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Abstract
the initial strategy presented at the 72nd session. The IMO aims to achieve 'Net Zero' GHG emissions from international shipping by 2050. In this study,

* At the 80th session of the MEPC, the IMO presented an enhanced GHG reduction strategy. The strategy is more specific and robust than

a risk assessment was conducted for representative green fuels, namely. LNG, hydrogen, methanol, and ammonia. The fuzzy method was used to resolve
the subjective ambiguity of results from the survey of the experts, and the positive and negative effects of the fuzziness were derived through the TOPSIS
method. Finally, the closeness coefficients of the considered alternative fuels were determined using the Vertex method. As a result, methanol, LNG,
hydrogen, and ammonia were preferred. This study suggests that the proposed approach can be used as a collective decision-making tool for selecting

alternative fuels.
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SHIPS (MEPC.304(72))s A®iste] 2050 2008 ]
20183 723} U B 5 A3 (Maritime  Environment  GHG ZWIE S 4 50% #AEFA7)E DS Al THIMO,
Protection Committee, ©] 3} ‘MEPC’2} & gholl A A A7+ 2018).
(International Maritime Organization, ©]3} ‘IMO’2} & &= X8} 202313 80} MEPCol A= 7|9 GHG 75 H¥ Rt o
9] 2241 7}2~(Green House Gas, ©13} ‘GHG’ &} A& 75 Az Astd 75 g 2023 IMO STRATEGY OF GHG
< AT IMOE GHGS %7] ¢l “INITIAL IMO  EMISSIONS FROMS SHIPS(MEPC.377(80))% = &l T,

* First Author : jhlee43@mmu.ackr, 061-240-7491
¥ Corresponding Author : jhjee@mmu.ac.kr, 061-240-7208

- 135 -



100% -
2018-2023
Short-term measures

20%, striving for 30%
reduction

80% - 2023-2030

Table 1. Summary of MEPC.377(80)

Uptake of zero or near- Mid-term
zero GHG emission
fuels at least 5%,

striving for 10%

Reduction of CO,
emissions per
transport work, by
0, < at least 40%,
60% compared to 2008

Beyond 2030
Long-Term measures

40% -
70%, striving for 80%
20% reduction
% <

0% -

Total Annual GHG Emissions

Reach net-zero GHG
emissions by or
around, i.e. close to

2020 2030 2040 2050 2060
Year

Fig. 1. IMO GHG Reduction Target (Source: ABS).

Year Description
GHG** to reduce _by at least 20%%*
2030 to strive for 30%%*
CIP*** to reduce by at least 40%*
0/ 3%
w0 g e byl T
v 2050 GHG to reach net-zero

* Compared to 2008, ** Green House Gas
*#% Carbon Intensity Index

Table 2. Quantity for Fuel Ready Ships (Source: Clarksons

Research)
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Fig. 2. Projections of Maritime Ship Emissions as a Percentage
of 2008 Emissions (Source: IMO).
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Fig. 3. Alternative Fuels Orderbook (Source: Clarksons Research).
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Table 3. Status of Ship’s Engine for Alternative Fuels

LNG METHANOL NH3 H2
Diesel L]
Dual Fuel ([ ([ [ [
Spark Gas o ] ]
Gas Diesel o o U
Liquid Gas ) O
@ Using [] Developing
Methanol  2-stroke engine @
4-stroke engine  —)
Boiler L ——)
Fuel cell ]
Regulations for onboard use @
Ammonia  2-stroke engine | —)
4-stroke engine L e——)
Boiler O e——
Fuel cell
Regulations for onboard use ——)
Hydrogen  4-stroke engine L e——)
Fuel cell com—)
Regulations for onboard use L —)

Validation (TRL 4)

Low safety regulatory maturity

sl Onboard technology available (TRL 9)
m) High safety regulatory maturity

Fig. 4. Projected Maturation Timelines for Ship’s Technologies
(Source: DNV GL).

~

R4

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Table 32 X&7 A A= Hurg
BolF1 gtk INGS} HEhe Ag d

of\
re
i
£°2
R
&
eS|
B

VE]

3

o
ol

‘DF <7 o]} A ghiat
A AREEE R
AEE AbEgth di3EA] LNG
ME-GI %17} WA}
g DF oz
X-DF Methanol <% 0]
Aol N dAlol g

Fig. 4= DNV GL°l| A Z] 5§ Yo}, il A T3
EP‘EM o8 HoFi 9t} dEUl ARE A

AL 2024 o) F R FEEE oz At 9
Egt fAle} Al oA 20200 F - FHkglel] A H o2 A
% WOM Tl Aol miE E= 20259, 484 <l
A8 20201 FRbeoll sdtd Ao ® Awgstar, A LAl
S 2030 0] FolA] AAs] EAlE oA o]t

o)
poS

qE

DF <l ‘M’AM
X-DF slzle|t), nlzb7bA] 2 wjehe:
‘MARS] ME-LGIM 1313t WAL
. T4t ehRUote] DF QX

o)
poS

o]

ﬁ_}-“Umlo

ABS(2020)°ll w2 Fig. 5014 & = o] 20401 ©]F
de Af 7|¥be] dAgF MGOMarine Gas Oil) F&

MDO(Marine Diesel Oil)7} U 3tA AFES oz Hu 9]
ok B3 ING| AHS-2 Qle} s, ok Sk, wekee
7 AR R e wh HofRE v o2 2035704
7be Zlolth. et INGS] A F7]#H]l IMO HiE
dAst7lel A o 1 £ GEUohY A

= gAE ol

ofN b

Hege] Aol ‘MARS] ME-LGIM <1713} 22 -8
7 A 2" e o §42 Aotk E3] FEE
+Ee e FERAS FH E 218 A5E A& AT A
o7 Bt ¢gryols B4 o] AZolm 49 v
aste] fg, A% B AP o] &olatn] F H g 7]
& 71 2 AVIene] Ao R ] AmnEA 9 ARg-o]
71 o2 d/doh(ABS, 2021)



ol st - 21
45%
’ i 41% of current orderbook sef
40% e fo be LNG DF capable
5% | ==—Orderbook (1 year ago: 29%)
30%
25% 4.5% of current fleet LNG
20% dual fuel capable
15%
10%
5%
0% =
— ™ o < w ~0 M~ @ o o = N [¢]
o o o A T . B S
c = c c c = c [= = c c = =
9] O o] o) 9] 9] o [9) o} 9] o] O 9]
= = - = = = = = = - = = =
Fig. 6. LNG Capable Fleet & Orderbook (Source: Clarksons
Research).
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Fig. 7. Order for Methanol Fueled Ship (Source: DNV AFI).
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Fig. 8. Two-stroke Ammonia Engine Development Schedule
(Source : MAN Energy Solutions).
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Table 4. ISO Standard for Risk Assessment (Source: ISO)

Standard Category Description

Risk Management

ISO 31000:2018  ~ Guideline

Comprehensive approach to identifying, analyzing, evaluating, treating,
monitoring and communicating risks across an organization.

IEC 310102019  Risk Management

Enhance details on the technique usage, Expand application scope, and

— Risk Assessment Techniques Eliminate redundancy with ISO 31000 concepts.

Table 5. Risk Assessment for an Incident Scenario (Source: Together in Safety)

Node

Description

Navigation(C;)

Loss of navigation and airworthiness at sea, Excessive movement at sea, power
outage at sea, Excessive trim at sea or in port, Damage to fuel tanks or systems.

External events(C,)

Collision of a fuel oil tank with a vessel, Possible ignition from the collision

Ship operations other than bunkering(C;)

Crew shifts, Crew training, Fuel and Cargo operations

Bunkering(C,)

Disarrangement bunker station, Excessive movement, Loss of control, Leakage during
bunkering

Fuel preparation, use and monitoring(Cs)

Power outages, Ship system failures and sensor failures

End of life(Cy)

Scrapping of old ships, Ship breaking
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Table 6. Components for What-if Risk Assessment (Source: Together in Safety)

Node Description
What if there is loss of manoeuvrability at sea?
What if there are excessive motions at sea?
oo What if an excessive trinvlist develops at sea or in port?
Navigation

What if there is a requirement for tug support/3rd party vessel attendance at sea or in port?

What if there is a ship grounding in way of the future fuel tanks and system?

What if the vessel needs to be abandoned?

What if there is a ship collision in way of the fuel tanks?

External events

What if there is a potential of ignition?

What if cargo operations are required in way of the future fuel tanks and system components?

Ship operations other What if there is a crew change?

than bunkering What if there is a completely new crew after vessel hand-over?
What if onboard access is required by personnel not managed by the ship’s operator?
What if there is a misalignment of the bunkering station?
Bunkering What if there are excessive motions?

What if there is a loss of control?

What if there is a leak/loss of containment?

Fuel preparation, use and

.. What if there is a loss of control?
monitoring

End of life What if the vessel is scrapped?
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Table 7. Symbols and Descriptions
Symbol Description
d Distance for Fuzzy Ideal Solution
(I, m,u) Triangular Fuzzy Set
M Triangular Fuzzy Number
i) Function Value
w; Fuzzy Weight
A Alternative Fuel
C Incident Scenario
D Expert
R Normalized Matrix
|4 Normalized Decision Matrix
X Fuzzy Set
-~
g ()
4 m u x=
Fig. 10. Triangular Fuzzy Number.
(1) 1A 24
6712 dojA WS o] &3ke] Table 827 “vl¢- E&
rorE

(VL), 7393] =3(FH),
SS(FL), ol S-S (SH o2 i35t 371315 th(Rouhani,

2012). 789 7K D ~D;)7F 67012] AbaL AU 2(C~Cy)
o théto] Table 82 1012 W& Abgste] Hrhgh Axrt
Table 90|17, AF3L Alute] 9.9] 2be W x5 Foto] ALt
& A 77} Table 100] Tt
Table 8. Linguistic Values and Fuzzy Numbers
Description Fuzzy Number
Very Low (VL) (0.0, 0.0, 0.2)
Frequently Low (FL) (0.0, 0.2, 0.4)
Slightly Low (SL) (0.2, 0.4, 0.6)
Slightly High (SH) (0.4, 0.6, 0.8)
Frequently High (FH) (0.6, 0.8, 1.0)
Very High (VH) (0.8, 1.0, 1.0)

wsh 7t 7159 7R E 371k W BNP(Best Non-fuzzy
Performance) #t& FoloF 34, 2(2)¢} 7e] COA(Center of

Area) W& o]} (Zhao and Govind, 1991).

T A e A wd AT
BNPM/ = [(MlU 711{7) + (mlU 711{7)]/34»11{7 (2)
AE7Hee A8 F9(C) > A ¥8(C) > At T&
(Cy) > 117 3G > A(G) > HAA(C)e] =22 AbaL
Adeles) Fexg Bk,
Table 9. Linguistic Ratings Evaluated by Decision-makers
D, D, D, D, Dy D, D,
G FH FH FH VH VH VH VH
G, FH FH FH FH FH VH VH
G SL SL SH FH FH FH FH
¢, SH SH FH FH FH FH FH
G SH SH SH FH FH FH FH
Gs FL SL SL SH SH FH VH
1
0 0.2 0.4 06 0.8 10
Fig. 11. Fuzzy Function for Linguistic Value and Criteria.
Table 10. BNP Value of Fuzzy Number
Fuzzy Weight(w;)(t,;m,,1,) BNP Number Rank
o (0.71, 0.91, 1.00) 0.88 2
G, (0.66, 0.86, 1.00) 0.84 3
G, (0.46, 0.66, 0.86) 0.66 5
C, (0.74, 0.94, 1.00) 0.90 1
G (0.83, 0.86, 0.91) 0.79 4
GCs (0.37, 0.57, 0.74) 0.56 6

(2 2ttA 24

Alre] Qof tfste] HA qAAAFE S
ERN7] S8l Fig 119} 28 2428 w1 2 SA5
Aoz 7Hg skl

4789 vk Al A8l LNG(4,), SEUHoHA4,), T4
(A, MEHE(A4)°] t3le] Table 89] 67119 A4 ®F=Z
B7he Agsrlon, dAwrt 2w (D~D) S =5 E 4719
Aut A AR(A,~A)ol thake] Table 6914 AAIE 6742
A= F7F Ay 2 (C~CGol stk Zbzh 7tstal, o
A3} Table 11, Table 12, Table 13, Table 14, Table 15 2
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Table 16914 RoJF1 9o}t A3} gkeo] Aks i 3k 967] K< Table 16. “End of life” Scenario for Linguistic Rating

w=33t7] f1al okl A(3)& ©l-&38H3aL, A= Table 179 ¢, Db D, D D, D D, D,
I A4 SL SL SL SH SH SH SH
S ke A, SL SL SL SL SH SH SH
2= gl et &) @ 4, sL SL SL SH SH SH SH
A, SL SL SL SH SH SH SH
Table 11. “Navigation Scenario” for Linguistic Rating
G D, D, Dy D, Dy Dy D, (8) 3tA =4
A SL SH SH SH SH FH FH 3TA AL 2 Ao EEE AEISe] M7 s A
A4, SL SL SH SH SH FH FH  ©% g7l® 24359 ox 244 BAE A Bat
A, SL SL SH SH SH SH FH  glon o2 AdArua we Ba) A% o ox) 7]
Ay SH SH SH FH FH FH VH Z9o] A%E naste]ol STHChen, 2000).
olegh Azt A4 g HuwE 98| okl @), 5) R (6)
Table 12. “External Events Scenario” for Linguistic Rating S o] g3Fom, 1 Ay Table 1894 HolFar Q)

CZ Dl DZ D3 D4 D5 DG D7 -

A VL SH SH SH SH FH FH R=1[r), (3) “)
A, SL SL SH SH SH SH FH 1=L2 ..mj=12 .0

A, SL SL SL SH SH SH FH

A - L. m.. u.
4 SL SH SH SH FH FH FH v = (;j, i i )7] cB )
¢ G
Table 13. “Ship operations other than bunkering” Scenario for
Linguistic Rating ¢; =maxc;»jE B ¢; = min¢;, j€C (©6)

G D, D, D, D, D; Dy D,
A SL SH SH SH SH SH FH o171 B oI5 7IE, C= Mg 7IE9] fAeelnt o=
A

, SL SH SH SH SH SH SH Ve FAgkel 4% AsHa, v Ve SARE

A, SL SL SL SL SH SH FH S E AsdY B =M e o5 V|FoE AL
A, SH SH SH SH SH SH FH = TSt
Table 14. “Bunkering” Scenario for Linguistic Rating 4) 4A 24

SEANA AEE A SHUANA AR T AHEA
b @R Aitsh WA GAAY Y TR AR )

G D, D, Dy D, Ds Dy

D 7
A SH SH SH SH SH SH VH ol#] 2(8)2 ©]-23}%] tHChen, 2000
A, SH SH SH SH SH SH FH A SIS O FiChen, 2000,

A, SL SL SL SL SL SH SH kel AMIA o= vkek 2ol SlAAAAL Atsh 9
A, SH SH SH SH FH FH VH aé(r”)JJr HA 7t ](w-)% ol g3l o, 28 ol 3
HE =589 01, A= Table 19914 BHojFa gl

Table 15. “Fuel preparation, use and monitoring” Scenario for

Linguistic Rating v = 77]@@;]- (7
Cs D1 Dz D3 D4 D5 D6 D7 _ _
A SH SH SH SH SH SH FH V= 0] (®)
A, SH SH SH SH SH SH FH
As SH SH SH SH SH SH FH
Ay SH SH SH SH FH FH FH
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Table 17. Fuzzy Group Decision Matrix
G G G G G G
A (0.43,0.63,0.83) (0.43,0.63,0.83) (0.40,0.60,0.80) (0.46,0.66,0.83) (0.43,0.63,0.83) (0.31,0.51,0.71)
A, (0.40,0.60,0.80) (0.37,0.57,0.77) (0.37,0.57,0.77) (0.43,0.63,0.83) (0.43,0.63,0.83) (0.29,0.49,0.69)
As (0.37,0.57,0.77) (0.34,0.54,0.77) (0.31,0.51,0.74) (0.26,0.46,0.66) (0.43,0.63,0.83) (0.31,0.51,0.71)
A, (0.54,0.74,0.91) (0.46,0.66,0.86) (0.43,0.63,0.83) (0.51,0.71,0.89) (0.49,0.69,0.89) (0.31,0.51,0.71)
w; (0.71,0.91,1.00) (0.66,0.86,1.00) (0.46,0.66,0.86) (0.74,0.94,1.00) (0.83,0.86,0.91) (0.37,0.57,0.74)
Table 18. Normalized Group Decision Matrix
G G G G G G
A (0.47,0.61,0.91) (0.50,0.73,0.97) (0.48,0.72,0.96) (0.48,0.74,0.93) (0.48,0.71,0.93) (0.44,0.72,1.00)
A, (0.44,0.66,0.88) (0.43,0.66,0.90) (0.45,0.69,0.93) (0.48,0.71,0.93) (0.48,0.71,0.93) (0.41,0.69,0.97)
As (0.41,0.63,0.85) (0.40,0.63,0.90) (0.37,0.61,0.89) (0.29,0.52,0.74) (0.48,0.71,0.93) (0.44,0.72,1.00)
Ay (0.59,0.81,1.00) (0.53,0.77,1.00) (0.52,0.76,1.00) (0.57,0.80,1.00) (0.55,0.78,1.00) (0.44,0.72,1.00)
Table 19. Weighted Normalized Group Decision Matrix
G G G G G G
A (0.41,0.61,0.80) (0.42,0.61,0.81) (0.32,0.48,0.63) (0.47,0.67,0.84) (0.38,0.56,0.73) (0.25,0.40,0.56)
A, (0.39,0.58,0.77) (0.36,0.55,0.75) (0.30,0.46,0.61) (0.43,0.64,0.84) (0.38,0.56,0.73) (0.23,0.39,0.54)
As (0.36,0.55,0.75) (0.34,0.53,0.75) (0.24,0.40,0.59) (0.26,0.47,0.67) (0.38,0.56,0.73) (0.25,0.40,0.56)
Ay (0.52,0.71,0.88) (0.47,0.65,0.84) (0.34,0.50,0.66) (0.51,0.72,0.90) (0.43,0.62,0.79) (0.25,0.40,0.56)

(5) 5EHA 2A

] X F& Al 3 (Fuzzy Positive Ideal Solution, ©]3} ‘FPIS’
2 Ay el “mx] 4421 3l(Fuzzy Negative Ideal Solution,
o]} ‘FNIS’2} A3ty = & AA4E HAX 4= (o, 1] Wl &
AL, Table 19914 ol & ghe] HAUghe,) 2 A%
#,)o) skl obel 2(9)S E3 E& 3 tHChen, 2000).

Fuz, A'E Adgkel AT, A= %@ AT o)

.
AT = (o op0,), ©)
A = (Ulj v;,---,v;)

A"=1[(0.88,0.88,0.88), (0.84,0.84,0.84),
(0.66,0.66,0.66), (0.84,0.84,0.84),
(0.79,0.79,0.79), (0.56,0.56,0.56)]

A =1(0.36,0.36,0.36), (0.34,0.34,0.34),
(0.24,0.24,0.24), (0.26,0.26,0.26 ),
(0.38,0.38,0.38), (0.25,0.25,0.25)]

(6) 6THA =AM
7F Ak oA A=) FPIS(d;)9F FNIS(d;) A2l of#l e}
ol nxk el g2 rler A A10)S o] &ate] k).

d; = andv@lw 0;), d; = andv@ﬁ v;) (10)
j=1 j=1

- . 1 1

d(m,n):(g[(mlfnl)zwL(mz*nz)er(m3*n3)2])2 (11)

A7 d(mn)= T OHAX F el AgelH,

i=1,2,-,m,j=1,2, ---,no]t}

d;= FPIS(ANN M 9] 2F diAl 9134, ARlE Zaid, d;
T FNIS(A ol o] 2+ thAl As(4,) 718 & on|gich gt
T 0] A8 HA gk mo= (my,my,my) 2 = (ng,ny,ny)
o] A= 4 (1) o] “Degree of Vertex” "H O = 7
319 tH(Dubois and Prade, 1980).

Table 20214 7] A(11)S T8 =&49 FPisolA 9 Z+

(DA
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A Az AT (d(4,.4%) S BT 2™, Table 21

AAME w72 FNISOlA 9] 7 oA dAz:e] A
(@(4.A el tate]l U A1)S B3 BEE FS nolF
a3

Table 20. Distance between A; and A"

d(A,A*%) G G G Gy G G
d(ALA*) 0316 0277 0223 0235 0274 0201
d(A,A*) 0338 0328 0240 0263 0274 0215
d(A,A") 0363 0344 0288 0409 0274 0201
d(A,A") 0230 0240 0207 0206 0230 0.201

d(4.A7) G G G Gy G Go

(
d(A,A) 0294 0316 0268 0428 0227 0.199
d (Az,Af) 0269 0266 0251 0412 0227 0.186
d (A3,A ) 0250 0261 0222 0266 0227 0.199
d (A4,A 7)) 0373 0348 0291 0477 0276 0.199
(7) A 24
Adk g ] dAme]  AE  “ZFHE A9 (Closeness

Coefficient, ©|3} <CC;’2F A Eh)y o] A7 wepx] A8 7Hs
g A A59 $AEHE AA S THYeo, 2023).

CC,=d;/(d; +d;) (12
CCgkol 10 TR TF= FPIS(AT)ol 7 A = S Al
FNIS(A")Z F-§ Hojxith

471 A1) ol &3kl 72t A8
(ADHHEe A a9} d; & AxbshaL,
& =& A7 Table 2204 HojF=31 9lom, ccgtel o

T oEE(A4) > ING(4) > FEYoK4,) > 4

2(A)Fo R AR AT

o o3k FPIS(A )}t FNIS
/\h;Hx-l —E-Z4E 74]/\

Table 22. Result of d;, d;, CC.

d; d; cc, Rank
A, 1.526 1.732 0.532 2
A, 1.658 1.611 0.493 3
Ay 1.879 1.425 0.431 4
Ay 1.314 1.964 0.599 1

4. 8 E

2 AT ARG AEAE

A enlt BrhE Aaskr
54
A

=

Aol stAl 7Hs g o] A
FA BrpEgton, Adn £
(G, =olsdrh.

WS (A4t AE
7] Wil FPISOIA] # A%, FNIS®= &

NeRRY & FE Wy
el AL, CColA
HuHoz HrE Ak T3 wghES BE AU QoA
FPIS: =442 ‘?:‘%‘0111 FNISE e wgpt 53,
FEATE e AR SR AT 28(C) AU 204
Ge Anng e 95E Lo,
R, Fa(A)E BE AU oA FPIse] #Ha
3L FNIS7F # A ol ek, w3k 7hE A7 22 Am F
Alute] QoA v Aol H]
A RE AYE LA Bt E
$X =9 7F B Al HorE A
INGSH ghmvele] Aol uld F3H(G) Aveles
Aol et INGS] H717F Fol M5} Egton] Hut
&), AAFE(C) At 2olA INGE ¢ otnt
g Fol a7t wrh
= algel A dojd & Qi Ak AuE 08 K
Q1 A&7 A 983 ING, 4, gEuo}, g
o7 ato] HA] TOPSIS 71'8-S E3te] Aut A
ARSAT 7HA9] QoA HEE 47}
2 Aesle] Al Aluz]edE tiF das
Jbebe wh o g WEgitl B efo] oo AR 7}5
FHA B AR 77 Yste] 5% TOPSIS 719
AFAZ) SlolT). 3L FPISSE FNISE
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