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Abstract: Under the Carbon Intensity Indicator ( CII) rules of the International Maritime Organization (IMO), most
theoretical studies manage ship carbon intensity primarily by reducing carbon emissions. However, reducing carbon
emissions at the expense of ship transport work no longer aligns with the goal of carbon peaking intensity. Therefore,
considering sulfur emission limits, a model was developed to determine whether fuel switching or scrubber retrofitting should
be adopted. Combining with carbon intensity management, a decision model for the ship deployment and scheduling
problem is proposed, subject to the constraints on sailing speed, fleet deployment, and carbon intensity compliance. To
solve the proposed mixed-integer nonlinear programming model, a hybrid algorithm combining linearization and CPLEX is
designed. The model is validated using five routes operated by COSCO Shipping. The results show that, compared with the
genetic algorithm, the proposed hybrid algorithm increases the solution time slightly by 7. 6% , while reducing the operating
cost significantly by 33.4% , and all solutions satisfy the engineering constraints. Without carbon intensity management,

the carbon intensity of some routes deteriorates to a non-compliant level, which confirms that carbon intensity management
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can effectively reduce the risk of ship downgrade and service suspension. Based on the above results, two managerial

insights are obtained. First, to reduce fleet fuel consumption, liner companies should reduce ship deadweight while still

meeting cargo demand, and lower sailing speed within the allowable range. To reduce fleet carbon intensity, besides

lowering speed within the allowable range, liner companies should also increase cargo demand to increase ship deadweight.

Second, a higher reduction factor imposes stricter carbon intensity requirement. Limited by the minimum and maximum

sailing speeds, carbon intensity management requires the deployment of ships with larger deadweight. To avoid carbon

intensity non-compliance and excessively low ship loading rate, liner companies should focus on improving transport work by

increasing cargo demand.

Key words: green shipping; ship deployment and scheduling; mixed-integer nonlinear programming; carbon intensity

management ; sulfur emission limits; hybrid algorithm
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Tab.2 Sailing distances and loading/unloading demands
Wik A ECA 478 ECA Py E 2 HEFATOR HIFET R
S A 207, 1409, 2 603, 0.0.0.0 2 000, 3 200, 4 100, 2 900, 4 100, 3 500,
? - 4 065 T 4300 3100
P 5 292, 4 115, 567, 6.0.0 0.0 3700, 3 400, 4 100, 3 200, 4 500, 3 670,
- )
640, 5 122 T 2900, 3 500 2300, 3 930
o - 5 873, 673, 1 534, 0.0 0.0 0 3500, 2900, 3 100, 4 700, 3 000, 3 900,
R 330, 2 869 SR 3900, 4 600 4300, 2 100
2900, 3500, 3100, 5100, 5400, 5 800,
66, 749, 245, 4 0,0, 0, 349, 660,
[ -2E 75 7 4300, 4700, 6 000, 3 400, 2 700, 3 700,
636, 0, 0, 6 375 975, 448
6 200 4 600
6700, 6 300, 6950, 6400, 6 900, 7 600,
245,749 1 472, 0, 0, 0, 355, 289,
[ -JE KR 7 7 700, 7 300, 7 100, 7 300, 5 600, 8 700,
8448, 0, 0, 10 560 299, 343
8 800 8 350
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Tab.3 Vessel technical and operational parameters
AL 5000 TEU 10 000 TEU HEAEGE R 5000 TEU 10 000 TEU
S0 28 2 e/ 62 000 110 000 || ok ity o8 40 [ 2 AR x 10°/ (0/J&]) 16.15 20.24
AR RIS B KRB R 330 290 LSLO fif7ih#E x 1073 9.5 10. 4
ZHh R R C % B %% LSHO fif7i#E x 10 ° 8.8 9.1
e/ MUE/ 3 15 17 HSHO i/ 7h%E x 10 ~° 8.8 9.1
.Y at] 20 22 LSLO TEE IHE/ (/B ) 0.150 0.150
BRI O A x 10°/ (55 J&]) 7.455 7.455 LSHO 7EH#E L/ (/A ) 0.125 0.125
TR 5 AR x 10°/ (J5/ ) 16.200 20.300 HSHO 7E 3 Ji#E/ ( 0/ 1) 0.125 0.125

CPLEX, Mt feBiik Bk GG 4 R 1L, 3
TR A T 7.6% , [H s 8 AR K8 T
33.4% o Al UL ASCHIZANEAL S CPLEX IR G335
AATH . EE KRG RIEPR IR TR 4, 704
APAL: ECA A M I 2 78 5/ o KO T 3 il P, 5

(6) ~3(7) WY LY RAT B0 2 o 25 0T 22 IC S
R R AR R PR, 20 (8) Y B 24 SR AT 215
Ao B MERIIBA B TE E i, X (19)
AR B 2 SR 26 2 o R L, AR SRR ) ] 47 1
(GEINEyT
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Tab.4 Vessel deployment and scheduling schemes

ik JBL B £ R S i A P ECA M ECA Pfifi ik
Hom-AAE GSIHEEIS D % 3 /M 18,18, 18, 18 0,0,0,0
HERRANE R D % 4 RV 18,18, 18, 18, 18 0,0,0,0,0
o - A Jok it T A D % 3 KA 20, 20, 20, 20, 20 0,0,0,0,0
- 7Y B C% 6 KA 20, 20, 20, 20, 0, 0, 20 0,0,0,17,17, 17, 17
Hh - JL Ik i C% 9 A 20, 20, 20, 20, 0, 0, 20 0,0,0,17,17, 17, 17
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U AR ol B X BB HE R S MRS R, AN S
BRI L L FORAR AL o 2) TolRom 20, v - B
JEAR UL N AR A , A 72 by /s ELATLEE A BT
TR SR, o BE DX R AR I L A B 4

I T ABIE O, 3) Jomkam B 2 RS, HoAts I 2%
FULE B A F e 5 12 L A A0 P L ECA PN M T 9 A
S ARy 33k Ul B e i R A LA 2 T S5 A A
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Tab.5 Vessel deployment and scheduling schemes without carbon intensity management

gk R TR IO Tk BE AR B ECA SMyia/ 1 ECA i3/ v
Brom-ZRAE IR B 4 D % 3 JE/M 18, 18, 18, 18 0,0,0,0
FPE-ERORHE A D % 4 JE/INY 18, 18, 18, 18, 18 0,0,0,0,0
LR R Sk E % 3 /M 18, 18, 18, 18, 18 0,0,0,0,0
[ - 5 7 i B 45 C % 6 fH A 20, 20, 20, 20, 0, 0, 20 0,0,0,17,17, 17, 17
o [ -JL Rk i B 4% C% 9 fE 20, 20, 20, 20, 0, 0, 20 0,0,0,17,17, 17, 17

4.4 B RBHEME

H 4 MARPOL 23 24 B 4244 7S 1 41 i R B0 2
2024 ~2026 4F TR LT 5N T% 9% 11% ,i%
R BB HR B EOR BOR B R . A IRFEITI R AL
T PRI B B 1 5 ), 8L AT U &R AR 2024 ~
2026 AEIRENN 2% ,2027 ~ 2028 AFE KN 4% .
BT EAFATIH R LT BN & SRR %0
BB MR E LR 6, iR 6 WA 1) IR
BT R 9% i, JE A it | A A e e B L T O
T3 SEAT R A BT B B 2 R W R . 2) AT
WRET N 1% B, o [E-E BE 7R At 2k b /DN i 5

BEARAL T B G, AT AN TE R R 1 AL Bk o J3E 24
o J350,6 R RR R AL D 9%, (AT A2
BRARELIH . 3) BEHITIAR BT 2 19% , Fray /N
fiv s R e B2 K R AN AN B B R, EL R e
FEWAAL T D oo ot al Jl: Pl R AU K 28
B FE S AR , e B DI ool A gk HE R 5 48 s iy
KA PR AR E o 532 i /It AU 1) B A, 72 37
AR R AT A ZEC AR . b S st
ANIEAR S AR 2R IR, BEAE 28 W LR AR A Bl
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Tab.6 Vessel deployment and scheduling schemes under different reduction factors

zg B e P ;‘;Lf Q; ;‘;ﬁg/ﬁ
7% bR PECCRIIBGE 0D IS ECH 10 MMELS AAM  18.8 17
0% PE-I PE-CHORIBEY  10MD SIS A CE 10 MBS KA 18.8 17
N9 - E- ORI 16D O THUMEIS Ak 19.3 17
150 hE-%R E-BORBRE 6 MDHOMCH  AMME2 KK 19.7 17
190 e R A 25 4 D 4% 25 Shhl 2 17

4.5 MRS HERE

RN ARGEMTAN S RO FE LB BE 1 5
WENRIAZE 5 000 ~ 10 000 TEU i fE 13 ~22 77
TLHENZ AL R AA Tl #E = 4 B 22 il T 4] 6a
~6¢  REMEARTR R B =4 226 T8 Ta ~Te,

6 3pral . 1) B A 3 b b #E = 4k 14 )
AR I A T R 1) 7 [ 2 B T A

R T A I, AR FE LB . 2) ] 6¢ Ay i
MBS ARZME S AR | FT B R IR G £ T R At
K. 10 000 TEU fHHHM 15 7521 18 15 AIiHAESE T+
23 i, A 18 Y5 E 21 45 AR 4R 7T 30 i, 3) BE
RO R AR BRI AE , 5 2 i R LI AR T
IO i A A8, S 9 1 S T PAY AR A o

K7 3Bl - 1) B ka3 b e = 4k ]
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Fig.6  Three-dimensional plot of ship fuel consumption
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Fig.7 Three-dimensional diagram of ship carbon intensity
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