Computers, Materials & Continua
DOI:10.32604/cmc.2020.012556

Tech Science Press

Article

Prospect Theory Based Hesitant Fuzzy Multi-Criteria Decision Making for Low
Sulphur Fuel of Maritime Transportation
Changli Lu1, Ming Zhao1,2, Imran Khan3 and Peerapong Uthansakul4,*
1

School of Economics and Management, Shanghai Maritime University, Shanghai, 201306, China
School of Economics and Management, Pingdingshan University, Pingdingshan, 467000, China
3
Department of Electrical Engineering, University of Engineering and Technology, Peshawar, Pakistan
4
School of Telecommunication Engineering, Suranaree University of Technology, Nakhonratchasima, Thailand

Corresponding Author: Peerapong Uthansakul. Email: uthansakul@sut.ac.th
Received: 04 July 2020; Accepted: 17 July 2020
2

Abstract: The environmental impact of maritime transport has now become a
relevant issue in sustainable policy formulation and has attracted increasing interest from academia. For the sustainable development of maritime transport, International Maritime Organization stipulates that the sulfur content of ship emissions
will reach 0.5 from 2020. With the approaching of the stipulated implementation
date, shipowners need to adopt scientiﬁc methods to make decision on low sulfur
fuel. In this study, we applied a prospect theory based hesitant fuzzy multi-criteria
decision-making model to obtain the optimal decision of low Sulphur marine fuel.
For this purpose, the hesitant fuzzy decision matrix is established to collect expert
opinions, the maximizing deviation method is adopted to determine criteria
weights. According to calculate the Euclidean distance from the reference points,
we obtain the comprehensive prospect values of alternatives. Lastly, a case study
is carried out to illustrate the signiﬁcance and effectiveness of the proposed methodology. The innovation of this study is that it is the ﬁrst-time adopting prospect
theory and hesitate fuzzy sets to multi-criteria decision making for low Sulphur
marine fuel, which provides an effective decision model for shipping companies
under Low Sulphur regulations, and can also be extended to other industries.
Keywords: Maritime transport; prospect theory; hesitant fuzzy sets; multi-criteria
decision making; maximizing deviation method; euclidean distance

1 Introduction
Marine transportation is one of the major contributors of Sulphur dioxide emissions in the world [1,2].
Currently heavy Sulphur fuel oil (HSFO) have been widely used in seagoing ships except emission control
areas, the Sulphur content of the exhaust gas burning from HSFO is up to 3.5%. Increased Sulphur dioxide
emissions from the burning of HSFO by marine machinery have a major impact on ecosystems, climate and
human health [3]. It has caused concerns from various stakeholders in the maritime industry, including
governments, international organizations, ports, shipowners, environmental professionals and others take
effective actions to reduce emissions of Sulphur dioxide from ships. In September 1997, the International
This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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Maritime Organization (IMO) adopted MARPOL Annex VI to prevent the pollution of air by ship exhaust
[4], and formally entered into force in May 2005. MARPOL Annex VI limits SOx emission from ship
exhaust, sets a global upper limit for Sulphur content in fuel, and sets a Sulphur emission control area. In
October 2008, the Marine Environment Protection Committee adopted amendment of MARPOL Annex
VI, which aims is to further reduce Sulphur emissions from ships. According to the IMO regulations
announced at the 70th session of Marine environmental protection committee in October 2016, the
Sulphur content of ships will be capped reduce to 0.5% on January 2020 globally, which aims to
signiﬁcantly reduce the Sulphur content of ships, and IMO’s 71th Marine Environment Protection
Committee Meeting (MEPC) in July 2017 has conﬁrmed that the regulations will be implemented as
planned [5].The process of Low Sulphur resolution of MEPC can be shown in Fig. 1. Although the
implementation of the IMO 2020 regulation will have some challenges, IMO and the governments of
Member States have taken various measures to ensure the smooth implementation of the regulations, new
technology such as satellite remote sensing will be used to verify whether the ship is using low Sulphur
fuel during navigation, not just at the port [6]. In addition, plans to promote the deployment of these
technologies have be actively considered, including the sharing of costs by Member States or port
authorities, thereby greatly enhancing the credibility and effectiveness of IMO 2020 implementation
policies. Therefore, a series of corresponding methods should be properly undertaken by shipowners to
reduce Sulphur content as early as possible to deal with these regulations and strict enforcement guarantees.

Figure 1: The process of Low sulphur resolution of MEPC
The existing technical conditions allow shipowners to have three main options to obey the new low
Sulphur regulations [6]. They can employ an exhaust gas cleaning system, the equipment which is
commonly called “scrubber” which can switch from heavy Sulphur fuel oil to lower Sulphur fuel oil by
using seawater to wash out the Sulphur so that shipowners can use HSFO continually. They can switch
from HSFO to low Sulphur fuel to compliance with the regulations of IMO, however, it means an
increase in fuel costs, whether low Sulphur fuel can be adequately supplied is also the problem that
shipowners needs to consider. Or they can run on liqueﬁed natural gas (LNG) which is an efﬁcient way
to meet upcoming requirements for the Sulphur emissions, and the price of LNG can be competitive with
distillate fuels, nevertheless, it also have some disadvantages such as higher upfront investment costs.
This paper proposes a fuzzy MCDM model based on prospect theory to help shipowners choose the
most suitable low Sulphur fuel. Firstly, on the basis of literature analysis, a comprehensive evaluation
criteria system for low Sulphur fuel selection consisting of multiple indicators was constructed. Then, the
hesitation fuzzy number (HFS) is used to express the performance of each scheme relative to each
criterion. On this basis, the maximum deviation method is used to obtain the weight of each criterion.
Finally, prospect theory is used to consider the shipowner’s risk appetite, sort the low Sulphur fuel
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alternatives. The innovation of this paper is to apply the hesitant fuzzy set theory and prospect theory to the
ﬁeld of shipping low Sulphur fuel selection for the ﬁrst time.
2 Literature Review
The selection of the most appropriate fuel solutions by shipowners plays an important role for
sustainability of maritime development and has attracted increasing interest from academia. Liping Jiang
[7] examines the costs and beneﬁts of reduction measures for the shipping industry under the perspective
of shipowner’s personal cost and environmental beneﬁt, the results showed that the price discrimination is
a decisive factor in decision-making, and pointed out that new ships are more suitable for a scrubber
installation. Irina Panasiuk [8] considered the technologies to reduce Sulphur emission as investments due
to the additional costs of capital, equipment and operating, the model of cash ﬂow is used to evaluate
investments efﬁciency of technology, the prime selection of investment applicable to the particular ship
identiﬁed by determining the dynamics of the ﬁnancial effects. Elizabeth Lindstad et al. [9] assess fuel
consumption, costs and emissions based on ship operations, indicating that distillate is an attractive
option for small vessels, and scrubber will be an attractive option for large vessels. Jan Eise Fokkema
et al. [10] analyzed fuel costs and overall mining costs by simulating fuel planning decisions at random
fuel prices, the presence of emissions control zones, and the length of the route. Through numerical
experiments, they determined that the mining cost of LNG fuel ships is lower than that of traditional
ships. Winebrake et al. [11] introduced the life cycle emission analysis of conventional and natural gas
ocean transportation in the United States. A total fuel cycle analysis is used to assess emissions from fuel
production and transportation, including extraction, processing, distribution and use of raw materials.
These results indicate the importance of controlling methane leakage in natural gas production process
and the important role of renewable natural gas in shipping industry. Fuzzy set theory developed by
Zadeh [12] provides the simplicity of dealing with the uncertainty of multi-criteria decision-making
problems, the criteria of decision problems are usually represented by fuzzy numbers rather than real
numbers. Nowadays, fuzzy sets have been extended to many forms such as intuitionistic fuzzy numbers
[13–15], interval fuzzy numbers [16–18], hesitant fuzzy numbers [19–21] and so on. As the membership
function of hesitant fuzzy set provide a set of possible values instead of individual, in this paper, we
adopted HFS to represent the degree of experts’ hesitant.
As the market unpredictability and regulatory uncertainty, the selection of the best low Sulphur fuel
proposal is a complex problem involving many aspects including economic, environmental, social,
technical. Traditional single criterion decision-making is difﬁcult to solve this problem. Therefore, a ﬂexible
measure is needed under such complex situation. Multi-criteria decision making (MCDM) methods, which
Provide solutions to problems involving multiple criteria, are the most commonly used as decision support
appropriate for shipping fuel selection. Isaac Animah et al. [22] used MCDM method combining analytic
hierarchy process (AHP) and technique for order preference by similarity to ideal solution (TOPSIS) to rank
the obstacles to effective compliance by Gulf of Guinea ships. Hristos Karahalios [23] employs an essential
part of the research methodology, the TOPSIS and the AHP are combined to evaluate ballast water
treatment systems by ship operators. Classic MCDM methods typically assume that all criteria are
expressed in clear values, however, due to the dynamics of the maritime market and the continuous
innovation of fuel technology, it is difﬁcult to accurately predict the standard performance in the next few
years. Because of the inherent fuzziness of human thinking and human cognitive limitations, it is relatively
difﬁcult for experts to accurately evaluate the standards of decision.
Fuzzy MCDM method has been widely accepted as an appropriate technology in many areas, Karsak
et al. [24] proposed a distance-based fuzzy MCDM framework based on the concepts of ideal solution
and anti-ideal solution to select ﬂexible manufacturing systems from a set of mutually exclusive
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alternatives. This method provides a combination of economic value ﬁgures and strategic performance
variables. The multi-iteration decision-making method proposed in this paper can incorporate linguistic
variables, triangular fuzzy numbers and fragile numbers into the evaluation process of FMS alternatives.
Palanisamy et al. [25] proposed a hybrid approach integrated Quality Function Deployment and analytical
network process technology to assist supplier ranking process from a strategic perspective. This method is
based on three main indicators and eight sub-indicators, and its effectiveness is veriﬁed by a case study
involving 20 suppliers of automotive parts manufacturers. Wen-Chin Chou et al. [26] established a hybrid
method combining the fuzzy analytic network process and fuzzy VlseKriterijumska Optimizacija I
Kompromisno Resenje (FVIKOR) to evaluate the website quality of Taiwan’s four major accounting
ﬁrms, and provided valuable suggestions for improving website design and content. Lupo et al. [27]
developed a method to deal with uncertainties in service performance analysis, and used the Fuzzy
ELECTRE III program to point out the quality level of service options, and made a strategic analysis of
the service quality evaluation of the three international airports in Sicily. Mardani et al. [28] combined the
theory of fuzzy sets with qualitative and quantitative methods to evaluate the quality management
practices of small and medium-sized hotels in Iran. The evaluation indexes were collected by literature
survey and Fuzzy Delphi Method From the practical point of view, the environmental perspective is
introduced as a new quality management system.
In the ﬁeld of sustainability of maritime transportation, many scholars have also used the fuzzy MCDM
method. Young Joon SEO et al. [29] aimed to assess the overall performance and ranking of ship
management companies by using an integrated model of AHP and fuzzy techniques’ Soner et al. [30]
proposed a hybrid approach integrates VIKOR and AHP method to solve hatch cover design selection
problem of bulk carrier ships, they employed interval type-2 fuzzy set to deal with a large number of
uncertainties in decision makers ‘language evaluation process. The purpose of this paper is not only to
provide a mixed theoretical method for multi-attribute decision-making, but also to solve the practical
problems of marine operation industry. Bal Beşikçi et al. [31] studied the application of Fuzzy-AHP
method in fuel-saving measures of ship operation, the results of this study can provide decision makers
with the most effective measures and strategies to provide fuel-saving solutions for the shipping industry,
with the help of these decision-making tools, the shipping industry can evaluate the priority and
efﬁciency of action fuel efﬁciency measures against possible future fuel price increases and carbon
emissions. Erkan Celik et al. [32] proposed a comprehensive MCDM method based on the extension of
interval type-2 fuzzy sets for the selection of suitable ship transport aircraft. This method uses sensitivity
analysis method to study the impact of key performance indicators in many cases, overcomes the
uncertainty of expert judgment and expression in the decision-making process, and provides realistic
beneﬁts for decision makers (port owners or port managers) who choose the appropriate ship type for
investment decision-making in dry bulk cargo transportation.
The classic fuzzy MCDM technology is generally rational based on the expected utility theory of the
decision maker. However, in real life, decisionmakers have different subjective risk preferences in
different risk environments. The prospect theory is a decision under the risk condition of the descriptive
model invented by Kahneman et al. [33], which proves that the mental behavior of decision makers
shows a trend of risk aversion. Krohling et al. [34] propose a hybrid approach combining prospect theory
and fuzzy numbers in MCDM problems and give a veriﬁcation according to an example Case study of
decision making in case oil spill in the sea. Xiaoli Tian et al. [35] used intuitionistic fuzzy prospect
theory, which combines the advantages of prospect theory and intuitionistic fuzzy information, to help
venture capitalists make better decisions in the real world, At the same time, by comparing the ranking
results obtained by TOPSIS with this method, they found that prospect theory was superior to TOPSIS in
selecting promising enterprises based on the subsequent funding results of enterprises. Tiantian Bao et al.
[36] proposed an intuitionistic fuzzy decision method based on prospect theory and the evidential
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reasoning approach, analyzed multi-attribute decision making problems in which the criteria values are
intuitionistic fuzzy numbers and the information of criteria weights is unknown. Yunna Wu et al. [37]
proposed a fuzzy MCDM technology based on the cumulative prospect theory for the selection of the
most suitable renewable fuel sources in China,a case study was conducted to illustrate the rationality and
feasibility of this method. Chengpeng Wan et al. [38] proposed a novel model consists of the evidential
reasoning approach for evaluating the development level of LNG fueled ships in a particular region or
country for self-assessment or comparative studies.
In this paper, the main contributions to existing research are as follows: (1) We adopted a improved
MCDM method combined with prospect theory and hesitant fuzzy set to solve the problem of low
Sulphur fuel. (2) The prospects theory which improving the symmetrical gain and loss in utility function
is adopted in MCDM, and the psychological factors of aversion to loss are considered. (3) We propose a
hesitant fuzzy prospect value function, loss and gains based on reference points are determined by
Euclidean distance of hesitant fuzzy elements. (4) An objective algorithm for determining the weights of
criteria based on the maximum deviation method is applied to decision-making.
3 Methodology and Theory
3.1 Hesitant Fuzzy Method
Hesitant fuzzy set developed by Torra (2010) [39] has been regarded as an efﬁcient method for experts to
represent the degree of hesitant, the membership function of which provide a set of possible values instead of
individual. This approach is aimed to cope with the problem of determining the membership of an element to
a set when experts have a doubt between different values. We have noticed that a hesitant fuzzy element
(0.2,0.5,0.6) is more comprehensive and accurate than the intuitionistic fuzzy element (0.2,0.5) and
interval-valued fuzzy element [0.2,0.6], by using HFS, we can obtain the reasonable results and more
objective deﬁnitions in group decision-making.
Deﬁnition 1. (Torra) [39]. Let X be a ﬁxed set, then the hesitation fuzzy set is a function that maps each
element of X to a subset [0,1].
Xia et al. [40] express the mathematical symbol of the hesitant fuzzy set for the ﬁrst time:
E ¼ fhx; hE ð xÞijx 2 X g

(1)

where hE ð xÞ is a set of some values in [0,1], denoting the possible membership degrees of the element x 2 X
to the set E. For convenience, we call h ¼ hE ð xÞ a hesitant fuzzy element (HFE) and H the set of all HFEs.
Given a hesitant fuzzy element, (Torra,2010) deﬁned the complement algorithm of HFE:
hc ¼ [c2h f1  cg

(2)

Deﬁnition 2. (Xia et al.) [40]. Let h be hesitation fuzzy element, c be the possible membership degrees of
h in [0,1], the value of HFE h is given as follow:
1X
sðhÞ ¼
c
(3)
c2h
lh
lh is the number of the elements in h. For two HFEs h1 and h2 , if sðh1 Þ > sðh2 Þ, then h1 > h2 ; if
sðh1 Þ ¼ sðh2 Þ, then h1 ¼ h2 :
Deﬁnition 3. (Xu et al.) [41] For two HFEs h1 and h2 , the distance between h1 and h2 , denoted as
d ðh1 ; h2 Þ, should satisfy the following properties:
(1) 0  d ða; bÞ  1;
(2) d ða; bÞ ¼ 0 if and only if a ¼ b;
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(3) d ða; bÞ ¼ d ðb; aÞ.
then the Euclidean distance between them is shown as follows:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ﬃ
1 Xl  rðqÞ
rðqÞ 
 h2 
d ðh1 ; h2 Þ ¼
h
q¼1 1
l

(4)

These distance measures are the extensions of Euclidean distance under hesitant fuzzy environment,
rðqÞ indicates the qth largest element.
3.2 Prospect Theory
Prospect theory was ﬁrstly proposed by Kahneman et al. [33], and evolved into Cumulative Prospect
Theory in 1992 [42], it takes assurance of reliability of evaluation through building a model of actual
decision behavior under risk. The decision-making process of prospect theory is divided into two main
stages: the ﬁrst stage of evaluation of the collection and arrangement of objects, or the value of
evaluation schemes under different criteria. The second stage is to synthesize information according to a
certain method based on the collected data (decision matrix), so as to make decisions and evaluate.
Compared with the theory of expected utility, prospects theory combines psychology and economics
research together, focusing on decision-making issues under uncertain conditions.
In cumulative prospect theory, prospect value V is calculated by the value function vð xÞ and the weight
function pðxÞ; the cumulative prospect value function is a power function as follows:
Xm    
v xj p xj
(5)
V¼
j¼1
The value function represents the risk preference are determined by Eq. (6)

if x  x0
ðx  x0 Þa
ð
Þ
v x ¼
ðx0  xÞb if x , x0

(6)

When x  x0 , vð xÞ denotes the gain values. And when x < x0 , vð xÞ represents the losse values. a and b
are exponential parameters related to gains and loss respectively,  is the risk aversion parameter, which
represents the characteristic of steeper for loss than for gains. In this study, we adopt the values of
these parameters as a = b = 0.88, λ = 2.25, which are determined by Tversky and Kahneman’s
empirical research [33].
8
xvj
>
>
if x  xo
>
> v
1=v
  < ðxj þ ð1  xj Þv Þ
(7)
p xj ¼
xdj
>
>
>
if
x
,
x
o
>
1=d
: d
ðxj þ ð1  xj Þd Þ
 
Similarly, the values of χ and d in the weight function p xj are also determined as 0.61 and
0.69 respective through experiments [42].
4 Decision Framework
4.1 Speciﬁcation of Committed Steps
The decision-making framework combines Hesitant fuzzy sets and cumulative perspective theory in a
very systematic framework. The proposed framework composes of three committed steps: Firstly,
collecting experts’ opinions in order to constructing the hesitant fuzzy decision matrix. Secondly,
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calculating criteria weights using the maximizing deviation method, ensure the weight of criteria using an
objective approach. And then, determining the reference point so as to calculating the prospect value.
Detailed descriptions of three committed steps are given as below.
4.1.1 Hesitant Fuzzy Decision Matrix
A MCDM problem can be described by a decision matrix whose elements represent the evaluation
values of all the criteria for each alternative. Since the membership of an alternative under a given
criterion hesitates among several different values, we construct a hesitant fuzzy decision matrix whose
elements are hesitant fuzzy elements.
For a multi-criteria problem, A ¼ fA1 ; A2 ; . . . ; An g is the set of programs and X ¼ fx1 ; x2 ; ::; xn g is
the set of criteria. Xia et al. [40] gives a hesitant fuzzy set of the alternative Ai under the criterion xj can
be deﬁned by

 
(8)
Ai ¼ f xj ; hAi xj jxj 2 X g
 
hAi xj expresse the membership of the alternative Ai ; under the criterion xj , the mathematical expression is
 
 
hAi xj ¼ cjc 2 hAi xj ; 0  c  1 ; i ¼ 1; 2; . . . ; m; j ¼ 1; 2; . . . ; n:
 
hAi xj can be represented by hij, so the hesitant fuzzy matrix can be expressed as follows
3
2
h11 h12    h1n
6 h21 h22    h2n 7
7
6
(9)
6 ..
..
..
.. 7
4 .
.
.
. 5
hm1

hm2

   hmn

4.1.2 Weights of Criteria
Determination of criteria weight is a committed step in MCDM, under some circumstances, the
information about criteria weights is completely unknown. The maximizing deviation method proposed
Wang [43] is s an objective method to calculate the criteria weights of MCDM problems. According to
this theory, criteria with large deviations should be given larger weights, on the contrary, criteria with
small deviations should be given smaller weights. If the performance values of all alternatives are
signiﬁcantly different under a criterion, it means that this criterion plays a very signiﬁcant role in
evaluating alternatives. In an extreme case, if all alternatives score equally for a given criterion, that
criterion is considered less important.
Based on the maximum deviation method, Xu et al. [44] constructed an optimization model to determine
the relative optimal weight of criteria in hesitant fuzzy environment. Under criteria xj , the deviation of
alternative Ai from all others can be expressed by the hesitant Euclidean distance between hesitant
fuzzy elements
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ﬃ
Xn
Xn


1 Xl  rðqÞ
rðqÞ 
d hij ; hkj xj ¼
W
 hkj  i ¼ 1; 2; . . . ; n; j ¼ 1; 2; . . . ; m: (10)
dij ðxÞ ¼
h
k¼1
k¼1 j
q¼1 ij
l
dj ðxÞ represents the deviations value of all alternatives to others under criterion xj
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ﬃ
Xn Xn
1 Xl  rðqÞ
rðqÞ 
dj ðxÞ ¼
x
 hkj  ; j ¼ 1; 2; . . . ; m
h
i¼1
k¼1 j
q¼1 ij
l

(11)
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By constructing a non-linear programming model to maximize the deviation of all criteria, Xu et al. [44]
calculated the ﬁnal weight vector xj
dj
xj ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pm 2 ; j ¼ 1; 2; . . . ; m
j¼1 dj
Of which
dj ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ﬃ
1 Xl  rðqÞ
rðqÞ 
x
 hkj  ; j ¼ 1; 2; . . . ; m
h
k¼1 j
q¼1 ij
l

Xn Xn
i¼1

(12)

(13)

Its normalization formula is as follows
dj
xj ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
; j ¼ 1; 2; . . . ; m
Pm
j¼1 xj

(14)

4.1.3 Reference Points of Prospect Theory
In decision making and evaluation, the beneﬁts and lost loss are relative to the reference point, so the
reference point plays a crucial role in decision making under the prospect theory, the reference point is
usually determined by the method: expected value, mean value, zero-point, maximum value and
minimum value. In this study, the maximum value Hj and minimum value Lj is used as the reference
point under hesitant fuzzy environment. According to calculating the Euclidean distance by Eq. (4), the
value function vð xÞ shows the characteristic of decreasing sensitivity in terms of both return and loss.
Above the minimum value reference point, the return is concave and the performance is proﬁt. Under the
maximum value reference point, the loss is convex and the loss is expressed, which means that
the decision maker is a loss aversion, the utility of reducing the deviation of the negative direction of the
reference point is greater than the effect of increasing the deviation of the positive direction.
(
 
a
a
ðd þ ðAi ÞÞ ¼ d hij ; Lj
if hij  Lj ;
 
b
j ¼ 1; 2; . . . ; m
(15)
vð xÞ ¼ vðAi Þ ¼
b

if hij  Hj :
ðd ðAi ÞÞ ¼  d hij ; Hj
where
Lj ¼ min hij ; Hj ¼ max hij : j ¼ 1; 2; . . . ; m

(16)

The prospect value of Ai can be represented by Vi as below:
Xm
Xm
  þ 
 
þ
v
x
x
v xj p xj
p
Vi ¼
þ
j
j
j¼1
j¼1

(17)

1in

1in

4.2 Decision Steps
Based on the above analysis, the framework of decision-making includes two main stages: the
preparatory stage and the decision-making stage as shown in Fig. 2. At the preparatory stage the, low
Sulphur alternatives are deﬁned, according the evaluation criteria system, exports’ opinion are collected
in the form of hesitant fuzzy set. Then decision stages under hesitant fuzzy environment are given as follows:
Step 1: Firstly, the evaluation information of decision-making problems under hesitant environment
from experts are obtained by Eq. (1). Then, the evaluation values of all the criteria for each alternative
are described by a decision matrix according to Eq. (9).

CMC, 2021, vol.66, no.2

1519

Figure 2: Low Sulphur fuel MCDM process
Step 2: Standardize the decision matrices by converting cost-based criterion into beneﬁt-based criterion
using the complement algorithm of HFE by Eq. (2), construct a standardized hesitant fuzzy decision matrices
of sample data.
Step 3: If the number of hesitant fuzzy elements is unequally, the hesitant fuzzy sets with fewer elements
should be extended to the same length with others. When the decision-maker is optimist or pessimist, the
maximum or minimum value should be added to ensure the number of hesitant fuzzy elements is equal.
Step 4: Estimate the original weight of each criterion using the maximum deviation method, it can be
calculated by Eq. (13). The deviations value of all alternatives to others can be calculated by Eq. (12).
According to Eq. (14), the normalized weights of all criteria are determined.
Step 5: According to Eqs. (3) and (16), we can obtain maximum values and minimum value of all
alternatives under each criterion as the reference points of prospect theory. Then, we can calculate the
gain and loss values of criteria which can be represented by the Euclidean distance between alternative
and maximum/minimum values using Eq. (4) separately.
Step 6: According to calculating the loss value d  ðAi Þ and the gain value d þ ðAi Þ by Eq. (4),the value
function of each alternatives v ðAi Þ and vþ ðAi Þ are determined by Eq. (15). And then based on Eq. (7)
and the obtained original weights of criteria in Step 3, the prospect weights p can be calculated.
Step 7: Calculate the comprehensive prospect value of each alternative using Eq. (17), make a ranking of
the prospect values.
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5 Model Applications: A Case Study
In line with the regulations of the International Maritime Organization, the Ministry of Transport of the
People’s Republic of China has promulgated the “Implementation Plan for the Marine Air Pollutant Emission
Control Area”, which mainly includes the type of fuel, safety impact and control measures, and ship Sulphur
oxide (SOx) emissions. Control solutions and regulatory systems, technical implementation of low Sulphur
fuel standards. International and domestic strict Sulphur restriction policies force Chinese shipowners to
make low Sulphur fuel program decisions as soon as possible. As mentioned in the ﬁrst section, scrubber
and LNG are the three low Sulphur alternatives available to shipowners, more and more domestic and
foreign companies such as Mobil Oil, Shell Petroleum and Sinopec have begun to deploy in the low
Sulphur industry in order to provide better low Sulphur solutions and fuel supplies. For shipowner, it is
necessary to have a detailed understanding of the characteristics of various low Sulphur alternatives.
5.1 Evaluation Criteria System
Sustainability of shipping development requires consideration of all three dimensions: environment,
economy, society and technology [38]. Based on the current status of mainstream research on low
Sulphur fuel ships in different countries and comprehensive analysis, a comprehensive evaluation criteria
system for low Sulphur fuel selection has been established, which consists of three aspects: political
economy and culture, it contains nine evaluation indicators.
5.1.1 Social and Environment Aspect
Supports of policy (c1) [45,46]. It includes ﬁnancial subsidies and tax exemptions, as well as
government-sponsored low Sulphur implementations. The planned actions of management authorities will
greatly affect the cost and effectiveness of the shipowners, so the government’s support policy is of great
signiﬁcance.
Status of related Industries (c2) [45]. It refers to the scale and development status of related industries,
including the low sulpur equipment design, manufacturing and services. In particular, the number of
enterprises in the industry, the degree of innovation and the level of service system determine the level of
development status of related industries.
Impact on ecosystem (c3) [22]. The purpose of complying with the low Sulphur regulations is to reduce
pollution and protect the environment. The impact of different programs on the ecological environment is
also different. Therefore, based on social responsibility and sustainable development, the impact on the
ecological environment is also a problem that shipowners should consider.
5.1.2 Economics Aspect
Costs for equipment modiﬁcation (c4) [45–47]. It mainly refers to the cost of equipment purchase,
modiﬁcation and renewal, especially for LNG and scrubber, the modiﬁcation of the equipment should
take into account the ship’s own condition and modiﬁcation complexity, so it needs a technical service
provider with strong technical capabilities. If the remaining life of the ship is short, the shipowner is also
considering replacing the new ship with the new low Sulphur equipment installed.
Costs for facilities maintenance and fuel (c5) [45–47]. It consists of daily operating costs including spare
parts costs, labor costs, for regular maintenance. Since the compatibility and stability of the new equipment is
unknown, it is necessary to provide effective maintenance for the operation of the new equipment. In
addition, when the regulation of IMO is implemented ofﬁcially, the prices of high-Sulphur oil, low
Sulphur oil and LNG fuels will ﬂuctuate greatly, which is also a large cost for the operation of the ship.
Payback period (c6) [22,45]. It refers to the total amount of revenue earned after the project is put into
production. After the implementation of the low Sulphur regulation, the transportation price of the
international shipping market will also rise to compensate for the increase in costs caused by the adoption
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of new technologies. However, since the price of various fuels is difﬁcult to estimate, the payback period
cannot be expressed by an exact value, so the use of fuzzy numbers is suitable.
5.1.3 Technology Aspect
Stability of fuel supply(c7) [45,46]. Limited by the production process and technical level, the fuel
industry has little experience in producing low Sulphur oils and LNG fuel, which will make the stability
of its supply difﬁcult to guarantee. In addition, due to the uncertainty of shipowners’ demand, the supply
of low Sulphur oil and LNG fuel is also difﬁcult to predict accurately.
Maturity and Reliability of new technology (c8) [22]. The blended and processed low Sulphur oil may
not meet the fuel standards of existing ships, which may lead to the failure of the ship’s main engine.
Scrubber and LNG equipment technology is not yet mature, so whether it can maintain stability is also an
important issue for shipowners to consider.
Crew training of new technology(c9) [45]. Ships using new technology require rigorous training of the
crew to ensure the maintenance of fuel on board, the operation of the equipment and the handling of
emergency situations. Such crew members are required to be trained in accordance with strict standards
and to obtain an operating permit. Whether there are enough well-trained crew members is also an
important basis for shipowners to make decisions.
5.2 Characteristics of Alternatives
5.2.1 Scrubber
Scrubber is a post-treatment method for exhaust gas. By installing an exhaust gas treatment device, the
SOx in the exhaust gas is removed to achieve the same emission reduction effect as using low Sulphur fuel.
The exhaust gas cleaning system can be divided into three types according to its working mode: Open,
closed, hybrid. Its advantages are that high Sulphur HFO can be used, so fuel operation costs are low. Its
disadvantages are the difﬁculty in retroﬁtting existing ships, the high cost of new equipment and systems,
the lack of sufﬁcient residue receiving facilities in the port, and the large footprint of the washing tower.
5.2.2 LSFO
Marine low Sulphur fuels that can be selected and used in general ships include marine distillates
produced by distillation processes, mixed fuels prepared by heavy oil, and biodiesel. The direct use of
fuels with Sulphur content in compliance with regulations avoids the modiﬁcation of equipment on board,
but there are also risks. In order to produce such low Sulphur distillates, reﬁneries often need special
processes and procedures to deSulphurize the fuel, resulting in low Sulphur. Many characteristics of
distillate oil have changed signiﬁcantly. The ship’s fuel system and machinery are generally designed
based on heavy oil/marine diesel. The experience of low Sulphur distillate is not much. When using low
Sulphur distillate, it may cause fuel system and equipment failure.
5.2.3 LNG
LNG is an alternative fuel, and since the natural gas fuel has a low Sulphur content, the SOx emissions
after combustion are also low. The advantage of LNG is cleanliness and low fuel operating costs. However,
there are also high safety requirements, LNG fuel tanks occupy a large space for cargo, difﬁcult to rebuild
existing ships, and imperfect fuel ﬁlling facilities. Whether it is to build or renovate a ship, the investment in
the early stage of LNG is relatively high and requires long-term operation to recover.
5.3 Decision Process Application
In order to verify the effectiveness of the method, a comprehensive medium-sized shipping company
based on container liner services in Shanghai was selected as the research object. The company mainly
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operates international liner shipping routes in Northeast Asia and Southeast Asia, as well as coastal inner
liner shipping services.
Five decision makers including academics and industry experts in the maritime and fuel management
ﬁelds, have been appointed to provide evaluations for low Sulphur fuel decisions. The academics are
consisting of university professors who have signiﬁcant research on maritime affairs. In addition, experts
include general managers at senior management levels in shipping companies and ports, which have an
important place in the industry. The original evaluation information of the expert in the hesitant fuzzy
environment are related to the scale of the language value. It is obvious that c1, c2, c3, c6, c7, c8 and
c9 belong to the beneﬁt type criteria and can be expressed by the linguistic values “absolutely poor(0.1)”, “very poor-(0.2)”, “poor-(0.3)”, “slightly poor-(0.4)”, “middle-(0.5)”, “slightly good-(0.6)”, “good(0.7)”, “very good-(0.8)”, “absolutely good-(0.9)” and c3, c4, c5 are the cost type criteria, linguistic and
fuzzy scales are deﬁned as “absolutely low-(0.1)”, “very low-(0.2)”, “low-(0.3)”, “slightly low-(0.4)”,
“middle-(0.5)”, “slightly high-(0.6)”, “high-(0.7)”, “very high-(0.8)”, “absolutely high-(0.9)”. The hesitant
fuzzy assessment information of nine criteria from expert’s data are collected and shown in Tab. 1.
Table 1: Hesitant fuzzy assessment information from experts
Criterion A1

A2

A3

C1
C2
C3
C4
C5
C6
C7
C8
C9

{0.8,0.7,0.5,0.4}
{0.9,0.8,0.5}
{0.6,0.4,0.3,0.1}
{0.3,0.2,0.1}
{0.8,0.7,0.6,0.5}
{0.9,0.8,0.6}
{0.5,0.4,0.3}
{0.5,0.4,0.3,0.2,0.1}
{0.9,0.7,0.6,0.5}

{0.9,0.8,0.7,0.6,0.5}
{0.5,0.3,0.2}
{0.4,0.3,0.1}
{0.8,0.7,0.6}
{0.7,0.5,0.4}
{0.4,0.3,0.2,0.1}
{0.8,0.6,0.5}
{0.9,0.8,0.7,0.6}
{0.4,0.3,0.2}

{0.6,0.4,0.3}
{0.7,0.6,0.5}
{0.7,0.5,0.4}
{0.7,0.6,0.5}
{0.3,0.2,0.1}
{0.6,0.4,0.3,0.2}
{0.9,0.7,0.6}
{0.6,0.5,0.4,0.3,0.1}
{0.5,0.3,0.2}

As the criterion C3, C4, C5 are the cost-based criterion, the decision matrices should be standardized
by converting cost-based criterion into beneﬁt-based criterion. The original data can be standardized by
the complement algorithm of hesitant fuzzy numbers as Tab. 2, and the conversion formula can be
referred to Eq. (2).
Obviously, the number of values contained in different hesitant fuzzy elements is different. In order
to calculate the distance between two hesitant fuzzy sets more accurately, hesitant fuzzy elements
with fewer elements should be extended to the same length. In the low Sulphur fuel decision, due to
the greater degree of environmental uncertainty, it can be assumed that the decision maker is pessimist, so
the minimum value is added to the hesitant fuzzy element to obtain a normalized hesitation fuzzy
matrix as Tab. 3.
The sum of deviations of all the alternatives with respect to the jth criterion can be calculated by Eq. (13),
according to Eqs. (12) and (14), the optimal weight vector xj and the optimal weight vector with normalized
formula xj are calculated as Tab. 4.
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Table 2: Standardized decision matrix by converting cost-based criterion into beneﬁt-based criterion
Criterion A1

A2

A3

C1
C2
C3
C4
C5
C6
C7
C8
C9

{0.8,0.7,0.5,0.4}
{0.9,0.8,0.5}
{0.9,0.7,0.6,0.4}
{0.9,0.8,0.7}
{0.5,0.4,0.3,0.2}
{0.9,0.8,0.6}
{0.5,0.4,0.3}
{0.5,0.4,0.3,0.2,0.1}
{0.9,0.7,0.6,0.5}

{0.9,0.8,0.7,0.6,0.5}
{0.5,0.3,0.2}
{0.4,0.3,0.1}
{0.8,0.7,0.6}
{0.7,0.5,0.4}
{0.4,0.3,0.2,0.1}
{0.8,0.6,0.5}
{0.9,0.8,0.7,0.6}
{0.4,0.3,0.2}

{0.6,0.4,0.3}
{0.7,0.6,0.5}
{0.6,0.5,0.3}
{0.5,0.4,0.3}
{0.9,0.8,0.7}
{0.6,0.4,0.3,0.2}
{0.9,0.7,0.6}
{0.6,0.5,0.4,0.3,0.1}
{0.5,0.3,0.2}

Table 3: Normalized decision matrix
Criterion A1

A2

A3

C1
C2
C3
C4
C5
C6
C7
C8
C9

{0.8,0.7,0.5,0.4,0.4}
{0.9,0.8,0.5,0.5,0.5}
{0.9,0.7,0.6,0.4,0.4}
{0.9,0.8,0.7,0.7,0.7}
{0.5,0.4,0.3,0.2,0.2}
{0.9,0.8,0.6,0.6,0.6}
{0.5,0.4,0.3,0.3,0.3}
{0.5,0.4,0.3,0.2,0.1}
{0.9,0.7,0.6,0.5,0.5}

{0.9,0.8,0.7,0.6,0.5}
{0.5,0.3,0.2,0.2,0.2}
{0.4,0.3,0.1,0.1,0.1}
{0.8,0.7,0.6,0.6,0.6}
{0.7,0.5,0.4,0.4,0.4}
{0.4,0.3,0.2,0.1,0.1}
{0.8,0.6,0.5,0.5,0.5}
{0.9,0.8,0.7,0.6,0.6}
{0.4,0.3,0.2,0.2,0.2}

{0.6,0.4,0.3,0.3,0.3}
{0.7,0.6,0.5,0.5,0.5}
{0.6,0.5,0.3,0.3,0.3}
{0.5,0.4,0.3,0.3,0.3}
{0.9,0.8,0.7,0.7,0.7}
{0.6,0.4,0.3,0.2,0.2}
{0.9,0.7,0.6,0.6,0.6}
{0.6,0.5,0.4,0.3,0.1}
{0.5,0.3,0.2,0.2,0.2}

Table 4: The expression results of the weighting values
Weight

C1

C2

C3

C4

C5

C6

C7

C8

C9

xj
xj

0.2746
0.0927

0.3180
0.1074

0.2568
0.0867

0.4086
0.1380

0.3659
0.1236

0.3970
0.1340

0.2640
0.0891

0.3517
0.1187

0.3250
0.1097

Then, maximum values H and minimum value L using Eq. (3) of all alternatives under each criterion are
determined as follows:


max hi1 ; max hi2 ; . . . ; max him ¼ f0:9; 0:8; 0:7; 0:6; 0:5g;
H ¼ fH1 ; H2 ; . . . ; Hm g ¼
1in

1in

1in

f0:9; 0:8; 0:5; 0:5; 0:5g; f0:9; 0:7; 0:6; 0:6; 0:6g; f0:9; 0:8; 0:7; 0:7; 0:7g; f0:9; 0:8; 0:7; 0:7; 0:7g;
f0:9; 0:8; 0:6; 0:6; 0:6g; f0:9; 0:7; 0:6; 0:6; 0:6g; f0:9; 0:8; 0:7; 0:6; 0:6g; f0:9; 0:7; 0:6; 0:5; 0:5g
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L ¼ fL1 ; L2 ; . . . ; Lm g ¼


min hi1 ; min hi2 ; . . . ; min him

1in

1in

1in

¼

f0:6; 0:4; 0:3; 0:3; 0:3g;

f0:5; 0:3; 0:2; 0:2; 0:2g; f0:6; 0:5; 0:3; 0:3; 0:3g; f0:4; 0:3; 0:2; 0:2; 0:2g; f0:5; 0:4; 0:3; 0:2; 0:2g;
f0:4; 0:3; 0:2; 0:1; 0:1g; f0:5; 0:4; 0:3; 0:3; 0:3g; f0:5; 0:4; 0:3; 0:2; 0:1g; f0:4; 0:3; 0:2; 0:2; 0:2gg
According to calculate the Euclidean distance between hij and the maximum/minimum value of each
alternatives Ai by Eq. (4), the loss value d  ðAi Þ and the gain value d þ ðAi Þ are obtained .Then the value
function of each alternatives v ðAi Þ and vþ ðAi Þ are calculated by Eq. (15), the weights function p ðxj Þ
and pþ ðxj Þ are determined by Eq. (7). The values of these functions are shown in Tabs. 5 and 6.
Table 5: The loss value d  ðAi Þ, value function v ðAi Þ, weights function p ðxj Þ of each alternative
Criterion

d  ðA1 Þ

d  ðA2 Þ

d  ðA3 Þ

v ðA1 Þ

v ðA2 Þ

v ðA3 Þ

p ðxj Þ

C1
C2
C3
C4
C5
C6
C7
C8
C9

0.3286
0.1265
0.2828
0.4000
0.0000
0.3633
0.0000
0.3493
0.3633

0.1483
0.0000
0.1265
0.0000
0.4427
0.0000
0.3225
0.4219
0.0000

0.0000
0.3688
0.0000
0.5000
0.3633
0.4817
0.1000
0.3873
0.3873

−0.8451
−0.3468
−0.7405
−1.0046
0.0000
0.9231
0.0000
−0.8916
−0.9231

−0.4196
0.0000
−0.3648
0.0000
−1.0984
0.0000
−0.8311
−1.0529
0.0000

0.0000
−0.9353
0.0000
−1.2226
−0.9231
−1.1830
−0.2966
0.0000
−0.9765

0.1824
0.2018
0.1743
0.2402
0.2224
0.2354
0.1776
0.2164
0.2049

Table 6: The gain value d þ ðAi Þ, value function vþ ðAi Þ, weights function pþ ðxj Þ of each alternative
Criterion

d þ ðA1 Þ

d þ ðA2 Þ

d þ ðA3 Þ

vþ ðA1 Þ

vþ ðA2 Þ

vþ ðA3 Þ

pþ ðxj Þ

C1
C2
C3
C4
C5
C6
C7
C8
C9

0.0000
0.2828
0.0000
0.1000
0.4427
0.1265
0.3225
0.0894
0.0447

0.1949
0.3688
0.2191
0.5000
0.0000
0.4817
0.0000
0.0000
0.3873

0.3286
0.0000
0.2828
0.0000
0.0894
0.0000
0.2236
0.4219
0.0000

0.0000
0.3291
0.0000
0.1318
0.4882
0.1621
0.3694
0.1195
0.0649

0.2372
0.4157
0.2629
0.5434
0.0000
0.5258
0.0000
0.0000
0.4340

0.3756
0.0000
0.3291
0.0000
0.1195
0.0000
0.2676
0.4679
0.0000

0.2156
0.2359
0.2070
0.2759
0.2574
0.2709
0.2106
0.2511
0.2392

Ultimately, the cumulative Comprehensive prospect value of various alternatives Ai are determined
according to Eq. (17)
V ðA1 Þ ¼ 0:7905; V ðA2 Þ ¼ 0:1600; V ðA3 Þ ¼ 0:8652
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The descending order of low Sulphur fuel alternatives is as follows: A2  A1  A3 . This means that
LSFO is the best solution, followed by scrubber, and ﬁnally LNG.
6 Conclusion
With the expansion of emission control zones in various countries and the imminent implementation of
IMO 2020 regulation, it is urgent for shipowners to make investment decisions on shipping low Sulphur fuel.
As it is closely related to cost control and management strategy, scientiﬁc and effective decision-making
methods play an important role in low Sulphur fuel decision-making. Firstly, the hesitant fuzzy set is
applied to the traditional multi-attribute decision-making, so that the expert’s opinions can be expressed
more accurately. On this basis, the hesitant fuzzy decision-making matrix is established. Based on the
high risk and uncertainty of low Sulphur fuel selection, the pessimistic criterion is adopted to standardize
the decision-making. Secondly, in order to ensure objectivity, this study adopts the maximum deviation
method instead of subjective methods such as AHP or DEMANTEL to determine the attribute weight.
The results show that the criteria with larger weight are C4, C5 and C6, which shows that cost and
payback period are the most important criteria of decision makers, which is also consistent with the
reality. Finally, this study employs Prospect Theory to analyze the optimal decision-making of
shipowners by calculating the Prospect Value of each scheme. Compared with traditional utility theory,
Prospect Theory considers more psychological factors of decision-makers, which reﬂects the impact of
risk aversion on decision-making results, and has strong applicability to the decision-making of low
Sulphur fuel selection.
From the ﬁnal result, the optimal decision is LSFO. There is no doubt that LSFO avoids a large amount
of investment in the early stage. Scrubber and LNG equipment are more expensive and the reﬁtting time is
longer, so it will bring greater cost pressure to the shipping company in the short term. Moreover, some
shipping companies are doubtful about whether IMO 2020 can be implemented, so they prefer to just sit
on the fence, and convert to LSFO when the IMO regulation are fully implemented. Of course, as the
foregoing analysis shows, whether LSFO will be adequately supplied in the future, whether the price will
rise faster, and how much risk it will cause to the engine are the important issues that shipowners need to
consider. Scrubber, as a device that can continue to use HSFO, is also accepted by some shipping
companies. Compared with the continuous purchase of low Sulphur fuel, the advantage of installing
scrubber equipment lies in the lower operation and maintenance costs in the later period. However, the
impact of scrubber on the environment is also controversial. The detergent is discharged under the
seemingly standard condition, but the wastewater still contains a large number of acidic substances,
which will pose a threat to the environment. In addition, it is unpredictable whether scrubber can be
perfectly integrated with the ship and run steadily. As a clean fuel source, LNG can greatly reduce the
emissions of nitrogen oxides, carbon oxides and particulate matter. It is considered as an important fuel to
fundamentally solve ship pollution. Therefore, governments of various countries have issued relevant
policies and no measures to encourage the development of LNG ships. However, from the analysis
results, the willingness of shipowners to build and renovate LNG ships is not strong. The main reason is
that the number of LNG ﬁlling stations is small and the construction cycle is long, which leads to the
inadequate supply. As a result, the development of LNG power ships is slow and the number of LNG
ships is lower than expected.
In further research, some limitations of this paper should be discussed. First, the value of parameters a; b
and λ are determined through previous literature, as the risk aversion degree of different decision makers is
different, the corresponding parameter values should also be evaluated effectively according to the
characteristics of decision makers and the diversity of the environment. Second, although the maximum
deviation method guarantees the objectivity of criteria weights, it does not fully consider the correlation

1526

CMC, 2021, vol.66, no.2

between criteria and the preference relationship of experts for decision criteria. In future research, a
combination of subjective and objective methods can be adopted to make the determination of criteria
weights more reasonable. Last, as fuzzy set has been widely used in decision-making science, future
research can be conducted using various fuzzy sets such as hesitant fuzzy linguistic sets, interval hesitant
fuzzy sets, intuitive fuzzy sets. In addition, the decision-making model based on hesitant fuzzy set
prospect theory proposed in this study can also be used in other industries.
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