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Abstract

Lowering fuel consumption of ships has gained a great deal of attention in maritime industry with regards to both
environmental and economic concerns. The potential for fuel economy in shipping ranging between 25% to 75% is
possible by using existing technology and practices and technical improvements in the design of new ship. Despite
the existence of many technology and design-based approaches, limitations of emerging these measures has led to
discussions about the potential energy savings through operational changes. In this study, operational measures were
examined within the scope of Ship Energy Efficiency Management Plan (SEEMP) adopted by International
Maritime Organization (IMO). We applied the Analytic Hierarchy Process (Fuzzy-AHP) approach, one of multi-
criteria decision making (MCDM) techniques, to prioritize the weight of each measure. Fuzzy AHP effectively
reflects the vagueness of human thinking with interval values, and shows the relative importance of operational
measures - which can be the fundamental decision making data for decision makers (ships' masters, operating
companies and ship owners) - by providing a strategic approach to identify energy efficient solutions.



1. Introduction

With increasing international trade due to
globalization, reducing carbon emissions from
maritime transport have become important as a result
of environmental challenges posed by climate change.
Since 1990, growth in world trade requires greater
quantities of goods to be transported of which more
than 80% 1is carried by ships (measured by weight)
(UNCTAD, 2009). As a consequence, CO, emissions
from shipping have seen an 86% increase from 1990
to 2007 (Buhaug et al., 2009). This is a high rate of
growth compared to the global growth of carbon
emissions which is about 38% (IEA, 2009).

Maritime transport emissions are expected to
increase further by double or even triple by 2050 on
the basis of ‘‘business as usual’’ scenarios with a
tripling of world trade (Buhaug et al., 2009).

Besides, increasing fuel prices are damaging to
maritime companies’ competitive powers in the
market as the fuel cost stands for a significant share of
the ship operating cost which is expected to be 50%
(Notteboom, 2006) or even more than 60% (Golias et
al., 2009). For example, when fuel price is around 500
USD per ton, the fuel cost accounts for about three
quarters of the operating cost of a large containership
(Ronen, 2011). Fuel price often appears to increase or
decrease due to the many reasons. In recent times,
ship fuel costs have fallen significantly (UNCTAD,
2015). However, economic aspects of fuel saving
remain the importance in the case of the increase in
the fuel price. The rise of the fuel prices will lead the
shipping companies to more energy efficient
measures.

For the above-mentioned reasons, fuel efficiency of
ships seems to be one of the most important issues to
meet both environmental and economic needs. The
possible fuel saving could be succeeded from 25% up
to %75 via more efficient operations of existing ships
and designing of new ships efficiently (Buhaug et al.,
2009). Regulations on energy efficiency for ships
have been adopted to MARPOL (International
Convention for the Prevention of Pollution from
Ships) Annex VI, as a new chapter (Chapter 4).
Through this, entered into force on January 1, 2013,
all new ships have been forced to obey the
requirements of Energy Efficiency Design Index
(EEDI) and keep a Ship Energy Efficiency
Management Plan (SEEMP) (IMO, 2011). In addition,

Energy Efficiency Operational Indicator (EEOI) was
proposed as a monitoring tool of the SEEMP (IMO,
2009).While EEDI proposes a minimum technological
measures with a long term impact for new ships,
SEEMP is an operational implementations that seeks
to enhance ship's energy efficiency through using
available technologies in ships. Despite the existences
of various technology and design based approaches
such as propeller re-design, anti-fouling measures for
hulls and improved engine operations to increase ship
energy efficiency, limitations of these measures has
inevitably caused discussions on the potential energy
savings through operational changes (Buhaug et al.,
2009; Corbett et al., 2009). For many existing ships,
reducing fuel consumption through operational
measures is more preferable option than adopting a
new technology investment by reason of the long
payback period (Lindstad, 2011).

Previous studies have been carried out to determine
the impact of operational measures such as slow
steaming or route optimization according to weather
on fuel consumptions in terms of carbon emissions
and cost savings (Corbett et al., 2009; Psaraftis, et al.,
2009; DNV, 2010; Fagerholt et al., 2010; Golias et al.,
2010; Longva et al., 2010; Cariou, 2011; Du et al.,
2011; Meng and Wang, 2011; Lee et al., 2012; Song
and Xu, 2012). These studies can be divided into two
categories; those that examined whole improvement
potential (Buhaug et al., 2009; DNV, 2010) and those
that investigated by focusing on one or more
operational measures (Cullinane and Khanna, 2000;
Corbett et al., 2009; Notteboom and Vernimmen,
2009; Seas at Risk and CE Delft, 2010; Lindstad et
al., 2011; Lindstad et al., 2012; Lindstad et al, 2013)
and emissions.

Combined effects of several factors, both tangible
and intangible, exist for evaluating ship operational
energy efficiency measures. Identifying these factors,
defining the effects of them on each other, assessing
their importance, and selecting a strategic
implementation require a well-designed multiple
criteria decision making (MCDM) (Andreou et al.,
2005; Topcu and Burnaz, 2006;F Kabir and Hasin,
2011; Ergu, 2014). MCDM methods generally cope
with the process of making decisions in the presence
of more than one criterion. In the real world, it is often
imprecise to obtain information for inputs and outputs
of data and to tackle them with crisp numbers as
reflecting human's appraisals associated to pair-wise



comparisons. The analytic hierarchy process (AHP),
was first introduced by Saaty in 1980, is a multiple
criteria  decision-making method (MCDM) for
complex and unstructured problems (Saaty, 1980).
AHP technique is used as a subjective tool to
prioritize the factors based on a crisp 9-point scale.
The AHP method allows decision makers to structure
complex problems in a form of hierarchy and measure
both qualitative and quantitative factors with a large
number of criteria and attributes in a systematic
manner. However, the fuzziness related to real-world
decision situation is not be precisely represented in
a crisp values by AHP method as decision makers
may judge with uncertainty and tend to assess factors
using natural language rather than exact numbers.
Fuzzy set theory deals with vague or not well-defined
information. Fuzzy theory using the membership
functions and the fuzzy numbers
efficiently changes vague information into useful data.
Fuzzy set theory applies groups of data with
boundaries that are not well defined. The preferences
in AHP are basically based upon human judgments
and perceptions with mostly intangible criteria, thus
fuzzy AHP method allows to get more accurate results
of the multiple criteria decision making process.

AHP and Fuzzy AHP approaches are extensively
studied in energy researches for assessment of energy
policies and technologies (Konidari and Mavrakis,
2007; Lee et al.,, 2011 and Lee et al., 2013) and
maritime researches for the purpose of selection and
assessment (Cicek and Celik, 2009; Soner et al., 2015
and Senol et al., 2015).

The main purpose of this research is to prioritize
the weights of operational energy efficiency measures
within the scope of SEEMP. SEEMP is a tool that can
be used by the ships' masters, operating companies
and ship owners to monitor the ship and fleet
performance  efficiency over time  through
implementing operational measures using the existing
technologies in ships such as voyage optimization,
hull and propeller maintenance, engine management,
energy management, fuel management as well as crew
awareness and training on energy efficiency. We use
fuzzy analytic hierarchy process (AHP) to generate
and calculate the quantitative importance of each
factor (measure effect). It is very meaningful to
prioritize operational energy efficiency measures to
assess and select the optimal implementations by
considering both the economic and environmental

aspects. The results of this study will provide decision
makers (ships' masters, operating companies and ship
owners) with the strategic approach needed to select
the most appropriate measures and to produce an
energy efficient solutions for the shipping industry
against possible rise in oil prices and greenhouse
emissions.

The rest of this paper is structured as follows. Ship
operational energy efficiency measures are covered in
Section 2 in more details. Section 3 presents the
concept of fuzzy sets and numbers. Section 4 includes
fuzzy AHP process. Section 5 develops hierarchy of
criteria. Conclusions are carried in Section 6.

2. Operational ship energy efficiency measures
2.1 Voyage performance management (VPM)

2.1.1 Speed optimization (SO)

Speed is a vital variable in maritime transportation.
Even if ships move slower than other transportation
modes, this feature does not diminish the value of ship
speed. The growth of the world trade volume
inevitably necessitates high-speed vessels. The
economic benefits could be derived from high speed
vessels such as the delivery of goods in due time,
reduced inventory costs and rising in the trade volume
per unit time (Harilaos et al., 2013). On the other
hand, speed optimization has become a major research
subject from an environmental and economic point of
view.

Ships have normally specific design speeds. This
speed is in the range of 13-16 knots for large dry bulk
carriers while service speeds of large container ships
are about 24-26 knots (Lindstad et al., 2011).
According to previous studies, reducing ship operating
speed by 2-3 knots lower the design speed has greater
effect on daily fuel consumption and thus may
decrease operating costs for shipping companies
(Wijnolst and Wergeland, 1997; Stopford, 1999;
Chang and Chang, 2013). Lowering ship speed by
10% creates by at least 10-15% reduction of emissions
and also substantial gains in revenues (Psaraftis et al.,
2010). A main reason is that the power output
required for propulsion is a function of the speed to
the power of three (Harvald, 1977). Therefore, the
speed of ship has a major impact on reducing fuel



consumption and if the ship reduces its speed by 10%,
its fuel consumption will reduce by about 27% (Faber,
2012). For this reason, several authors have
incorporated speed optimization for achieving fuel
savings (Ronen, 1982; Bausch, 1998; Fagerholt et al.,
2010; Cariou, 2011; Lindstad et al., 2011; Norstad et
al., 2011; Qi and Song, 2012).

The optimum ship speed should be decided by
considering various parameters having impact on the
voyage plan. Even if lower speed is profitable in
terms of fuel saving, other commercial and
operational requirements ought to be taken into
consideration.Liner service ships (container ships and
ferries) have a regular run and operate to a schedule
(Christiansen et al.,, 2004; Shintani et al., 2007,
Gelareh et al., 2010; Gelareh and Pisinger, 2011;
Meng and Wang, 2011a; Meng and Wang, 2011b;
Wang et al., 2011; Wang and Meng, 2011; Wang and
Meng, 2012a; Wang and Meng, 2012b). Notteboom
and Vernimmen (2009) asserted that liner service
ships have an inertia and customer allegiance due to
their service integrity. On the contrary, tramp service
ships (tankers and bulk carriers) have no fixed routing
or schedule, making them available at short notice. If
the ship navigates at a slow speed rather than waiting
before berthing because of the congestion port, it
provides fuel saving up to 10% throughout the voyage
(IMO, 2010; Norlund and Gribkovskaia, 2013).

2.1.2 Autopilot improvements (Al)

Autopilot is an auxiliary bridge equipment,
decreasing the traveling distance by less rudder
movements. The rudder motion generates more drag
to the ship hull and results with the increase of ship
resistance. Thus, reduction on the rudder usage and
small rudder angle during course keeping results in
fuel economy.

Conventional autopilots depend on the link
between rudder angle and ship’s response. These are
possible for directionally stable hull forms and small
rudder angles. Large rudder angles may need to be
applied when the ship is exposed large vessel
dynamics which result from changes in the wind,
waves and current. Moreover, changes in draft, speed
and water depth can effect on relations between
rudder angle and yaw rate. Adapted autopilot systems
have numerous advantages such as a high precision of
intended track, the rudder motions at small rudder
angles during course keeping, the decreasing of

deviation in ship's bow even in strong environmental
conditions (ABS, 2013).

The selection of steering strategies is less important
for the adaptive system of the autopilot due to its
ability to auto-tune to the weather and loading
conditions. However, usually, autopilot adjustments
including environmental conditions (wind, waves, and
ocean current), ship draught, and water depth can have
an impact on fuel savings. Autopilot adjustment
decreases by 0.5-3% of fuel consumption (Buhaug et
al., 2009).

2.1.3 Weather routing — safe and energy efficient
route selection (WR)

Ship weather routing implies the determination of
the optimum route based on the weather and ship
characteristics for the designated voyage (Padhy et al.,
2008; Sen and Padhy, 2010; Shao et al., 2012).

The route with safety and comfort (Maki et al.,
2011; Kosmas and Vlachos, 2012), greatest energy
efficiency (Dewit, 1990; Calvert et al., 1991; Sen and
Padhy, 2010), least time consumption (Lunnon et al.,
1992; Zhang et al.,, 2011), or the combinations of
these factors (Padhy et al., 2008; Hinnenthal and
Clauss, 2010) under various weather conditions are
basic variables in determining the optimum route for
the voyage. The objective of weather routing
optimization is to offer a route with the minimum fuel
consumption and earliest arrival time (Lin et al.,
2013). In addition to its time saving advantages, the
possible of implementing weather based routing
provides fuel economy by up to 3% (Armstrong,
2013).

A number of companies are specialized to gather
meteorological ~ data, examine  environmental
conditions, assess ship responses in the projected
situations and inform the proposed shipping route
should be monitored taken into consideration weather
conditions. Thus, these companies are providing
weather routing services to the ships by e-mail or
computer applications (Fig. 1.).

2.1.4 Trim and draft optimization (TDO)

Hull forms usually have been designed for specific
drafts. These drafts at the proper trim can decrease the
resistance of the ship hull and therefore fuel
consumption. The best and worst trim condition has



impact on the required engine power by more than
10% (Mewis and Hollenbach, 2007).

Ship’captains and cargo planners take into
consideration the appropriate distribution of cargo,
ballast and consumables to provide the optimum draft
and trim. Determining proper draft and trim for the
assumed voyage generally necessitates monitoring
tools (IMO, 2010). Required monitoring systems are
able to offer the greatest energy efficient trim for an
assumed draft and let adjusting ballast and other
consumables to receive the benefit. By means of the
implementation of proper software, it is possible to
improve fuel economy up to 5% (Wartsila, 2008;
Hochkirch and Bertram, 2010). Fig. 2. illustrates
exemplary software that can be installed to the ships.

Performing trim optimization involves several
operational risks and challenges arise from the
oversights of bending moments and shear forces.
Furthermore, some problems occur during the voyage
such as the trim alterations owing to the consumed
fuel and ballast, the ballast water exchange
requirements and the monitor of ship in heavy weather
conditions (Armstrong, 2013).

2.2 Hull and propeller condition management
(HPCM)

The hull roughness of a ship is caused by physical
or biological (fouling) factors (Fig. 3.). The physical
roughness can occur for mechanical damage,
adhesion-related failures (peeling, blistering, cracking,
etc.) and/or incorrect application of a new coating
(ABS, 2013).

Marine fouling (Biological roughness) is the
unwanted growth of marine organisms on submerged
surfaces. Marine fouling raises the frictional
resistance of ship which accounts for nearly 80-90%
of the total resistance for cargo ships and tankers and
usually more than 50% for high speed craft
(Lackenby, 1962). The marine fouling increases the
required propulsive power of ships and accordingly
their fuel consumption (Korkut and Atlar, 2012).
Milne (1990) reported that fuel consumption of ships
may reduce by up to 40% with antifouling irrespective
of its type.

The amount of roughness differs in relation to the
operational profile (i.e. ship speed and activity). For
example, marine fouling usually appears in stagnant
water particularly in the port area.

As a result, at the end of its 4-week wait in port, it
is stated that ship’s resistance raised by 20%, causing
in speed decrease by approximately 0.9 knots for the
same power or its daily fuel consumption increased by
8 tons for the same speed (Munk, 2009).

2.2.1 Hull condition management (HCM)

Both physical and biological (fouling) hull
roughness have major influences on a ship’s frictional
resistance. For making the hull surface smoother, hull
maintenance involving to refer both mechanical
damages, failures and fouling should be established at
appropriate intervals.

The purpose of underwater hull cleaning is to
remove biological roughness or marine fouling. The
cleaning procedure may need partial or overall
maintenance depending upon the degree and type of
fouling. The suitable maintenance schedule should be
determined  considering all  operational and
maintenance costs. From early times, there has been
numerous of marine antifouling coating systems in
combination with a number of toxic compounds such
as; Arsenic, Zinc, Tin and Copper (Anderson et al.,
2003). Self-Polishing Co-polymer (SPC) technology
including Tri Butyl Tin (TBT-SPC) had been the
greatest useful chemical method but International
Maritime Organization (IMO) forbidden the use of
TBT paints because of its damaging results (IMO,
2001). “‘Foul release’ system is an alternative
technology introduced in the early 1990s. This
antifouling technology prevents the organisms'
attachment and permits them to be removed by
hydrodynamic shear forces (Korkut and Atlar, 2012).

2.2.2 Propeller condition management (PCM)

Roughness is noticed on the surface of the
propeller mostly on the sharp parts. The main reasons
of propeller surface roughness are fouling, corrosion,
cavitation and impingement attack. In addition,
inappropriate  propeller = maintenance including
overspray from coating or hard use of the polishing
can contribute surface roughness.

While propellers are commonly based on copper,
fouling is still severe problems caused by some
species (ABS, 2013). The economic return on the
investment is resulted from propeller maintenance
strategy.
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Fig. 3. Surface roughness (Casse and Swain, 2006)
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The propeller can be cleaned to prevent roughness.
This way of polishing also reduce the attachment of
microorganisms and accordingly the frictional
resistance of the ship (Munk, 2009). On the other
hand, the attachment of fouling organisms, the
corrosion of ship hull and cavitation erosion can be
prevented by applying coatings on propeller (Korkut
and Atlar, 2012).

2.3 Engine maintenance onboard (EMO)

2.3.1 Main engine maintenance (MEM)

Ships generally operate at maximum continuous
rating (MCR) power for the optimum range of 75-
90% (Theotokatos and Tzelepis, 2013) and with
constant revolutions per minute (RPM) instead of
altering RPM in order to decrease fuel consumption.

Using automation systems for main engine provide
the effective use of the main engine. Engine
manufacturers suggest regular performance and
maintenance standards which are vital for efficient
engine operation (Ballou, 2013). Engine performance
parameters are observed by real time monitoring tools.

These systems are also efficient in identifying and
finding the solutions of maintenance and performance
problems (Fig. 4.) (Armstrong, 2013).

The optimum adjusting of tuning parameters of
main engine with the mainly used range of main
engine load decrease the fuel consumption by up to
1%. Besides, approximately 0.1-0.2 g / kWh fuel
economy is provided by a one bar raise in maximum
cylinder pressure (Armstrong, 2013).

2.3.2 Auxiliary engine maintenance (AEM)

The auxiliary engine may be used to support main
engine. In addition, it involves heat exchangers and
compressed air or supports other items such as pumps,
cargo and mooring winches, deck cranes, steering
gears, ballast water arrangements, sewage systems and
etc. (Molland, 2008). Auxiliary engines should have a
performance tests and maintenance schedule
according to manufactures and company standards.

2.3.3 Boiler maintenance (BM)



Boilers are utilized in a variety of applications,
including heating residual fuel and viscous cargo; hot
water for crew/passengers, generating fresh water,
driving steam turbines pumps and etc. Boilers should
have a performance tests and maintenance as per
manufactures and company standards. Planned
Maintenance System (PMS) of shipping companies
involves management of steam/combustion controls
and maintenance of burners. Reducing overall steam
consumption on-board have resulted with considerable
fuel saving. Besides, the insulation of pipe and valve
laggings can reduce thermal losses.

2.4 Fuel management (FM)

There are several types and classifications of fuels.
The fuels have been classified in accordance with
International Standard Organization (ISO) protocol
ISO 8217(E) as amended in 2005 and 2010 and
categorized depending on their ‘‘distillates’’ and
“‘residuals’’. The use of low sulphur fuels rather than
the use of high sulphur ones is essential to achieve the
required sulphur emission levels (Ma et al., 2012;
Yang et al.,, 2012). However, there is a vast price
difference between the high and low sulphur bunker
fuel oil which have an impact on operational and
commercial decisions in maritime transportation
(Schinas, 2013).

The great increase in fuel prices leads the shipping
companies to cheaper options. Although there are
operational difficulties, cheaper higher-viscosity
bunker fuels, such as IFO, are usually preferred for
providing economic benefits (Notteboom and
Vernimmen, 2009). Large marine diesel engines are
generally used for propulsion power, while the
secondary electrical power is provided by auxiliary
engines which typically use diesel oil. For this
purpose, two types of fuel should be available on
board: Fuel Oil and Diesel Oil (Stefanakos and
Schinas, 2014). The sulphur content of fuel has been
adopted with less than 1.5% for low sulphur oils
according to international (Marpol Annex 6) and
European environmental regulations.

In addition to deciding the optimum fuel type for
ships, ordering the optimum bunker quantities is also
significant in terms of ship energy efficiency. Fuel
management strategies provides to order adequate
amount of fuel which can be possible for records of
fuel consumption by daily noon reports, monthly

reports or voyage reports etc. This also gives
comparative  fleet performance for shipping
companies.

2.5 System energy management (other consumers)
(SEM)

Optimizing of mechanical and electrical systems
on-board are vital for ships.  Alternatives for the
reduction in power demand offer improvements in
fuel economy (ABS, 2013).

Several auxiliary systems such as cooling-water
pumps, ventilation fans, control and navigation
systems requires the electrical power. For instance,
bow thruster used by many ships to manoeuvre at low
speeds needs a great power. Furthermore, cargo
handling equipments generally require huge power
during loading and discharging operations.

There are many implementations that affect fuel
economy positively. These are process control and
automation applications, automatic temperature
control, control systems (automatic speed control for
pumps and fans), automatically activates lighting, etc.
1-2% of total fuel saving can be accomplished through
system energy management (Buhaug et al., 2009).

2.6 Increasing energy awareness (IEA)

Increasing energy awareness is an important
measure to make individuals and departments’ with a
high level of knowledge, skills and also greater
motivation on routine operational tasks related to ship
energy efficiency. On the other hand, the collaboration
among various parties like ship owner, operator,
charterer etc. is necessary for implementing ship
energy efficiency measures. The stakeholders in the
organisation should show the required expertise in
energy efficiency in order to overcome problems in
applying of measures. The parties for the ship energy
efficiency are described below:

Ship owner: Ship owner should identify the best
decision via considering various parameters such as
the investment decisions and operating costs linked to
the implementation of new technologies and trends in
energy efficiency measures. Nevertheless, it is
generally hard and expensive to apply these
technologies on existing ships. Moreover, with the
regard of the investment risk, the potential returns of
new applications are really low. Therefore, application
of suitable technologies is more appropriate for new
ships because of lower risk investment. By this way,



the ship owner should reduce fuel consumption by
developing an operational efficiency for existing
ships.

Ship operation: The owner or assigned to a
charterer is responsible for the ship operation. In cases
where the ship is operated under a charter agreement,
the charterer generally defrays the fuel and port
expenses. Accordingly, the charterer controls the
voyage information (load information, ETA and
voyage planning, etc.). The operating and
maintenance of ship, spare parts, and shipyard time
and crew management are the issues under the control
of the Operator. Those duties should be organized in
cost effectively and timely manner. It also provides
technical expertise within ship's operations.

Ship: The ship has responsibilities in SEEMP
implementation. There is a distribution of duties
among the crew. So, each seafarer will contribute to
energy efficiency through their expertises. The captain
and the company should deliver a set of trainings
which focus on increasing energy awareness.

The crew is in charge of various duties which may
include optimal routing, trim, autopilot use, cargo and
ballast tasks. Alternatively, ship operators and other
parties are also responsible for increasing crew’s
awareness in all related areas to provide optimum
operation.

Other parties: Other parties include the cargo
owners, shipping agent, port authorities, brokers,
weather routing services and other companies are the
other related stakeholders.

One party’s disruption causes a domino effect that
affects all of the other units. Therefore, awareness has
become a vital issue which points the importance of
all parties. In order to keep the disruption at a
minimum level all parties should support each other,
while they collaborate with each other. On the other
hand, information sharing is also play a crucial role to
decrease disruption.

3. Methodology

In many practical situations, humans generally fail
to define their preferences precisely due to the vague
characteristics of decision making problems. In order
to cope with the ambiguity of human thinking, L.
Zadeh (1965) first introduced the fuzzy set theory,
which was oriented to the rationality of uncertainty

due to vagueness (Kahraman et al., 2004). Since
expert opinion will be used in weighting the energy
efficiency measurements, FAHP method is found as a
proper method for this study.

The Analytic Hierarchy Process is one of the most
widely used multiple-criteria decision making
(MDCM) methods, and has been used to solve
unstructured problems in various study fields such as
political, economic, social and management sciences
(Lee et al., 2008). However, this method is often
criticized because of its inability to assign exact
numerical values to the comparison judgements and
being ineffective when applied to ambiguous
problems. Since the conventional AHP still cannot
provide sufficient guidance about the highly
ambiguous world, some scholars have combined the
Fuzzy theory with AHP method to handle fuzzy
comparison matrices. One of these methods is
Chang’s extend analysis method (Chang, 1996).

The fuzzy sets are briefly introduced below and
basic steps of the Chang’s extent analysis method are
explained in the following.

Table 1

Fuzzy expressions of linguistic terms (Ho et al, 2011)

Linguistic scale Triangular fuzzy numbers

Absolutely important 9,9,9)
Intermediate (7,8,9)
Very strong 6,7,8)
Intermediate 5,6,7)

Strong 4,5,6)
Intermediate (3.4,5)
Weak (2,3,4)
Intermediate (1,2,3)
Equally important (1,1, 1)

3.1 Fuzzy sets and fuzzy numbers

Zadeh (1965) defined the concept of fuzzy sets - a
fuzzy set is a class of objects with a continuum of
grades of membership ranging between zero and one.



If the assigned value is zero, the element does not
belong to the set and if the value assigned is one, then
the element belongs completely to the set
(Buyukozkan and Ciftci, 2012). Lastly, the value
which lies between 0 and 1 belongs to the fuzzy set
only partially. A triangular fuzzy number (TFN) is
represented with three points as follows.

M =(I,m,u) where the parameters I,m,u,

respectively, indicate the smallest possible value, the
most promising value, and the largest possible value
that describe a fuzzy event (Ghazikalayeh et al.,
2013). A triangular membership function of M is
described as equation 1.

0, x<1
X_ll, I<x<m
H (x)=1m" (1)
u-—x
, m<x<u
u—m
0, X>u

The following are the operations that can be
performed on triangular fuzzy numbers (Gani, 2012).

LetM = (I, m u,) and 1\712 = (I, m,u,) then,
(i)  Addition: (I, +1, ,m +m,,u, +u,)
(ii)  Subtraction: (I, =1, ,m —m,,u, —u,)
(iii)  Multiplication: (I, x1, ,m xm,,u, xu,)
~ -1 1 1 1
(iv) Division M; =(—,— ,=)
u;, m; 1, (2)

In fuzzy sets theory, the value of fuzzy measures
which are considered as a linguistic value can be
converted into fuzzy numbers.

Comparisons scale used in this paper is
demonstrated in Table 1.

3.2 Fuzzy-AHP

The steps of Chang’s approach to handling fuzzy
AHP are explained below.

Let U = {ul,uz,...,um} be a goal set and X =
{Xl D S Xn}be an object set. After that each object

is taken and extent analysis for every goal is
conducted, respectively. Thus, m extent analysis

values for each goal can be derived with the following
signs:

1 2 m
Mgi’Mgi"”’ng 5i:19 29"" n, (3)
where M;i (j= L2, .., m) is triangular fuzzy

number and g; is the corresponding goal.

Step 1. The value of fuzzy synthetic extent with
respect to the it object, S;, is determined as

-1

5,=> M ®| 3> M}
i=l1

i=1 j=1 )

. m oM ”
In order to obtain /_ j-1 ™., the fuzzy addition

operation of m extent analysis values is performed
such as

m . m m m
i
ZMgi = leZmpZUj (5)
=l =1 il

The fuzzy addition operation of M ; (= 1,2,...,

m) values is

-1
n m

j
Z Z Mgi > as follows.

=l j=I

ZZMQ = gli,;m,;ui ©6)

i=1 j=1

performed to obtain

and then the inverse of the vector in Eq. (6) is
computed as below.

NI L1
M . = ’ )
Z‘JZ‘ Uy Y Y| @
=171 =" i=1"i



M, =(1,,m,,u,)>M =(1,,m,,u,)is defined as
(Kahraman et al., 2004)

V(M, 2 M, )=supl min{uy 01y, )] g)
y2X

It can be similarly defined as below.

V(M 2M,)=hgtM ,"M,) =, (d)

1, ifm, 2 m,,
= 0, it 1, 2 u,, 9)
l,—u, otherwise,

(mz_uz) _(m1_11)

where dis the ordinate of the highest intersection
point between / and /, , and hgt is the height.

In order to compare M | and M , both the values of
V(M,>M 1) and V(M =M 2)are required.

Step 3. The degree possibility for a convex fuzzy

number to be greater than k convex fuzzy numbers M,
(i=1,2,...,k) can be defined by

VOERM )= V(M) i g2 ) ot 2 )]

2

= min V(M 2 M‘),i=1,2,3, k.
(10)

Suppose that

d'(A)=minV(S,2S,) k=1, 2,...n; k#l
(1)

Then the weight vector is defined by

W= (A, d (A,), ....d" (A N (12)
where Ai (i=1, 2, ..., n) are n elements.

Step 4. Via normalization, the normalized weight
vectors are

W=(d(A),dA,),...dA ) (13)

where W is a non-fuzzy number.

Tahie 2
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Lirgus o soalke Trian gular oy R iprocal triangolar ey

TILITERE TS TILITED &5

Aeealuely imporant (9, 9, 9) (= 19, 1)9)
It e e iT & 9) (= 1E8 1T)
Wery stming (&6 T 8) (11T 18]
Il are (5 6 7) (1T 15, 15)
Thming (4 5 &) (&, 15, 1)4)
Iriermedi ae 3 4 5) (115,14 1)F)
Wealk [Z 3, 4) (114,12, 1)Z)
Iriermmeci ae [LZ 3] 1= 12 1)
by ually imgortant (LL1] (L)
4. Results

In this paper, we conducted questionnaires to
twenty experts from various shipping companies. The
experts are ship captains, chief engineers and
representatives of companies who have at least over
10 and 15 years experience on board a ship. The
experts are asked to compare six main criteria and
nine sub-factors in the scope of this study (Table 2).
The results of questionnaire analysed by using Fuzzy-
AHP method are presented in this section.

We made pair-wise comparisons of six criteria to
assess ship operational energy efficiency measures
within the scope of SEEMP against high oil prices and
environmental concerns. Table 3 shows the Fuzzy
triangular numbers used in the paper.

Table 4 shows the fuzzy evaluation matrix and
local weights with response to the goal. Voyage
Performance Management, Hull and Propeller
Condition = Management, Engine  Maintenance
Onboard, Fuel Management, System Energy
Management, Increasing Energy Awareness stand for
VPM, HPCM, EMO, FM, SEM and IEA,
respectively.



Table 4

Local weights and pair-wise comparison of factors

Local

VPM HPCM EMO FM SEM IEA .
weights

VPM (1,00 1,00 1,00) (1,21 1,52 1,85) (1,92 2,39 2.87) (1,95 241 287) (2,92 3,52 4,13) (324 3,76 4,31) 0,35

HPCM (0,54 0,66 0,83) (1,00 1,00 1,000 (1,55 1,81 2,08) (1,99 245 291) (2,89 3,61 436) (2,89 3,56 4,26) 0,29

EMO (0,35 042 0,52) (0,48 0,55 0,65) (1,00 1,00 1,000 (3,21 397 473) (2,87 3,68 4,48) (3,37 4,23 5,08) 0,33

FM 0,35 042 0,51) (0,34 041 0,50) (0,21 0,25 0,31) (1,00 1,00 1,000 (2,25 2,76 3,28) (2,27 294 3,65) 0,03

SEM (0,24 0,28 0,34) (0,23 0,28 0,35) (0,22 0,27 0,35) (0,30 0,36 0,45) (1,00 1,00 1,000 (2,24 2,70 3,17) 0,00

IEA 0,23 0,27 0,31) (0,23 0,28 0,35) (0,20 0,24 0,30) (0,27 0,34 044) (0,32 0,37 0,45 (1,00 1,00 1,00) 0,00

Table 5

Weights and comparison matrices of VPM sub-factors

SO Al WR TDO Local weights
SO (1,00 1,00 1,000 (6,00 7,00 8,00) (500 6,00 7,000 (3,00 4,00 5,00 0,94
Al 0,13 0,14 0,17) (1,00 1,00 1,000 (0,33 0,50 1,000 (0,20 025 0,33) 0.00
wr (@14 017 020) (1,00 2,00 3,00) (1,00 100 100) (025 033 0.50) 0.00
o (020 025 033) (3,00 400 500) (200 3,03 4000 (1,00 1,00 1,00) 0.06
Local weights of the main factors are calculated by Sem= (6.42, 7.77, 9.26) «(1/66.68, 1/56.69, 1/47.29) =
using the fuzzy comparison values illustrated in Table (0.10, 0.14, 0.20)

4. First of all, the synthetic extent values of six criteria

are determined as follow.
Ssem= (4.24, 4.89, 5.65) (1/66.68, 1/56.69, 1/47.29)

= (0.06, 0.09, 0.12)
Svem= (12.23, 14.60, 17.03) = (1/66.68, 1/56.69,

1/47.29) = (0.18, 0.26, 0.36)
Siea= (2.25, 2.49, 2.84) =(1/66.68, 1/56.69, 1/47.29) =

(0.03, 0.04, 0.06)
Supcv= (10.87, 13.09, 15.45)=(1/66.68, 1/56.69, We calculated the minimum degree possibility d’(4;yof
1/47.29) = (0.16, 0.23, 0.33)
V(S .=8S,)

for k=1,2,.....n; k#i

Semo= (11.29, 13.84, 16.46) =(1/66.68, 1/56.69, D(1) = minV(S, > S,.5,.S,.S..S,) = min(1.00,1.00,1.00,1.00,1.00)
1/47.29) = (0.17, 0.24, 0.35) ‘



D(2)=minV(S, 2S,,5,,S,,S,,S,) = min(0.84,0.92,1.00,1.00,1.00)

17732742750 26

D(3)=minV(S, 25,,S,,S,,S,,S,) = min(0.93,1.00,1.00,1.00,1.00)

17722742750 %6

D4)=minV(§, 2§,5,,S,,S,,S,) = min(0.09,0.26,0.20,1.00,1.00)

17722737576

D(5)=minV(S, 2 §,5,,S,,S,,S,) = min(0.00,0.00,0.00,0.31,1.00)

1’203

D(6) =minV(S, > 5,,S,,5,,S,,S,) = min(0.00,0.00,0.00,0.00,0.00)

P23 4
The normalized weight vector is calculated as Wrciors=
Table 6

Local weights and comparison matrices of HPCM sub-factors

HCM PCM Local
weights
HCM (1,00 1,00 1,00) (3,35 3,95 4,45) 1,00
PCM 0,22 0,25 0,30) (1,00 1,00 1,00) 0,00

Table 7

Local weights and comparison matrices of EMO sub-factors

MEM AEM BM Lo?al
MEM (1,00 100 100) (470 565 660) (445 545 645 1.00
AEM (0,15 0,18 021) (1,00 1,00 1,000 (1,63 1,99 235 0.0
BM (016 018 022) (043 050 061) (1,00 1,00 1,00) 0.00
Table 8

Computed global weights for sub-factors

Factor Sub factor Local Weights Global weights
VPM SO 0.94 0.33
(0.35) Al 0.00 0.00
WR 0.00 0.00
TDO 0.06 0.02
HPCM HCM 1.00 0.29
0.29) PCM 0.00 0.00
EMO MEM 1.00 0.33
(0.33) AEM 0.00 0.00
BM 0.00 0.00
FM (0.03)
SEM (0.00)

1EA (0.00)

(0.35, 0.29, 0.33, 0.03, 0.00, 0.00)".

The final weights of the six criteria, VPM, HPCM,
EMO, FM, SEM and IEA, are 0.35, 0.29, 0.33, 0.03,
0.00 and 0.00, respectively. In the six criteria, VPM,

HPCM and EMO are the most preferred criteria
comparing with the other criteria.

The local weights of the sub-factors are calculated
in a similar way, as shown above. Table 5 shows the
fuzzy evaluation matrix and local weights of sub-
factors of Voyage Performance Management with
response to the goal. Speed Optimization, Autopilot
Improvements, Weather Routing and Trim and Draft
Optimization stand for SO, AI, WR and TDO,
respectively.

Table 6 shows the fuzzy evaluation matrix and
local weights of sub-factors of Hull and Propeller
Condition Management. Hull Condition Management
and Propeller Condition Management stand for HCM
and PCM, respectively.

Table 7 shows the fuzzy evaluation matrix and
local weights of sub-factors of Engine Maintenance
Onboard. Main Engine Maintenance, Auxiliary
Engine Maintenance and Boiler Maintenance stand for
MEM, AEM and BM, respectively.

Computed global weights of sub-factors are shown in
Table 8.

5. Discussion

The results of the study show that VPM (0.35),
EMO (0.33) and HPCM (0.29) are the most preferred
criteria compared to the other main criteria. Therefore,
these criteria are the key operational factors that
should be considered for overall ship energy
efficiency management. When examining the sub-
factors of these criteria, it is seen that they all spread
over a large area and affect many different energy-
saving operational decisions. These main criteria are
followed by FM which is obtained low score (0.03).
Deciding the optimal fuel type for ships and ordering
the sufficient quantities of fuel which are included
within the scope of FM criteria are also important for
ship energy efficiency. However, strict environmental
requirements for the content of sulphur enforced by
international and European environmental regulations
involve many parts of the sailing areas all over the
world, so this causes limitations to determine the
optimal fuel type for operating companies and ship
owners, and thus apply this measure (Fuel
management) in effectively.

Although System Energy Efficiency (SEM) and
Increasing the Energy Awareness (IEA) are



undoubtedly important criteria, the obtained results for
them with zero point refer that they have less
contribution on ship operational energy efficiency
than other main criteria. System Energy Efficiency
which includes also other consumers, optimal
operation of mechanical and electrical systems on-
board ship constitute small parts of the total fuel
consumption compared to the contribution from
others. For this reason, experts give less importance to
the implementation of this measure due to the low
contribution of fuel savings from other on-board
systems. Similarly, the criterion of increasing the
energy awareness has zero point, which is actually
seen as very important by on-board crew (Banks et al.,
2014). This is an ordinary consequence and a gap with
Fuzzy-AHP approach. If a criterion is absolutely not
important than all of the others in its level, this criteria
has zero weight even it is handled for the decision
making process. Therefore fuzzy-AHP totally neglects
the criterion which is less important than the others
and lets the decision maker to focus on the more
important criteria (Ozdagoglu and Ozdagoglu, 2007).
However, it is important to consider all of these
factors together for maximum gain.

The analysis results of sub-factors of VPM show
that SO (0.94) has the highest value, followed by
TDO (0.06). Johnson et al. (Johnson et al., 2014) has
also stated similar value in speed optimization.
According the analysis results of sub-factors, the
implementation of SO (0.94) is the most important
operational measure. The results are compatible with
the results of the Bazari and Longva (Bazari and
Longva, 2011) and speed reduction has the largest
effect on lowering carbon emissions. Autopilot
adjustments have not been carried out and recorded
properly by the shipping companies towards energy
efficient operations. Therefore, the possible
advantages of autopilot settings with regard to develop
an energy efficiency strategy has not been recognized
by many companies. Weather routing is impossible in
heavy traffic or narrow channels. This measure is only
applicable in open seas but it may increase the sailing
distance and time spent on sailing.

The results of sub-factors of HPCM indicate that
HCM has the highest score (1.00). The effect of hull
condition could be more important than the propeller
surface condition. However, propeller maintenance
would be essential in terms of energy loss per unit
area (Mosaad, 1986).

MEM (1.00) plays a very important part of the fuel
savings. In a report to the IMO by Bazari and Longva
(2011), it was shown that main engine tuning and
monitoring provides benefits of reducing the carbon
emission potential.

6. Conclusions and future work

Lowering fuel consumption has become a
fundamental issue due to the economic and
environmental problems. The potential for fuel
savings in shipping is achievable through
implementation of ship energy efficiency measures.

We focused on the operational energy efficiency

measures within the scope of SEEMP and prioritize
them using the fuzzy AHP approach, which is a
multiple criteria decision making method. Fuzzy AHP
properly reflects the vagueness associated with human
thoughts. The advantage of using a fuzzy approach is
to assign the relative importance of attributes using
fuzzy numbers instead of precise numbers. Multiple
criteria decision making techniques based on Fuzzy
AHP helps to choose a best decision-making strategy
using a weighting process through pair wise
comparisons.
The results of this research can provide decision
makers (ships' masters, operating companies and ship
owners) with the strategic approach for selecting the
most effective measures and producing an energy
efficient solution for the shipping industry. With the
help of such decision-making tools shipping industry
can establish and evaluate the priority and efficiency
of the operational energy efficiency measures against
possible future rise in fuel prices and carbon
emissions.

The research area will be extended by using
another multiple criteria decision making approach
such as TOPSIS (Technique for order preference by
similarity to the ideal solution) and upgrade the
operational energy efficiency measures in the sector of
shipping industry. For further study, it is planned to
measure ship operational energy efficiency criteria
using reel ship operating data derived from shipping
company using decision support systems.
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