5,172, 2/3) (11,1 (2/3,1,302) (1,11 (11,1
E6 213, 1,3/2) (217,173, 2/5) (1,1,1) (213, 1,302) 213, 1,3/2) 213, 1,32)
El (217,173, 2/5) (1,1,1) (1,1,1) (1,1,1) (11,1 (12,2, 512)
E2 (213, 1,3/2) (215, 112, 2/3) (1,1,1) (1,1,1) (LL1) (11,1
o E3 /5,112, 2/3) (1,1,1) 2/3,1,302) (11,1 (12,2, 52) (11,1
E4 213, 1,3/2) /5,172, 2/3) (11,1 (LL1) (5/2,3,7/2) (312, 2, 512)
ES 213, 1,3/2) 213, 1,312) (273, 1,302) (11,1 (12,2, 5/2) (11,1
E6 (11,1 /7,173, 2/5) (2/3,1,302) (1,1,1) (L,L,1) (1,1,1)
El (1,1,1) 213, 1,32) (2/3,1,302) (1,1,1) (11,1 (712, 4, 912)
E2 (217,13, 2/5) 213, 1,312) 2/3,1,302) (11,1 (1,11 (11,1
o E3 (209, 1/4, 2/7) (11,1 (LL,1) (2/5, 112, 2/3) (1,11 (11,1
B4 (2/5, 112, 2/3) /5,172, 2/3) /5,172, 2/3) (277,173, 2/5) (LL1) (52,3, 712)
ES (11,1 (11,1 (11,1 (2/5, 112, 2/3) (11,1 (12,2, 512)
E6 273, 1,3/2) 213, 1,32) (2/3,1,302) (1,1,1) (11,1 (1,1,1)
El /7,173, 2/5) (209, 1/4, 2/7) 213, 1,302) /5,112, 2/3) (209, 1/4, 2/7) (1,1,1)
E2 (11,1 /5,12, 2/3) (11,1 (LL1) (1,11 (11,1
e E3 (11,1 (11,1 (11,1 (11,1 (LL,1) (11,1
E4 /5, 1/2,2/3) (217, 113, 2/5) /5, 1/2,2/3) /5, 112, 2/3) (2/7, 173, 2/5) (1,1,1)
ES (11,1 (215, 1/2, 2/3) (1,1,1) (11,1 (2/5, 172, 2/3) (1,1,1)
E6 (1,1,1) (11,1 (2/3,1,302) (1,1,1) (LL1) (11,1

operation (Sun, 2010) of m extent analysis values for a
certain matrix is performed, as seen in Eq. (3)

m m m

Sy my u,
J

=1 Jj=1 =1

M = 3)
=1
where [ is the lower bound value, m is the most promising
value, and u is the upper bound value. Then, to obtain

Do 2 M) !, the fuzzy addition operation of Mj,
(j = 1,2,3,4,5,....,m) values is executed using Eq. (4)

n m n n n

j . . .
E gM,-_ glj,g m],g uj |-
i=1 j=1 =1  j=1  j=1

To calculate the inverse of the vector, Eq. (5) is used

4)
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Table 7 Fuzzy geometric mean of pairwise comparison

Criteria Cl C2 c3 c4 Cs C6

Cl (LL1) (0.874,1.122,1.427)  (1,1.260,1.554)  (1.018,1.348,1.758)  (1.435,1.698,1.973)  (1.246,1.348,1.435)
c2 (0.701,0.891,1.145) (1,1,1) (1.692,2.182,2.717)  (1.246,1.513,1.789)  (1.246,1.513,1.789)  (1.643,1.906,2.149)
c3 (0.644,0.794,1) 0.368,0.458,0.591) (1,1,1) (0.816,1,1.225)  (0.874,1.122,1.427)  (0.935,1.122,1.334)
c4 (0.569,0.742,0.983)  (0.559,0.661,0.802)  (0.816,1,1.225) (1,1,1) (1.334,1.513,1.672)  (1.145,1.260,1.357)
cs (0.507,0.589,0.697)  (0.701,0.891,1.145)  (0.701,0.891,1.145)  (0.598,0.661,0.750) (1,1,1) (1.536,1.698,1.844)
c6 (0.697,0.742,0.802)  (0.465,0.525,0.609)  (0.750,0.891,1.070)  (0.737,0.794,0.874)  (0.542,0.589,0.651) (11,1

-1
M]. - n ) n ’ n :
[;121 ] (Z/’l U Zizl mj Zizl Zi)
(5)

The resulting fuzzy synthetic extent with respect to its
criteria is presented in Table 8.

Table 8 Fuzzy synthetic extent with respect to its criteria

Criteria Weight Low Weight Med Weight Upper
Cl 0.146 0.201 0.274
C2 0.168 0.233 0.317
C3 0.103 0.142 0.197
Cc4 0.121 0.159 0.211
C5 0.112 0.148 0.197
Co6 0.093 0.117 0.150

Step 6: The defuzzification method presented in Eq. (6)
from Sun (2010) is applied to find the best non-fuzzy
priority (BNP) or crisp weight value of the criteria. After
calculating the BNP value, the criteria can then be ranked
in order of preference as presented in Table 9.

Table 9 Best BNP or crisp values of criteria

Criteria BNP Rank

C1- Green design 0.207 2

C2- Clean technologies 0.239 1

C3- Reuse and recycle 0.147 5

C4- Residue, waste and spill control 0.164 3

C5- Logistic and scheduling efficiency 0.152 4

C6- Green equipment and facilities 0.120 6

(s, —15,) + (my,—1L,)]
BNPs, = ===
where i = 1,2,3,...6. (6)

To determine the fuzzy combination expansion for each

criterion, first, we calculate ij:l Mé value for each row
of the matrix. For example, for C,;

Ci=(140874+1+1.018+ 1.435+ 1.246, 1
+1.122 4 1.260 4 1.348 + 1.698 + 1.348, 1

+1.427 + 1.554 + 1.758 + 1.973 + 1.435)

= (6.573, 7.777, 9.147).

Then, the Z?:l ij:l M}, value is calculated as

(6.573, 7.777, 9.147)2(7.529, 9.006, 10.589)% (4.636,
5.497, 6.576)®, ..., ® (4.191, 4.540, 5.005)

— (33.394, 38.725, 44.937).
Then, the [ /"y > 7, M) value is calculated

[Zi:l ijl Miﬂ}
= (1/44.937, 1/38.725, 1/33.394)
= (0.022, 0.026, 0.030)

The value of the fuzzy synthetic extent (S;) with respect
to ith criteria (i = 1,2,3,4,5,6) is calculated as seen in the
example for criteria 1

S, = (6.573, 7.777, 9.147) ® (0.022, 0.026, 0.030)

= (0.146, 0.201, 0.274)

Lastly, the BNP value of the fuzzy weights of each
criterion is calculated for all six criteria. This is calculated
as shown for criteria 1:

[(0.274-0.146) + (0.201-0.146)]
3

BNPg, = + 0.146

=0.207

After determining the BNP value of the fuzzy weights of
each criterion or the criteria weight, the second main step
of this DMCE tool is to apply the prioritization of
alternatives by using FTOPSIS technique using these
BNP weights of criteria attained from FAHP.
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2.2 Fuzzy TOPSIS

The TOPSIS technique was initially suggested by Hwang
and Yoon (1981). Subsequently, the FTOPSIS method was
presented by Chen and Hwang (1992). Its basic concept is
to prioritize the alternatives to the identified preferred
criteria for improving the sustainable performance of MTS.
After determining the important weights of the criteria
(BNP), FTOPSIS is used to rank the alternatives based on
the closeness coefficients (CC). The method is based on the
concept of selecting the best alternative, which has the
shortest distance from the fuzzy positive-ideal solution
(FPIS) and the longest distance from the fuzzy negative-
ideal solution (FNIS). The result is a method of selecting
the alternatives based on maximum similarity to the FPIS
(Hwang & Yoon, 1981; Chen & Hwang, 1992). Related
applications of the FTOPSIS are discussed in Cayir Ervural
etal. (2018) and Awasthi et al. (2018). The algorithm of the
proposed FTOPSIS method is explained in the following
steps, as proposed by Chen (2000) and Chen et al. (2006):

Step 1: The alternatives are identified, as shown in
Table 3.

Step 2: The opinions and voice of the experts are
subjectively evaluated to give the relative weight to each
alternative on the basis of the linguistic variables shown in
Table 10. The experts’ comparisons of alternatives
according to linguistic variable (by comparing which is
the more important of each two alternatives) are illustrated
in Table 11. To proceed with calculations, the linguistic
variables in Table 11 are converted into their correspond-
ing TFNs found in Table 10, as defined by Shukla et al.
(2014), and the results are presented in Table 12 after
combining Tables 10 and 11.

Table 10 Linguistic variables for rating (Shukla et al., 2014).

Linguistic Variables

Triangular Fuzzy Numbers

Very Poor (VP) (0,0, 2)
Poor (P) 1,2,3)
Medium Poor (MP) 2,35,5)
Fair (F) (4,5, 6)
Medium Good (MG) (5,6.5,8)
Good (G) (7.8,9)
Very Good (VG) (8, 10, 10)

Step 3: The fuzzy decision matrix (FDM) depicted in
Table 13 is constructed by determining the aggregated
weight of alternatives with respect to each criterion by
using Eq. (7) as presented by Shukla et al. (2014)

FDMy = (lg,mpug) E=123,..,6

. 1 E
I = ming(lg),m = z ZE:I mu = maxg(ug)  (7)

where E represents the experts, as a trio (Im,u),
representing of the lower bound or smallest possible
value, the modal or most favorable value, and the upper
bound or largest possible value, respectively, that describe
the TFN rating of all the experts. The resulting FDM is
presented in Table 13.

Step 4: The weighted normalized FDM (WNFDM) is
calculated by using the criteria weights (BNP) attained
from the FAHP by using Eq. (8) according to Shukla et al.
(2014).

WNFDM = [fdmy % BNP) g, i = 12,....m

and j=1,2,..n
where fdm;
li' m;; U;
= (é F]/ Fj) and C; = max;(FDM) 8)

The resulting WNFDM is presented in Table 14.
Step 5: The FPIS and the FNIS are calculated by using

Egs. (9) and (10), respectively, as presented by Chen et al.
(2006)

FPIS = (WFNDM;" ,WFENDM,',..., WFNDM,}
where WFNDM;"™ = max,{wfidm;} )
FNIS = (WFNDM, ,WFNDM, ,...,WFNDM, )

where WFNDM,;” = min,-{wfndm,j}

i=12,.m; j=12,.n (10)

The resulting FPIS and FNIS for each criterion are
presented in Table 15.

Step 6: The distance of each alternative from the FPIS
and the FNIS is calculated as described by Shukla et al.
(2014) by using Egs. (11) and (12), respectively.

di = Zj’.’:l d,(wfndmg; + whndm;); i =1,2,..m  (11)

di = Z;Zl d,(wfndm; * wfndm; ); i =1.2,..m (12)

where d, is the distance between two fuzzy numbers.
The resulting distances from the alternatives to the ideal
solutions are provided in Table 16 for FPIS and Table 17
for FNIS.
Step 7: The alternatives are ranked according to the CCs,
where the CC can be calculated for each alternative by
using Chen’s (2000) equation, as presented in Eq. (13).

d;

cci=—% . i_
Td vd!

1,2,...m. (13)
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Table 11 Rating the alternatives in linguistic terms

Experts Rating

Criteria Alternatives
El E2 E3 E4 ES E6
Al VG VG G G G VG
A2 F P MP MP P F
cl A3 G G MP VG F F
A4 VG G VG VG G G
Al VG VG VG VG G VG
A2 G G VG VG F G
2 A3 G F G G VG G
A4 VG VG G G G VG
Al G VG VG G G F
A2 G G VG G VG G
e A3 VG G MP G G G
Ad G G G VG G MP
Al G VG G G MG VG
A2 VG VG G VG G VG
4 A3 VG G G G VG G
A4 G G VG G VG G
Al VG G G VG VG G
A2 VP P MG F F MG
© A3 G G MG F G F
A4 VG G G MG VG MG
Al VG G VG VG G VG
A2 MP F P P F MP
<6 A3 G MP MP MP G MP
A4 VG G G MG VG G

The ranks based on each alternative’s CC are shown in
Table 18. The CC represents the distance from each
alternative to the FPIS and the FNIS.

3 Discussion of results

The activities in MTS are sources of environmental
pollution, creating new and critical challenges to port
managers. One such challenge is the need to reduce
environmental damage while enhancing system perfor-
mance. Although multi-criteria decision methods have
been implemented to assess these externalities, these
methods have limitations in dealing with the imprecise
nature of linguistic assessment. Decision-makers face
uncertainties from subjective perceptions and experiences
in the decision-making process. To overcome these
limitations, fuzzy multi-criteria decision-making methods
have been implemented in this research.

The need to understand which alternative strategies
would most significantly enhance the sustainability of an

MTS led to the integration of the FAHP and FTOPSIS
methods. FAHP was used to calculate the relative weights
of each criterion in Table 2, and then FTOPSIS was used to
prioritize the MTS’s sustainable alternatives in Table 3
based on these selection criteria.

This research ranked four alternative methodologies to
promote sustainability based on six criteria. As a result,
FAHP determined the most important criteria as C2, the
use of clean technologies such as low-sulfur fuel or an
alternative energy source, because it had the highest weight
or BNP (0.239). C1, the use of green design ships, engines
and machinery, was ranked as the second highest criteria
with a close weight or BNP of 0.207. C1 was followed by
C4, ballast water treatment and residue/water/spill control,
with a BNP of 0.164; CS5, logistics and scheduling
efficiency for reduction of idle and waiting times, with a
BNP 0f 0.152; C3, reuse and recycle of resources on board,
with a BNP 0f 0.147; and C6, the usage of environmentally
friendly shipping equipment and facilities, with a BNP of
0.120. The results for C2 and C1 are not surprising given
that one of the main targeted issues for improving
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Table 12 Translating linguistic terms into fuzzy terms

Experts Rating

Criteria Alternatives £l ) = o s e
Al (8,10,10) (8,10,10) (7,8,9) (7,8,9) (7,8,9) (8,10,10)
A2 (4,5,6) (1,2,3) (2,3.5,5) (2,3.5,5) (1,2,3) (4,5,6)

¢l A3 (7,8,9) (7.8,9) (2,3.5,5) (8,10,10) (4,5,6) (4,5,6)
A4 (8,10,10) (7.8,9) (8,10,10) (8,10,10) (7,8,9) (7,8,9)
Al (8,10,10) (8,10,10) (8,10,10) (8,10,10) (7,8,9) (8,10,10)
A2 (7,8,9) (7,8,9) (8,10,10) (8,10,10) (4,5,6) (7,8,9)

2 A3 (7,8,9) (4,5,6) (7,8,9) (7,8,9) (8,10,10) (7,8,9)
Ad (8,10,10) (8,10,10) (7,8,9) (7,8,9) (7,8,9) (8,10,10)
Al (7,8,9) (8,10,10) (8,10,10) (7,8,9) (7.8,9) (8,10,10)
A2 (7,8,9) (7,8,9) (8,10,10) (7,8,9) (8,10,10) (7,8,9)

e A3 (8,10,10) (7,8,9) (2,3.5,5) (7,8,9) (7,8,9) (7,8,9)
A4 (7,8,9) (7,8,9) (7,8,9) (8,10,10) (7,8,9) (2,3.5,5)
Al (7.8,9) (8,10,10) (7.8,9) (7.8,9) (5,6.5.8) (8,10,10)
A2 (8,10,10) (8,10,10) (7.8,9) (8,10,10) (7.8,9) (8,10,10)

4 A3 (8,10,10) (7,8,9) (7,8,9) (7,8,9) (8,10,10) (7,8,9)
A4 (7,8,9) (7,8,9) (8,10,10) (7,8,9) (8,10,10) (7,8,9)
Al (8,10,10) (7,8,9) (7,8,9) (8,10,10) (8,10,10) (7,8,9)
A2 (0,0,2) (1,2,3) (5,6.5,8) (4,5,6) (4,5,6) (5,6.5,8)

© A3 (7,8,9) (7,8,9) (5,6.5,8) (4,5,6) (7,8,9) (4,5,6)
A4 (8,10,10) (7,8,9) (7,8,9) (5,6.5,8) (8,10,10) (5,6.5,8)
Al (8,10,10) (7,8,9) (8,10,10) (8,10,10) (7,8,9) (8,10,10)
A2 (2,3.5,5) (4,5,6) (1,2,3) (1,2,3) (4,5,6) (2,3.5,5)

co A3 (7,8,9) (2,3.5,5) (2,3.5,5) (2,3.5,5) (7,8,9) (2,3.5,5)
A4 (8,10,10) (7.8,9) (7.8,9) (5,6.5,8) (8,10,10) (7,8,9)

Table 13 FDM

Alternatives
Criteria
Al A2 A3 A4

Cl (7,8,9) (1,3.500,6) (2,6.583,10) (7,9,10)

C2 (7, 9.667,10) (4,8.167,10) (4,7.833,10) (7,9,10)

C3 (7,9,10) (7,8.667,10) (2,7.583,10) (2,7.583,10)

C4 (5,8.417,10) (7,9.333,10) (7,8.667,10) (7,8.667,10)

Cs5 (7,9,10) (0,4.167,8) (4,6.750,9) (5,8.167,10)

C6 (7,9.33,10) (1,3.500,6) (2,5,9) (5,8.417,10)

environmental sustainability is the reduction and control of ~ follows: A1>A4>A3>A2. Al, the reduction of release of
pollution due to emissions. Furthermore, such pollution substances as defined by MARPOL Annex 1-6, received a
reduction and control are mainly driven by reducing water ~CC of 0.765. A4, the reduction of environmental
pollution, which directly relates to the third ranked criteria,  deficiencies, attained a CC of 0.702. A3, the controlled
C4. spills of hazardous materials, and A2, the management of

Once the criteria weights had been established, the ballast water violations, received the lowest CC values of
alternatives could then be evaluated by using FTOPSIS. 0.561 and 0.489, respectively. Al was the preferred
The ranking order of the four evaluated alternatives is as  alternative, presumably because it reduces air and water
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Table 14 WNFDM
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Alternatives

Criteria

Cl

C2

C3

C4

Cs

C6

Al
A2
A3
A4

(0.145,0.186,0.207)
(0.021,0.072,0.124)
(0.041,0.136,0.207)
(0.145,0.186,0.207)

(0.167,0.231,0.239)
(0.096,0.195,0.239)
(0.096,0.187,0.239)
(0.167,0.215,0.239)

(0.103,0.133,0.147)
(0.103,0.128,0.147)
(0.029,0.112,0.147)
(0.029,0.112,0.147)

(0.082,0.138,0.164)
(0.115,0.153,0.164)
(0.115,0.142,0.164)
(0.115,0.142,0.164)

(0.107,0.137,0.152)
(0,0.064,0.122)
(0.061,0.103,0.137)
(0.076,0.124,0.152)

(0.084,0.112,0.120)
(0.012,0.042,0.072)
(0.024,0.060,0.108)
(0.060,0.101,0.120)

Table 15 FPIS and FNIS per criterion

Criteria FPIS FNIS
Cl1 0.207 0.021
2 0.239 0.096
C3 0.147 0.029
C4 0.164 0.082
Cs5 0.152 0.000
Ccé6 0.120 0.012

pollution simultaneously. A1 represents a broader scope in
terms of the assessment of environmental externalities
resulting from maritime activities that are detrimental to
the environment. The second alternative (A4) represents a
system’s environmental performance by measuring the
number of environment-related deficiencies recorded

relative to the total number of external inspections and
audits. This alternative measures the importance of
complying with regulations and policies when attempting
to increase the environmental performance of MTS.

The determination of which alternatives have the most
influence on the environmental performance of the
maritime industry is recorded in their relative ranking.
This determination would allow decision-makers and
managers in the industry to develop a plan that improves
the sustainable environmental performance of an MTS.

4 Conclusions and future work

This research develops a DMCE tool that quantifies and
ranks preferred environmental impact indicators within an
MTS. The model helps decision-makers achieve environ-
mental sustainability and also provides environmental

Table 16 Distance between the alternatives and the FPIS with respect to each criterion

Distance Cl C2 C3 C4 C5 C6 Sum
d(A1 to FPIS) 0.033 0.036 0.023 0.043 0.024 0.018 0.178
d(A2 to FPIS) 0.122 0.075 0.024 0.025 0.090 0.071 0.407
d(A3 to FPIS) 0.090 0.076 0.062 0.027 0.053 0.057 0.364
d(A4 to FPIS) 0.033 0.038 0.062 0.027 0.041 0.032 0.231
Table 17 Distance between the alternatives and the FNIS with respect to each criterion

Distance Cl C2 C3 C4 C5 Co6 Sum
d(A1 to FNIS) 0.139 0.105 0.087 0.050 0.116 0.082 0.578
d(A2 to FNIS) 0.058 0.087 0.085 0.057 0.069 0.034 0.389
d(A3 to FNIS) 0.110 0.085 0.072 0.053 0.091 0.054 0.465
d(A4 to FNIS) 0.139 0.100 0.072 0.053 0.106 0.074 0.544
Table 18 CC of alternatives and their respective ranking

Alternative d+ d- dt+-d CcC Rank
Al- Reduction release of substances: MARPOL 0.178 0.578 0.755 0.765 1
A2- Manage of water ballast violations 0.407 0.389 0.796 0.489 4
A3- Contained spill of hazardous materials 0.364 0.465 0.830 0.561 3
A4- Reduction of environmental deficiencies 0.231 0.544 0.775 0.702 2
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policy-makers in the shipping industry with an analytical
tool that can evaluate tradeoffs within the system and
identify possible alternatives to mitigate detrimental effects
on the environment. The integrated evaluation tool
developed in this research uses FAHP and FTOPSIS
methodologies and can provide marine decision-makers
with a fuzzy analysis of a traditional performance
evaluation model that includes the uncertainty and
imprecision that comes with DMCE. The proposed method
enables decision analysts in the maritime industry to better
understand the complete evaluation process of alternatives
and criteria for a sustainable system.

This study models the environmental effects of various
green performance measures and their uncertainties by
integrating fuzzy logic into the combination of AHP and
the TOPSIS methods. Effective ranking of these perfor-
mance measures is the result. With the use of these
effective performance measures, this research developed a
DMCE tool for evaluating the preferred green measures in
an MTS. The DMCE tool helps eliminate model complex-
ity that reduces an MTS’s performance and provides a
better understanding of beneficial elements and perfor-
mance measures in terms of a system’s environmental
performance.

For future work, we propose to expand the model and
evaluate the alternatives with respect to more detailed
criteria. Also, given that the results of this research are
based on the criteria and alternatives identified through an
examination and survey of related literature, the testing and
validation of the DMCE tool are limited to the experiences
and knowledge of those who were chosen as experts. The
incorporation of a greater number of experts could yield
more accurate results with respect to the preferred green
performance measures in the maritime industry to attain an
environmentally sustainable system.

Moreover, the comprehensive methodology developed
in this research can be implemented to evaluate other
systems and infrastructures. This methodology will allow
decision-makers to identify preferred performance indica-
tors and make strategic decisions that will enhance the
efficiency and the environmental performance of an MTS.

Acknowledgements The authors acknowledge the funding from the
Engineering Management & Systems Engineering Department at Missouri
University of Science and Technology along with a special thanks to the US
Geological Survey for partially funding this research through US Geological
Survey award number G13AC00028.

References

Awasthi A, Omrani H, Gerber P (2018). Investigating ideal-solution
based multicriteria decision making techniques for sustainability
evaluation of urban mobility projects. Transportation Research Part
A, Policy and Practice, 116: 247-259

Aydi A (2018). Evaluation of groundwater vulnerability to pollution
using a GIS-based multi-criteria decision analysis. Groundwater for

Sustainable maritime KPIs 381

Sustainable Development, 7: 204211

Bailey D, Solomon G (2004). Pollution prevention at ports: Clearing the
air. Environmental Impact Assessment Review, 24(7): 749-774

Balli S, Korukoglu S (2009). Operating system selection using Fuzzy
AHP and TOPSIS methods. Mathematical and Computational
Applications, (14): 119-130

Bengtsson S, Fridell E, Andersson K (2012). Environmental assessment
of two pathways towards the use of biofuels in shipping. Energy
Policy, 44: 451-463

Broesterhuizen E, Vellinga T, Taneja P, van Leeuwen L (2014).
Sustainable procurement for port infrastructure. Infranomics, 11-26

Buckley J (1985). Fuzzy hierarchical analysis. Fuzzy Sets and Systems,
17(1): 233-247

Carter C, Rogers D (2008). A framework of sustainable supply chain
management: Moving toward new theory. International Journal of
Physical Distribution & Logistics Management, 38(5): 360-387

Cayir Ervural B, Evren R, Delen D (2018). A multi-objective decision-
making approach for sustainable energy investment planning.
Renewable Energy, 126: 387402

Chang D Y (1992). Extent Analysis and Synthetic Decision, Optimiza-
tion, Techniques and Applications, Volume 1. Singapore: World
Scientific

Chang DY (1996). Applications of the extent analysis method of Fuzzy
AHP. European Journal of Operational Research, 95(3): 649-655

Chang Y (2013). Environmental efficiency of ports: A data envelopment
analysis approach. Maritime Policy & Management, 40(5): 467478

Chen C (2000). Extensions of the TOPSIS for group decision-making
under Fuzzy environment. Fuzzy Sets and Systems, 114(1): 1-9

Chen C, Lin C, Huang S (2006). A Fuzzy approach for supplier
evaluation and selection in supply chain management. International
Journal of Production Economics, 102(2): 289-301

Chen S, Hwang C (1992). Fuzzy Multiple Attribute Decision Making:
Methods and Applications. Berlin: Springer

Chiu R, Lai I (2011). Green port measures: Empirical case in Taiwan. In:
Proceedings of the Eastern Asia Society for Transportation Studies.
8: 1-15

ChiuR H, Lin L H, Ting S C (2014). Evaluation of green port factors and
performance: A fuzzy AHP analysis. Mathematical Problems in
Engineering, 2014(5): 1-12

Darbra R, Ronza A, Stojanovic T, Wooldridge C, Casal J (2005). A
procedure for identifying significant environmental aspects in sea
ports. Marine Pollution Bulletin, 50(8): 866874

De Toni A F, Comello L (2005). Prede o ragni? Uomini e organizzazioni
nella ragnatela della complessita (Preys or spiders? Men and
organizations in the web of complexity). Torino: UTET University
(in Italian)

Dedes E, Hudson D, Turnock S (2012). Assessing the potential of hybrid
energy technology to reduce exhaust emissions from global shipping.
Energy Policy, 40: 204-218

Demirel T, Demirel N C, Kahraman C (2008). Fuzzy Analytic Hierarchy
Process and its Application: Theory and Applications with Recent
Developments. New York: Springer US

Department of Homeland Security (2012). Standards for Living
Organisms in Ship’s Ballast Water Discharged U.S. Waters. Final
Rule. National Archives and Records Administration. Federal
Register, 77(57)



382 Front. Eng. Manag. 2019, 6(3): 368-383

Ding J F (2011). An integrated fuzzy TOPSIS method for ranking
alternatives and its applications. Journal of Marine Science and
Technology, 19(4): 341-352

Duru O, Bulut E, Huang S, Yoshida S (2013). Shipping performance
assessment and the role of Key Performance Indicators (KPIs):
Quality Function Deployment' for transforming shipowner's expecta-
tion. In: Proceedings of Conference of International Association of
Maritime Economists, Taipei, China

Eyring V, Isaksen I, Bernsten T, Collins W J (2010). Transport impacts
on atmosphere and climate: Shipping. Atmospheric Environment, 44
(37): 4735-4771

Fagerholt K, Gausel N T, Rakke J G, Psaraftis H N (2015). Maritime
routing and speed optimization with emission control areas.
Transportation Research Part C, Emerging Technologies, 52: 57-73

Gudmundsson H (2001). Indicators and performance measures for
transportation, environment and sustainability in North America.
Report from a German Marshall Fund Fellowship 2000 Individual
Study Tour. Denmark: Ministry of Environment and Energy:
National Environment Research Institute

Han C H (2010). Strategies to reduce air pollution in shipping industry.
Asian Journal of Shipping and Logistics, 26(1): 7-29

Homsombat W, Yip T, Yang H, Fu X (2013). Regional cooperation and
management of port pollution. Maritime Policy & Management, 40
(5): 451466

Hsieh T Y, Lu S T, Tzeng G H (2004). Fuzzy MCDM approach for
planning and design tenders selection in public office buildings.
International Journal of Project Management, 22(7): 573-584

Hwang C, Yoon K (1981). Multiple Attributes Decision Making
Methods and Applications. Berlin: Springer

IMO (1978). International convention for the prevention of pollution
from ships (MARPOL). http://www.imo.org/en/About/Conventions/
ListOfConventions/Pages/International-Convention-for-the-Preven-
tion-of-Pollution-from-Ships-(MARPOL).aspx

IMO (2012). World Maritime Day: A Concept of a Sustainable Maritime
Transportation System. http://www.imo.org/en/About/Events/World-
MaritimeDay/WMD2013/Documents/CONCEPT%200F%20%
20SUSTAINABLE%20MARITIME%20TRANSPORT%20SY S-
TEM.pdf

InterManager, MARINTEK (2015). The Shipping KPI Standard V2.3.

The Research Council of Norway International Maritime Organization
(IMO) (2012). World Maritime Day: A Concept of a Sustainable
Maritime Transportation System. Brasil: Rio de Janeiro

Jeon C M, Amekudzi A (2005). Adressing sustainability in transporta-
tion systems: Definitions, indicators, and metrics. Journal of
Infrastructure Systems, 11(1): 31-50

Johnson H, Johansson M, Andersson K, Sodahl B (2013). Will the ship
energy efficiency management plan reduce CO, emissions? A
comparison with ISO 5001 and the IMS code. Maritime Policy &
Management, 40(2): 177-190

Kahraman C (2009). Introduction: Fuzzy theory and technology.
Multiple-Valued Logic and Soft Computing, 15(2-3): 103-105

Kahraman C, Cebeci C, Ruan D (2004). Multi-attribute comparison of
catering service companies using fuzzy AHP. The case of Turkey.
International Journal of Production Economics, 87(2): 171-184

Kaur P, Chakrabortyb, S. (2007). A new approach to vendor selection
problem with impact factor as an indirect measure of quality. Journal

of Modern Mathematics and Statistics, 1-8

Kavakeb S, Nguyen T, McGinley K, Yang Z, Jenkinson I, Murray R
(2015). Grenn vehicle technology to enhance the performance of a
European port: A simulation model with a cost-benefit approach.
Transportation Research Part C, Emerging Technologies, 60: 169—
188

Konsta K, Plomaritou E (2012). Key Performance Indicators (KPIs) and
shipping companies performance evaluations: The case of Greek
tanker shipping companies. International Journal of Business and
Management, 7(10): 143—155

Lai K H, Lun V'Y, Wong C W, Cheng T (2011). Green shipping
practices in the shipping industry: Conceptualization, adoption, and
implications. Resources, Conservation and Recycling, 55(6): 631-
638

Lam J (2015). Designing a sustainable maritime supply chain: A hybrid
QFD-ANP approach. Transportation Research Part E, Logistics and
Transportation Review, 78: 70-81

Lee C, Lam J (2012). Managing reverse logistics to enhance
sustainability of industrial marketing. Industrial Marketing Manage-
ment, 41(4): 589-598

Liou J J, Yen L, Tzeng G H (2008). Building an effective safety
management system for airlines. Journal of Air Transport Manage-
ment, 14(1): 20-26

Lirn T, Wu Y, Chen Y (2013). Green performance criteria for sustainable
ports in Asia. International Journal of Physical Distribution &
Logistics Management, 43(5): 5-5

Lister J (2015). Green shipping: Governing sustainable maritime
transport. Global Policy, 6(2): 118-129

Lun Y, Lai K h, Wong C W, Cheng T (2016). Green Shipping
Management. Switzerland: Springer International Publishing

Luo M, Yip T (2013). Ports and the environment. Maritime Policy &
Management, 40(5): 401403

Melious J O (2008). Reducing the environmental impacts of remote
ports: The example of Prince Rupert. Canadian Political Science
Review, 2(4): 40-50

Mudgal R, Shankar R, Talib P, Raj T (2010). Modeling the barriers of
green supply chain practices: An Indian perspective. International
Journal of Logistics Systems and Management, 7(1): 81-107

Oguzitimur S (2011). Why Fuzzy Analytic Hierarchy process approach
for transport problems? In: Proceedings of European Regional
Science Association (ERSA) Conference Papers, Vienna

Park J, Yeo G (2012). An evaluation of greenness of major Korean ports:
A fuzzy set approach. Asian Journal of Shipping and Logistics, 28(1):
67-82

Paz A, Maheshwari P, Kachroo P, Ahmad S (2013). Estimation of
performance indices for the planning of sustainable transportation
systems. Advances in Fuzzy Systems, 601468 doi:10.1155/2013/
601468

Peris-Mora E, Diez Orejas J, Subirats A, Ibanez S, Alvarez P (2005).
Development of a system of indicators for sustainable port manage-
ment. Marine Pollution Bulletin, 50(12): 1649—-1660

Puig M, Wooldridge C, Casal J, Darbra R (2015). Tool for the
identification and assessment of Environmental Aspects in Ports
(TEAP). Ocean and Coastal Management, 113: 8—17

Rodrigue J P, Comtois C, Slack B (2013). The Geography of Transport
Systems. New York: Taylor & Francis Group



Lizzette PEREZ LESPIER et al.

Romeo J (2013). Green ship design makes excellent environmental and
economic sense. www.professionalmariner.com/May-2013/Green-
ship-design-makes-excellent-environmental-and-economic-sense/

Schinas O, Stefanakos C (2012). Cost assessment of environmental
regulation and options for marine operators. Transportation Research
Part C, Emerging Technologies, 25: 81-99

Shimin L, Diew W (2012). Greenhouse gas mitigation strategies for
container shipping industry. American Journal of Engineering and
Applied Sciences, 5(4): 310-317

Shukla R, Garg D, Agarwal A (2014). An integrated approach for Fuzzy
AHP and Fuzzy TOPSIS in modeling supply chain coordination.
Production & Manufacturing Research: An Open Access Journal, 2
(1): 415-437

Sun C C (2010). A performance evaluation model by integrating fuzzy
AHP and fuzzy TOPSIS methods. Expert Systems with Applications,
37(12): 7745-7754

Tadic D, Aleksic A, Popovic P, Arsovski S, Castelli A, Joksimovic D,
Stefanovic M (2016). The evaluation and enhancement of quality,
environmental protection and safety in seaports. Natural Hazards and
Earth System Sciences, 17(2): 261-275

Tolga E, Demircan M, Kahraman C (2005). Operating system selection

Sustainable maritime KPIs 383

using fuzzy replacement analysis and analytic hierarchy process.
International Journal of Production Economics, 97(1): 89-117

Torfi F, Farahani R, Rezapour S (2010). Fuzzy AHP to determine the
relative weights of evaluation criteria and Fuzzy TOPSIS to rak the
alternatives. Applied Soft Computing, 10(2): 520-528

UNCTAD (2012). Review of Maritime Transport 2012: Sustainable
Freight Transport Development and Finance. New York and Geneva:
United Nations Business

Woo J, Moon D (2013). The effects of slow steaming on the
environmental performance in linear shipping. Maritime Policy &
Management, 41(2): 176-191

Xin J, Negenborn R R, Lodewijks G (2014). Energy-aware control for
automated container terminals using integrated flow shop scheduling
and optimal control. Transportation Research Part C, Emerging
Technologies, 44: 214-230

Yang C S, Lu C S, Xu J, Marlow P (2013). Evaluating green supply
chain management capability, environmental performance, and
competitiveness in container shipping context. Journal of the Eastern
Asia Society for Transportation Studies, 10: 2274-2293

Zadeh L A (1965). Fuzzy sets. Information and Control, 8(3):
338-353



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64
	bmkcit65
	bmkcit66
	bmkcit67
	bmkcit68
	bmkcit69
	bmkcit70
	bmkcit71


