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Abstract	
With	the	emission	of	greenhouse	gases	and	the	large‐scale	exploitation	of	crude	oil,	it	
has	caused	global	warming	and	the	shortage	of	crude	oil	in	the	future.	This	has	prompted	
the	search	 for	alternative	energy	sources	 to	meet	 the	ship's	 fuel	demand	and	reduce	
emissions	as	a	promising	way	to	develop	green	shipping.	However,	in	real	life,	there	is	
no	set	of	accurate	evaluation	criteria	to	measure	the	superiority	of	multiple	alternative	
fuels.	Therefore,	 the	 application	of	multi‐criteria	 group	decision‐making	 is	based	 on	
considering	the	complexity	of	preferences	in	different	aspects	and	the	incompleteness	
of	 information,	 and	 establishes	 a	 set	 of	 evaluation	 standard	 systems	 belonging	 to	
alternative	 fuels	 for	 ships.	This	 study	will	use	 the	 Interval‐valued	 intuitionistic	 fuzzy	
cluster	 decision	 nonlinear	 programming	method	 based	 on	 the	 closeness	 coefficient	
under	incomplete	preference	information,	and	propose	a	multi‐criteria	group	decision	
method	 for	 ship	 alternative	 energy	 under	 the	 condition	 of	 incomplete	 information.	
According	 to	 the	 combined	 method,	 hydrogen	 fuel	 is	 regarded	 as	 the	 best	 clean	
alternative	 energy,	 followed	 by	 liquefied	 natural	 gas	 (LNG),	 ammonia,	 biofuel	 and	
methanol.	 According	 to	 the	 sensitivity	 analysis,	 changing	 the	 attribute	 weights	 of	
operating	costs	and	CO2	emission	reduction	efficiency	has	a	significant	 impact	on	the	
research	of	five	alternative	fuels	for	shipping.	The	incomplete	information	studied	in	this	
paper	prefers	alternative	energy	sources	and	can	also	be	applied	to	the	study	of	clean	
fuels	for	land	and	air	transportation.	
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1. Introduction	

As	ship	transportation	accounts	for	80‐90%	of	global	trade,	the	large	quantities	of	freight	and	
passengers	is	increasing	year	by	year	and	the	cost	of	transportation	is	lower	than	that	of	land	
and	air	transportation,	occupying	a	leading	position	in	economic	developing	(1).However,	the	
use	of	petroleum	fuels	for	ship	engines	has	a	huge	impact	on	the	environment.	The	dominant	
emission	 from	ships,	which	are	sulfur	oxides	(SOx),	nitrogen	oxides	(NOx),	carbon	monoxide	
(CO),	carbon	dioxide	(CO2)	and	particulate	matter	(PM),	have	a	significantly	negative	impact	on	
air	quality.	International	Maritime	Organization	(IMO)(IMO,2014)	states	that	all	ships	globally	
consume	 300	million	 tons	 of	 fuel	 annually.	 Third	 IMO	Greenhouse	 Gas	 Study	 2014,	 annual	
shipboard	NOx	emission	on	2012	was	19.002	million	tons,	SOx	emission	was	10.240	million	tons,	
which	are	15%	and	13%	of	global	NOx	and	SOx	emission,	 respectively,	 and	CO,	CO2	and	PM	
emissions	 were	 936	 thousand	 tons,	 938	 million	 tons	 and	 1.402	 million	 tons	 on	 2012,	
respectively.	The	presence	of	these	gases	will	adversely	effect	on	human	health,	such	as	lung	
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cancer,	cardiopulmonary	deaths,	bronchitis	and	pneumonia,	and	global	warming	with	sea	level	
rise.	
In	order	 to	 reduce	air	pollution	 from	ships,	 the	 IMO	has	drafted	a	number	of	 ship	emission	
control	regulations.	In	2018,	the	IMO	announced	an	initial	agreement	to	reduce	GHG	emissions	
by	50%	by	2050	compared	to	2008	emissions.	It	is	key	regulation	for	controlling	environmental	
pollution	from	shipping	is	the	Maritime	Agreement	Regarding	Oil	Pollution	(MARPOL)	for	SOx,	
NOx,	GHG	and	PM	emission.	In	order	to	cope	with	this	issue,	the	MARPOL	in	Annex	VI	revision	
recommends	 limiting	 the	 sulphur	 level	 from	 the	 current	 3.5%	 to	 0.05%,	which	 is	 effective	
January	1,2020.	Since	January	2016,	NOx	emission	in	the	global	and	North	American	emission	
control	areas	have	been	reduced	to	Tier	II	and	Tier	III,	respectively.	In	addition	to	the	relevant	
international	 regulations	 on	 ship	 pollution,	 technical	measures	 for	 emission	 reduction	 (i.e.,	
scrubbers,	LNG	and	low‐sulphur	fuel)	are	also	widely	studied	and	discussed.	With	the	depletion	
of	petroleum	energy	and	the	degradation	of	ambient	air	quality,	it	is	now	vital	to	find	alternative	
energy	sources.	Among	these	alternative	energy	technical	measures	with	low‐pollution,	such	
as	LNG,	hydrogen,	electricity	and	methanol	for	the	propulsion	of	ships,	have	been	considered	
as	 possible	 pathways	 for	mitigating	 the	 high	 energy	 consumption	 and	 severe	 environment	
problems	 of	 shipping.	 LNG	 does	 not	 contain	 sulphur,	 meaning	 that	 the	 SOx	 emissions	 are	
theoretically	reduced	to	zero(1).	Compared	with	HFO,	the	use	of	LNG	as	an	alternative	fuel	for	
ships	reduces	NOx	(38‐39%)	and	CO	(42‐43%)	emissions.	The	reduction	of	SO2	(99.8%)	and	
PM10	 (97.5%)	 was	 more	 significant(2).	 Biofuels	 could	 help	 to	 achieve	 pollution	 emissions	
reduction	 targets.	 All	 biofuels	 contain	 very	 litter	 sulphur	 and	 exhibits	 lower	 NOx	 and	 PM	
emissions	than	marine	gas	oil(3).	Since	the	raw	materials	of	biodiesel	are	usually	derived	from	
plants	 that	 do	 not	 contain	 any	 sulfur	 elements,	 biofuels	 are	 considered	 to	 be	 sulfur‐free	
products.	The	carbon	dioxide	emitted	by	ships	using	biodiesel	has	decreased,	ranging	from	0.3%	
to	3.1%,	and	NOx	emission	are	reduced	1.1%	to	24.3%(4).	
The	results	of	the	Bicer	and	Dincer(5)	study	show	that	if	ammonia	is	used	as	dual	fuel	(heavy	
fuel	oils)	in	the	engines	of	ocean	tankers,	the	greenhouse	gas	emissions	per	metric	ton	kilometer	
during	the	entire	life‐cycle	can	be	reduced	by	about	27%,	while	hydrogen	is	used	as	dual	fuel	
can	be	reduced	by	about	40%.	
Therefore,	the	use	of	alternative	energy	sources	to	promote	ships	has	become	a	hot	topic	 in	
achieving	green	and	environmentally	friendly	shipping.	
Different	 alternative	 energy	 sources	 for	 ships	 have	 economic,	 environmental	 and	 policy	
differences.	For	instance,	an	alternative	energy	source	may	perform	better	than	others	in	one	
aspect,	but	may	perform	worse	in	another	aspect(6).Our	study	focuses	on	alternative	fuels	for	
shipping	 selection	 decision	which	 is	 a	 typical	multicriteria	 problem	 entailing	 to	 consider	 a	
variety	of	quantitative	and	qualitative	criteria	in	the	fuzzy	decision‐making	process.	In	classical	
multicriteria	decision	making	methods,	the	judgments	of	decision	makers	are	represented	by	
crisp	numbers.	However,	 in	 the	 real	 industrial	 application,	 experts	 generally	prefer	making	
linguistic	assessments	rather	than	exact	numerical	judgements.	In	order	to	solve	the	ambiguity,	
vagueness,	 subjectivity	 in	 the	 human	 judgments,	 the	 intuitionistic	 fuzzy	 set	 theory	 was	
introduced	by	Zadeh	L	A(7).	In	the	study,	alternative	fuels	for	shipping	selection	problem	are	
solved	under	fuzzy	environment	by	considering	uncertainties	and	ambiguities	in	the	decision‐
making	process.	Such	linguistic	assessment	can	be	converted	to	their	corresponding	numerical	
values	and	then	be	incorporated	into	a	MCDM	method	through	the	fuzzy	set	theory.	Therefore,	
it	is	crucial	to	establish	a	multi‐criteria	decision	support	framework	to	help	decision	makers	
choose	 the	most	 suitable	 alternative	 energy	 sources	 according	 to	 their	 preferences	 and	 the	
actual	environment.	
Compared	with	the	previous	application	of	the	MCDM	method	in	alternative	energy	options	for	
ships,	 this	paper	differs	 in	 the	 following	 three	points:	 (i)	 in	 the	existing	 literature,	however,	
there	 is	 little	 research	 on	 simultaneously	 determining	 the	 weights	 of	 the	 decision‐making	
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experts	and	the	attributes	in	the	group	decision‐making	problems;	(ii)	the	application	of	IVIFSs	
theory	provides	an	intuitive	and	computationally	feasible	method	to	deal	with	uncertain	and	
partially	 known	 attributes;	 (iii)	 for	 the	 multiple	 criteria	 group	 decision‐making	 (MCGDM)	
problem,	 where	 the	 information	 about	 the	 criterion	 weights	 is	 completely	 unknown	 or	
incompletely	known	a	priori,	 two	optimization	models	are	constructed	 to	 solve	 the	optimal	
weight	values	and	determine	the	corresponding	inclusion‐based	closeness	coefficients.	In	the	
paper,	we	have	developed	a	method	to	fill	these	research	gaps.	Therefore,	the	novelties	of	this	
study	is	to	develop	a	multi‐criteria	group	decision	making	method	by	IVIFSs	theory,	the	non‐
linear	programming	(NLP)	methodology	and	the	extension	of	the	technique	for	TOPSIS	method,	
which	 the	NLP	methodology	 is	used	 to	obtain	optimal	weights	of	attributes,	 and	allows	 the	
decision‐makers	to	use	linguistic	terms	to	express	their	opinion	on	the	relative	importance	of	
the	criteria	for	selecting	the	most	sustainable	alternative	energy	sources	for	shipping.		

2. Literature	Review	of	MCDM	Method	and	Fuzzy	Set	Theory	

In	the	literature,	the	frequently	used	method	for	alternative	fuels	are	AHP	(Analytic	Hierarchy	
Process),	 ANP	 (Analytic	 Network	 Process),	 TOPSIS	 (Technique	 for	 Order	 of	 Preference	 by	
Similarity	to	Ideal	Solution),	VIKOR	(VlseKriterijumska	Optimizacija	I	Kompromisno	Resenje),	
ELECTRE	(Elimination	and	Choice	Translating	Reality).	The	crisp	applications	of	these	methods	
can	not	employ	the	vague	evaluations	which	humans	generally	prefer,	while	their	fuzzy	sets	
extensions	can	do	it.	Therefore,	ordinary	fuzzy	sets	have	been	widely	used	in	MCDM	methods	
such	as	fuzzy	TOPSIS,	fuzzy	AHP,	and	fuzzy	VIKOR.	Extensions	of	ordinary	fuzzy	sets,	such	as	
hesitant	fuzzy	sets,	 intuitionistic	fuzzy	sets,	and	type‐2	fuzzy	sets	have	been	introduced	into	
multi‐criteria	decision‐making	and	shown	the	advantage	of	better	definition	of	membership	
function	than	ordinary	fuzzy	sets(8).	Intuitionistic	fuzzy	sets	extend	the	ordinary	fuzzy	sets	by	
an	 additional	 degree,	 which	 is	 called	 the	 degree	 of	 non‐membership.	 Attanassov(1986)	
proposed	the	 theory	of	 intuitionistic	 fuzzy	sets	 (IFs)	 in	1986.	An	 IFSs	 is	associated	with	 the	
membership	function,	the	non‐membership	function	and	the	hesitancy	function.	Atanassov	and	
Gargov(1989)	proposed	the	theory	of	Interval‐valued	intuitionistic	fuzzy	sets	(IVIFs)	in	1989,	
which	is	an	extension	of	the	theory	of	the	theory	of	IFs.	IVIFs	are	represented	by	an	Interval‐
valued	membership	degree	and	an	Interval‐valued	non‐membership	degree.	According	to	some	
authors,	IVIFs	is	more	powerful	and	flexible	tool	to	cope	with	vagueness	and	uncertainty	than	
the	other	types	of	IFs.	
IVIF‐TOPSIS	is	integrated	with	different	techniques	in	various	fields	of	application.	On	the	other	
hand,	IVIF‐TOPSIS	is	utilized	with	the	concept	of	 inclusion	comparison	possibilities	which	is	
different	from	convention	closeness	coefficient	for	ranking	the	alternatives.	To	author’s	best	
knowledge,	there	exists	no	publication	in	which	IVIF‐TOPSIS	based	on	the	concept	of	inclusion	
comparison	possibilities	is	used	for	sustainable	clean	energy	selection	for	shipping.	Therefore,	
this	paper	contributes	to	the	literature	by	addressing	this	research	gap	and	demonstrating	the	
applicability	of	the	proposed	method	with	alternative	fuel	selection.	As	seen	in	Table	1,	there	
are	few	works	on	the	evaluation	of	alternative	energy	technologies	using	IVIFs	MCDM	method	
in	the	literature.	
In	 this	paper,	we	develop	a	new	TOPSIS	model	 involving	an	 inclusion	comparison	closeness	
coefficient	approach	for	solving	MCGDM	for	alternative	 fuels	 in	shipping	selection	problems	
within	 the	 Interval‐valued	 intuitionistic	 fuzzy	 environment.	 Furthermore,	 for	 MCGDM	
problems	in	which	the	 information	about	the	criterion	weights	 is	completely	unknown	or	 is	
incompletely	known	a	priori,	two	optimization	models	are	constructed	to	solve	for	the	optimal	
weight	values	and	to	determine	the	corresponding	inclusion	comparison	closeness	coefficients.	
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Table	1.	Several	studies	make	use	of	alternative	fuels	
Year	 Authors	 Model	 Application	area	

2015	 Onar	et	al.(9)	 IVIFS	
Evaluate	wind	energy	investments	

for	wind	energy	technology	
selection	

2016	 Deniz	and	Zincir	
(10)	

AHP	
Assessment	of	the	possibilities	for	
selected	alternative	fuels	for	the	

maritime	sector	

2017	 Oztaysi	et	al.(8)	
IVIFS,	TOPSIS,	Multiple	

attribute	group	decision	
making	(MAGDM)	

Alternative‐fuel	technology	selection	
problem	(Alternative‐fuel	vehicles)

2017	 Kumar	et	al.(11)	 MCDM	review	 Sustainable	renewable	energy	
development	

2017	 Ren	and	Liang	(6)	 fuzzy	logarithmic	least	
squares	and	fuzzy	TOPSIS	

Study	measuring	the	sustainability	
of	marine	fuels	

2017	
Ren	and	Lützen	

(6)	

Dempster‐Shafer	theory	
and	a	trapezoidal	fuzzy	analytic	

hierarchy	process	

Alternative	energy	selection	under	
incomplete	information	conditions	

2017	
Svanberg	et	al.	

(12)	
MCDM	and	AHP	

Assessment	of	the	possibilities	for	
selected	alternative	fuels	for	the	

maritime	sector	

2017	 Hua	et	al.(2)	 Total	fuel	life‐cycle	inventory	 Alternative	fuel	for	sustainable	
shipping	across	the	Taiwan	Strait	

2018	 Gilbert	et	al.(13)	 life‐cycle	 A	life‐cycle	assessment	with	respect	
to	six	emissions	species	

2021	 Prussi	et	al.(14)	
“Fleets	and	Fuels”	(FF20)	

modeling	

Potential	and	limiting	factors	in	the	
use	of	alternative	fuels	in	the	
European	maritime	sector	

2021	 Al‐Enazi	et	al.(15)	 review	
Clean	alternative	fuels	for	maritime	

transportation	

3. Sustainability	Assessment	of	Alternative	Energy	Sources	

Alternative	fuels	which	can	be	used	at	marine	diesel	engines	are	found	in	two	types:	liquid	fuels	
likes	bioliquid	fuel,	biodiesel,	methanol	(CH3OH)	and	ethanol	(C2H5OH);	and	gaseous	fuels	like	
propane,	hydrogen	and	natural	gas(10).		Alternative	fuels	for	shipping	include	any	sustainable	
alternative	 fuels	 that	 are	 suitable	 for	 providing	 marine	 transportation,	 potentially	 offering	
environmental	benefits	when	compared	against	traditional	diesel	fuels.	In	the	following	Section	
3.1,	we	focus	on	five	types	of	alternative	fuels	and	briefly	state	some	of	their	key	characteristics	
(See	Table	2).		

3.1. Alternative	Fuels	for	Shipping		
3.1.1. LNG		
LNG	 is	 a	 transparent,	 odorless,	 non‐toxic,	 non‐corrosive	 at	 atmospheric	 pressure	 cryogenic	
liquid.	Natural	gas	is	actually	a	fossil	fuel.	However,	it	reduces	carbon	emissions	and	has	more	
common	characteristics	with	other	non‐traditional	fuels,	so	it	is	considered	an	alternative	fuel.	
There	 are	 two	 forms	 of	 natural	 gas	 (enriched	 and	 liquefied)	 as	 alternative	 fuels,	 of	 which	
liquefied	natural	gas	(LNG)	is	the	more	commonly	used	form	(8).	In	maritime	transportation,	
LNG	is	the	only	feasible	and	mature	technology.	In	the	field	of	heavy‐duty	and	long‐distance	
transportation,	LNG	is	an	alternative	to	diesel	(30).	
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3.1.2. Methanol		
Methanol,	 also	 known	 as	methanol	 alcohol	 or	wood	 alcohol,	 is	 a	 simple	 alcohol	 that	 burns	
cleanly(12).	The	main	raw	materials	of	methanol	are	natural	gas	and	coal,	but	it	can	also	be	
produced	 from	 renewable	 raw	 materials.	 In	 the	 production	 of	 bio‐methanol,	 primary	 raw	
materials	(direct	sources)	and	secondary	raw	materials	(by‐products)	can	be	used.	Shamsul	et	
al.(16)	acknowledged	that	 there	are	multiple	sources	of	raw	materials	 that	may	be	used	for	
methanol	 production,	 such	 as	 agricultural	 and	 forest	 residues,	 livestock	 and	 poultry	waste,	
fishery	waste,	and	sewage	sludge.	
3.1.3. Hydrogen		
Hydrogen	is	the	most	abundant	element	on	earth,	but	it	is	usually	found	in	the	more	stable	form	
of	water,	less	than	1%	of	the	gas	is	easily	available(5).	The	required	hydrogen	can	be	obtained	
in	 various	 ways,	 one	 of	 the	 cleanest	 methods	 is	 electrolysis.	 The	 electrolysis	 process	 uses	
electricity	to	split	water	into	hydrogen	and	oxygen(8).	In	addition	to	fossil	fuels,	hydrogen	can	
also	 be	 produced	 from	 the	 conversion	 of	 biogas	 and	 renewable	methane	 from	 electrolyzed	
water	using	renewable	energy	such	as	wind,	solar	and	water	power(17).	
3.1.4. Biodiesel		
Biodiesel	is	essentially	a	renewable	diesel,	which	can	be	made	from	a	variety	of	raw	materials.	
In	Europe	and	the	United	States,	rapeseed	oil	and	soybean	oil	are	commonly	used	to	produce	
biodiesel.	 Tropical	 countries	 including	Malaysia,	 Thailand,	 Indonesia,	 Nigeria	 and	 Colombia	
extract	biodiesel	from	palm	oil(21).	It	is	very	important	to	choose	the	right	feedstock	to	produce	
biodiesel	because	it	is	related	to	75%	of	the	total	cost(22).	In	addition,	the	quality	of	biodiesel	
also	 depends	 on	 the	 type	 of	 resource	 use,	 production	 process	 and	 country	 of	 origin(23).	
Generally	 speaking,	 the	 sources	 of	 biodiesel	 can	 be	 divided	 into	 four	 categories:	 edible	
vegetable	oil,	non‐edible	vegetable	oil,	recycle	and	waste	oil	and	animal	fats.	
3.1.5. Ammonia		
Ammonia	 (NH3)	 produced	 from	 hydrogen	 and	 nitrogen	 may	 have	 less	 climate	 impact	 on	
renewable	energy	(or	combined	with	carbon	capture	and	storage	(CCS)).	However,	currently	
ammonia	 is	 mainly	 produced	 by	 fossil	 fuel‐based	 hydrogen	 while	 production	 process	 of	
renewable	ammonia	is	still	under	development(24).	Ammonia	has	been	proven	to	be	the	fuel	
for	compression	ignition	(CI)	engines,	spark	ignition	(SI)	engines	and	fuel	cells.	
	

Table	2.	Alternative	fuels	characteristics	
Year	 LNG	 Methanol	 Hydrogen	 Biodiesel	 Ammonia	

Density	(kg/m‐3)	 400‐500	 798	 0.0838	 860‐900	 0.771	
Auto‐ignition	

temperature	(K	at	1	
bar)	

810	 743	 858	 100‐170	 650‐657	

Net	heating	value	
(MJ/kg)	

46‐50.2	 20.1	 119.9	 35	 18.6	

Cetane	number	 ‐10	 <5	 ‐	 51	 ‐	
Fuel	carbon	content	

(wt	%)	
75	 38	 0	 77	 0	

Fuel	hydrogen	
content	(wt	%)	

25	 12	 100	 15	 17.8	

Fuel	oxygen	content	
(wt	%)	

0	 50	 0	 6	 0	

Fuel	sulfur	content	
(wt	%)	

1	 0	 0	 0.05	 0	

Toxic	 No	 No	 No	 No	 Yes	
References	 (21),(10),	(20),(25),(24)	
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3.2. Criteria	for	Alternative	Energy	Sources		
The	 sustainable	 development	 of	 alternative	 fuels	 can	 be	 interpreted	 in	 many	 different	
perspectives.	We	adopt	a	triple	bottom	line	approach	and	the	criteria	used	for	sustainability	
assessment	 are	 defined	 within	 the	 three	 aspects	 of	 sustainability	 to	 cover	 economic,	
environmental	and	social	concerns.	M.Prussi	et	al.(14),	study	the	vast	majority	of	the	available	
literature	focus	on	the	cost	differential	for	the	alternative	fuels	relative	to	HFO	and	diesel,	and	
the	 potential	 environmental	 benefits	 of	 the	 proposed	 solutions.	 There	 are	 a	 few	 published	
works	concerning	alternative	fuel	for	shipping	using	IVIF	method	to	evaluate	and	select.	We	
refer	the	reader	to	Ren	and	Lützen(6)	or	Ren	and	Liang(26)	for	a	survey	of	criteria	adopted	in	
the	literature.	The	present	study	uses	four	dimensions,	which	are	the	technological,	economic,	
environmental	and	Social‐political	aspects	to	measure	sustainability		
The	criteria	system	for	sustainability	assessment	was	developed	for	sustainability	assessment	
of	marine	fuels.	For	the	sustainability	evaluation	of	alternative	energy	sources	for	shipping,	the	
criteria	system	including	twelve	indicators	in	four	aspects	(see	Table	3).	There	are	three	criteria	
in	 the	 technological	 aspect,	 including	 maturity,	 reliability	 and	 energy	 storage	 efficient;	 the	
economic	 aspect	 consists	 of	 investment	 cost	 and	 operation	 cost;	 effect	 on	 CO2	 emission	
reduction,	 effect	 on	 NOx	 emission	 reduction,	 effect	 on	 SOx	 emission	 reduction	 and	 on	 PM	
emission	 reduction	 are	 the	 four	 criteria	 belonging	 to	 the	 environmental	 aspect;	 and	 finally	
safety,	 social	 acceptability	 and	 governmental	 support	 are	 the	 three	 criteria	 of	 the	 social‐
political.		
	

Table	3.	Criteria	for	sustainability	assessment	of	marine	fuels	
Category	 Criteria	 Abbr	 references

Technological	(T)	
Maturity	 T1	 (25)	
Reliability	 T2	 (10)	
Capacity	 T3	 (10;	6)	

Economic	(EC)	
Investment	cost	 EC1	 (10;	6;	12)
Operation	cost	 EC2	 (10;	6)	

Environmental	(EN)	

Effect	on	CO2	emission	reduction	 EN1	 (21)	
Effect	on	NOx	emission	reduction	 EN2	 (35;	37)	
Effect	on	SOx	emission	reduction	 EN3	 (21)	
Effect	on	PM	emission	reduction	 EN4	 (36)	

Social‐political	(SP)	
Safety	 SP1	 (10;	6)	

Social	acceptability	 SP2	 (6)	
Governmental	support	 SP3	 (6)	

	
The	alternative	energy	sources	within	shipping	primarily	refer	 to	LNG,	methanol,	hydrogen,	
electricity,	biodiesel	and	ammonia,	and	the	stakeholders	usually	consider	the	above‐mentioned	
criteria	 to	 select	 the	most	 suitable	 option	when	 facing	multiple	 alternative	 energy	 sources.	
These	criteria	are	specified	as	follows:		
3.2.1. Technological		
Maturity	
The	market	maturity	of	alternative	fuels	is	a	measure	of	technology	maturity,	which	reflects	the	
feasibility	 and	 popularity	 of	 different	 fuels	 in	 the	 world.	 LNG	 fuel	 has	 been	 used	 in	 steam	
turbines	and	dual‐fuel	diesel	engines	in	the	1970s.	It	has	been	developed	for	50	years	and	has	
been	widely	 used	 in	 shipping	 industry	 fuels	 (25).	 In	 addition,	 the	 global	 LNG	 trade	 volume	
increased	from	100	million	tons	in	2000	to	319	million	tons	in	2018	(31).	
Reliability	
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The	reliability	of	alternative	fuels	mainly	considers	the	sustainability	of	ship	fuel	use.	Different	
fuels	can	cause	different	degrees	of	damage	to	ship	engines.	This	standard	is	used	to	measure	
the	degree	of	impact	on	engine	performance(10).	Global	production	of	ammonia	in	2016	was	
approximately	180	million	tons(24)	
Capacity	
The	engine	fuel	tank	capacity	is	related	to	global	availability	and	is	also	closely	related	to	the	
fuel	performance	of	the	fuel(10;	6).	Methanol	fuel	can	be	stored	in	the	ship’s	original	gasoline	
storage	tank,	and	the	storage	space	is	small	for	modification(19).	Liquefied	natural	gas	(LNG),	
as	a	cryogenic	 liquid,	must	be	stored	 in	a	separate	pressure	 tank,	which	 is	disadvantage	 for	
volume	critical	ships(12).	
3.2.2. Economic		
Investment	cost	
Infrastructure	 facilities	 refer	 to	 supply	bases	built	 around	 the	world	 for	 alternative	 fuels	 to	
facilitate	the	navigation	of	different	ships.	For	instance,	many	ports	around	the	world,	such	as	
Rotterdam	 and	 Antwerp	 in	 Europe,	 already	 have	 dedicated	 methanol	 storage	 and	 supply	
infrastructure(32).	Only	minor	modifications	of	the	infrastructure	are	needed	to	use	methanol	
as	a	marine	fuel,	especially	when	compared	to	the	implementation	of	LNG	infrastructure.	
Capital	expenditure	refers	to	the	cost	of	retrofitting	old	ships	to	adopt	new	alternative	energy	
sources	or	investing	in	the	construction	of	new	ships.	Shipowners	need	to	be	certain	about	the	
long‐term	 availability	 of	 fuel	 before	 investing	 more	 money	 to	 adjust	 fuel	 systems	 and	
engines(12).	For	instance,	Biodiesel	can	be	applied	to	diesel	engines	without	any	changes	to	the	
engine	 system	 because	 its	 combustion	 characteristics	 are	 almost	 similar	 to	 conventional	
diesel(21).	Ammonia	is	corrosive,	which	needs	to	be	considered	in	the	design	of	marine	fuel	
systems(17).	
Operation	cost	
Maintenance	 cost	 refers	 to	 the	 process	 of	 ship	 using	 alternative	 energy	 sources.	 Because	
different	fuels	have	different	properties,	they	will	cause	different	degrees	of	wear	and	tear	on	
ship	engines.	It	simply	refers	to	the	maintenance	and	repair	costs	of	infrastructure.	
Training	costs	and	crew	salaries	refer	to	the	personnel	training	and	education	costs	required	
for	operators	to	use	new	alternative	energy	sources.	Because	hydrogen	has	a	higher	natural	
temperature	 than	 other	 fuels,	 it	 is	 prone	 to	 explosion.	 The	 storage	 requirements	 are	 high,	
requiring	specially	trained	crew	to	keep	and	operate	correctly(5).	
Fuel	price	refers	to	the	price	of	alternative	energy	for	ships.	Fuel	price	is	a	key	factor	affecting	
the	 total	 cost	 of	 ship	 operations.	 On	 the	 one	 hand,	 depending	 on	 the	 fuel	 characteristics,	
hydrogen	liquefaction	requires	a	very	low	temperature,	namely	253°C,	which	causes	high	costs	
for	 the	 ship’s	 liquefaction	 and	 storage	 system.	On	 the	 other	 hand,	 ammonia	 gas	 has	 a	 high	
volumetric	energy	density	and	easy	handling,	which	is	a	hot	topic	for	the	shipping	industry	to	
achieve	decarbonization	goals(20).	However,	the	volume	density	of	liquefied	hydrogen	is	lower	
than	that	of	HFO,	and	the	price	of	hydrogen	is	about	2.7	to	3.5	times	that	of	HFO(19).	
3.2.3. Environmental		
Effect	on	CO2	emission	reduction	
Carbon	 dioxide	 is	 a	 greenhouse	 gas,	 which	 produces	 the	 greenhouse	 effect	 by	 absorbing	
infrared	 radiation.	 However,	 too	 much	 of	 these	 gases	 will	 absorb	 heat	 in	 the	 atmosphere,	
thereby	warming	the	earth(21).	For	instance,	a	study	by	Nick	Ash	(32)	concluded	that	green	
ammonia	 produced	 using	 renewable	 electricity	will	 not	 emit	 greenhouse	 gases	 at	 any	 time	
during	the	product	life	cycle,	and	it	is	a	technically	feasible	solution	for	international	shipping	
to	decarbonize.	
Effect	on	NOx	emission	reduction	
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NOx	emission	comes	from	the	gas	produced	by	the	high‐temperature	combustion	of	fuel	in	the	
engine	 cylinder,	 the	 temperature	 of	 which	 is	 as	 high	 as	 1500°C.	 By	 reading	 the	 literature,	
burning	 hydrogen	 (not	 pure	 hydrogen)	 with	 air	 at	 a	 certain	 temperature	 will	 lead	 to	 the	
emission	of	pollutants	NOx(5).	
Effect	on	SOx	emission	reduction	
Sulfur	oxide	can	be	defined	as	the	type	of	sulfur	and	oxygen‐containing	compounds,	such	as	SO,	
SO2,	SO3,	S7O2,	S6O2	and	S2O2(21).	Due	to	the	combustion	of	fuel,	this	gas	is	present	in	engine	
emissions.	Therefore,	SOx	is	directly	proportional	to	the	total	sulfur	content	of	the	fuel,	which	
can	be	alleviated	by	reducing	the	sulfur	content	of	the	fuel.	For	instance,	since	biodiesel	raw	
materials	are	usually	derived	from	plants,	which	does	not	contain	any	sulfur	elements,	biofuels	
are	regarded	as	sulfur‐free	products;	therefore,	it	is	believed	that	the	introduction	of	biodiesel	
mixtures	on	ships	can	significantly	reduce	the	emissions	of	sulfur	compounds(21).	As	a	marine	
engine	fuel,	methanol	complies	with	strict	international	sulfur	emission	standards	regardless	
of	the	raw	material	used	to	make	methanol,	because	the	combustion	process	does	not	contain	
sulfur(12).	
Effect	on	PM	emission	reduction	
Particulate	matter	(PM)	is	related	to	low‐quality	marine	fuel.	The	combustion	process	of	diesel	
engines	releases	harmful	particles,	also	known	as	soot.	The	basic	components	of	PM	emissions	
include	carbon,	heavy	hydrocarbons,	and	hydrated	sulfuric	acid(36).	Past	literature	has	shown	
that,	 due	 to	 the	 oxygen	 and	 low	 sulfur	 content	 in	 biodiesel	 molecules,	 adding	 biodiesel	 to	
conventional	diesel	can	generally	reduce	PM	emissions(21).	
3.2.4. Social‐political		
Safety	
Safety	is	the	primary	prerequisite	for	judging	the	performance	of	alternative	energy	sources.	
The	safety	of	alternative	fuels	includes	the	safety	of	life	and	work	on	board	during	the	operation	
of	 the	ship,	as	well	as	 the	safety	of	residents	 in	and	around	the	port(6).	Ammonia	 is	a	 toxic	
substance.	The	release	of	high	concentrations	of	ammonia	into	the	atmosphere	can	cause	health	
hazards	and	is	fatal	within	a	certain	concentration	and	time	period(17).	The	safety	of	hydrogen	
is	a	problem	that	requires	special	attention,	because	H2	is	explosive,	with	a	flammability	range	
of	between	4%	and	77%	when	mixed	with	air(18).	
Social	acceptability	
Social	acceptability	refers	to	the	degree	to	which	the	selected	alternative	fuel	is	acceptable	to	
the	public,	which	can	be	defined	by	the	breadth	of	fuel	application	on	ships(6).	For	instance,	the	
main	disadvantages	of	ammonia	are	 toxicity	and	environmental	 impact.	Ammonia	 is	 toxic	 if	
inhaled,	and	exposure	to	ammonia	can	cause	severe	skin	burns	and	eye	damage(19).	
Governmental	support	
Policy	support	is	to	measure	how	the	adoption	of	alternative	energy	sources	for	shipping	to	
meet	 the	 management	 standards	 and	 policy	 standards	 drafted	 by	 the	 government	
administration	(6).	

4. Method	

4.1. The	Concept	of	the	IFs	and	IVIFs	
The	concept	of	 the	 intuitionistic	 fuzzy	 sets	 (IFs)	was	 firstly	 introduced	by	Atanassov(27)	 in	
1986	 take	 into	 account	 both	 the	 membership	 degree	 and	 the	 non‐membership	 degree	 for	
describing	any	x	in	X.	Let	X={x_i	├|i=1,2,…,n┤}	denote	a	finite	universal	of	discourse.	The	basic	
definitions	of	IFs	are	given	in	the	following	parts.	
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Definition	1.	An	IFs	ܣ	in	ܺ,	where	ܺ ് ∅	be	a	given	set,	can	be	defined	as	 follows(Atanassov,	
1986):	

	

ܣ ൌ ሼݔۦ, ,ሻݔሺߤ ݔ|ሻۧݔሺݒ ∈ ܺሽ																																																																				(1)	
	
where	 the	 functions	 ܺ	:ߤ → ሾ0,1ሿ 	and	 ݒ ∶ ܺ → ሾ0,1ሿ 	satisfy	 the	 condition	 0  ߤ  ݒ 
ݔ∀,1 ∈ 	the	of	function	non‐membership	the	and	function	membership	the	denote	ݒ	and	ߤ	.ܺ
element	ݔ 	to	 the	 set	ܣ,	 respectively.	 The	 pair	ܣ_ߤۦ	ሺݔሻ, 	is	ሻۧݔሺ	ܣ_ݒ called	 intuitionistic	 fuzzy	
value	(IFV)	and	simply	denoted	by	ܣ ൌ ,ሻݔሺߤۦ ሻݔሺߨ	,addition	In	ሻۧ.ݔሺݒ ൌ 1 െ ሻݔሺߤ െ 	ሻݔሺݒ
is	called	the	intuitionistic	fuzzy	index	or	Hesitancy	of	an	element	ݔ	in	the	set	ܣ.	It	is	the	degree	
of	 indeterminacy	 membership	 of	 the	 element	 ݔ 	to	 the	 set	 ܣ .	 Obviously,	 0  ሻݔሺߨ  1 .	
Atanassov	 point	 out	 that	 an	 IFV	ߤۦሺݔሻ, 	could	ሻۧݔሺݒ be	 converted	 into	 an	 interval	 number	
ሾߤሺݔሻ, 1 െ 	ሻሿݔሺݒ
Definition	2.	Let	ܺ ൌ ሼݔ|݅ ൌ 1,2, … , ݊ሽ	be	 a	 finite	 universal	 set	 and	ܫ	be	 the	 set	 of	 all	 closed	
subintervals	of	the	interval	ሾ0,1ሿ.	An	IVIFs	ܣሚ	in	ܺ	is	an	object	having	the	following	form	(28):	

	

ሚܣ ൌ ሼݔۦ, ,ሻݔ෨ሺߤ ݔ|ሻۧݔ෨ሺݒ ∈ ܺሽ																																																																			(2)	
	
where	ߤ෨:	ܺ → ܺ	:෨ݒ	and		ሾ,ଵሿܫ → 0	and		ሾ,ଵሿܫ  supሼߤ෨ሺݔሻሽ  supሼݒ෨ሺݔሻሽ  1	for	 every	ݔ ∈ ܺ.	
The	 intervals	ߤ෨ 	and	ݒ෨ 	represent	 membership	 degree	 and	 non‐membership	 degree	 of	 the	
element	ݔ	to	the	set	ܣሚ ⊆ ܺ,	respectively.	Obviously,	ߤ෨	and	ݒ෨	are	closed	intervals.		
For	 the	 convenience	 of	 description,	 the	 lower	 and	 upper	 bounds	 of	 the	 interval‐value	
membership	 degree	 and	 interval‐value	 non‐membership	 degree	 are	 denoted	 by	
෨ߤ
 ሺݔሻ, ෨ߤ

௨ሺݔሻ, ෨ݒ
 ሺݔሻ	and	ݒ෨

௨ሺݔሻ,	respectively.	IVIFs	ܣ	̃	can	be	expressed	in	interval‐value	form	as	
	

ሚܣ ൌ ൛ൻݔ, ෨ߤൣ
 ሺݔሻ, ෨ߤ

௨ሺݔሻ൧ൣݒ෨
 ሺݔሻ, ෨ݒ

௨ሺݔሻ൧ൿ|ݔ ∈ ܺൟ																																																			(3)	
	
where	0  ෨ߤ

 ሺݔሻ  ෨ߤ
௨ሺݔሻ  1,	0  ෨ݒ

 ሺݔሻ  ෨ݒ
௨ሺݔሻ  1,	and	ߤ෨

௨ሺݔሻ  ෨ݒ
௨ሺݔሻ  1	for	every	ݔ ∈ ܺ.	

The	hesitancy	degree	(fuzzy	index)	of	an	IVIF	set	of	ݔ ∈ ܺ	in	ܣሚ ൌ ൫ൣߤ෨
 ሺݔሻ, ෨ߤ

௨ሺݔሻ൧ൣݒ෨
 ሺݔሻ, ෨ݒ

௨ሺݔሻ൧൯	
is	ߨ෨ሺݔሻ ൌ 1 െ ሻݔ෨ሺߤ െ ሻݔ෨ሺݒ ൌ ൣ1 െ ෨ߤ

௨ሺݔሻ െ ෨ݒ
௨ሺݔሻ, 1 െ ෨ߤ

 ሺݔሻ െ ෨ݒ
 ሺݔሻ൧.	

An	 IVIF	 set	 ̃	ܣ 	can	 be	 denoted	 as	 ሚܣ ൌ ൫ൣߤ෨
 , ෨ߤ

௨൧, ෨ݒൣ
 , ෨ݒ

௨൧൯ ,	 where	 ሻݔ෨ሺߤ ൌ ෨ߤൣ
 ሺݔሻ, ෨ߤ

௨ሺݔሻ൧ ൌ
෨ߤൣ

 , ෨ߤ
௨൧	and	ݒ෨ሺݔሻ ൌ ෨ݒൣ

 ሺݔሻ, ෨ݒ
௨ሺݔሻ൧ ൌ ෨ݒൣ

 , ෨ݒ
௨൧.	

Definition	3.	Some	arithmetic	operations	on	IVIF	numbers	are	gives	as	follows	(29):	
Let	ܣሚ ൌ ൫ൣߤ෨

 , ෨ߤ
௨൧, ෨ݒൣ

 , ෨ݒ
௨൧൯	and	ܤ෨ ൌ ൫ൣߤ෨

 , ෨ߤ
௨൧, ෨ݒൣ

 , ෨ݒ
௨൧൯	be	two	INIF	numbers,	and	an	ordinary	

ߣ  0.	Then,	
	

ሚܣ ⊕ ෨ܤ ൌ ൫ൣߤ෨
  ෨ߤ

 െ ෨ߤ
 ෨ߤ

 , ෨ߤ
௨  ෨ߤ

௨ െ ෨ߤ
௨ߤ෨

௨൧, ෨ݒൣ
 ෨ݒ

 , ෨ݒ
௨ݒ෨

௨൧൯																																			(4)	
	

ሚܣ ⊗ ෨ܤ ൌ ൫ൣݑ෨
 ෨ݒ

 , ෨ݑ
௨ݒ෨

௨൧, ෨ݒൣ
  ෨ݒ

 െ ෨ݒ
 ෨ߤ

 , ෨ݒ
௨  ෨ݒ

௨ െ ෨ݒ
௨ߤ෨

௨൧൯																																			(5)	
	

ߣ ⋅ ሚܣ ൌ ൬1 െ ቀ1 െ ෨ߤ
 ሺݔሻቁ

ఒ
, 1 െ ቀ1 െ ෨ߤ

௨ሺݔሻቁ
ఒ
	൨ , ෨ݒൣ

 ሺݔሻఒ, ෨ݒ
௨ሺݔሻఒ	൧൰	 																				(6)	
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൫ܣሚ൯
ఒ
ൌ ൬ቀߤ෨

 ሺݔሻቁ
ఒ
, ቀߤ෨

௨ሺݔሻቁ
ఒ
	൨ , 1 െ ቀ1 െ ෨ݒ

 ሺݔሻቁ
ఒ
, 1 െ ቀ1 െ ෨ݒ

௨ሺݔሻቁ
ఒ
	൨൰																					(7)	

	
Definition	5.	Let	ߙ ൌ ሺሾܽ,ܾ	ሿሾܿ, ݀ሿሻ	ሺ݅ ൌ 1,2, … ,݉ሻ	be	a	collection	of	IVIFVs(33).	

	

IVIFWM௪ሺߙ, ,ଶߙ … , ሻߙ ൌ ሺሾ∑ ,ܽݓ ∑ ܾݓ

ୀଵ


ୀଵ ሿ, ሾ∑ ܿݓ


ୀଵ , ∑ ݀ݓ


ୀଵ ሿሻ									(8)	

	
where	࢝ ൌ ሺݓଵ,ݓଶ, … ሻݓ, 	is	 a	 weight	 vector	 of	 ሺ݅	ߙ ൌ 1,2, … ,݉ሻ ,	 satisfying	 that	 ݓ ∈
ሾ0,1ሿ	ሺ݅ ൌ 1,2, … ,݉ሻ	and	∑ ݓ


ୀଵ ൌ 1,	 then	 the	 IVIFWM	 is	 called	an	 IVIF	weighted	arithmetic	

mean	(IVIFWM)	operator	of	dimension	m.	Specially,	when	ݓ ൌ ሺ1/݊, 1/݊,… ,1/݊ሻ,	the	IVIFWM	
is	called	the	IVIF	arithmetic	mean	(IVIFM)	operator.	
Definition	6.	Let	ܣሚ ൌ ൫ൣߤ෨

 , ෨ߤ
௨൧, ෨ݒൣ

 , ෨ݒ
௨൧൯andܤ෨ ൌ ൫ൣߤ෨

 , ෨ߤ
௨൧, ෨ݒൣ

 , ෨ݒ
௨൧൯	be	two	IVIFVs.	The	distance	

between	them	is	defined	as(34):	
	

݀൫ܣሚ, ෨൯ܤ ൌ ඩଵ

ସ

൫ߤ෨

 െ ෨ߤ
 ൯

ଶ
 ൫ߤ෨

௨ െ ෨ߤ
௨൯

ଶ
 ൫ݒ෨

 െ ෨ݒ
 ൯

ଶ


൫ݒ෨
௨ െ ෨ݒ

௨൯
ଶ
 ൫ߨ෨

 െ ෨ߨ
 ൯

ଶ
 ൫ߨ෨

௨ െ ෨ߨ
௨൯

ଶ ൩																																						(9)	

	
Definition	7.	Let	 ෨ܴ ൌ ൫ൣߤ

 , ௨ߤ
 ൧, ݒൣ

 , ௨ݒ
 ൧൯

ൈ
ሺ݇ ൌ 1,2ሻ	be	two	IVIF	matrices.	The	distance	

between	 ෨ܴଵ	and	 ෨ܴଶ	is	defined	as(33)	

	

݀൫ ෨ܴଵ, ෨ܴଶ൯ ൌ ඪ ଵ

ସ
∑ ∑

ۏ
ێ
ێ
ێ
ߤ൫ۍ

ଵ െ ߤ
ଶ ൯

ଶ
 ൫ߤ௨

ଵ െ ௨ߤ
ଶ ൯

ଶ


൫ݒ
ଵ െ ݒ

ଶ ൯
ଶ
 ൫ݒ௨

ଵ െ ௨ݒ
ଶ ൯

ଶ


൫ߨ
ଵ െ ߨ

ଶ ൯
ଶ
 ൫ߨ௨

ଵ െ ௨ߨ
ଶ ൯

ଶ
ے
ۑ
ۑ
ۑ
ې


ୀଵ


ୀଵ 																																				(10)	

4.2. MAGDM	Problems	with	IVIF	Sets	and	Incomplete	Preference	Information	
This	 paper	 apply	 a	method	 for	 solving	multiple	 attribute	 group	 decision‐making	 (MAGDM)	
problems	 with	 Interval‐valued	 intuitionistic	 fuzzy	 values	 and	 incomplete	 attribute	 weight	
information.	Assume	 that	ൣߤ

 , ௨ߤ
 ൧	and	ൣݒ

 , ௨ݒ
 ൧	be	 intervals	of	 the	degree	of	membership	

and	 the	 degrees	 of	 non‐membership	 of	 alternatives	 ݔ ∈ ܺ 	on	 attributes	  ∈ ܱ ,	 where	
ߤൣ

 , ௨ߤ
 ൧ ⊆ ሾ0,1ሿ	and	ൣݒ

 , ௨ݒ
 ൧ ⊆ ሾ0,1ሿ	with	ߤ௨

  ௨ݒ
  1.	Assume	that	there	exists	a	group	

consisting	of	K	decision	makers	(or	experts)	݁ሺ݇ ൌ 1,2,… , ߗ	by	denoted	ሻܭ ൌ ሼ݁ଵ, ݁ଶ, … , ݁ሽ.	
The	group	ߗ	has	to	choose	one	of	or	rank	݊	feasible	alternatives	ݔሺ݆ ൌ 1,2, … , ݊ሻ	based	on	݉	
attributes	 ሺ݅ ൌ 1,2, … ,݉ሻ ,	 both	 quantitatively	 and	 qualitatively.	 Assume	 that	 ࢝ ൌ
ሺݓଵ,ݓଶ, … 	is	ሻݓ, the	attribute	weight	vector,	where	0  ݓ  1	ሺ݅ ∈ ∑	and	ሻܯ ݓ


ୀଵ ൌ 1.	 In	

other	words,	decision	maker	݁	evaluation	value	of	alternatives	ݔ ∈ ܺ	on	attributes	 ∈ ܱ	can	
be	expressed	as	an	IVIF	sets	̃ݎ

 ൌ ൫ൣߤ
 , ௨ߤ

 ൧ൣݒ
 , ௨ݒ

 ൧൯.	Thus,	the	individual	decision	matrix	
given	by	DM	݁	can	be	denoted	as	 ෨ܴ ൌ ൫̃ݎ

൯
ൈ

.	

The	method	is	mainly	devoted	to	solving	two	key	issues:	
(i)Determine	the	DM’s	weights	with	respect	to	different	attributes;	
(ii)Obtain	according	to	the	preference	relationship	of	the	weights	given	by	the	decision	maker.	
(iii)Adopt	the	closeness	coefficient	construct	nonlinear	programming	model.		
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Thus,	a	Multi‐attribute	Group	Decision‐Making	(MAGDM)	problem	with	IVIFs	can	be	expressed	
concisely	in	the	Interval‐valued	matrix	format	and	the	process	of	resolving	a	MAGDM	problem	
(see	Fig.1).	

	
Figure	1.	MAGDM	apply	for	Evaluation	of	clean	Alternative	marine	fuels	

4.3. Process	and	Algorithm	the	Proposed	Methodology	
Step	1.	Identify	the	evaluation	alternatives	ܺ ൌ ሼݔଵ, ,ଶݔ … , ܱ	ሽ,attributesݔ ൌ ሼଵ, ,ଶ … , 	and	ሽ
decision	maker	݁ሺ݇ ൌ 1,2, … , 	criteria	of	matrix	comparison	pairwise	linguistic	the	Collect	ሻ.ܭ
for	each	expert	using	Table	4	(8)and	it	is	used	to	fall	in	Table	5.	
	

Table	4.	Linguistic	scale	and	its	corresponding	IVIFs	
Linguistic	terms	 Membership	and	non‐membership	

Absolutely	Low	(AL)	 ([0.10,0.25],[0.65,0.75])	
Very	Low	(VL)	 ([0.15,0.30],[0.60,0.70])	

Low(L)	 ([0.20,0.35],[0.55,0.65])	
Medium	Low	(ML)	 ([0.25,0.40],[0.50,0.60])	
Exactly	Equal	 ([0.50,0.50],[0.50,0.50])	

Approximately	Equal	(AE)	 ([0.45,0.55],[0.30,0.45])	
Medium	High	(MH)	 ([0.50,0.60],[0.25,0.40])	

High	(H)	 ([0.55,0.65],[0.20,0.35])	
Very	High	(VH)	 ([0.60,0.70],[0.15,0.30])	

Absolutely	High	(AH)	 ([0.65,0.75],[0.10,0.25])	
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Table	5.	Linguistic	pairwise	comparison	matrix	
݇th	DM	i	 Alternative	1	 Alternative	2	 ⋯	 Alternative	n	
Criterion	1	 	 	 	
Criterion	2	 	 	 	
⋯	 	 	 	

Criterion	m	 	 	 	

	
Step	 2.	 Convert	 the	 linguistic	 data	 in	 Table	 5	 to	 their	 corresponding	 Interval‐valued	
intuitionistic	fuzzy	sets	using	Table	4	to	obtain	individual	inter‐valued	intuitionistic	judgement	
matrix	ܦ෩ 	for	 each	 expert	 and	 the	 group	 of	 DMs	 gives	 the	 preference	 information	߉	on	 the	
attributes’	importance.(38)	
Let	ܦ෩ ൌ ൫̃ݎ൯ൈ൫ߤൣۦ

 , ߤ
௨ ൧, ݒൣ

 , ݒ
௨ ൧ۧ൯

ൈ
	be	an	Interval‐valued	intuitionistic	judgment	matrix	

as	follows:	
	

෩ܦ ൌ ൫ൻൣߤ
 , ߤ

௨ ൧, ݒൣ
 , ݒ

௨ ൧ൿ൯
ൈ

ൌ

ۉ

ۈ
ۇ
	

ൻሾߤଵଵ
 , ଵଵߤ

௨ ሿ, ሾݒଵଵ
 , ଵଵݒ

௨ ሿൿ

ൻሾߤଶଵ
 , ଶଵߤ

௨ ሿ, ሾݒଶଵ
 , ଶଵݒ

௨ ሿൿ
⋮

ൻሾߤଵ
 , ଵߤ

௨ ሿ, ሾݒଵ
 , ଵݒ

௨ ሿൿ

…
…
⋮
…

ൻሾߤଵ
 , ଵߤ

௨ ሿ, ሾݒଵ
 , ଵݒ

௨ ሿൿ

ൻሾߤଶ
 , ଶߤ

௨ ሿ, ሾݒଶ
 , ଶݒ

௨ ሿൿ
⋮

ߤሾۦ , ௨ߤ ሿ, ሾݒ , ௨ݒ ሿۧی

ۋ
ۊ

ൈ

																(11)	

	
where	݅ሺ݅ ൌ 1,2, … , ݊ሻ	and	݆ሺ݆ ൌ 1,2,… , ݊ሻ	denote	the	criterion	number.	
Step	3.	Calculate	the	weight	ߣ

	of	DM	݁	with	respect	to	attribute		ሺ݇ ∈ ,ܭ ݅ ∈ ܱሻ	by	Eq	(21)	
(33):	
(1)	Calculate	the	similarity	degree	based	on	an	extend	TOPSIS	
(i)	Determine	the	positive	ideal	decision	(PID)	vector	̃ݎ

ା	on	attribute	.	
The	PID	vector	on	attribute		is	defined	as	the	arithmetic	average	of	all	individual	IVIF	vectors	
ݎ̃
	ሺ݇ ∈ ݎ̃		,.i.e	ሻ,ܭ

ା ൌ ሺ̃ݎଵ
ା, ଶݎ̃

ା, … , ݎ̃
ାሻ,	where	

	
ݎ̃
ା ൌ ൫ൣߤ

∗ , ௨ߤ
∗ ൧ൣݒ

∗ , ௨ݒ
∗ ൧൯ ൌ IVIFM௪൫̃ݎ

ଵ , ݎ̃
ଶ , … , ݎ̃

൯	ሺ݆ ∈ ܰሻ								 							(12)	

	
(ii)	Determine	all	the	negative	ideal	decision	(NID)	vectors	on	attribute	.	
The	NID	vectors	on	attribute		include	the	individual	negative	ideal	decision	(INID)	vector,	the	
left	 individual	 negative	 ideal	 decision	 (LNID)	 vector	 and	 the	 right	 individual	 negative	 ideal	
decision	 (RINID)	 vector.	 Denote	 the	 INID,	 LINID	 and	 RINID	 vectors	 on	 attribute	 	by	̃ݎ

ି ൌ
ሺ̃ݎଵ

ି, ଶݎ̃
ି, … , ݎ̃

ିሻ,	̃ݎ
ି ൌ ൫̃ݎଵ

ି, ଶݎ̃
ି, … , ݎ̃

ି൯	and	̃ݎ
ି ൌ ሺ̃ݎଵ

ି, ଶݎ̃
ି, … , ݎ̃

ିሻ	respectively,	where	
	

ݎ
ି ൌ ൫ൣߤ

ି , ௨ߤ
ି ൧, ݒൣ

ି , ௨ݒ
ି ൧൯	and	ߤ

ି ൌ ݒ
∗ , ௨ߤ

ି ൌ ௨ݒ
∗ , ݒ

ି ൌ ߤ
∗ , ௨ݒ

ି ൌ ௨ߤ
∗ 												(13)	

	
ݎ
ି ൌ ൫ൣߤ

ି, ௨ߤ
ି ൧, ݒൣ

ି, ௨ݒ
ି ൧൯	and	ߤ

ି ൌ min

൛ߤ

 ൟ , ௨ߤ
ି ൌ min


൛ߤ௨

 ൟ , ݒ
ି ൌ max


൛ݒ

 ൟ,	

௨ݒ
ି ൌ max


൛ݒ௨

 ൟ,	 																																																														(14)	

	
ݎ		

ି ൌ ൫ൣߤ
ି, ௨ߤ

ି ൧, ݒൣ
ି, ௨ݒ

ି൧൯	and	ߤ
ି ൌ max


൛ߤ

 ൟ , ௨ߤ
ି ൌ max


൛ߤ௨

 ൟ , ݒ
ି ൌ min


൛ݒ

 ൟ , ௨ݒ
ି ൌ

min

൛ݒ௨

 ൟ.																																																																																						(15)	

	

(iii)	Compute	the	distance	݀൫̃ݎ
, ݎ̃

ା൯,	݀൫̃ݎ
, ݎ̃

ି൯,	݀൫̃ݎ
, ݎ̃

ି൯	and	݀൫̃ݎ
, ݎ̃

ି൯	by	Eq.	(10)	
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(iv)	Compute	the	similarity	degree.	
	

ܵ
 ൌ

ௗቀ̃
ೖ,̃

షቁାௗቀ̃
ೖ,̃

షቁାௗቀ̃
ೖ,̃

ೝషቁ

ௗ൫̃
ೖ,̃

శ൯ାௗ൫̃
ೖ,̃

ష൯ାௗ൫̃
ೖ,̃

ష൯ାௗ൫̃
ೖ,̃

ೝష൯
		ሺ݅ ∈ ݉; ݇ ∈ 	(16)																																				ሻܭ

	
where	 ܵ

	indicated	the	similarity	degree	between	vector	̃ݎ
ሺ݇ ∈ ݎ̃	vector	PID	the	and	ሻܭ

ା,	the	
larger	the	 ܵ

	is	indicated	the	greater	the	weight	ߣ
.	

(2)	Calculate	proximity	degree	using	the	distance	measure	
The	proximity	degree	ߦ

௧	can	be	compute	as	follow	by	Eq.	(9)	

	
ߦ
௧ ൌ 1 െ ݀൫̃ݎ

௧ , ݎ̃
൯	 																																																																					(17)	

	
Compute	the	average	proximity	degree	ߛ൫̃ݎ

௧, ݎ̃
൯	as	follow	

	

ݎ൫̃ߛ
௧, ݎ̃

൯ ൌ ଵ


∑ ߦ

௧
ୀଵ 																																																																					(18)	

	
where	represents	the	proximity	degree	between	the	individual	information	given	by	DM	݁	and	
that	given	by	DM	݁௧	on	attribute	.	
For	 attribute	  ,	 the	 average	 proximity	 degree	 ߛ

 	between	 DM	 ݁ 	and	 all	 other	 DMs	
݁௧ሺݐ ∈ ,ܭ ݐ ് ݇ሻ	is	computed	as	
	

ߛ
 ൌ ଵ

௦ିଵ
∑ ݎ൫̃ߛ

௧, ݎ̃
൯

௧ୀଵ,௧ஷ 																																																															(19)	
	
where	the	larger	the	ߛ

,	the	bigger	the	weight	of	DM	݁	on	attribute	.	
(3)	Obtain	the	weights	of	DMs	with	respect	to	different	attributes.	
To	acquire	 the	weight	of	DMs	between	 the	 similarity	 and	proximity	degree,	Wan	and	Dong	
employ	 a	 control	 parameter	ߜሺ0  ߜ  1ሻ	to	 construct	 the	 combined	weight	̅ߣ

 	of	DM	݁ 	on	
attribute		as	follows	
	

ߣ̅
 ൌ ߜ ܵ

  ሺ1 െ ߛሻߜ
																																																																		(20)	

	
where	in	practical	application,	we	can	take	ߜ ൌ 0.5.	
Normalized	combined	weights	̅ߣ

ሺ݇ ∈ ߣ̅	weight	the	ሻ,ܭ
	of	DM	݁	on	attribute		is	obtained	as	

	
ߣ
 ൌ ߣ̅

/∑ ߣ̅
௧

௧ୀଵ ሺ݅ ∈ ݉; ݇ ∈ 	(21)																																																								ሻܭ
	

Step	4.	Integrate	all	individual	decision	 ෨ܴ ൌ ൫̃ݎ
൯

ൈ
ሺ݇ ∈ 	matrix	IVIF	collective	a	into	ሻܭ ෨ܴ ൌ

൫̃ݎ൯ൈ
ൌ ൫ߤൣۦ

 , ߤ
௨ ൧, ݒൣ

 , ݒ
௨ ൧ۧ൯

ൈ
	by	Eq.	(22).	

Individual	decision	matrices	 ෨ܴ ൌ ൫̃ݎ
൯

ൈ
	are	integrated	into	collective	decision	matrix	 ෨ܴ ൌ

൫̃ݎ൯ൈ
	by	the	IVIFWM	operator	Eq.	(9)	as	follow(33):	
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ݎ̃ ൌ ൫ൣߤ
 , ߤ

௨ ൧, ݒൣ
 , ݒ

௨ ൧൯ ൌ ߣ
̃ݎ





ୀଵ

	

											ൌ ൫ൣ∑ ߣ
ߤ


ୀଵ , ∑ ߣ

ߤ௨


ୀଵ ൧ൣ∑ ߣ
ݒ


ୀଵ , ∑ ߣ

ݒ௨


ୀଵ ൧൯																																	(22)	

	
Thus,	a	MAGDM	problem	with	IVIF	sets	can	be	concisely	expressed	in	the	Interval‐valued	matrix	
format	as	follows:	

																												 ෨ܴ ൌ ൫ൻൣߤ
 , ߤ

௨ ൧, ݒൣ
 , ݒ

௨ ൧ൿ൯
ൈ

	

																		ൌ
ଵ
ଶ
⋮ 	

 ۉ

ۈۈ
ۇ
	

ଵݔ
ଵଵߤሾۦ

 , ଵଵߤ
௨ ሿ, ሾݒଵଵ

 , ଵଵݒ
௨ ሿۧ

ଶଵߤሾۦ
 , ଶଵߤ

௨ ሿ, ሾݒଶଵ
 , ଶଵݒ

௨ ሿۧ
⋮

ଵߤሾۦ
 , ଵߤ

௨ ሿ, ሾݒଵ
 , ଵݒ

௨ ሿۧ

⋯
⋯

⋯
⋮

⋯

ݔ
ଵߤሾۦ

 , ଵߤ
௨ ሿ, ሾݒଵ

 , ଵݒ
௨ ሿۧ

ଶߤሾۦ
 , ଶߤ

௨ ሿ, ሾݒଶ
 , ଶݒ

௨ ሿۧ
⋮

ߤሾۦ
 , ߤ

௨ ሿ, ሾݒ
 , ݒ

௨ ሿۧی

ۋ
ۊ

ൈ

	 (23)	

	
Step	5.	Pool	the	decision	maker	opinion	to	get	a	specific	preference	information	structure	on	
attributes,	i.e.,	the	set	߉	by	(40;	38).	
Suppose	that	ݓሺ݅ ൌ 1,2, … ,݉ሻ	are	weights	of	the	attributes	 ∈ ܱ,	which	satisfy	the	following	
normalizations:	 ݓ ∈ ሾ0,1ሿ	ሺ݅ ൌ 1,2, … ,݉ሻ 	and	 ∑ ݓ ൌ 1

ୀଵ .	 Let	 ࢝ ൌ ሺݓሻൈଵ 	represent	 a	
column	vector	of	݊‐dimension.	A	set	of	all	weight	vectors	is	denoted	by߉ ൌ ሾ࢝ ൌ ሺݓሻൈଵ|ݓ ∈
ሾ0,1ሿሺ݅ ൌ 1,2, … ,݉ሻ, ∑ ݓ ൌ 1

ୀଵ ሿ.The	incomplete	information	for	the	criterion	weights	can	be	
generally	 constructed	 by	 using	 five	 basic	 ranking	 forms,	 which	 are	 denoted	 by	 subsets	
ݏ௦ሺ߉ ൌ 1,2,3,4,5ሻ	of	weight	vectors	in	߉,	respectively.	
(1)	A	weak	ranking:	߉ଵ ൌ ൛ݓ ∈ భݓห߉  ,మൟݓ ݅ଵ ് ݅ଶ;	

(2)	A	strict	ranking:	߉ଶ ൌ ൛ݓ ∈ ห0߉ ൏ ܽభమ  భݓ െ మݓ  ܾభమൟ, 0  ܽభమ, ܾభమ  1, ݅ଵ ് ݅ଶ;	

(3)	A	ranking	with	multiples:	߉ଷ ൌ ൛ݓ ∈ భݓห߉  ߮భమݓమൟ, 0  ߮భమ  1, ݅ଵ ് ݅ଶ;	

(4)	A	interval	form:	߉ସ ൌ ሼݓ ∈ ߚ|߉  ݓ  ߚ  ,ሽߝ 0  ߚ ൏ ߚ  ߝ  1;	
(5)	A	ranking	of	differences:	߉ହ ൌ ൛ݓ ∈ భݓห߉ െ మݓ  యݓ െ ,రൟݓ ݅ଵ ് ݅ଶ ് ݅ଷ ് ݅ସ.	

Denote	by	߉	the	incomplete	information	of	the	attribute	importance	given	by	the	DMs,	which	
may	consist	of	several	or	all	of	the	five	basic	relations	in	߉.	
Step	6.	Construct	auxiliary	nonlinear‐programming	models	 for	alternatives	ݔ ∈ ܺ	using	Eqs.	
(30)	and	(31)(39;	38).		
In	the	TOPSIS,	choice	of	reference	points	(the	PIS	and	the	NIS)	is	a	sensitive	problem.	In	order	
to	defined	the	concept	of	the	closeness	coefficients,	we	need	to	determine	the	reference	points,	
an	IVIF	positive	ideal	solution	(IVIFPIS)	and	an	IVIF	negative	ideal	solution	(IVIFNIS)	may	be	
defined	 as	ݔା 	and	ିݔ ,	 respectively.	 IVIF	 sets	 of	ݔା 	on	 attributes	 ∈ ܱ 	may	 be	 chosen	 as	
ሼݔۦା, ሾ1,1ሿ, ሾ0,0ሿۧሽ,	 respectively.	 Namely,	 the	 degree	 of	 membership	 and	 the	 degree	 of	 non‐
membership	of	ݔା	on		is	1	and	0,	respectively.	In	short,	ݔା	denoted	by	ۦሾ1,1ሿ, ሾ0,0ሿۧ.	Thus,	the	
IVIF	set	vector	of	the	IVIFPIS		on	all	attributes	is	expressed	concisely	in	the	vector	format	as	
ሺۦሾߤ

ା, ௨ߤ
ା ሿ, ሾݒ

ା, ௨ݒ
ା ሿۧሻൈଵ ൌ ሺۦሾ1,1ሿ, ሾ0,0ሿۧሻൈଵ.	Similarly,	the	IVIF	set	vector	of	the	IVIFNIS	ିݔ	

on	all	attributes	is	expressed	as	ሺۦሾߤ
ି, ௨ߤ

ି ሿ, ሾݒ
ି, ௨ݒ

ି ሿۧሻൈଵ ൌ ሺۦሾ0,0ሿ, ሾ1,1ሿۧሻൈଵ.	
Thus,	 the	weighted	 Euclidean	 distances	 between	ݔ 	and	ݔା ,	 as	 well	 as	ିݔ 	are,	 respectively,	
defined	as	follows:	
	

݀൫ݔ, ା൯ݔ ൌ ට∑ ቄൣݓ൫1 െ ൯൧ߤ
ଶ
 ൫ݓݒ൯

ଶ
ቅ

ୀଵ 																																											(24)	
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And	
	

݀൫ݔ, ൯ିݔ ൌ ට∑ ൜ൣݓߤ൧
ଶ
 ቀݓ൫1 െ ൯ቁݒ

ଶ
ൠ

ୀଵ 																																								(25)	

	
In	a	similar	way	to	the	concept	of	closeness	coefficients	in	the	TOPSIS,	the	closeness	coefficient	
of	an	alternative	ݔ ∈ ܺ	with	respect	to	the	IVIFPIS	ݔା	is	defined	as	follows:	

ܥ ቀ൫ߤ൯ൈ
, ൫ݒ൯ൈ

, ሺݓሻൈଵቁ ൌ
൫ௗሺ௫,௫షሻ൯

మ

൫ௗሺ௫,௫శሻ൯
మ
ା൫ௗሺ௫,௫షሻ൯

మ	 																														(26)	

	
where	൫ߤ൯ൈ

	and	൫ݒ൯ൈ
	represent	matrices	of	݉ ൈ ݊,	 satisfying	ߤ ∈ ߤൣ

 , ߤ
௨ ൧	and	ݒ ∈

ݒൣ
 , ݒ

௨ ൧;࢝ ൌ ሺݓሻൈଵ	is	the	weight	vector	in	the	preference	information	structure	߉	defined	as	

above.	Obviously,	0  ൫݀ሺݔ, ሻ൯ିݔ
ଶ
 ൫݀ሺݔ, ሻ൯ିݔ

ଶ
 ൫݀ሺݔ, ାሻ൯ݔ

ଶ
.		

Hence,	it	directly	follows	that:	
	

0  ܥ ቀ൫ߤ൯ൈ
, ൫ݒ൯ൈ

, ሺݓሻൈଵቁ  1	 	 																																			(27)	

	

According	to	Eqs.	(24)	and	(25),	ܥ ቀ൫ߤ൯ൈ
, ൫ݒ൯ൈ

, ሺݓሻൈଵቁ	may	be	explicitly	written	out	

as	follows:	

ܥ														 ቀ൫ߤ൯ൈ
, ൫ݒ൯ൈ

, ሺݓሻൈଵቁ	

																					ൌ
∑ ቄ൫௪ఓೕ൯

మ
ାൣ௪൫ଵି௩ೕ൯൧

మ
ቅ

సభ

∑ ቄൣ௪൫ଵିఓೕ൯൧
మ
ା൫௪௩ೕ൯

మ
ቅ

సభ ା∑ ቄ൫௪ఓೕ൯
మ
ାൣ௪൫ଵି௩ೕ൯൧

మ
ቅ

సభ

																																							(28)	

	

where	 ܥ ቀ൫ߤ൯ൈ
, ൫ݒ൯ൈ

, ሺݓሻൈଵቁ 	is	 a	 continuous	 function	 of	 m(2n+1)	 variables,	

including	 ߤ ∈ ߤൣ
 , ߤ

௨ ൧ 	and	 ݒ ∈ ݒൣ
 , ݒ

௨ ൧ሺ݅ ൌ 1,2, … ,݉; ݆ ൌ 1,2, … , ݊ሻ 	and	 ሺݓሻൈଵ ∈ ߉ .	

According	 to	 prove,	ܥ ቀ൫ߤ൯ൈ
, ൫ݒ൯ൈ

, ሺݓሻൈଵቁ	ሺ݆ ൌ 1,2, … , ݊ሻ	are	monotonic	 and	 non‐

decreasing	functions	of	the	variables	ߤ ∈ ߤൣ
 , ߤ

௨ ൧ ∈ ሺ݅ ൌ 1,2, … ,݉ሻ	and	monotonic	and	non‐
increasing	functions	of	the	variables	ݒ ∈ ݒൣ

 , ݒ
௨ ൧ ∈ ሺ݅ ൌ 1,2, … ,݉ሻ.	

Since	ܥ ቀ൫ߤ൯ൈ
, ൫ݒ൯ൈ

, ሺݓሻൈଵቁ ∈ ሾ0,1ሿ,	we	can	denote	by	ൣܥ
, ܥ

௨൧	derived	from	Eq.	(28)	

as	follows:	
	

0  ܥ
  ܥ ቀ൫ߤ൯ൈ

, ൫ݒ൯ൈ
, ሺݓሻൈଵቁ  ܥ

௨  1	 																												(29)	

	
where	the	ߤ,	ݒ	and	ݓ	take	all	values	in	the	intervals	ൣߤ

 , ߤ
௨ ൧,	ൣݒ

 , ݒ
௨ ൧	and	ሾ0,1ሿ.	Namely,	the	

closeness	coefficient	of	the	alternative	ݔ	to	the	IVIFPIS	ݔା	is	an	intuitionistic	value	fuzzy	(IVF)	
set	 ܥൣ

, ܥ
௨൧ 	of	 the	 interval	 ሾ0,1ሿ .	 According	 to	 the	 definition	 of	 the	 IF	 set,	 ܥൣ

, ܥ
௨൧ 	may	 be	

equivalently	expressed	as	an	IF	set	ܥ ൌ ܥۦ
, 1 െ ܥ

௨ۧ,	which	means	that	the	closeness	and	non‐
closeness	degrees	of	the	alternativeݔ ∈ ܺ	to	the	IVIFPIS	ݔା	are	ܥ

	and	1 െ ܥ
௨,	respectively.	

In	 order	 to	 reduce	 the	 amount	 of	 calculation,	 solving	 Eqs.	 (33)	 and	 (34)	 can	 reduce	2݉݊	
variables	 unknown	 by	 contrast	 to	 solving	 Eqs.	 (31)	 and	 (32).	 Hence,	 them	 can	 be	 further	
simplified	as	follows:	
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ܥ	
 ൌ min ቄܥ ቀ൫ߤ

 ൯
ൈ

, ൫ݒ
௨൯

ൈ
, ሺݓሻൈଵቁቅ	

.ݏ																																				 .ݐ ሺݓሻൈଵ ∈ 	(30)																																																															߉
	
and	

ܥ
௨ ൌ max ቄܥ ቀ൫ߤ

௨ ൯
ൈ

, ൫ݒ
 ൯

ൈ
, ሺݓሻൈଵቁቅ	

.ݏ																																			 .ݐ ሺݓሻൈଵ ∈ 	߉ 																																																																		(31)	
	
Step	 7.	 Solve	 the	 auxiliary	 nonlinear‐programming	 models	 using	 existing	 nonlinear‐
programming	methods	and	obtain	relative‐closeness	IF	sets	ܥ ൌ ൻܥ

, 1 െ ܥ
௨ൿ	ሺ݆ െ 1,2, … , ݊ሻ	of	

alternatives	ݔ ∈ ܺ	to	the	IVIFPIS	ݔା.	

Step	 8.	 Construct	 the	 inclusion	 comparison	 probability	 matrix	 ܲ ൌ ൫൯ൈ 	by	 pair‐wise	
comparison	of	all	the	alternatives	ݔ	ሺ݆ ൌ 1,2, … , ݊ሻ	using	Eq.	(32)(38).	
To	make	comparison	between	alternatives,	we	defined	a	binary	 relation	≽	on	 the	set	of	 the	
alternatives	ܺ .	 Notation	 ݔ	“  ݔ ”	 means	 that	 the	 alternative	ݔ 	is	 not	 worse	 than	ݔ .	 Let	
ݔ൫ ≽ 		൯ݔ represent	 the	probability	of	 the	event	 ݔ“  	of	probability	The	”.ݔ the	 IF	event	
ܥ“ ⊇ ܥ൫	by	denoted	is	”ܥ ⊇ 	the	of	probability	comparison	inclusion	the	called	is	which	൯,ܥ
IFSs	ܥ	and	ܥ.	Hence,	the	inclusion	comparison	probability	of	ܥ	and	ܥ	is	defined	as	follows:	
	

ݔ൫ ≽ ൯ݔ ൌ ܥ൫ ⊇ ൯ܥ ൌ max ቊ1 െ max ቊ

ೠିೕ



గೕାగ
, 0ቋ , 0ቋ	 																									(32)	

	
where	ܥ ൌ ܥۦ

, 1 െ ܥ
௨ۧ,	ܥ ൌ ܥۦ

 , 1 െ ܥ
௨ۧ,	ߨೕ ൌ ܥ

௨ െ ܥ
,	and	ߨ ൌ ܥ

௨ െ ܥ
 .	

Step	9.	Compute	optional	membership	degrees	ߠ	of	alternative	ݔ	using	Eq.	(33).	
In	order	to	obtain	the	inclusion	comparison	probabilities	of	pair‐wise	alternatives	in	ܺ.	we	can	
construct	the	matrix	of	possibility	degree	as	follows	
	

ܲ ൌ ൫൯ൈ ൌ
1ݔ
2ݔ
⋮ 	

݊ݔ ۉ

ۈ
ۇ
	

1ݔ
11
21
⋮
1݊

2ݔ
12
22
⋮
2݊

⋯
⋯

⋯
⋮

⋯

݊ݔ
1݊
2݊
⋮
ی݊݊

ۋ
ۊ

݊ൈ݊

	

	
where	 ൌ ݔ൫ ≽ ൯ݔ ൌ ܥ൫ ⊇ ,ሺ݆	൯ܥ ݄ ൌ 1,2, … , ݊ሻ	0    1	and	   ൌ 1,	 which	
implies	that	ܲ	is	a	fuzzy	complementary	judgment	matrix.	
Then,	the	optimal	degrees	of	membership	for	the	alternativesݔ	ሺ݆ ൌ 1,2, … , ݊ሻ	as	follows:	
	

ߠ ൌ
ଵ

ሺିଵሻ
ቀ∑  



ଶ

ୀଵ െ 1ቁ																																																									(33)	

	
which the ranking order of all alternatives ݔሺ݆ ൌ 1,2,… , ݊ሻ  is generated according to	 the	
descending	order	of	the	values	ߠ.	
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Step	10.	Determine	the	best	alternative	from	the	set	ܺ	and	generate	the	ranking	order	of	the	
alternatives	ݔ	ሺ݆ ൌ 1,2, … , ݊ሻ	according	 to	 the	 descending	 order	 of	 all	 optimal	membership	
degrees	ߠ.	

5. A	Case	Study:	Alternative	Energy	Selection	in	Shipping	

Based	 on	 the	 fuel	 analysis	 in	 Section	 3,	 we	 selected	 five	 alternative	 shipping	 fuels:	
LNG,Methanol,Hydrogen,Biodiesel,Ammonia.	 According	 to	 energy	 shortage	 and	
environment	pollution,	multiple	alternative	energy	sources	for	shipping	are	being	planned	by	
considering	 the	 criteria	 and	 alternatives	 displayed	 in	 Fig.1.	 We	 presented	 this	 objective	
information	 to	 three	 experts,	 who	 have	 the	 top	 level	 of	 knowledge	 on	 the	 alternative	 fuel	
technologies	and	asked	them	to	use	it	along	with	their	expertise	to	assess	the	evaluation	criteria	
as	 well	 as	 five	 alternative	 fuels.	 Objective	 information	 is	 helpful,	 but	 there	 is	 still	 a	 lot	 of	
knowledge	for	experts	to	bring	their	subjective	judgments,	beliefs	and	professional	knowledge	
into	the	decision‐making	process.	

5.1. The	Application	of	the	Proposed	Methodology	
The	hierarchy	in	Fig.	1	is	considered	to	determine	the	weights	of	criteria	and	sub‐criteria.	
Step	1	and	Step	2.	First,	 the	comparison	matrices	for	the	main	criteria	and	sub‐criteria	with	
respect	to	the	goal	are	fulfilled	by	the	three	decision	makers.	The	obtained	comparison	matrices	
are	given	in	Table	6.	The	linguistic	evaluations	are	converted	to	their	corresponding	numerical	
values	using	the	scale	in	Table	4.	
	

Table	6.	Pairwise	comparison	matrices	with	respect	to	the	main	criteria	

DM	 Aspect	
Alternative	

A1	 A2	 A3	 A4	 A5	

݁ଵ	

T	 H	 AE	 MH	 AE	 AE	
EC	 H	 VH	 AL	 ML	 VH	
EN	 H	 MH	 VH	 MH	 VH	
SP	 ML	 EE	 VH	 AE	 H	

݁ଶ	

T	 MH	 MH	 AH	 MH	 H	
EC	 AH	 AH	 VL	 MH	 VH	
EN	 VH	 L	 AH	 H	 AH	
SP	 AE	 ML	 H	 MH	 MH	

݁ଷ	

T	 MH	 MH	 H	 MH	 H	
EC	 VH	 AH	 AL	 H	 AH	
EN	 H	 AE	 AH	 H	 VH	
SP	 MH	 ML	 H	 MH	 AE	

	
Step	3.	Determine	the	weights	of	the	DMs	with	respect	to	each	attribute.		
Calculate	 the	weight	ߣଵ

 	of	DM	݁ଵ	on	 attribute	ଵ	and	 the	 aggregated	 comparison	matrix	 has	
been	obtained	from	Table	6	as	an	example.	
(i)	Calculate	the	similarity	degree	of	DM	݁ଵ.	
The	PID	vector	̃ݎଵ	for	attribute	ଵ	is	calculated	by	Eq.(13)	as		
	

ଵݎ̃
ା ൌ ሺ̃ݎଵଵ

ା , ଵଶݎ̃
ା , ଵଷݎ̃

ା , ଵସݎ̃
ା , ଵହݎ̃

ା ሻ ൌ ሺሺሾ0.517,0.617ሿ, ሾ0.233,0.383ሿሻ,	
	ሺሾ0.483,0.583ሿ, ሾ0.267,0.417ሿሻ, ሺሾ0.567,0.667ሿ, ሾ0.183,0.333ሿሻ,	
ሺሾ0.483,0.583ሿ, ሾ0.267,0.417ሿሻ, ሺሾ0.517,0.617ሿ, ሾ0.233,0.383ሿሻሻ.	
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Using	Eqs.	(15)‐(16),	INID	(̃ݎଵ
ି),	LNID	(̃ݎଵ

ି)	and	RNID	(	̃ݎଵ
ି)	vectors	for	attribute	ଵ	can	be	easily	

identified.	Then,	by	Eq.	(12),	we	have		
	

݀ሺ̃ݎଵ
ଵ, ଵݎ̃

ାሻ=	0.049,	݀ሺ̃ݎଵ
ଵ, ଵݎ̃

ିሻ=	0.228,	݀൫̃ݎଵ
ଵ, ଵݎ̃

ି൯=0.022,	݀ሺ̃ݎଵ
ଵ, ଵݎ̃

ିሻ=	0.087.	
	
According	to	Eq.	(17),	the	similarity	degree	of	DM	݁ଵ	on	attribute	ଵ	is	obtained	as	 ଵܵ

ଵ=0.872.	
	

Table	7.	Pairwise	comparison	matrices	respect	to	sub‐criteria	

DM	 Aspect	
Alternative	

A1	 A2	 A3	 A4	 A5	

݁ଵ	

T1	 H	 ML	 MH	 MH	 MH	
T2	 EE	 AE	 H	 AE	 MH	
T3	 AE	 ML	 MH	 AE	 MH	
EC1	 H	 VH	 AL	 ML	 VL	
EC2	 H	 VL	 AH	 ML	 AH	
EN1	 H	 L	 AH	 VH	 AH	
EN2	 VH	 VH	 MH	 AH	 VH	
EN3	 AH	 AH	 AH	 AH	 AH	
EN4	 MH	 MH	 VH	 MH	 MH	
SP1	 ML	 L	 MH	 AE	 VL	
SP2	 ML	 MH	 VH	 AE	 H	
SP3	 H	 EE	 VH	 AE	 MH	

݁ଶ	

T1	 AE	 AE	 H	 AE	 MH	
T2	 AE	 MH	 H	 MH	 MH	
T3	 MH	 ML	 VH	 AE	 H	
EC1	 VH	 AH	 VL	 MH	 L	
EC2	 VH	 L	 VH	 EE	 VH	
EN1	 VH	 AL	 AH	 VH	 AH	
EN2	 MH	 VH	 VH	 MH	 VH	
EN3	 AH	 AH	 AH	 AH	 AH	
EN4	 MH	 MH	 H	 MH	 H	
SP1	 AE	 ML	 H	 MH	 L	
SP2	 AE	 H	 AH	 MH	 VH	
SP3	 MH	 ML	 H	 AE	 MH	

݁ଷ	

T1	 MH	 MH	 H	 MH	 AE	
T2	 ML	 AE	 MH	 AE	 EE	
T3	 AE	 L	 H	 EE	 H	
EC1	 AH	 AH	 VL	 H	 ML	
EC2	 VH	 L	 AH	 EE	 AH	
EN1	 VH	 AL	 AH	 AH	 AH	
EN2	 MH	 MH	 AH	 MH	 AH	
EN3	 AH	 AH	 AH	 AH	 AH	
EN4	 H	 H	 VH	 H	 VH	
SP1	 EE	 ML	 MH	 AE	 L	
SP2	 AE	 MH	 H	 MH	 VH	
SP3	 MH	 AE	 VH	 MH	 H	
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(ii)	Calculate	the	proximity	degree	of	DM	݁ଵ.	
Combining	Eq.	(11)	with	Eq.	(18),	we	get	the	following	proximity	degree:	
	

ଵଵߦ
ଶଵ=0.950,	ߦଵଶ

ଶଵ=0.950,	ߦଵଷ
ଶଵ=0.850,	ߦଵସ

ଶଵ=0.950,	ߦଵହ
ଶଵ=0.900.	

	
According	to	Eq.	(19),	the	average	proximity	degree	between	̃ݎଵ

ଶ	and	̃ݎଵ
ଵ	is	calculated	as		

	

ଵݎሺ̃ߛ
ଶ, ଵݎ̃

ଵሻ ൌ ଵ

ସ
∑ ଵߦ

ଶଵ ൌ 0.9200ହ
ୀଵ .		

	

Likewise,	we	obtain	ߛሺ̃ݎଵ
ଷ, ଵݎ̃

ଵሻ ൌ ଵ

ସ
∑ ଵߦ

ଶଵ ൌ 0.9400ହ
ୀଵ .	

By	using	Eq.	 (20),	 the	average	proximity	degree	between	DM	 ଵ݁	and	 the	other	 three	DMs	 is	
computed	as		

ଵߛ
ଵ ൌ ଵ

ଶ
∑ ଵݎሺ̃ߛ

௧, ଵݎ̃
ଵሻ	ଷ

௧ୀଶ ൌ 0.9300.	

	
(iii)	Determine	the	weight	of	DM	݁ଵ	on	attribute	ଵ.	
Taking	ߜ ൌ 0.5	in	Eq.	 (21),	 the	combined	weight	of	DM	݁ଵ	on	attribute	ଵ	is	obtained	as	̅ߣଵ

ଵ ൌ
0.9010.	
By	normalizing	̅ߣଵ

ଵ,	̅ߣଵ
ଶ	and	̅ߣଵ

ଷ,	the	weights	of	the	three	DMs	with	respect	to	ଵ	are	obtained	as	
follows:	

ଵߣ
ଵ ൌ ଵߣ	,0.3334

ଶ ൌ ଵߣ	,0.3236
ଷ ൌ 0.3427.	

	
In	the	same	way,	the	DM’s	weights	on	the	other	attribute	can	be	compared	and	are	shown	in	
Table	8.	
	

Table	8.	Weights	of	each	DM	with	respect	to	different	attributes	in	main	criteria	
	 T	 EC	 EN	 SP	

݁ଵ	 0.3239	 0.3236	 0.3328	 0.3190	
݁ଶ	 0.3334	 0.3396	 0.3246	 0.3446	
݁ଷ	 0.3427	 0.3368	 0.3426	 0.3363	

	
Table	9.	Weight	of	each	DM	with	respect	to	different	attribute	in	sub‐criteria	

T1	 T2	 T3	 EC1	 EC2	 EN1	 EN2	 EN3	 EN4	 SPI	 SP2	 SP3	
݁ଵ	 0.3253	 0.3414	 0.3278	 0.3222	 0.3258 0.3290 0.3261 0.3172 0.3341 0.3305	 0.3257 0.3359
݁ଶ	 0.3392	 0.3372	 0.3289	 0.3421	 0.3355 0.3365 0.3414 0.3656 0.3368 0.3329	 0.3363 0.3303
݁ଷ	 0.3355	 0.3214	 0.3433	 0.3357	 0.3387 0.3346 0.3324 0.3172 0.3291 0.3366	 0.3380 0.3339

	
In	 Table	 7,	 the	 pairwise	 comparison	matrices	 for	 the	 sub‐criteria	with	 respect	 to	 the	main	
criteria	are	presented.	The	same	calculation	procedure	as	the	main	criteria	is	applied	for	the	
pairwise	comparison	matrices	of	the	sub‐criteria.	The	DM’s	weights	on	the	other	attribute	can	
be	compared	about	sub‐criteria	and	are	shown	in	Table	9.	The	local	and	global	weights	of	the	
sub‐criteria	are	given	in	Table	10.	
Step	4.	Obtain	the	collective	matrix.	
By	using	Eq.	(23),	the	collective	IVIF	matrix	is	acquired	as	follows:	
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Table	10.	Local	and	global	weights	of	sub‐criteria	
	 ݁ଵ	 ݁ଶ	 ݁ଷ	 	 ݁ଵ	 ݁ଶ	 ݁ଷ	 ߣ

ଵ	 ߣ
ଶ	 ߣ

ଷ	

T	 0.901	 0.928	 0.953	
T1	 0.887	 0.925	 0.915	 0.316	 0.339	 0.345	
T2	 0.902	 0.891	 0.850	 0.332	 0.338	 0.331	
T3	 0.864	 0.867	 0.905	 0.318	 0.320	 0.353	

EC	 0.893	 0.937	 0.929	
EC1	 0.888	 0.943	 0.925	 0.313	 0.348	 0.339	
EC2	 0.914	 0.941	 0.950	 0.316	 0.342	 0.342	

EN	 0.921	 0.899	 0.948	

EN1	 0.952	 0.974	 0.969	 0.329	 0.328	 0.344	
EN2	 0.901	 0.943	 0.918	 0.326	 0.333	 0.342	
EN3	 0.868	 1.000	 0.868	 0.317	 0.357	 0.326	
EN4	 0.949	 0.957	 0.935	 0.334	 0.328	 0.338	

SP	 0.860	 0.929	 0.906	
SP1	 0.901	 0.907	 0.917	 0.316	 0.344	 0.340	
SP2	 0.902	 0.931	 0.936	 0.312	 0.348	 0.341	
SP3	 0.917	 0.902	 0.911	 0.322	 0.342	 0.337	

	

						 ෨ܴ ൌ

ۉ

ۈ
ۈ
ۈ
ۈ
ۈ
ۈ
ۈ
ۈ
ۈ
ۇ

ሺሾ0.499,0.599ሿ, ሾ0.251,0.401ሿሻ
ሺሾ0.400,0.484ሿ, ሾ0.433,0.516ሿሻ
ሺሾ0466,0.566ሿ, ሾ0.284,0.434ሿሻ
ሺሾ0.601,0.701ሿ, ሾ0.149,0.299ሿሻ
ሺሾ0.584,0.684ሿ, ሾ0.166,0.316ሿሻ
ሺሾ0.584,0.684ሿ, ሾ0.166,0.316ሿሻ
ሺሾ0.533,0.633ሿ, ሾ0.217,0.367ሿሻ
ሺሾ0.650,0.750ሿ, ሾ0.100,0.250ሿሻ
ሺሾ0.517,0.617ሿ, ሾ0.233,0.383ሿሻ
ሺሾ0.404,0.486ሿ, ሾ0.431,0.514ሿሻ
ሺሾ0.388,0.503ሿ, ሾ0.362,0.497ሿሻ
ሺሾ0.516,0.616ሿ, ሾ0.234,0.384ሿሻ

ሺሾ0.404,0.520ሿ, ሾ0.346,0.480ሿሻ
ሺሾ0.467,0.567ሿ, ሾ0.283,0.433ሿሻ
ሺሾ0.232,0.382ሿ, ሾ0.518,0.618ሿሻ
ሺሾ0.634,0.734ሿ, ሾ0.116,0.266ሿሻ
ሺሾ0.184,0.334ሿ, ሾ0.566,0.666ሿሻ
ሺሾ0.133,0.283ሿ, ሾ0.617,0.717ሿሻ
ሺሾ0.566,0.666ሿ, ሾ0.184,0.334ሿሻ
ሺሾ0.650,0.750ሿ, ሾ0.100,0.250ሿሻ
ሺሾ0.517,0.617ሿ, ሾ0.233,0.383ሿሻ
ሺሾ0.234,0.384ሿ, ሾ0.516,0.616ሿሻ
ሺሾ0.517,0.617ሿ, ሾ0.233,0.383ሿሻ
ሺሾ0.398,0.483ሿ, ሾ0.433,0.517ሿሻ

ሺሾ0.534,0.634ሿ,
ሺሾ0.533,0.633ሿ,
ሺሾ0.551,0.651ሿ,
ሺሾ0.134,0.284ሿ,
ሺሾ0.633,0.733ሿ,
ሺሾ0.650,0.750ሿ,
ሺሾ0.585,0.685ሿ,
ሺሾ0.650,0.750ሿ,
ሺሾ0.584,0.684ሿ,
ሺሾ0.517,0.617ሿ,
ሺሾ0.600,0.700ሿ,
ሺሾ0.583,0.683ሿ,

	

																			

ሾ0.216,0.366ሿሻ
ሾ0.217,0.367ሿሻ
ሾ0.217,0.367ሿሻ
ሾ0.217,0.367ሿሻ
ሾ0.117,0.267ሿሻ
ሾ0.100,0.250ሿሻ
ሾ0.165,0.315ሿሻ
ሾ0.100,0.250ሿሻ
ሾ0.166,0.316ሿሻ
ሾ0.233,0.383ሿሻ
ሾ0.150,0.300ሿሻ
ሾ0.167,0.317ሿሻ

ሺሾ0.483,0.583ሿ, ሾ0.267,0.417ሿሻ
ሺሾ0.467,0.567ሿ, ሾ0.283,0.433ሿሻ
ሺሾ0.468,0.532ሿ, ሾ0.371,0.468ሿሻ
ሺሾ0.439,0.554ሿ, ሾ0.311,0.446ሿሻ
ሺሾ0.421,0.468ሿ, ሾ0.500,0.532ሿሻ
ሺሾ0.617,0.717ሿ, ሾ0.133,0.283ሿሻ	
ሺሾ0.549,0.649ሿ, ሾ0.201,0.351ሿሻ
ሺሾ0.650,0.750ሿ, ሾ0.100,0.250ሿሻ
ሺሾ0.517,0.617ሿ, ሾ0.233,0.383ሿሻ
ሺሾ0.467,0.567ሿ, ሾ0.283,0.433ሿሻ
ሺሾ0.484,0.584ሿ, ሾ0.266,0.416ሿሻ
ሺሾ0.467,0.567ሿ, ሾ0.283,0.433ሿሻ

ሺሾ0.483,0.583ሿ, ሾ0.267,0.417ሿሻ
ሺሾ0.500,0.567ሿ, ሾ0.333,0.433ሿሻ
ሺሾ0.534,0.634ሿ, ሾ0.216,0.366ሿሻ
ሺሾ0.167,0.317ሿ, ሾ0.583,0.683ሿሻ
ሺሾ0.633,0.733ሿ, ሾ0.117,0.267ሿሻ
ሺሾ0.650,0.750ሿ, ሾ0.100,0.250ሿሻ
ሺሾ0.617,0.717ሿ, ሾ0.133,0.283ሿሻ
ሺሾ0.650,0.750ሿ, ሾ0.100,0.250ሿሻ
ሺሾ0.550,0.650ሿ, ሾ0.200,0.350ሿሻ
ሺሾ0.184,0.334ሿ, ሾ0.566,0.666ሿሻ
ሺሾ0.584,0.684ሿ, ሾ0.166,0.316ሿሻ
ሺሾ0.517,0.617ሿ, ሾ0.2333,0.383ሿሻی

ۋ
ۋ
ۋ
ۋ
ۋ
ۋ
ۋ
ۋ
ۋ
ۊ

	

	
Step	5.	According	to	the	experience,	knowledge	and	preference,	the	decision	maker	may	give	a	
specific	preference	information	structure	߉	on	the	attribute		ሺ݅ ൌ 1,2,… ,12ሻ,	where	the	߉	is	
given	as	follows:	
	

߉	 ൌ ሼ࣓ ∈ |0.05߉  ߱ଵ  0.08, 0.03  ߱ଶ  0.06, 0.02  ߱ଷ  0.05,	
																							0.08  ߱ସ  0.12,0.12  ߱ହ  0.15, 0.15  ߱  0.2,	

																0.08  ߱  0.1, 0.12  ଼߱  0.15, 0.05  ߱ଽ  0.1,	
																									0.05  ߱ଵ  0.08,0.01  ߱ଵଵ  0.03,0.02  ߱ଵଶ  0.04,	
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																				1.5߱ଶ  ߱ଵ, 3߱ଷ  ߱ଵ, 1.5߱ସ  ߱ହ, ଼߱  ߱, ߱  ଼߱,		
								2.8߱ଵଵ  ߱ଵ, ߱ଶ  ߱ଷ  ߱ଵ߱  ߱  ଼߱  ߱ଽ,	

																																																			߱ଵଵ  ߱ଵଶ  ߱ଵሽ	
	
Step	6.	According	to	Eqs.	(33)	and	(34),	two	auxiliary	nonlinear	programming	models	can	be	
constructed	for	the	alternative	ݔ	as	follow	
	
ଵܥ									

 ൌ min൛൫0.499߱ଵ
ଶ  0.400߱ଶ

ଶ  0.466߱ଷ
ଶ  0.601߱ସ

ଶ  0.584߱ହ
ଶ  0.584߱

ଶ

 0.533߱
ଶ  0.650଼߱

ଶ  0.517߱ଽ
ଶ  0.404߱ଵ

ଶ  0.388߱ଵଵ
ଶ0.516߱ଵଶ

ଶ

 0.599߱ଵ
ଶ  0.484߱ଶ

ଶ  0.566߱ଷ
ଶ  0.701߱ସ

ଶ  0.684߱ହ
ଶ  0.684߱

ଶ

 0.633߱
ଶ  0.750଼߱

ଶ  0.617߱ଽ
ଶ  0.486߱ଵ

ଶ  0.503߱ଵଵ
ଶ0.616߱ଵଶ

ଶ൯
/ሺ0.499߱ଵ

ଶ  0.400߱ଶ
ଶ  0.466߱ଷ

ଶ  0.601߱ସ
ଶ  0.584߱ହ

ଶ  0.584߱
ଶ

 0.533߱
ଶ  0.650଼߱

ଶ  0.517߱ଽ
ଶ  0.404߱ଵ

ଶ  0.388߱ଵଵ
ଶ0.516߱ଵଶ

ଶ

 0.599߱ଵ
ଶ  0.484߱ଶ

ଶ  0.566߱ଷ
ଶ  0.701߱ସ

ଶ  0.684߱ହ
ଶ  0.684߱

ଶ

 0.633߱
ଶ  0.750଼߱

ଶ  0.617߱ଽ
ଶ  0.486߱ଵ

ଶ  0.503߱ଵଵ
ଶ0.616߱ଵଶ

ଶ

 0.501߱ଵ
ଶ  0.600߱ଶ

ଶ  0.534߱ଷ
ଶ  0.399߱ସ

ଶ  0.416߱ହ
ଶ  0.416߱

ଶ

 0.467߱
ଶ  0.350଼߱

ଶ  0.483߱ଽ
ଶ  0.596߱ଵ

ଶ  0.612߱ଵଵ
ଶ0.484߱ଵଶ

ଶ

 0.401߱ଵ
ଶ  0.516߱ଶ

ଶ  0.434߱ଷ
ଶ  0.299߱ସ

ଶ  0.316߱ହ
ଶ  0.316߱

ଶ

 0.367߱
ଶ  0.250଼߱

ଶ  0.383߱ଽ
ଶ  0.514߱ଵ

ଶ  0.497߱ଵଵ
ଶ0.384߱ଵଶ

ଶሻ	
.ݏ .ݐ ሺ߱ଵ, ߱ଶ, ߱ଷ, ߱ସ, ߱ହ, ߱, ߱, ଼߱, ߱ଽ, ߱ଵ, ߱ଵଵ, ߱ଵଶሻ ∈ 	߉

	
and	
ଵܥ									

௨ ൌ max൫0.599߱ଵ
ଶ  0.484߱ଶ

ଶ  0.566߱ଷ
ଶ  0.701߱ସ

ଶ  0.684߱ହ
ଶ  0.684߱

ଶ

 0.633߱
ଶ  0.750଼߱

ଶ  0.617߱ଽ
ଶ  0.486߱ଵ

ଶ  0.503߱ଵଵ
ଶ0.616߱ଵଶ

ଶ

 0.749߱ଵ
ଶ  0.567߱ଶ

ଶ  0.716߱ଷ
ଶ  0.851߱ସ

ଶ  0.834߱ହ
ଶ  0.834߱

ଶ

 0.783߱
ଶ  0.900଼߱

ଶ  0.767߱ଽ
ଶ  0.569߱ଵ

ଶ  0.638߱ଵଵ
ଶ0.766߱ଵଶ

ଶ൯
/ሺ0.599߱ଵ

ଶ  0.484߱ଶ
ଶ  0.566߱ଷ

ଶ  0.701߱ସ
ଶ  0.684߱ହ

ଶ  0.684߱
ଶ

 0.633߱
ଶ  0.750଼߱

ଶ  0.617߱ଽ
ଶ  0.486߱ଵ

ଶ  0.503߱ଵଵ
ଶ0.616߱ଵଶ

ଶ

 0.749߱ଵ
ଶ  0.567߱ଶ

ଶ  0.716߱ଷ
ଶ  0.851߱ସ

ଶ  0.834߱ହ
ଶ  0.834߱

ଶ

 0.783߱
ଶ  0.900଼߱

ଶ  0.767߱ଽ
ଶ  0.569߱ଵ

ଶ  0.638߱ଵଵ
ଶ0.766߱ଵଶ

ଶ 							
 0.401߱ଵ

ଶ  0.516߱ଶ
ଶ  0.434߱ଷ

ଶ  0.299߱ସ
ଶ  0.316߱ହ

ଶ  0.316߱
ଶ

 0.367߱
ଶ  0.250଼߱

ଶ  0.383߱ଽ
ଶ  0.514߱ଵ

ଶ  0.497߱ଵଵ
ଶ0.384߱ଵଶ

ଶ

 0.251߱ଵ
ଶ  0.433߱ଶ

ଶ  0.284߱ଷ
ଶ  0.149߱ସ

ଶ  0.166߱ହ
ଶ  0.166߱

ଶ

 0.217߱
ଶ  0.100଼߱

ଶ  0.233߱ଽ
ଶ  0.431߱ଵ

ଶ  0.362߱ଵଵ
ଶ0.234߱ଵଶ

ଶሻൟ	
.ݏ .ݐ ሺ߱ଵ, ߱ଶ, ߱ଷ, ߱ସ, ߱ହ, ߱, ߱, ଼߱, ߱ଽ, ߱ଵ, ߱ଵଵ, ߱ଵଶሻ ∈ 	߉
	
Step	7.	Using	existing	nonlinear	programming	methods,	optimal	objective	function	values	of	the	
above	two	nonlinear	programming	model	are	obtained	as	follows:	
	

ଵܥ
 ൌ ଵܥ		,0.696

௨ ൌ 0.897,		
	
Respectively,	the	closeness	IF	set	of	the	alternative	ݔଵ	is	ܥଵ ൌ 〈0.696,0.103〉.	
In	the	same	way,	the	closeness	IF	sets	of	the	alternatives	ݔ	ሺ݆ ൌ 2,3,4,5ሻ	are	obtained	as	follows:	
	

ଶܥ ൌ ଷܥ	,〈0.209,0.349〉 ൌ ସܥ	,〈0.703,0.098〉 ൌ ହܥ	,〈0.627,0.146〉 ൌ 〈0.665,0.895〉	
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respectively.	
Step	 8	 and	 Step	 9.	Using	 Eq.	 (35),	 the	 inclusion	 probability	 of	 the	 IF	 sets	ܥଵ 	and	ܥଷ 	can	 be	
calculated	as	follows:	
	

ଵݔሺ ≽ ଷሻݔ ൌ ଵܥሺ ⊇ ଷሻܥ ൌ max ቄ1 െmax ቄ .ଽଶି.ଽ

ሺ.଼ଽି.ଽሻାሺ.ଽଶି.ଷሻ
, 0ቅ , 0ቅ=0.486		

	
According	to	   ൌ 1,	it	easily	follows	that	ሺܥଵ ⊆ ଷሻܥ ൌ 1 െ 0.486 ൌ 0.514.	
Likewise,	 the	 inclusion	 comparison	 probabilities	 of	 all	 other	 IF	 sets	 can	 be	 obtained	 and	
expressed	in	the	matrix	format	as	follows:	
	

ܲ ൌ

ۉ

ۈ
ۇ

0.500 1.000 0.354 0.482 0.430
0.000
0.646
0.518
0.570

0.500 0.000 0.000 0.000
1.000 0.500 0.624 0.569
1.000 0.376 0.500 0.449
1.000 0.431 0.551 ی0.500

ۋ
ۊ
	

	
Using	Eq.	(36)	with	P	matrix	and	n=5,	the	optimal	membership	degrees	of	the	alternatives	ݔଵ	
are	computed	as	follows:	

ଵߠ														 ൌ
1

݊ሺ݊ െ 1ሻ
൭ଵ 

݊
2



ୀଵ

െ 1൱	

ൌ
1

5ሺ5 െ 1ሻ
ሺ0.500  1.000  0.354  0.482  0.430ሻ 

5
2
െ 1൨ ൌ 0.233	

	
In	 the	 same	 way,	 the	 optimal	 membership	 degrees	 of	 the	 alternatives	 ሺ݆	ݔ ൌ 2,3,4,5ሻ 	are	
obtained	as	follows:	
	

ଶߠ ൌ ଷߠ		,0.100 ൌ ସߠ		,0.242 ൌ ହߠ		,0.217 ൌ 0.228.	
	
Step	10.	It	is	easy	that	to	see	that	the	decreasing	order	of	the	optimal	membership	degrees	of	
the	alternatives	ݔ	ሺ݆ ൌ 1,2,3,4,5ሻ	is	obtained	as	follows:	
	

ଷߠ  ହߠ	  ସߠ	  ଵߠ	  	ଶߠ	

5.2. Sensitivity	Analysis	
Since	the	attribute	weights	used	in	this	article	are	incomplete	information,	in	order	to	observe	
the	influence	of	a	possible	change	in	the	weight	of	an	attribute	on	the	decision	of	alternative	
fuel	selection,	sensitivity	analysis	 is	carried	out	 in	the	following.	We	selected	two	attributes,	
such	as	operating	cost	(EC2)	and	effect	on	CO2	emission	reduction	efficiency(EN1),	and	changed	
the	incomplete	information	of	attribute	preferences	to	observe	whether	it	will	affect	the	choice	
of	alternative	fuel.	
In	Fig.	2,	collect	 the	opinions	of	decision	makers	to	obtain	a	specific	preference	 information	
structure	 about	 the	 attribute	 EC2,	 ଶ߉ ൌ ሼݓ ∈ |0.12߉  ହݓ  0.15ሽ .	 When	 the	 preference	
structure	 of	 operation	 cost	 is	 changed,	 the	 ranking	 of	 the	 five	 alternative	 fuels	 changes	
accordingly.	When	ݓହ=0.16	or	0.11,	LNG	and	hydrogen	fuel	rank	the	same,	when	ݓହ=0.17,	LNG	
fuel	becomes	the	best	alternative	fuel.	
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(a)																																																											(b)	

																	 	
(c)																																																												(d)	

Figure	2.	Preference	information	structure	about	the	operation	cost	
	
In	Fig.	3,	collect	 the	opinions	of	decision	makers	to	obtain	a	specific	preference	 information	
structure	 about	 the	 attribute	 EN1,	߉ଶ ൌ ሼݓ ∈ |0.152߉  ݓ  0.20ሽ .	 When	 the	 preference	
structure	 of	 operation	 cost	 is	 changed,	 the	 ranking	 of	 the	 five	 alternative	 fuels	 changes	
accordingly.	When	ݓ=0.225	 or	 0.14,	 changes	 in	 the	 attribute	 preference	 structure	 did	 not	
change	the	ranking	of	alternative	fuels.	When	ݓ=0.23,	Hydrogen	is	still	 the	best	alternative	
fuel	but	ammonia	is	superior	to	LAN	fuel,	ranking	second.	When	ݓ=0.135,	LNG	and	hydrogen	
fuel	rank	the	same.	When	ݓ=0.13,	LNG	fuel	becomes	the	best	alternative	fuel.	
	

																	 	
(a)																																																											(b)	

																	 	
(c)																																																												(d)		
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(e)																																																													(f)	

Figure	3.	Preference	information	structure	about	the	effect	on	CO2	emission	reduce	
	
The	 preference	 structure	 of	 the	 attributes	 in	 this	 paper	 is	 partially	 known,	 among	 which,	
changing	 the	 preference	 structure	 of	 a	 certain	 attribute	 may	 not	 change	 the	 ranking	 of	
alternative	fuels	for	shipping.	

6. Conclusion	

This	research	focuses	on	the	decision‐making	of	alternative	fuels	for	ships,	which	requires	the	
establishment	of	a	large	number	of	evaluation	standard	frameworks.	Aiming	at	the	problem	of	
choosing	 clean	 energy	 for	 ships,	 a	 method	 based	 on	 the	 combination	 of	 Interval‐valued	
intuitionistic	fuzzy	sets	and	the	concept	of	closeness	coefficient	similar	to	TOPSIS	is	applied.	
This	method	uses	a	Multi‐attribute	group	decision‐making	method	to	determine	the	weights	of	
experts	in	different	fields.	The	IVIF	set	represents	the	degree	of	membership/satisfaction	and	
the	degree	of	non‐membership/dissatisfaction	of	alternatives	on	attribute,	and	the	preference	
information	 of	 the	 attribute	 is	 incomplete,	 thus	 establishing	 an	 auxiliary	 nonlinear	
programming	 model.	 Sensitivity	 analysis,	 changing	 the	 preference	 structure	 of	 a	 certain	
attribute,	 the	 ranking	of	 alternative	 fuels	may	change.	This	means	 that	 the	decision‐making	
method	we	adopt	is	effective	for	changing	attribute	preferences.	This	method	can	express	the	
uncertainty	of	language	and	the	preference	of	information	in	the	decision‐making	process,	and	
define	the	membership	function	in	detail,	so	as	to	better	express	the	way	of	thinking	of	human	
beings.	
In	 this	 study,	 five	 alternative	 ship	 fuel	 options	 were	 selected	 for	 evaluation,	 and	 twelve	
evaluation	 criteria	were	 given.	 However,	 there	 are	 a	 large	 number	 of	 literatures	 that	 have	
studied	 alternative	 fuels	 for	 ships,	 and	 there	 are	 countless	 criterions	 to	 consider,	 which	
increases	the	difficulty	of	establishing	standard	evaluation	indicators.	In	the	future,	we	hope	to	
contribute	 to	 the	 shipping	 industry	 by	 studying	 a	 variety	 of	 clean	 fuels.	 In	 addition,	 the	
evaluation	criterion	selected	in	this	article	are	not	perfect.	It	is	recommended	to	establish	a	set	
of	 evaluation	 criterion	with	wide	 applicability	when	 further	 evaluating	 alternative	 fuels	 for	
ships.	 Finally,	 other	 extensive	MCDM	methods,	 such	 as	 VIKOR	 and	ELECRE,	 can	 be	 used	 to	
further	extend	the	same	problem	using	fuzzy	sets,	and	the	results	obtained	are	compared	with	
this	article.	
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