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Abstract: In alignment with the global net-zero emissions target by 2050, the International Maritime

Organization (IMO) and its member states are advancing regulatory frameworks such as the Carbon
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Intensity Indicator (CII) and Energy Efficiency Existing Ship Index (EEXI) to reduce greenhouse gas
emissions in maritime operations. These frameworks mandate a 40% reduction in carbon intensity by
2030 compared to 2008 levels, a crucial step toward the sector’s long-term decarbonization goals.
Current research focuses on retrofitting existing fleets with energy-efficient propulsion systems,
including waste-heat recovery technologies and hull optimization designs, which can reduce fuel
consumption by 15%—20%. Simultaneously, the adoption of low-carbon fuels like liquefied natural gas
(LNG) and green methanol is accelerating. This study evaluates the efficacy of maritime
decarbonization policies and technologies, tracking the sector’s transition from high-carbon practices to
zero-carbon operations. Key innovations include closed-loop carbon management systems achieving up
to 80% onboard carbon capture, demonstrated in pilot projects integrating exhaust gas treatment with
renewable energy sources. Sustainable decarbonization further depends on hybrid solutions that
combine low-emission fossil fuels, renewable energy systems, and resilient carbon capture
infrastructure, including port-based carbon dioxide storage hubs. Recent advancements have focused on
optimizing vessel operations through propulsion upgrades and fuel flexibility, supported by compliance
with the CII and EEXI frameworks. These policies incentivize energy efficiency and emissions
transparency, seen in the widespread adoption of dual-fuel engines capable of switching between LNG
and methanol. Lifecycle management of carbon sequestration infrastructure ensures long-term
emissions reductions across the supply chain, from fuel production to end-use. By integrating energy-
efficient retrofits such as air lubrication systems, fuel transition roadmaps blending LNG and methanol,
and carbon capture solutions, the industry achieves cost-effective emission reductions while moving
from fragmented measures to unified strategies. For example, digital twin modeling for hull design
enables real-time vessel performance optimization, reducing drag by up to 10% in simulated
environments. Additionally, ammonia-fueled engines offer promising zero-carbon propulsion for deep-
sea vessels, though challenges related to fuel storage and safety protocols still need further
standardization. Looking ahead, future advancements will prioritize holistic vessel optimization through
renewable energy integration, such as wind-assisted propulsion. Resilient supply chains for alternative
fuels, along with standardized carbon accounting frameworks, will guide the shipbuilding industry
toward achieving IMO's 2050 net-zero targets. For example, the EU’s inclusion of maritime emissions
in its carbon market from 2024 incentivizes investment in green fuel production and carbon capture
infrastructure. This integrated approach aligns with global decarbonization strategies, emphasizing the
synergy between regulatory mandates-such as IMO's revised GHG strategy-and technological
breakthroughs in fuel flexibility, energy efficiency, and carbon management.

Keywords: Ships; Carbon reduction; Energy saving and carbon reduction; Clean energy

alternatives; Carbon capture
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Fig. 1 Current status and trends in global shipping and ship carbon emissions
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Table 2 Energy-saving and carbon-reduction technologies and their CO, emission reduction potential““m
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Table 3 Potential emission reductions using different types of alternative energy

LNG I B2/ PSSl A & LN KB REFIXGE
W YA PR RPLIB R BEATRREMEY bR U
WALKIRR WER A AR T T R
A " MR A MR kb K AT A U
X 5.09%~30.09%"", . woy  10%7, 0~100%'"", oo 0-86%~4.88% 7,
WA 7 ) 70%~80%""™ 9.0%~38.0%"" o 5 20%~100% 15,60
10.0% 0~100% 75% 0.2%~12.0%">
Ak, T ASCEREL O RITERCIRNE VN, BRI, RBEAGEAT,
Pesi Wil T RS RERAE LI .
B WA e “ L HE L TiEfE LyEayas AR
S e 3R

e mxE, WHE  WEBILHE, AR, AR BREMITRE R, ZRAMIA BRI

AR BR M, AFRE

s i, H#EH 2T/

AR PEET YIS EAR AR

ERCIL S

LNG 1E R iz b i F ) 18 TS RE R, Ho4
AR 2R T AL OB B R 48 i 5 AU B K B
MEABREARM L, B 5%~30% 1) 98 HE &
J1o A LNG BREHE . ISR G E SIPLEH AR
LR R, AT R T H ek =i . s
PERESETF B i i AR R A AT SR g 43 2
SR B SRR 2 . TN BEIR A SR AR
5 T S R e, AR TN e 1R & AR 1 & S L
BE%iF . ULISHNEY VY #5078 T AR /0 0 K

SRS S S AL SR A R e e A 1y 2 i L
il o AR IR T/EMBUR R K BB, $82 KRR
Hh A TR B 5 T S CO, HETI & N B 6.8%. AP
S AR — B NI R ARSI BUR R & Bl L
LEFSE T WUR S RO K S HLE BE AN B HE LY 52
Wi 25 R W 2 S S T g e AT S I S
I, AL 2 R e R S HLAECR, AR O, CO,
AR HERL; T 44 i S 5 TR, n] SE < 28
TR, SN IR AR B E, e 1 R IR R oE e



8- (LR N T T

H39EH s W

e, R = A Zh AL, ik B Y e 5 1 E ot
SRR T

FHEs FH PP B2/ S SRR A Bl AL R FHRT N LIS 5
W RGE, A B T b co, HEL . AGARWAL
2PV R e b 1 3 ) R G AT R BB R, R AR
H R ST AT O S AT S S 2 (i
TMEFRVRTE 1), ASKASAS [R) &2 shlL 6 for T e Ak
TSRS . 75 9 kW R H M T, HEEE 0 30%
PSR N R =7y S 1 D0 i = B S A S SR
Aty AR X r] 7 ok Co, HERL, 1 # i 80% i
i PRI A G, S fE— A R
3 1 B /ST OBUR L K L L, DF S T A
T AN [ 47 e SR AR R0 & S MLAT 0S5 S R T
THFER A BIARCR W R A, 45 SRR
IR AT T, A 05 S AR T R bl P AR L
5] ) 5 2 AE AR IS BB /DN S [ T A AR
U2 51 18 n i W A 025 A v B B T B AT 4R
T, R AR B B3] ) 385 o 380A %0056 A T
FE2 S HE AR BE BEAIR, AR A AR R T,
HETT I CO, HEM . TR ZERE I 1, Wil K2
S5 Wit e A BT R A A IR F A VR 2k
o F B R TR ST, 52 A T PN £ HCES
FH 2 T oSO R ML ek (81 3), TR & THEFE R
TRURE AR 2 B AL R -5 0L Pt i R P B R
P T S AL R OB IL ) S e | IR
Ja s, PUEBAR . Bk EBARMES . M AR S
TE T G AR LAY, H R AR T 38 70% LA L,
JET 2024 4 7 F 52 U AR R IR S AL RE I
iz

A S IAE S AT AR RRRE, B oS
AN AN DT R G W AR, HR b e 5 e
T2, AT X T S8 I AL A7 A/ N R B s R ]
SEEURBHEAR, WHEE 71 1T 38 709%~80% . HE Ik
Ei AT 4 oA S AL A B il (HVO) 0 g I g W TR

3 HBEIES 2 600 t R EEEH 11 AR AR
Fig.3 ZEME 2 600-ton class methanol-powered ship

(FAME), T HVO B4 IR AL REVE 5 i H S
FAHAR, WA KL, AL R4 L
fdi FH; 1 FAME 76 i F i % % sh AL . ekt i
R WRRHI HEATIE 2 ik i Y. ZAPATA
MINA 257V BFE T 18 R % shbL b 4 F R ] He
510 (8 A e e S TR 5 ST TR B VR AR, IR
il TARFNRA BT BB A R . FR A
B, BE A A S AR IR ORE TR L B L O
CO, MHER R Z 00 o AR S AE a3k fiiis
U EL B M, 2023 47 2 H, 35 RES A BRA ]
AT 32 A 2 U144 T 309% A= MK kH(B30)
IRAY; 2023 48 8 H, tRm A Ak T4 BRA F
[e) J1) Uiy YA Ak X 25 4R 42 T ISCC-EU A IE 1Y
B24 A WEHIN; 2024 4E 6 H, Ak i AR
IR A7 B FIFET N A oz Vg3 H00% A A AR 72
BT R FLAS 0 B24 ARk, S T B A
SIRAR T 8 S R FH o

FEF AT P A A R B A= T SE B CO,
FTHE . 5, E B R B RE
FoE o (B PRUBE [ A (—77.3 °C) i A M i s 98
BT B R, SR, T KRR, Ak
PR, N B S B ik e ™. MORCH 257 526
T, ai GBS 1T i R AR E AR A ), 7E
R ENHLIEE 2 000 r/min T, R 1 400 % 2R RHE
Bl TR K BB TE BEff FH HR BSR R TR, -4 W
W% 5 VR S A B UK o S R ANAE R AR L 15 1 1
HA S Y5 H0.88~1.15 A4 3 [l PN A5 R W oy, &
MR Z R e A S T Az & shHlizdT .
YOUSEFI 25 75 pu s # CI & sh#l i R T S
TP RN A 1 5, DEEE T /AR
PRSI Mt 5 1E B X & hAILMERB I sg i . &5
R, REWTE AR 40% S A8 55 1 i
T RER S Al e AR A I, B CO, HER
Wb . ZHU 2 5 1 B BT 5 K R AR —
PR R BIALEA TR e W05 S 220/ 5% Tl AR e 118 il e Vs
1, BhoR 25 K R, M A R A/ T 40% Y,
CO, My HE e Fifi 5 22 AR BB I InT BT R o
T S0/ U R 22 4 At A7 VR XE R RE 2 25 32 1Y ) PR
P, HRTZBORHMGE T/ D)%, i . 57
BREAE W 5 R AR B T AR A BR A /T 2021
EBEAHEH T & B/ 7 100 TEU 834 A i
R, K& iz A7 BR 2> w14 9 20808} 23 000 TEU
LR MR BE T O 28, LA B ks [l s At & A 1 U0k
B, T FE R T 2R T T Re IR AE Az



JEBHERE SRR HE G SRR 5 N R F 5 9

o 4 7R AR T R

HL Bl HE 1 AR AT AL Ge ki sh 1 R G e ot
W HERL . MR | BRI, BOR & LB
“ORVEN R AE)T T BB . 2015 4R, Rk
— 8 4fi i 7 9K B 1Y & s JERT MF Ampere 1E 35
o ZARR F3h I AL 2 35 1.86 MW h, 10 min
PRFE ] S PEE B 360 44 36 & o R BBV A
M0 S Ak G S P S . R MR AR T, VIR
% 542 ‘2 B MS Roald Amundsen 5 it & T KAl
FL 32, AR T R 2R RS AT b 209% DL L A Bk HE
o 2019 4F 11 A, 55 E K ¥EFE A2 LS 5 1Y
Carolyn Dorothy 54> H3, Jj #i fiy, 4601k 1 % H Ak
AR e Sh AR T AT . FERRIN, R T T2
LTSS | WA B R, T8 A T [T A A 4 A
LR B Ve /N RABAE B A SE I sl i . H HE
i B A 1A 5 R AP Vi B A T & 0 4l H Bl B
Yara Birkeland 5, IE K25 80 m, FE 24 15 m, AL
o 7 MW-h, 204 4 103 TEU, f5e KAk o] 35
1375, T 2021 4F5¢ L s Mgk, e 3L 1 f sh A
FEBARERAZ T2 T 7o FR B BE UR L Tth
N ARG CTER B E T PO K SR
Jai o TEZ AR, B % 2024 4F 6 A, REC 8 1
7 3 11 205 v b B0 g A A0 O I 440 8, B A
RN 4 F S G T fE “ KT =l 1 S5 il & T
7 500 kW-h [ 755 75 5 HLL, % ERe T S — 8 5
BTG Y BHER AR B A s . HE
Hez BN St 1R s PR . 2017 4F
11,2000 t 2 (% 26 H Zh BT S TE T M UR] 361 7
AL, 202242 A, HLBTEMT ML 1 5 ER AL
B IR RS AR A 2R E R 1 HETEE 3000 ¢,

FT A IR AN 20 RGO E RN
FCAz M AR Y () T B PR A . B OR) SR MG 5 AR
KT 2009 4F42 3K sy “ R BRI H 7, 15T
TR A AR AR R TR IR LT SR 2
FHARE R, 45 R R 30% A HfE R BE & mT A XLRE
Ao TE 2010 4F 3 H, F LAl T — 22l K
BH BE 3K sl (0 SUASE, 440 < RRERKPRBE” 5, H 14
TS 50 N s uE T OK FH B MR Y 58
Wrflo DEAN, MK BN 31 m, FEE 15 m, HEK
ik 60 t, AR T A 35 500 m” &5 ROGIRES
FEERZ FHOC B G B0, AT AT AR S A A7 1Y e i
AREEMUAT 3 do S XUAE 55 K BH REE M A0 N 45
Sl HLA PR BE At e, R ER T A A A A0 A AN
i SRR R 4l Bh 3h 1 SR R, SR R e A

F o DR, S XURE A FH 6 A0 R ok HE 5T ik
WALTF 50%. KA —SHERZHEEAMER L
SEHAE . 2050 4R AR A FRD
2.3 ESBEERAR

A0 R A Al 4 AR A W WA/ o S
CO, 775, e PR ] 43 A Ak 27 W WA/ B | 4 PR
W/ ot ke (728 IR B AR e W) | PB4 vk (&1 4)
Wy B IR/ 1S T CO, ARG g A, B
HRERE . BRAET R PE 3 o ) B Tk i A (R
ANNELT 5 -9 I BV (TR kb 7/ R R g 8
MTREL CO, MERCFEREAL . fb2=Wfok & Bl
I e )2 B R SRR 22—, SEAE AR AT ¢
MR AR B AL BREE 1 A I ) Tl 1742 56
TSR AL T SRR & B S5 A7l CO, IHERY i+
ARITZE, HT AR AT T

T
— > 5

e
Wl é g KEkiN 2 iRy

GH CO, =
® s Co,

----- (TS
[ TT1]]
[T [

| S ———

N
~CO, eN, =0, CO, 7 HERS

B4 ARAAESERIEERA
Fig. 4 Ship exhaust carbon capture technology

A0 R AR R A Z IR TR = A R 5
WLAT 2 A B, 75 /NS IR e R
(=1.5 m/s) 1 KB RIS RRAE . BLAh, IR <
CO, 53 FEAK (3~5 kPa), TAfaf i K, 7RI Bk
ACTBE BSR4 R T 200 R A5 o 25
T ST R R ERARAZRBE. Y
MIEA R RET =KL m: OF LiEHT
FiFe A0 & Sh AL <LV K I 7 PR 5 1) e M g CO, T
W @ J 35k F B £ anf 18 2y 1A 3 I 1) i RUfIK
FENAR R AR 2 T 2R AT ; HELE T M |
WA . PO RS IR S bR e . H AT E N
AMIFASAR AR FE 25 T L% 40 B an v AN 4
A BR 2 Rl 2R -E —— W58 i (LA ki —



- 10 - (LR N T T

H39EH s W

— 7 )7E 14 000 TEU KAV AR M 52 1
AR AE R 40, (8 CO, I, 438 . 4 . Witk
KAFREETRE, I LT S B 4 AR 1 3R, Fili 347
WIS AE 4.4 J7 to SR, BUA MBS I AR B R A i

e AHT R AR AR . REAE M 55 LA B A S A 422 5
0T A SR v S8R E e S . S T SR
XS, BT K R RESOR 5 T AR
HESI BRI RE— R

R4 MRESBHERSEHRAK

Table 4 Current research status of ship exhaust carbon capture systems
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Fig. 7 Coupling of low-carbon technologies in ships
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