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This study performed the analysis on an economic feasibility of each marine fuel, potential fuel pathways and the relevance of
compliance measures to ensure compliance with the FuelEU Maritime regulation, Additionally, it identified certain regulatory gaps
to encourage the use of alternative marine fuels, Regarding GHG emissions calculations, the existing GHG regulations for ships
applies the Tank—to—Wake (TtW) method, whereas FuelEU Maritime applies the Well-to—Wake (WtW) method, The main results
present that important information to establish response strategy for FuelEU Maritime including the costs and benefits of each
marine fuel, the minimum blending ratio of alternative fules, and compliance impacts of measures, For the regulatory costs and
benefits of marine fuels following the implementation of the FuelEU Maritime from 2025, our findings indicate that while most fossil
fuels incur regulatory costs from 2025, most of biofuels and RFNBO fuels do not incur costs until 2050, This will play a role to
narrow the price gap between fossil fuels and alternative fuels,
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Energy Efficiency Design Index) & A8lo]|L{X| & S22 |HE A
(SEEMP, Ship Energy Efficiency Management Plan), 201945
B AlBHE Muto] HAZF ALZSZoll CHEF CIOlE F AIAH
(DCS, Data Collection System) 2|1 2023 AEE Ald=l=
Ol X| g E&1&MX|4~EEXI, Energy Efficiency Existing ship
Index) 2} ERNEIQEEX|E(CH, Carbon Intensity Indicator)7F 24
Ch s 7|8 24 9 XN 24 ZESH Z=X|(basket
measure) S 2025W771K| AMELSID 2027 HRE Wes SEZ 5t
= W A=lE =HYsiict

IMO2| 22 o|LME|=el T2, FETHEU)MM= 2018
HEE EUol| R8sk IHsH22| CO, tiEZ0! tist U,
1 2 ZAZ(MRV, Monitoring, Reporting and Verification)oll 2
ot A&E ASIRICH (European Parliament and  Council,
2015). 38 J2Z(European Green Deal) Aot 0|F, EU=
20214 7ol Fit for 55 package® WESIICE Fit for 55
package= & 7|FHoIM &Sk= 1990 the| 2030E77HA|

UE ZEE 7|E 40%0lIM 55%=2 AEF EE B7| 4E 3%
c =
[s)

Ofatel TAE oln|siH, ZAsHRut &E THE AR
202445 E] EU Ui ZSAEHENH|(ETS, Emissions Trading System)
o sfatRs HIEHCE =il 8 I siauEe| MYIts ¥
ME: odF79 ARZ FEl &|(FuelEU Maritime)OlCt (Council
of the European Union, 2022).

Meb 2A7IA ZEES Q|sh IMO2| =Hgfef & EUE HIREH

RIS® TAHE Fig. 12+ Zo| Qo % Uk

International

Technical

All international
shipping

| Market-based

From 2019
w/ 2018 Data

EU operating ships From 2025

From 2023

Operational | w/20190ata

MRV

Monitoring, Reporting
And Verification

(o]

sl BEMEIE AEsl| loiMe KEK: Y FEM: HR9
iAol =2l LMol A= Ao, M=o} LHHHE

o| XjH51E 2l5t0{ M IHLCA, Life Cycle Assessment)
E9 1 2l LCA= A= MAolAM TIE vl
Z ZlotEol c|, & 27 FE(WMT, Well-to-Tank) & 122
280 Me|@Eet op2t AFAMel Mut HiEZAMe| o4A(THW,
Tank-to-Wake)E Z&ITH} (Kramel et al., 2021). IMO2|
EEDI, EEXI 2 ClI’F EUS| MRV, ETS2} Z0| 2AT|A HiESf
ZHo| S XE A= Tiw 2HE MBs11! AKX IMO2|
PATIA AR EF(GFS, GHG Fuel Standard) 2 EUS| FuelEU

Zo| o

MaritimeZ} 20| oz MEte| FXlof| =S U= fxle WW

e X7 Ald=o] 2 =
HHES MY el 3 g SollA &Es| Cl2o] AR |2
T o SESIER ofof CHet HEst HE 3 A0 E26iCt

Christodoulou and Cullinane (2022)= 2020 MRV H|O|E
£ AESID FuelEU Maritime2| A =5 26l AR2E CHA|
ARol MRl MYS MABIZCH, HEY LY g Tiw

- —o= O Lo o

From 2013

——— New ——— EEDI

Energy Efficiency Design Index

From 2023

Existing —————— EEXI
Energy Efficiency Existing ship Index
From 2020
DCS From 2023 cll
Data Collec‘[ion System Carbon Intensity Indicator
| (Expected)
I
From 2027 Basket
LCA Guidelines
LA Guidlines | (cFseata)

Life Cycle Assessment GHG Fuel Standard

Emission trading system or Levy

From 2024
1 ETS

Emission Trading System

FuelEU Maritime

UK operating ships

USA i

US operating ships

w,/ 2022 Data MRV

Monitoring, Reporting Emission Trading System

And Verification

Fig. 1 Main international and regional regulations to reduce GHG emissions from ships

JSNAK, Vol. 61, No. 2, April 2024



o
o

FuelEU Maritime 14| Z80f| h2 s ¢i=Z2

o0k

-1 =

2AM gl e

Hfo} of 7

— =

dhHs ko] FuelEU Maritime2| 24171~
Tlokr J|ZEx|e| 2N Mro| BA T ksl HFO Cid| 2AI7tA
4= ez AlIicks SHAZE ULk Solakivi et al.
(2022)= EU ETS, FuelEU Maritime % o {X|=AM|FA(ETD,
Energy Taxation Directive)S ZE&SH Fit for 55 et CHSI04
22M AR H2g ot AMEK: 2 FE 7ol H|Z st
FMsict & A= 7HY 249l FuelEU Maritime 1182 2
ARl Chet HE 2 0

2 st A{Ho| tiSet HE ZIE MI 22 sl{AL Of

sizARlH SRt YEE M3k A

2.1 FuelEU Maritime

FuelEU Maritime2 sialulSoilAe| ZMI s 3 MEK: A=
AMEE FMskE Ae SEZ Sk= MZOolct (Kim, 2022).

FuelEU Maritime (European Parliament and Council, 2023)
2 Mute| SEE 7(=ol| Aol EUd| R&sk= FES 5,000
OlAfe| ZE Muto| (1) FEAMKIAU(EEA, European Economic
Area) &8t 7|8K|(port of call)ollM HEEE St A= of|L
X[2| 100%, (2) EEA &gt 7|&X|of|lM EEA 2Fet 7|EX|7kX|2
2o ARRE oflX[e] 100%, (3) EEA st z|e|zt x|
(outermost region)oll ?|x|8t 7|&X|2 T2 = 7|SX[oAM &
gkt 2slollA ARZEl oflLiX[2| 50% 2|1 (4) EEA 2t 7|8t
XM Eesio ®3=e| et 71gX|2 £ £ H3=el
& J|gR|oflM EEi6l0 BEA HE 7|ER|Z A= 28oiA
ArEE oflL4x|2] 50%0i| CHal H-EZECt 07| 7|&X|e] Hel=
StE9| Mol e S2o| SEMME 2I5t Hukg ololsiod, M
=27 2% 58 S2 9t Zut 2 M2x(2)of wE oI2AE|
0|4 &= ghneighbouring container transhipment)ol CH&F Z4E|
oMol Huk2 siEsIA| ok=ct

2AT A= OB CO,), HIENCH,) 3 olMEREIA(NO) &
Egheich 2AITRA T (GHG intensity)= AglofA ARRE
OflLAX| & WiW Z[8te| 2ATIA B E2HgCO/M) 22 EFiE|
o, Al (1)2} 20| FuelEU Maritime2| Annex [0l TA|Z! HlAF 2F
20| w2t A (2)of w2 WT 2 4] (3)ofl 2 Tiwoll thsh Al
A Zate| Aol ZEFFlol| thet ZAAH(fung) & HE510{ Al
AHEICE ol2t g, 2ATIA Eok: HMollA 2033EA7IX| 29
e-fuel2 HH== HIMESA 72| HMof|LX] 4= (RFNBO,
Renewable Fuels of Non-Biological Origin)E ARSH Al
RFNBO ¢129| AR8ZS 262 AT = E&A I 2(RWD)7t
HMEEIC} 2034AFE = MUl ARBske od7t e oflLX|Z
o| &4 2%= RFNBO Y22 o|FX{o= AlZsfof st
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1
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0i7|M, iE MB &5, j& 98 228 k& SANZSZAIM o
23, n2 9B SR IF, oo SEHAHSSAIE HEH
Zlg, me B A9 EIF M2 HEATZgFuel), E
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2 HHEAHICOs /M), COreq electicty = SIS EAIE2| T
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9| X|F2utsX|4(GWP, Global Warming Potential)S 2|o|ét
Ch 2471A B1E32 COE 7|E S22 510, S8 29| ¢
2| 20| MEHE AZE SOt FAE AL ZF|=Hg FYse X
EQ| X|FE2UEkK|Z=(GWP, Global Warming Potential)ol| 7|2kt
7EERIE ARBSI0] CO, BHHCO,) HIEHCZ MESIEICE
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Council (2018)0fl HWA|E 1004 7|=2| X|T2LSIX|FE ALS Z&Z(compliance deficit)ol2f it offF4= oig 2 &
s Zde skl ok JeiLt European Parhament and &322 FuelEU Maritime2| Annex IV B 220 2} Al (7)2 &
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JI20Mof e X|FRUEXEe] M22 27 (European L 7
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72X e2 MEsIct

COsey. 1t Wostip.ij = <C.(s'f002 i X GWPp,) )
+(Corom,; X GWP g+ Coyna o, X GWP s 0);

047|M, Csicoe, Csicre & Coneo= S8 AZ0| et TtW 2471
2 HEEAT(gGHG/gFuel) M Coioor & Copo= 02 HE3510,
CSfCHAE 12 7&||—-g—0|£|>

FuelEU Maritime2| Annex Il= WIW 2AI71A Tt S A
5P| 218t 2 o2 R0l oS M eLHZHLCV, Lower Calorific
Valug), WT 2AI71A &A1 2 TIW 2A71A vl EA o] of

gt 7|2ATE HMAlst Act Hldkt % 2l i Eo| o5t o=
LM (Cyp) 2 712A% thAl QIZE AE 22 MBE $F It

27 7|7lol MulofA ARZE 01||-1II9I L
Zlobr = Taple 10l MA|E sHEledzo| 24l Fﬁ SELERSF
£ XM= oF Elct

2AMTIA 7.;‘” kx| 2 2034 AFE{2] RFNBO ¢d=9| o|F
AIE A 2N M2 Abk=ls o &4 ZT(CB, compliance
balance)= FuelEU Maritime2| Annex IV A £-=0i 2} 4! (6)
o= AlME=CE

CBlgCO,,.,) = (GHGIE

target
n fuel

X EMXLCV+ZEk

— GHGIE, ;,.1) (6)

097|M, GHGIE g 2AI7IA FlokE H|5k|(gC05/MJ)O|H,

GHGIE a2 Mafe| 2AITIA RlekE (gC0Os/MJ)OIC,
O|fFES Tt A(+)e| #e XM, 2R EF UoiF

(compliance surplus)O|2IXT 5, S(-)2| gt2 7HK|H, olf&=

Table 1 GHG intensity limit of FuelEU Maritime

Percentage of GHG Required value
intensity limit (gC02eq/MJ)

Reference value 91.16

-2% from 1 January 2025 89.34
-6% from 1 January 2030 85.69
-14.5% from 1 January 2035 77.94
-31% from 1 January 2040 62.90
—-62% from 1 January 2045 34.64
-80% from 1 January 2050 18.23
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FuelEU 32| Cifl= FR2(EUR)OID, 410002 41000MJol|
oiek VLSFO 1&2 2lolst, 24002 VLSFO 1&0f 48sk= 7
2(EUR)Z Xl2=/of sh= Folct.
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1852 =4 iACZ MASINCE LNG ¢lEe| ZRoll= H
oiEAlo| MIE 2RE ZElSIoICl
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= 0[227HN/A, Not Available)2 ™W7|=l Alglo| Qleaz,
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2k Zte| H|8E M= olf= £= Wiwoll CHEH AHlAE Zholx|zth
FuelEU Maritimeoil A= WiW 2! TIWS 225104 Alrslez Y
EZ0| 0|BAINE T|5P| #IFOICH

HlO|2 Cie| A, 7H 2= 2Pt &2 HA
cooking oil) 2} &7A, lﬂl—!g% 7|ete| bio—diesel2
35 7ts4e| SERIME naisio] SAEQl ZHH9|
Ho| U5 ZUE HAESH| floll 2A7IA viEZ M J7|FES
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Usic B0l 92 B 1S 8 Btk TE(Ewe
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Yzl w2t ax

2 HAl2f(waste
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render|ng)° S cHat ¢
HiO|2 H7|20lA AR
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LCV
o7|M A= A Hio|2 =0 ChsiAM= European Parliament
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Table 2 Factors for fuel types under analysis

combustion 7|&X

7t~ vl EE HZU V&S Ydske close d|gestate off gas

=
SH2 71 AZMM SHS A HER

Fuel class Fuel name LCV CO2q wit Ct coz mw Cs cha w Cr n2o Tw Ceip
(MJ/g) (9COsq/MJ) | (9CO,/gFuel) | (gCHa/gFuel) | (gN:0/gFuel) (%)
HFO 0.0405 13.5 3.114 0.00005 0.00018 -
MDO/MGO 0.041 13.2 3.151 0.00005 0.00018 -
LNG Otto 31
Fossil fuels (dual fuel medium speed)
LNG Otto 0.0491 18.5 2.75 0 0.00011 1.7
(dual fuel slow speed)
LNG Diesel
(dual fuel) 0.2
Bio—diesel
(waste cooking oil) 61.69
Bio—diesel 0.037 2.834 0.00005 0.00018 -
(animals fats from -55.79
rendering)
, Bio—-LNG Otto 31
Biofuels (dual fuel medium speed) ’
Bio-LNG Otto 0.05 ~41.0 2.750 0 0.00011 1.7
(dual fuel slow speed)
Bio—LNG Diesel 02
(dual fuel)
Bio—methanol 0.02 -58.35 1.375 0.00014 0.00005 -
e—diesel 0.0427 -47.6 3.206 0.00005 0.00018 -
e—methanol 0.0199 -67.1 1.375 0.00014 0.00005 -
e-LNG Otto 31
(dual fuel medium speed) ’
e-LNG Otto
RENBO (dual fuel slow speed) 0.0491 26.6 2.750 0 0.00011 1.7
e-LNG Diesel
(dual fuel) 0.2
e—H2
(fuel cells) 0.12 3.6 0 0 0
e—NH3 0.0186 0 0 0 0.00037 -
92 EIEMSIEI=2%] H 617 M5 20241 4
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Table 3 GHG intensity index of each fuel type

GHG intensity index
Fuel name (9CO20/MJ)
by 2033 | from 2034
HFO 91.6
MDO/MGO 90.63
LNG Otto
(dual fuel medium speed) 91.03
LNG Otto
(dual fuel slow speed) 83.83
LNG Diesel
(dual fuel) 76.13
Bio—diesel
(waste cooking oil) 15.32
Bio—diesel
(animals fats from rendering) 21.22
Bio—LNG Otto
(dual fuel medium speed) 30.22
Bio—LNG Otto
(dual fuel slow speed) 23.16
Bio—LNG Diesel
(dual fuel) 15.59
Bio—methanol 11.26
e—diesel 14.32 28.63
e—methanol 1.43 2.86
e-LNG Otto
(dual fuel medium speed) 22.98 45.93
e-LNG Otto
(dual fuel slow speed) 19.37 38.73
e-LNG Diesel
(dual fuel) 15.51 31.03
e_Hg
(fuel cells) 18 3.6
e—NH3 2.64 5.27
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Table 4 Minimum drop-in rate of alternative fuels in
compliance with GHG intenstity limit

Fossil fuel Blended [Prop—in rate of blended fuels
ossll Tuels
fuels 2025[203012035[20402045[2050
(\Aezt'g;’ngg'dl) 3% | 9% |18%|38%|75%|97%
Bio—diesel
HFO (a“'m'fnfats 4% | 9% |20%|41%|82%| -
rendering)
e—diesel | 2% | 4% |22%|46%|91%| -
LNG Otto | Bio-LNG | 3% | 9% |22%|47%|93%| -
(duel fuel
medunmspeed)  e-LNG | 2% | 5% |30%|63%| - | -
(Lclj\lGlofttol Bio-LNG | 0% | 0% |10%|35%(82%| -
ual tue
|
speed) | ©LNG | 0% | 0% [14%47%| - | -
LNG Diesell BiO-LNG | 0% | 0% | 0% |22%|69%|96%
(dual fuel) | e-ING | 0% |0% | 0% |30%|92%| -
Vethanol Bio—methanol |14% |18%|26%|43%|75%|93%
ethano
e-methanol | 7% | 9% |24%|39%|68%|85%
NH; e-NHs  |18%|20%|41%|53%|77%|90%

RFNBO 94Z2| Z-oll= 2033E77HX| 24T 1A Fotr Hidlof
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Table 5 Relevance of compliance measures to FuelEU
Maritime requirements

Compliance
measures

Relevance

Renewable + GHG intensity with low emission factor

and + |f RFNBO, reward factor by 2033
low—carbon | ¢ Compliance balance with low GHG
fuels intensity
Advanced ¢ GHG intensity with low methane slip

engine ¢ Compliance balance with low GHG
technologies intensity

Energy saving | Compliance balance with reduced

measures energy consumption
and devices 9y P

. . ¢ GHG intensity with wind reward factor
Wind-assiste . .

) ¢ Compliance balance with low GHG
d propulsion ) :
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