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ABSTRACT This study assessed the environmental impact of ship operations using a life-cycle assessment (LCA) based on the IMO
2024 LCA Guidelines and ISO 14040/14044 standards. The case study was a training vessel, and actual fuel consumption data from
2025 were analyzed. The well-to-wake emissions from Bunker-A and Diesel Oil were assessed using GaBi software and the CML-1A
methodology. Global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), and ozone depletion
potential (ODP) were evaluated. Bunker-A and Diesel Oil contributed 2,065 and 580 tonCO»eq, respectively, to greenhouse gas
emissions, totaling 2,645 tonCO»eq. The GWP was dominated by tank-to-wake emissions, whereas the well-to-tank processes
contributed approximately 20% of the total. In contrast, the AP, EP, and ODP were predominantly associated with upstream fuel
production. These findings demonstrate the applicability of the IMO LCA framework to real ship operations and the importance of
considering upstream emissions in fuel selection and regulatory compliance.

Key words Life cycle assessment(?15=7] ¥ 7}), Greenhouse gas(<417}2+), Ship(414}), International maritime organization(=+A4| 3| A}
7)), GaBi(GaBi)

Nomenclature Subscript
kgCO»eq: kilogram of carbon dioxide equivalent LCA : life cycle assessment
kgSO0»eq : kilogram of sulfur dioxide equivalent IMO : international maritime organization
kgPOueq : kilogram of phosphate equivalent ISO :international organization for standardization
kgR1leq: kilogram of r11 equivalent GHG : greenhouse gas

GWP : global warming potential

AP : acidification potential

EP  : eutrophication potential
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Table 1. Scope for life cycle assessment (source: IMO)
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Node Explanation
The scope of these Guidelines is to address well-to—tank (WtT), tank—to wake (TtW), and well-to—wake (WtW)
91 GHG intensity and sustainability themes/aspects related to marine fuels/energy carriers (e.g. electricity for shore
’ power) used for ship propulsion and power generation onboard., The relevant GHGs included are carbon dioxide
(COy), methane (CH4) and nitrous oxide (N2O).
The system boundaries of the WtW GHG emission factors calculation, in the context of these guidelines span the life
2.2 cycle of fuels from their sourcing to production, conversion, transport, distribution, and eventually their use on

board ships based on an attributional approach,

Table 2. Article 15 monitoring and recording (source: FuelEU)

Node Explanation
(a) port of departure and port of arrival including the date and time of departure and arrival and time spent at berth;
(c) the amount of each type of fuel consumed at berth and at sea:
for each type of fuel consumed at berth and at sea, the well-to—tank emission factor, the tank—to—wake emission
(e) factors of combusted fuel and the tank—to—wake emission factors of slipped fuel associated with the different fuel
consumers on board, covering all relevant greenhouse gases;
) the amount of each type of substitute source of energy consumed at berth and at sea;
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Fig. 1. Phases of an ISO 14040 (source: I1SO)®




GaBiE 0|88t B4 7|8t 0l|L4X| ALS d8fo| St SHETtof| et A+

AREE $34% 2025 % AA| A7 AneF glo|Elet ¢ 2.1.2 7}t g=(Table 3)
F 25 . S5 DA ks 2RYHOEE & Gwpl 54 2kt w9l Aekd 0o, Hu] 24 A
71402 Agtsto] 5= A=A A ghstt, 7F Zok 7] Fol| B2k BAF o 7] 9] 23RS AFTA

3T (Impact Assessment) % 47| (Interpretation) o2 Hrket A FO|THIPCC, 2023). GWPE= 7}2H b7
A= GaBiE B3l A LCI 23E CML-1A B E 2=m3} A3 (Radiative Forcing)S £33l AFAE]
I wjFsto] RS EAJ3slon, o] 7He R o AZ7] AP oA LA 7k iS00, BHAkE}
B 12 2191 ] 8 0 B GHE ARAOR 4 op A ey

Brrstar. APE 5% B &0 Bof-42019] 43S ftslo]
A% 9 Aol A B§E Frleks A o),
2.1.1 CML—IA 8 AH3L vlE99] NOx, NH;, SO 4 7] A5 A4
CML-IA(CML Impact Assessment)= HETHE= #|o] A Bk A & aefsto], S FFE 7oA o
A g}t ePgsHAlE| (Centrum voor Milieukunde Leiden) It LAY A} FFE vl A ﬂ% o] =A<l
oA 7t Wi Eolrt, HA o) WHE S shUE A 7 ASE SgH,
E, 37%o] @7of nlAE JFe sk o) ARt EPE= 54 B3| 44 3o fYElo] 27 759
V2 3 JF HFE A 5, A wiEEY 5 1A AR et A4S fehe 58S AE L
A AL —Eﬁrﬁ’r(classﬁlcatlon) 2 EAcharac— = B7k8E A zoc} M ukzE AN e} 2l(P)o] H=et
terization)dh= I eIt E573F GOl = LCI 25 AETF A3 &S 7IRke & sl 29 4= 2o
dloleE 7t 2 JF wlaeell vigstar, 543t dA ol A S WrFet 2 ASE A8l 4HRit) S5] i1l
= ol W W viE=Y] A 2 FakE AR A 544 B4 iR EPE o A4sHA B7kste] 4
%3} CML-TAE GWP(RAIZRA 993, APAHIE], ODP A ZHgET)
(2E5 #H)), EP(F-9%2h 04 T8 3 JF HFEE ODP2| 7%, E4 40| 45H 2255 tsl=
3RS 107} 7]+ Hae 27 SR A4 E] o] Qlrk 53 FA 89S Uedl= A RE, 7] E42 CFC-119]
Ecolnvent, GaBi & 223 tﬂ°1E1‘ﬂﬂ |20} AAste Tk ODPE 12 4%t

T eby g A 97 H 24T 5 s AAE I,
0|7 eH2025)2 =ollA A A F7o] xl3gHE At

Table 3. Methods for impact category (source: Leiden University)!™

Category Explanation

The GWP thus represents the combined effect of the differing times these substances remain in the atmosphere
GWP 100 | and their effectiveness in causing radiative forcing,
*emission = GWP100 X airborne emission|kg]

Atmospheric emissions (in kg) are converted, using the AP, to sulfur dioxide emissions (in kg) resulting in
AP equivalent acidification:
*emission = AP X airborne emission|kg]

Emissions to the atmosphere, water or soil (in kg) are converted, using the NP, to an equivalent phosphate
EP emission (in kg) in terms of nutrification
*emission = NP X airborne emission[kg]

The ozone depletion potential of a substance is a metric for determining the relative strength of that chemicals
ability to destroy ozone, The ODP of a substance is defined as the ratio of the change in global ozone for a given
mass emission of the substance to the change in global ozone for the same mass emission of CFC—11 (CFCI3).
*emission = ODP X airbornelkg]

ODP
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Table 4. Ship’s particular

CONTENTS VALUE
Gross Tonnage 4,701 ton
L.O.A 103 m
Breadth 15.6 m
Depth 9.9m
Speed 16.8 kn
Complement 208 persons

Table 5. Specification for main engine

CONTENTS VALUE
Model 6S35MC (HYUNDAI-MAIN B&W)

Output 4,440 kW

MCR MEP 19.1 bar

Pmax 140 bar

Revolution 173 rpm
Output 3,787 kW

CSR MEP 17.1 bar
Revolution 163.9 rpm

(b)

Fig. 2. Overview for main engine
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Fig. 3. Overview for Diesel Generator

Table 6. Specification for generator

CONTENTS
Model
Rated Output / Revolution
Rated Voltage / Current
No. of Phase / Frequency

VALUE
6N21(A)L-V (YANMAR)
600 kW / 720 min~'
450 V / 692.3A
23 /60 Hz

(b)

Fig. 4. Overview for Aux. Boiler
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9%t o] Izl 71 9] A9 Ak 30~3,000L2
A=fE SAT 4 lon, Hdg= 10~600 1/he] 3

3.2 g7t HeY

i) 4,701%2] E5=419] 20251 2] AA| 23} Hlo|ElE 7|
Hro 82 £ ARol WtW 374 9 71E vl asict,

i) ARE 9 2= Bunker—A%} Diesel Oilo]H, Table 8
O YA A Batgks 283513t
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st om, GaBiE Foto] LAgsIqict,

Table 9. Specification for Flow—meter

CONTENTS VALUE
Table 7. Specification for Aux. Boiler Main Engine & Generator
CONTENTS VALUE Qmin 30 [1/h]
Model MAO2P01 Qmax 3,000 [1/h]
Steam Production 1,300 kg/h Qn 2,000 [1/h]
Thermal efficiency at full load 80% Aux. Boiler
Working Pressure 7.0 kg/em® Qmin 10 [1/h]
Max, Fuel Consumption 100.7 kg/h Qmax 600 [1/h]
Min, Fuel Consumption 32 kg/h Qn 400 [1/h]
Table 8. Bunker Specification for Bunker—A & Diesel Qil
Fuel Ol Density Flash Point (°C) Pour Point (°C) Sulphur Water Content AP Gravity
Bunker—A 0.8602 72 -19 0.215 0.05 32.9
Diesel Oil 0.8470 68 - 0.044 - 35.4
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Table 1004 &<l @ 4= Ql%o0], 4,701E2] A5419]
2 Bunker—A+= 604,425L.0]H,
Diesel Oil& 171,085L=% A =T},

20251 A& F

71718 g
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4.2 GWP 100

i AdHke] GWP 100 &

o 3%

F713e] 79 444,360 L, HH7
157,340 L, ¥z ¥d&7} 173,810 L] d= Ax7}
E4419] F2of ubA| el Hrh=
woll B Hle|o] A ansko] Ues
Table 102] %5] ©9]9] 1§24 4
3] A T = WSk, Bunker—A:
519.9 ton, Diesel Oil=

144.9 tono]|t}.
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A
e

o JEE 32, FIF

@
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2 Fig. 52} 70| Bunker—A
2,065 tonCOseq, Diesel Oil 580 tonCOseq”} ®F

25 om, Z3) 2,645 tonCO2eq?] 2A7FA7} &Y
it} Table 1137} ZHo] vj&7} == Bunker—A 1 kg 2 3}

Table 10. Fuel consumption summary for equipments

GWP100 Unit: tonCO,eq

3000 ¢ 2645
2500

F 2065
2000
1500 -
1000

H 580

0
Bunker-A Diesel Oil Total

Fig. 5. Result of GWP 100

AF A] 3.972 kgCOqeq, Diesel Oil= 4,003 kgCOzeq® Lt
257

0]+ Diesel 0Oil®] WtT GHG intensity”} Bunker—AX
o =11 LCVZF ATA o 2 291%97] djEo]thTable 12
Ax). TIW A4 viEo] AA| GWPL] 80% o= ZFA|5t
ARt IMO 2024 A3} o] Wiw & 28 4+
WiT ©A19] A4 viEE(oF 20%) 5 & Leshe 2]
A -8 SHelA Fasitt,

4.3 AP

AP= WtT AAF Iy of| A ut 28] Bunker—A 784
kgSOseq, Diesel Oil 253 kgSOseq(ZE 1,037 kgSOqeq) =

MAIN ENGINE GENERATOR AUX. BOILER TOTAL
BUNKER—-A 372,510 L 98,020 L 133,895 L 372,510 L
Diesel Oil 71,850 L 59,320 L 39,915 L 71,850 L
TOTAL 372,510 98,020 133,895
Table 11. Environmental impact results per 1 kg fuel
GWP 100 AP EP ODP

Bunker—A 3.972 kgCOseq 0.001508 kgSOseq 0.000556 kgPOseq 3.96x10 " kgRlleq
Diesel Oil 4,003 kgCO9eq 0.001746 kgSOseq 0.000910 kgPOseq 4.58%x107'¢ kgR1leq

Table 12. Initial default emission factors per fuel pathway code (source: IMO)m

el ype ‘mg;‘f LCV Energy CCO: CCHe CN:O oo
(MJ/g) Converter | (gCO2/g fuel) | (gCH4/g fuel) | (gN20/g fuel)
(gCO2eq/ MJ)
HFO (HSFO) 16.8 0.0402 ALL ICEs 3.114 0.00005 0.00018 | Resolution MEPC,364(79)
Diesel Oil 17.7 0.0427 ALL ICEs 3.206 0.00005 0.00018 4th IMO study
Bunker—A 17.4 0.0420 ALL ICEs 3.206 0.00005 0.00018 HFO 70%, Diesel Oil 30%

24 AM-MdofAx|



AP Unit: kgS0,eq
1200 1037
r 784
800 r
400 -
0
Bunker-A Diesel Oil Total

Fig. 6. Result of AP
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4.4 EP

Fig. 749 EP+= Bunker—Aol|A] 289.1 kgPO4eq, Diesel
Oilo]|A] 131,93 kgPOseq® & 421.03 kgPOseq”} THYSH
Atk ol A= A4 oA Has-Ql SbE o]
RIS Z GaBi®l CML-IA E43}o4 f8 4 7S
&2 hebE| it
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EP Unit: kg Phosphate eq

500

421.03
289.1
131.93
0
Bunker-A Diesel Oil Total

Fig. 7. Result of EP
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71dt o] AL MHte| BtAZ STl 2t AT

ODP Unit: kg R11 eq
4 - x 10°10
3+ 2.723
2.06

1+ 0.663
. iz

Bunker-A Diesel Qil Total

Fig. 8. Result of ODP

4.5 ODP

ODP Bunker—A 2,06 x10 '’ kgR1leq, Diesel Oili=
0.663x10 " kgRlleq(Z 2.723x10" kg Rll—eq) & WtT
A 274 2] CFC &77F Auf 2o ick(Fig. 8 #=X). i
g0 A= ODP A2 glovt, AR AJAF Tgof A Ay
gh &2 CML-1A 543} 71320 uhet 45d o3 1t
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