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Abstract With the implementation of the International Maritime Organization (IMO) Carbon Intensity
Indicator (CII) regulation, there is an increasing need for operational decision-making techniques that
can reduce carbon emissions while maintaining operational efficiency. This study determines the sailing
speed of an LNG carrier using an artificial intelligence (Al)-based carbon emission prediction model and
a Grid Search algorithm and comparatively analyzes the optimal sailing speeds under two operational
scenarios: carbon emission minimization and voyage time constraints. ML model(XGBoost) was used to
estimate hourly CO: emissions at different sailing speeds, and the optimal sailing speed was determined
by considering total voyage CO: emissions, voyage time, and compliance with the CII requirements
under the same voyage distance. The case study showed that when only carbon emissions were
minimized, the optimal sailing speed was 12.9 knots, resulting in a 26.8% reduction in total CO:
emissions compared with the baseline operating condition. When voyage time constraints were
additionally considered, the optimal sailing speed was determined to be 16.9 knots, satisfying all
operational constraints while reducing total CO: emissions by 5.4%. The proposed approach provides
a practical decision-support method for sailing speed determination by integrating Al-based carbon
emission prediction with operational constraints and can serve as a basis for future multi-objective
voyage decision-making incorporating weather forecasting and route optimization.

Key Words : LNG carrier, CO: emission prediction, Sailing speed optimization, Grid Search, CII
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1. M2

A A1 International Maritime Organization,
IMO)= A5 £oFo] 247k~ (Greenhouse Gas,
GHG) & AE flsto] SAFHAIE A&d o8 73t
skl Qlrk 20239 7H8E IMO GHG Strategyoll A&
AL 2oko] L& (Net-zero)S 205083714 &
goke AL A7) BRE AASIEoH, 203093 2040
}j 2= 1:]-74];(40] gﬂﬂ_/\ 7Lz 2RE /H;Go]. 1:]-
[1]. =3t IMO= Net-Zero Framework(NZF)E 53
A 2oF x99 Z2d ©$ATFAA|(Carbon
Pricing Mechanism)E Z335H 24714 7H= o|3A
Al 52 FA51 JloH, HF JHL A7=HIoH
U= 719 A FoE AEStHA] AR Ztol el
71&715E AR lTH2]. ol=et A Al A

ul AAE ofet AR 23 T@AolA9] gauE A
A 7le N 2% 528 FY 84S oS 744
713 QJct

IMO= F%F 9A9 247kA 5 A2 Energy
Bfficiency Existing Ship Index(EEXD)2} Carbon
Intensity Indicator(CIDE EYsIHTH3]. EEXIE= 7]

/\-]l:ﬂ-_,] H;q] &< u=17]—‘8}-1_—_ x] _.Eo] u]-uq ClI= /H
o] AR A7t FAZS Ve R &9 55T
etAlEFS Brloke 2% 7|6 SR o 4], et
2 tjd Attained CII2} Required CIIE H|1Wslo] AF-
B E7MA|9] S5 Fojdton, 44 7|1 5t W2 5
T2 TS AL 23] 22 4 AUtH4L =EhA FHE
G A A= Aut A AR ot A &F o

AolA gAuEFE AT £ e 2710 diet
Aol FA F7kskar .

Aet 2.3} 313 o A .,_f%
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[5,6]. gEtdoR RFPHEF FFH 7T E2o| A
°P°1 /\]7}%} ﬁi_u_EEh—P A H
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F

BH*]ZE
B x_ﬁ‘— HE%O] H]Hchj, S7FeH5]. et
A A LFoA e SauET AT *F aed, 4
A4J(On-time Arrival) @ A Apolo] AEEA
(trade-off) S T3t A3t 23F&r AXo| WQslc}

o]t ujgol Al Slow Steaming> THIEZ QI ThAH|
= A 2F7IHeE de &8Eo] g6 7). %

S W50 EH dRAngy gdAuEFe AR oR

BN 5= oy, AT FTt0 O AHA 5

5 LEZFA|7HExpected Time of Arrival, ETA)
Ag 7HA So] BRI/} wrAyst 2= 9ltH6].
2} 5‘43"“% O A o] ofd % 94,
o _

] IMO FAIE SAlol Tejste 294k

<% HolHE 283 w4, "Ed 7N dEan
F 4 SRS A& Ave | 9= St
Automatic Identification System(AIS), 7% 2% Ho]
g, 714 9 323 tlolE 52 &85t LightGBM,
XGBoost, Random Forest ¥ H&4d 7|8 2d& &
|3t ﬁ‘—rLEO] Hugglon, 7|&9 £ 7|5t 2R
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T TR FEANAY HH LA 20 23
< Fu ot 5o LT FHHI} AFoxe=
Dynamic Programming(DP), Mixed Integer Linear
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Programming(MILP), Metaheuristic Algorithms %
Reinforcement Learning(RL) 7|¥r9] cofst s}
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AZ F44rt.

Operational Data
(Set Average Operating Conditions)

i

Select ML-Based Carbon Emission
Prediction Model

3
Predict Hourly Carbon Emissions

)

Calculate Voyage Time
(Distance / Speed)

3
Calculate Total Carbon Emissions
]

Calculate IMO CII

Cll Compliance
Satisfied?

Generate Speed Candidates
(11.89-18.51 kn)
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( Grid Search J
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[ Determine Optimal Operating Speed ]

[Fig. 1] Flowchart of Study

WA g Ave] B 2EAS tE gYRdoR
Aok, PSS AL RE YUSt HRgo
2 DY) oF SYSKEGS WekAFAA Al 7]
B ShaM S o|ZRRS o|gstel 2 SEolHe] Azt
g SasiEee dsolt.

NS AT BauhEFE ol8ote] 5L FalA
7NZe F B AR08,

29 & &AuET Attained CIIE

o]& Required CII¢} H]W 5t IMO A T 25
BHristt upgte & 11.89~18.51 knot knot H9
9] EFg&L FH(0.5 knot TH4, F 147NE o=
Grid Search& F3sto] & AlVg|oE H& 3<%
TE &S

2.2 Al 7|8 EtAHISEE Of

£ dA7olA= LNG 25H49 “Xﬂ 2% Hlo|EE o]
&oto] Al 715 gtaEs Eeds /Hdsioltt. 2
4 ghkole o 770 5 108992 -9 oF 234
7S] &7 tlolEHE ARSIt dgHs= 718 &4
tlolg], Adh 23 JE @ 7145k HolHE 2%
3t & 2570 W E AsIeloH, EYuse AIE '
A& (on COy/ h)2E 753t

nd g5g A AA dolgAlS F&9(Random
Shuffle) W40 & 558 (Training)? AS58(Test) H
olHAlZ 8:2 H&E A5 Th FA9] £ thget
2FR70] 35 2 FF HolHo| 12A EAEES

A

sto] B4 gAY 238l M2 HIFS FAs|
sl 285t E}
g H=9 u|wsly] 95ke] Bi-LSTM, LightGBM

2 XGBoostE 2185149, RMSE(Root Mean Square
Error), MAE(Mean Absolute Error), R¥(Coefficient
of Determination) % MAPEMean Absolute
Percentage Error)E ©]-85t0] A& H7l6HT

/35987t A3}, XGBoost &l RMSE 0.1737 t/h,
MAE 0.0659 t/h, R? 0.9864 ¥ MAPE 2.9152%= 7}
Z =t dSA5E UEHo] 2E SAaEF sk

(Table 1) Performance Comparison of Al-Based
Carbon Emission Prediction Models

Model RMSE (t/h) | MAE (t/h) R? MAPE (%)
Bi-LSTM 0.2277 0.0956 0.9744 4.5463

LGBM 0.1742 0.0754 0.9863 3.1714
XGBoost 0.1737 0.0659 0.9864 2.9162
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42 AAtH K Table 1). wehd 2 AFtoss=
XGBoost 7|8t A&H S o]-golo] &L EH A7
ESAHEFS S

+YEE Hslo)] TE gAanERe] JIFS EA5H]

Aol SFEEE ARt BE dYiiee HR 3=
o 3% %

3ty L= 11.89~18.51 knot HY]
oA 0.5 knot ZHE0o 2 WMt oY, 7+ £E ZA
tis XGBoost Z@&Z o]gste] Al SAHjEFS

diEsigle). dEd AY gAEES F eAalETF
3} CIIE AMgst, 23 Alveled 24 2345s 4
gol= dl &8skt

2.3 Grid Search 7|8t 2&t&E x|X3}
Al BdojA o &3t AZhg SauiEgS ol-8sto]
d FalANM F dauETES ALteIiT
%OHAVJ; FalAet 2Y&EEE ol-8ste] Eq(1)
Zo] AAtgr

Tivt = Biv Eq(1)

9714 D FaiA = (nm), VTL: L35 (knot), TE
FAAZHL)S Yuieitt. wehA F gadiEse A

| A7 erauiEsk PejAzke] Fo2 Eq(2)9t 2
o] Akttt

Erotat = Epowr % Tiv} Eq(2)

AL & SAEERFES o]85to] IMO CII 7tolEgt
Qlofl @t Eq. (3)& ©l&3l Attained CIIE AFgst9.2
™, Attained CII7} Required CII ©]8HAttained CII
< Required CINE WEsH=XAE 7|E02 23559
TA A AFE wdsth

CHaaimedivt = COR{DWT x Distancel Eq(3)

2.4 Grid Search-Based Sailing Speed
Optimization
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[Fig. 2] Observed Speed Distribution
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{Table 2) Representative results according to speed

Speed ) Total CO. :
(knot) Time (h) ® Attained ClI Remarks
1189 | 1238 | 3087 | 2361 | Lowestcandidate
speed
129 | 1142 | 2998 2003 | Minimum total CO.
emission
13.89 10.59 37.33 2.854 -
1439 | 1023 | 4114 | 3146 |First speed satisfying
time constraint
15.70 9.37 40.98 3.134 Baseline operation
169 | 87 3876 | 2964 Optimal speed
(Scenario 2)
1739 8.46 _ (335 Last Cll-compliant
speed
1780 | 822 - Y 3.35 First Cll
non-compliant speed

Attained Cll by Speed Candidate
—e— Attained Cil

34 °7 Required Cll (2026) = 3.35 [\\.

Cll (9CO/DWT-nm)

12 13 14 15 16 17 18 19
Speed (knot)

[Fig. 3] Attained CII by Speed Candidate

SHH [Fig. 319} Zo] Attained CII 9A] 2FEHT7t
Z715to] wet A&H o8 Z71skith (Table 2)01A]
gholgt 4= QI%0] 17.39 knot7HAl&= Attained CII7}
Required CII °]8F& A5t IMO CII 7#A1E 79

O} 17.89 knot¥EE= Required CIIE 3ot
TAIE TSR] Eole ZA0R UEisth wEhA 23
&% F7M) g2 I Gl AT o,
IMO CII #AIE 13T 3¢ F5ee ¢4 ¥ ol
Slofl A aF=ofof 3R 15ttt

G v e H4 2&e A A3g (Table 3)
of Hehiglon, 2@ ne & Saviedd 2
ARE WSkE 277 [Fig. 419% [Fig. 511 YERASE (Table
33} [Fig. 419} Zo] Scenario 1914E Y a7z
oA & BAuEFS Hashis 2E BHE stgoH,
FF SYEHEE 12.9 knotZ E=EH U ol F @A
HETES 20,98 (COE 71 23 TiH] 26.84% 745193t

(Table 3> Comparison of Optimal Sailing Speeds
Under Different Operational Scenarios

Parameter Baseline Scenario 1 Scenario 2
o Current Minimize total Minimize CO.
Objective ) - under voyage
operation  |CO. emissions|.. g
time constraint
speed (knot) 15.70 12.9 16.9
time (h) 9.37 11.42 8.71
Total CO: () 40.98 29.98 38.76
CO; reduction (%) - 26.84 5.42
Attained ClI
(gCO/dwt-nm) 3.134 2.293 2.964
Cll compliance Yes Yes Yes

Total CO, Emission by Speed Candidate
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[Fig. 4] Total CO: Emission by Speed Candidate

Voyage Time Constraint Analysis

Voyage Time (hour)

~e— Voyage time

g4 == Maximum allowed time (9.84 h)
-+ Optimal speed (16.9 knot)

2 13 1 15 16 17 18 19
Speed (knot)

[Fig. 5] Voyage Time Constraint Analysis
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t}. oo w2t A|7F A2kt IMO CII AIE BAlo T
Sk 2794 16.9 knotE HA SF&EEE AXoIA
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4. Conclusions
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