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An Empirical Study on the Change of Performance of
Diesel Engine and Operational Economic Efficiency

after Installing SOx Scrubber on the Ship

Bae, Jin Gyung

Department of Offshore Plant Management
Graduate School of Korea Maritime and Ocean University
(Supervisor : Prof. Kwon-Hae Cho)

Abstract

As of January 1, 2020, the International Maritime Organization (IMO)
implemented a more intense sulphur oxides emission regulation that
reduces the upper limit of sulphur content of fuel oil used in global
sea from 3.5% m/m to 0.5% m/m. Therefore, ship owners are choosing and
implementing the most optimal method for reducing sulphur oxide
emissions for the vessel in consideration of the type of ships thy own,
age of ships, and the navigation area. In particular, the existing
ships have been found to be most beneficial to install scrubbers, a
type of desulfurization facility, and the ships installing scrubbers
account for a high percentage. However, up to present, the reference
data of ships equipped with this facility is limited and may face
additional costs or wunforeseen problems due to changes 1in the
performance of diesel engines in actual operation, so it 1S necessary
to collect and analyze data from the beginning of the scrubber

operation to verify economic efficiency and safety in the long term.
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Thus, in this paper, 1,000 TEU container carriers recently installed
scrubbers were selected as target ships, and the performance changes
including the fuel consumption rate of diesel engines were considered
based on the actual data in normal operation condition, and empirical
studies were conducted on the economics of operation based on the
current fuel price. It has been confirmed that there are no degradation
performance from the retrofitting work due to the environmental factors
that the target ship carried out the scrubber retrofitting work and
major overhaul of the main engine at the same time as the docking
repair. but the results were confirmed, such as a slight increase in
fuel consumption due to increased electric power requirements and an
extension of the payback period of investment costs due to sudden
fluctuations in oil prices. In addition, problems in the early stages
of operation were analyzed to predict problems caused by long-term
scrubber operation, and it 1s expected that this research will
eventually serve as basic data for economical and stable scrubber

operation for the ships equipped with scrubbers and ship owners.

KEY WORDS: Global sulphur cap 2020; Existing ships; Scrubber; Diesel engine
performance; Fuel price; Payback period of investment costs;
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AlA A E

E A% IAAI e a7t FAVIT " AGETFEAY] AFHo

2 FA3 Ha SARS HEY JledAe AR AstEa ok 20159 197
! 2 tAstE gl @A (Paris agreement)S AAgdo =R A
AAE B8RS, U= def, &4 wWiETF A, A7F2d3t g 7| S|

A Z=o AR T gk o4 Frjet HEo] kel uj7]
Zb2eol 23 FAEEGOx), A A&4SENOy), fAHsteA(CO), olithstera
(COp, Ad(soot), ¥xI(dust) 2o LHE=HA=E I3 ti7|sd TA7F &7]3te
Ax ZAA FAZ GHst d7]dl sl #E ZokollAe e BAA
o = Bty sfged HES fd A A= =2 FAE Absta =%
HA 8] o] sfof sl= Aot
£3|, A AL7]7+(IMO: International Maritime Organization)= 2020\ 1€ 1¢¥
FE A ddbel A AAEEHE A5FY & FFF AT e VE AE
g 35%01A4 0.5% colstz Fole Aul IzistE wlE7A 3 eKGlobal
Sulphur Cap 2020)& ]38 &}53th.
o] ek 20161 3| Y34 R 59U 3|(MEPC: Marine Environment Protection
Committee) 702} 3]ojo| A &1 & 3 4ty #oke] A7) B3 HolA AHAZ
X‘]

et 6*7}1] 0133 /\Woﬂ e B2 =] A=, =4

e AFEE 0.5% °lsh e ASHAVIAING) T2 A
3 (EGCS: Exhaust Gas Cleaning System) A2 x| & A

A
o] Jbsgor olejd tekg AMuke] Mgl AEHoR ofFA Yrks
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ol Htgdd A= Helth

Table 1.1& 20179 % 59 7|02 &3}

53 A% 109 wwke] YEAFDr} ol we Aube sgem AXsE 2
ol 14 AAH tAYe & 5 vk ®mR, AR F Mol AAA o]
HA= 238wl a7t s i8] MA 71 o5 A3l met 7H4 JA 9
Zo] ol & ARFHe BrhdEo] A ogk Mo o & FFo] AL ¢
T UTH2]
Table 1.1 Optimum alternative of reduce SOX emission(2017)
Factor
. . Investment costs Payback period of | Optimum
Case | Ratio of price : i
of Scrubber investment costs | alternative
(VLSFO/HSFO) :
(standard:price for 2017)
1 140% 100% < 2y Scrubber
2 120% 100% .é 5y Scrubber
3 130% = 10y Scrubber
4 140% 200% < 3y Scrubber
5 140% 300% < 4y Scrubber
6 120% 200% < 7y Scrubber
7 130% 300% = 20y VLSFO
8 120% 170% < 7y Scrubber
9 132% 200% < 8y Scrubber
10 120% 180% < 7y Scrubber
11 128% 200% < 8y Scrubber
AFAFE Y 7 FAL mEs AAY BHS AYsigen dw 7}
Ao| WEsle A5, #d Avle) sHHe] WESE 49 § Udd W5E A
&ate] BluwPA T GA S A5fF 7HE A= EGCSE AX|sh= Aol A
Fal 744 050 5 Lo A F Akl

Aoz Rz uvh UTH3L o]d wat &
=, 238 8¥(SOx scrubben)E A X|3te] At

1) WeAS 1 27z i ARibe] ZI7F B of Zhashr|bA|e] 17te R Muto] Ao Zixy
B A 259 S gAds= APgat

2) EGCS : Marine exhaust gas cleaning systems(often referred to as scrubber) remove sulphur
oxides from ship’s engine and boiler exhaust gases. EGCS is composed of 3 basic
components (D A vessel which enables the exhaust stream from an engine or boiler to be

_2_
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intimately mixed with water @ A treatment plant(washwater treatment) to remove pollutants
from the wash water after the scrubbing process @ Sludge handling facilities(Sludge must be

retained onboard for disposal ashore).
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A2 238H Y Jle IF

2.1 A¥tre] diz|e9E4d WA

AR, AAA, AAAFE, odF, AF T A AA =FF] 80% ol/del wid
50,0004 Hof Est= Auts Fal &FH JuHE] AutelA viEEH = 7]
LAEHL ¥R Fg. 217 Zo] 2&F 33 EZ(ODS: Ozone Depleting
Substances), #HA4Fs}E(NOx), F4FE(SO0H  YAFEZPM:  Particulate
Matter), #'&4d #71834=(VOCs) Tol Ao, IMOANA e gt HdHto 2 RE
29 HAE A% =A1H KHMARPOL 73/78: International convention for prevention
of marine pollution from ships) H-<4A4] Vie] Mulo 2 HE ] 7] ®Ad

@ ol me FAE

Fig. 2.1 Air pollutants from ships
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2.1.1 &3 93 E2(ODS)

LES FHEHoT LEFTS FAE oF 100o9F9] spetEA] A4k ALE
ZAE 98] 19899 1€ Had REDS AADNA AHojH EAS ou i)
Ao zRE 15km~30km Eo]9 HAFHo 2E0y9 =7 =2 e &
E3ol2} s, AsdoA ALl o3 zE2rtx sozRE Z2d A 9
A7F A (2.1 B A Q2% 2L dERtEe Tl LTS sk "FTHel
Cl+ Oy~ ClO+ O, 2.1
ClO+ O- Cl+ 0, (2.2)
FEL A2 0;& g Cle oAl B8] t& 059
o2 032 Edlgte Aelth A=, Hlud &% oF FAHE AEFH
= I}

QEZ BT} o] 2o A o] I

2] 9] §‘rx1i AHEEE 80l 2EFS A0 U w2 7HeAol ‘Rl =
Aol FE53547] AZslAa 2EHS AAA 5 FAAJ] =9 F53H7] Hs
IMO+= 1989 10€ ZA A665(16)F Heslo] AubolA 43} H2o =2 ALE

He dEY A ATS 4 AR ST en oF dES XTI
Z B EA g == A 7|9 gzl dig A A

A OEAS 191 IMO AN7E F3] oA AAgE ARk 719 ti7] 24
gk Ao A71907 w2} MEPCOlA AM=ZL FEAE FHISH| H7HA]
Table 2.13 Zo] 2&F FA & g A =A4E =

3) ZAHEAL o== gyEA A3 ZEZS A Montreal protocol on substances that
deplete the ozone layeneol™ Q&F& TIste gEHY AiF ALFAE FASH]
3 A stAdEo R 19873 9€ 159 Aj=EE o] 1989 1€ &=t UN L= 1977)
o] BT FoJste A g7kA Fosta ok

_5_
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Table 2.1 IMO assembly resolution A.719(17)

Material Measures for prevention of air pollution

1992 11€¥ 6 olFo AxEH+& Ao nAAWdE4, odojd g
CFCs ddFxe Ax Al CFCs(2E33 FAjdo] R-119] 5% o)<l
CFCs) A& =4

1992:@ 7€ 1Y o] %o HxH= Adbd HXH

29 A FA. &, BFH A9 WFo HFHE ASE A9

o]% 19949 10¥ 1¥¢FH TE &3EHY ANEE HAXE HAHFoE FX
3l Al 2710] SOLAS Reg. 1l o] F7}= a1, =3 MAPOL 73/78 H-4:4] Vo]
F7FE A A2 R A Ao 2 HE 2EF vy EHo] IR HiEHE
Y & YEdS TN A2 AnlY HAXE FASE AAlsde] £3
A, 2008 10€ MEPC 58xF 3] eojo|A &3 &4 A2 FAd that
TAs @ 9712 Table 2.2} 271

Table 2.2 MARPOL annex VI regulation 12
Regulation Subject to regulation
- 2005 59 199 o|F Azxd At
HCFCs °]9]¢] & - 2005 59 199 o]l Azxd AHte] -,
U EAS 3t dutol] Aule] AlekAd Fr] Lol 2005 5€ 19¢
Adulo] HA F4 o] &, AlkAG F7] o] e AF Aol Amle
AA 717k 20051 5€ 199 o] ¥Rl A5
£ 2020 1€ 19 o]F Azxd A9t
2020 1€ 19 oldol Hzxzd AMute] A
HCFCs7} mabs Ame) | coc0e 1% 14l o
M3 2 dutol] Aule] AkAd Hrl dol 2020 1€ 1<
=T ol%, AAG g7l Lol Y= A5 At Fmle
AA 7171 20209 1€ 1Y€ o] %2 A%

MAPOL 73/78 ¥<4&4 VI A12 7R AMutoAe WxEr|e] H3Edei
(@)

(CFCs: ChloroFluoroCarbons, Z#<7}2) o] 9@ A3A8 TEI7}A 5o

4) MSC/Circ.599(New halon installations as being of essential use)

_6_
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£ g EZe Hed x3o] HH, CFCsE tiAsH] 4d Fa3dsiEsie

(HCFCs: Hydro-ChloroFluoroCarbons) T=¢t 10% A Xol”7]= 3FARF o] HA

Ch &2 7ML Qo] 2&F =42 E7-H Atk HCFCsel thA)

2 MdE F=4AE3EAHFC: Hydro-FluoroCarbons)= 4 o

] 21 4=(ODP: Ozone Depletion Potential)7} 0] A9k, =] &3} 2] 5=(GWP: Global
o

Warming Potentia)7} 2443 & 47 ~8tE EAHES 7R Ao
T3, LET A =EH olE et = AMr ARterRE AlAE
o AHZ FEAEE QIEFHoor Ity fFAStL dow, oF AAEHS

2.1.2 A433-EN0x)

NOx= A9t Aoz o] R0l 3igt=2 k8T NoO, NO, NyOs, NO;, NyOs
TH EAT NOy7F A8k, &7 Sl 7 Fa3F Feola thr] g4 ol A
A7 2 wE E2Ast= NO9 NOE dutd oz tiz|ed SHoA dait
st=olgt 3ttt 53] NO9F NOx= A5 di7|Q] th7rde Fa3 LHd=d=A
LAol A F3lst ~2ra7F A% ol F&5S WA HIoh

—c(N)O] 0, =& 02-4 E%LE FE 298 AMAh A8 1202 §hgsty

NOx7F A= H, NOx Aol #AsteE +8 A+ A4 &5, 449 =
s 9 di9 A& AR Fo] k. daAoA ¥EE HAHo] APH= F
k2 (23) ~ 259 2 b 71E wkgEo] YA THE]
N, +0e NO+ N 2.3)
O,+Ns NO+ O 2.4)
OH+Ns NO+ H (2.5)

NO= &3y F 27| A H= NOxol 90% o< AAsiH, wks 3
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A T €5 NO2F NOE AAstet 424 NO¥9 5% 1% B=olth NO;
NO &%=7F 100 ppm o]/delal Oy7F &8t =7 1,L100C o)<l 4
20X HAH Aol Zhssith ti7]1E HEFE NO7F A& 9) wh8-&lo] 2244y
o] NOE AHtE]7| & 3tH, A& o)t NO7F NO,E F4ks) 7| % 35t
7] ZollE NO2F NO.71 &4 gheial.

ol

ALFAgol A YAHH NOxe AL} §Hg-3}
At 2 (2.6)3 o] NOy7t Sl wk-3-&hH
NO,oll Al B& =31, 2] @Q.7Nd & 7] =2 0,9 Adste] 0.2 AyAdu)

NO, (33}8tig) - NO+ O (2.6)
O+ 0,- O 2.7

5
Atk 2 (@2.8)d A2} Zo] NO,, 0 @ VOCs & A,
ol M & (PAN: PeroxyAcetyl Nitrate)s A3t w& AF3te] AHS HASHA
"oled < Qth. 834 CHCO-OONOE 7] F9 279 374 de
AINE A3, o]8 ZadAdg 2y ~naety B2

NO, + O, + VOCs (33 3}38t kg )~ CH,CO— OONO, 2.8)

MAPOL 73/78 &A1 VI A13 t2lolA = ©d 7]#e] NOxo| vi=To] A
] Well A e A5 dAd 718/ &dS FAst o, Ald 2ol A
v Aol AHgHE AEF & FaEFS Addsta Uk o, A4 FZFA o)
13 72 2 A4 2 eA 275 = A3 F5 oY axE 7HKgd tiA
Hol ARES F&sta Aok ol wel NOx WiEd A= wWi7]7bs 34 ¢
%]l SCR(Selective Catalytic Reduction)®} EGR(Exhaust Gas Recirculation)Z,
o & i A= w77k AR 2Tz BESAZE 5 QlTh

o 2

o

¢

re
Jo

=
NOx WMiZTAIE Aufel MAHE g4 7o Eo] 130kWE 2H8AL

2000 1€ 1< o]% F83 7=x7} o] FoA= &Y 130kWE 2Hst= AH

& U4 Jwe] Hedt @, TUA £ w4 247 5 ugLoR g

A
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g B O JHelE AEHA gor, A4F Wol AT SFss Ak A
e g FaHol A NOy AolHe agwsth A= Axd Aol g4
NB o AxTh olRold T Awe SR A4 Ao o8] AxgA
o4 NOx 71% =Eo] we PAE AT F Ashl AzAUths A

= A 7] 2 H A S A (EIAPPC: Engine International Air Pollution Prevention
Certificate) & 'Tg ol Addtol] Hysfof gty I8la =44 s BE A=A
o AgstA Aure AxJtteE A o7 29X =S A (IAPPC: International Air
Pollution Prevention Certificate)g g Rtolof stal, F& 7]ZHGWE)EF AHt
Well BsfoF kot

IMO+= v Ax A7) 2 9 X9 w2t NOx AW &S Tier I, 11, I
2 FEsta vk MARPOL 1997 oA A7} AHgHE GAel= A 7|#egR
o] NOx WiE&o| a3 a & 3 3xr7F 130 rpm 7|9 o= 17 g/kW-h,
130 ©]4F 2000 rpm P]¥FY wjE 45*n? g/kiW-h, 2000 rpm ©]AY W& 9.8 gf
Weh ol =% e7stdou, o8 &7k AudA &F4d 7le 0] 14
o] 20081 MEPC 58%F 3]&jo|lA Tier I Xt 15%~20% =<1 Tierll 71<&,
Tier [ Bt} ¢F 80% #AAAIZl Tierlll 7]&S vlAT

olof wg} 2011 AHE AZREHE= Avte mE | FojA Tierll =&

m o
e
I
=)

of 3}a1, 201613 19 19 o] Foll AxHo(&Z A, Keel-laying 71%) &35}
A HE AuREE dut oM E Terll 2, 0] 2 v]= 4Rt W&
A3 J(ECA: Emission Control Area)ol A& Tierll &g wEsjof 3o}

b2 20219 19 19 ol %o AzEo] £&ahA Hi Aure we 2 2 &
o] ECAIAZHA Tierll %< wEsjof shei7),

NOx MlZ@e TiA 7|#e] edowny wWEd NOo ABowiy A4t
™, NOx wl&=% A|$-x|= Table 2.3 2 Table 2.4} Zo] tA 7| A==
zo] B9 sl we TR
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Table 2.3 MARPOL annex VI NOx emission limits at global sea

Total weighted emission limit of NOx
n = Tier 1 Tier Il
AAE e Ame oA 71% Mubel] AX5E Adurg O 7)#@
n<130 17.0 g/kW-h 14.4 g/kW-h
130=n<2000 45.0xn""? g/kW-h 44.0xn"0% g/kW-h
2000=n 9.8 g/kW-h 7.7 g/kW-h
Table 2.4 MARPOL annex VI NOx emission limits in ECA
Total weighted emission limit of NOx
n = Tierll
rated engine 2016 19 19 o|F AzH 1 2021 19 19 o] AxH 1
speed Doyl MEFANG 2 WF | LY HESFANG T B
At WEFAsNG S 23 o HErANge 23 o
n<130 3.4 g/ki-h
130=n<2000 9.0 xn*? o/KN-h
2000=n 2.0 g/kW-h

2.1.3 #43-&(S0x

P aste] HPER of
om,

L —

SOx=

S HHLS04), 4HHLSO,) 59|

2F3F8HSO,, oFFAE2), AHAFEESHS0s), of
A2 (Cu SOy, A5 (CaS0y), A4k

[}
A

1 0MgSO) 59 B4k Fol TFHU I LABIE MY F2F AR
£ S000m o] BAo] Tylede] A®sh Brh SO AAHOR HABEo
oa) BATIE AAT, FHEH, AR AZTH, 434 - FrEy L A
Ak, FF A&, A/NEAY SN WA, F FH FHolU F¥ARS
Aol o3 2191HQ WlZo] FH Ao]TH]
Mure] Zrlgoz AHgHE A% U4 /Be ABfe F Rl 27|

- ’]0 -
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S+ 0,- SO, 2.9
—0y - SO, (2.10)

olHT AaFAHoNM HAdE SO9 SO;= WE 95:59 wle= wjEd 0]
AN BAHEHE SOxe= i SO.01H, L 542 Table 2.5¢
#Zo] 25CoA gall=7F 85mL/100 mLE =o # gajl=w EapeFo] oF 64.1

Ao AFH7} gt BAY 7hAE, SOx FAAE 13 geddE do
[e)

g
o
By
2
b~

o
1

Z1th.5. Table 2.6 SOyo = <QIAY HX&= FaFS Yl dom I3
5 oldolA HA 5 ZIBADS FEst A AN} FFES = F U=
A9 2ed=4doirlll

Table 2.5 Properties of SO,

Property Values
Molecular mass 64.1
Boiling point -10C
Melting point -75.5C
Relative density(water=1) 1.4 (Liquid, -10C)
Solubility in water(mL/100mL) 8.5 mL at 25T
Vapor pressure 330 kPa at 20C
Relative vapour density(air=1) 2.25

5) ILO International Chemical Safety Cards (ICSC)

_']1_
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Table 2.6 Effects of SO, human body

Con%gggl)ation Bffect
0.03 Increase in patients with chronic bronchitis
0.1 Show asthma symptoms on contact with cold air
0.24 Increase in patients with acute respiratory disease
0.25 Asthma symptoms during exercise
04 ~ 0.5 After 5 minutes of sever exercise, symptoms of asthma
1 Approximately 1% of local residents have asthma symptoms

A=t 5 SO 759 944, v, AEF T gA SoF 4 21D
I} o] kA S w= HSO3= AYAd et

SO, + H,0 - H,SO, 2.1D

o] % H,SO0s9] 4ts} = SOz9F &9 Adtel 93] 24 (212) & 2 21334
Zo] 4Nl E FistE HSOS WHEA o)

H,50, + %02 - H,S0, 2.12)

SO, +H,0 -~ H,S0, (2.13)

AR = Qs Earv| 9} o TEEY AWl HA NI St kY 4
gL s H 9 E¢Fo A s A doXith

3 1559 SO0 =W 35 2do] i 4 glor, 53 H A

F o= 2t o

198730 MHAE HBsjR s gk A2z gAAH[ oA HFo 2 IMOSH

A g grled A7 A% YT 2HE foF Frre

i
flo
Al
2
N
-
=2

HA o] AAES AMelslAA, 1988 MEPC 263} 3] 2o A 2E Al 72 o)~

2 EAE =9 FA xFANIN7IE AAGT. o]F MEPColA= 1997 9

Yol MAE s ojoA MARPOL 1997 o|AHAE zjesle] Alulo g HE o

712 FAel g FEA VIE F7Eekaith o] &A= oF 89 321 2005
- ’]2 -
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W 549 19¢¥9 a=Elar, 2008 MEPC 58%F 3]ojox= o Zsle Ao
g g AT 2ol Ausol 20109 78 19 WEHYTHTL
A ol9le] sjefol A gatats Auke 2012d 19 19 Mol o
5% m/m, 20123 1€ 1¢¥ o]&&= 3.5% m/m=E A|gglom,
20209 19 19 o] FRE & Mute] dufz 489 BHoR Ay nE- o5
CEa %0

5% mm=z WA Alddstar At

Table 2.7 MARPOL annex VI sulphur content limits of fuel oil at global sea

Area Sulphur content limits of fuel oil
20123 1€ 19 A 2020 1€ 19 A | 20209 1€ 1Y o|%
Global
4.5% m/m 3.5% m/m 0.5% m/m

Table 2.8 MARPOL annex VI sulphur content limits of fuel cil in ECA

Area Sulphur content limits of fuel oil
ECA 2010 7€ 1€ A 2015 1€ 19 A | 20159 1€ 1Y o|%
1.5% m/m 1.0% m/m 0.1% m/m

= A]—%—%HO]: gty 22l ECAAA 33t Aute ARH wd AAA
(Fuel oil changeover procedure)E Autel HIX|3laL dld Ao o7k A

[e)
o
T o] FHEHIA
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Uehfe, o213 ECAE &3 3o 4 ok

@ EcAs (Emission Control Areas)

(| Giobal Sulphur Cap

Fig. 2.2 SOx emission control areas

Fig. 2.3 MAPOL 73/78 <A VIe] we} NOx ¥ SOxo] A7t o]d) A]7]<}
AEH ARXE YeRA Zlolth

20

15 2
10 Tier Tierll
5

0

L]

NOx (g/kWh)

5
45
4 ——Global ----- ECA
35
3
25
2
1.5 ---------- (]
1 e B
05 .
o i
2008 2010 2012 2014 2016 2018 2020 2022

Sulphur content (%m/m)

Fig. 2.3 MARPOL Annex VI Regulation 13 & 14
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2.14 718} di7| 9 E€d

PMo] ¢ IMOoA &= A4 HA ¥ ds & Bd94 EH42 2 344
S 71 B2 FAHE 3 Qon, v A zyol o) B A =(CARB: California
Air Resource Board)oll 4+ 51.7C o]sle] 372 329 HEeo 3 9 wi&E
AE T SF TS A vl E(fines), #Z(dust), TSa(soot), H]Z~E(mist),

AF-(fog), 22X 1(smog) 52 e WEAHECE Aot 6l

SHA|RE dRkE o o] dadAHoA WEHe PME Z27]d= &4 ¢
Aznt FA3E A, w7] A A md-stea B SOx T Agste ©

ofg] eyl Aok Auke fA oA BAsE PME tEE ©35aA
Az EBgdARdA 7RISt diE S&fFolA TAGTH6]l. Fig. 24%
PMe] #A4<S veb ™, =A SOLESolid fraction), SOF(Soluble organic fraction),
SO, (Sulfate particles)Z T4 5o JtH12]

=

." :. I : o © ehal Solid carbon cores
G . (0.01-0.08 mm),
/4 f ol 4 ) agglomerate (0.05-

1.0 mm) and adsorbed
Vapour phase o} | vapour phase species

hydrocarbons
Soluble organic Adsorbed
fraction (SOF)/ hydrocarbons

particle phase
hydrocarbons
Liguid condensed

hydrocarbon
particles
Adsorbed b 4
If
hydrocarbons / ® 0 o gggéiaé:d sulfate
Hydrated sulfate
species

Fig. 2.4 Element composition of diesel PM

HiE5+= PM2 2 =2717F 0.0l m ~ 0.3 7} 7H8 wom A7 HA &,

_15_
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WEs Al
ojefoll = Adutel A Hf

1] 918
(CO» %ol

+

o] AFEA(precurson)z 2ZH-&-3hr

Al A A2 =
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G,;Hy02+(:c+%— 3)02 +ho x002+%H20+H,,, (2.14)

%, CO0 MEFE ALT AR Fo| Wt FPsn ATLeUnRE s
= o3E oAl EED. 19979 RaA VIF AR G Autel A ]
S5+ COe I ol vlugd Aoes olfE AY thidelA A=l on

[e)
o
1998\ A -] MEPColA A1Hte] CO; HlE &4 &A1 BAZo= 77| A%
stAl FHAo 2004d9l= AM 2AT7EE dlE FAld A F3E oA
Resolution A.963(23)= Aelste] Adute] =A|&Fol] me 247l wWEtAE
el 7EAds AAsAT
ERE 2009 IMO A= Adutell A HjE5H = 2472 S B} A5 Al

g3 & 2011d 7€ 11YEE 597 I BB A 7

N
rok
=
&8
g}
(@)
(@]
DN
24
ot
o

A MESE olisEae) Foz yehed, 9% 2 Jtad § uAE
ol Hokg ZUi@Aut ol A&Hol wE At~ MEFE Y 5 2
o AYEa itk Az Aol gl Auk FolA 2013Q 79 1Y o] F &2
AXZE AAEE A 1 el E
34, 7k2=A, fF2A, A, ditstEukd, WAsEWA S5
Aol tha EEDI/ Ag5v, 20133 o] F 1249 B9 10%% 39 3
tiE] 30%e 24d7kx A= &3E ZIdistkar ITHTL

g, IMOE EE &% At tsir = dUuAEZES SHAYIE dUuAEE

=
2] A 8(SEEMP: Ship Energy Efficiency Management Plan)2 A3&}a. it}
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2.2 F38E A 7€

v} A&+ BHFGD: Flue Gas Desulfurization)o] & w717} 5 £35 o] & SOx
<<r(absorption), &2Hadsorption), 4F&Hoxidation), 2 (reduction) < W&
183t AAsL HEr7t=~E dES Sl vEsie 38 =4 Table 2.9
o Zo]l FA9 Feol wet FARMIA AW, A AE ATHA o
A AR ERT 4 AvH14l

e

Table 2.9 Classification of FGD processes

. Treatment method
Classification , Technology
of reaction products

- Wet lime/limestone scrubbing

o - Dual alkali scrubbing
rowawa

| - DOWA basic aluminium sulfate

- Sea water scrubbing

Wet process - Wellman-lord

- Mag-Ox

Regeneration = Ciiraly

- SULF-X

- CONOSOX (SOx & NOy)

- Spray drying
- Dry sorbent injection
- Electron beam (SOx & NOx)

- Invertex process

Throwaway

Dry process - Aqueous carbonate

- SFGT (SOx & NOy
Regeneration - Adsorption (SOx & NOy)
- NOXSO (SOx & NOy)

- SNOX (SOx & NOy)

_']8_
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=
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=
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=
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=
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-
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s4 434-43 FAANM SOAA &0l 7HE F dFe A= HeEeE &
4 o] pHel L/GHI(Liquid/Gas, 71HuDolt}. F4¢] pH7} =okA™ SO, AAE
< S7FHAINE 34 o] §EF AshhE £ wobAA Ho dRbzo=w
FA)Absl wEA o] Spray type 42 A13]4-A 1 ZA o o o] pHE 5-64 %
olal, 7k AR W21Q1 Jet bubbling reactorell A& 3~5AHEE FAEHIL o
pH W3E Aste] kA7 ke FEstal, 434 o] &&E3 SO, AA &
&< VM FHow viavssshed f714kadipic, citric acide H7bshe
TAE NEEAJY. Spray tower oA 9] L/GHIE F7F Al71H SO, £&2 F71s)h
A Frde] =3s AT Y 227 AAA HER A2F 546 ReEE
= 247 LIGHIE A stoior gttt &3 SO, AlA E'%Oﬂli YEFE T4 *2
AA LIGHIE ZaA717] S A=7E AlGEo] $tew, O d8os Fd
]

AMElare d7bste] SO, B8 £7, LIGHNE Zarzl fEde $4o

X
Eloti
EN
|

il

(Saarberg-Holter Umwelttechnic) &4 ©
Ao o3 FFE A wA geve AR A
AollA sfdsloF & 71 & ZA 2

A Froge] AP 48T & Ux

=1 A
W25 destetal 18 E9 F3 o] didEHE FEY AAHE TteESS,
F799] pHE Aoz FA 7] A H7HA 94 54 ol AnHl4]
o]Z4%7)(dual alkal) FAHL 7|& &4 AFA-A1 FAHAA Ao 3
AL AL EARS 237 Y&l MEEo 19709t ZRE uoA A
|38 FAHoE F VIR &Y FFES AHEITE 4t FRYol, Sk
e T3 2 F8A &ZYE At SO Fastal, o]l 4 3]/4 3]
A Ze oE s AAFTAHA ARt WA ES AT AIZITHI4L
o]e} FASE FAHoZ DOWA FAo] do, Wellman-lord 33 %= Dual alkali
349 dFoF 1960 ol 33t nlg AYLrEoA TAEHE FS 35Er] 9
sl Wellman-lord Inc. o] 23] 7|¢E FAHOZ AHoes FFAZE ZEIT
o ARESIAATE 2Ad G A ARE FFEd9e A #E S
2R AT g st YEFIFEE nAst AREstal Aok 18y o] &
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48l 10 $(Mag-0x) BAE 19649 SUoA AL ATHAOH MgOH)y
£ E ol &3ty SOE F43ta WA E] MgSO; MgSO,ZHE SO
3l sk XH"@* g Ho R OgiREE sEddidd o]&FH da, PEA
= 3o =YEo] o] &= Ut o9 F
FAZA FALESF(Godium citrate) &4 o83 FA4Kcitrate) 347 34

o)
(ferrous sulfide) €88]E o]&3sk= SULF-X 34, ¥4kzZ-E(potassium carbonate)
SN 2o AL FES AFEStY SOE AAS & dAE IFE F e

CONOSOX &7 s°] €+ ol&=aL oy A 54 mded s4/NE
[}

of FAle 9A 434-Hagel 4 Al 2H o] st AaL UtH14]

A4 e v 28 FAolg wir7tAE Edolu AEl(pelle P H & Z)
Fo2 ERANI|AY 2L Hjr|zlze Axd ELFE o 4 WA =
g FHY FF REAE BARIY SOE §5, AASteE Ao wmdgd
o At} g A

& 389 i Yo 48]4(CaCOy
)40 Bz AHE A43(Ca0)7H
"W o)z ZaolojAl(ly ashet T 3
o

ik-g-sho] b d45(CaSO)E &8t =
21 (2.15) ~ 217 = 214l

7)o EF, AAS= Wb o|t) uke2

CaCOy - CaO+ CO, (2.15)

Ca(OH), - CaO+ H,O (2.16)

CaO + SO, + %or CaSO, 2.17)
- 21 -
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a3 1960 el AFole] AlRE o] FAL SO0 tste] o] &kl oF 2
) A= CaCOsE: FYll= &33a8o] 30% FEE Yol X3 0|85 v
AN o EAFCR Qe A&3 HAE XA I olF, oy /1A WHF

ATHIL don, T F HEA FPoEE

54 FAGNA BHBL o183l w717k F9 SO, On HO
= PEAA T amE B AW AL ATE B
2 Befolofrle] gl gy Avtet dTEUE Ty Yok
o EFEL UKL H¥T F2A

o] 5
(absorbent pellet)ol] SO,& F2HAIA AAS= M2 FHo] ol M= ATH

AL 243 s8gE 150T

o wAA e nE 9Fagol w3, W7I7kae] 257} 10C-80C FEol
7 WEel A FA Wax e Al b W, BFwZ(spray

o]9]o Spray drying J—Xqﬂr 712 dEle 2oy FFAE MU EF
(Na;CO)E- Y& AF-&3te] &
process)¥ SO,& CuO<} HE
ol a3, A 58 ALkt CuOE AA3= ’&ﬁ}%(copper oxide) &%

]

So] 9ot ﬁzvgg aHs = 9 ol FH=ES OMX AR} A3 7]E0]

o[o 0

_22_
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2.3 Aute] 23H HE&

MAPOL 73/78 $44 VI A4 AN AE F5 20| Bt W §S AFsha 9o
W, AT FBHS B REA o3 LTHE PEE AR, 717] B )
o) Aubo] A, ThE A, WADRE, 52 PHL FERE ASE A
8% % Atk @, o|PF TEEE ALY 9 UFHe] FAL TFH 5 2
SANM 8FHE A% 55 ool ARE AL e RACE @tk o]
e w717k AR sFewEs dute] BA sl@eld WEEE NOy,
SOx % PM& AZA77] 9% 714 A3 siddoz nyHch 2aeiwE
Wi7)7bo] £HE SOk NOGE AASY] A3k sl =

_/":

§r< e $24 238t Adxd stEd S ol &ste U4 239
W7E e, 4 23wl 14 2ams BF Al wiEs= v
7FaE APt Vw2 238 E S A3kd wrivtes dr2 BEed
238 He AW ek NOxet SOxE ¢F 60, 99%7HA] A A7} 7hsd AL
= dHA Aol

AAGFE ol &

ol

238 s S AHOE2RE BEHE SOxE £°17] 98l 19309 F-E AHS
Helow, Addrel 7% 19909 7B fFzEAS FrHAA HiEEHE w7t AE
ARt g 5H o2 HEEHIIT Aure] A 7oA Y EHE LHEH
T SOx= WHH-& SO0t SO3= o] Folxl 7t24 =42 F8AoH. A4 =4
HH = Zolu AAE ARESHA FARE Fig. 259 2ol A4 3m-8mm =
=719 #§(granulate) FEfQl F4EsZ 5 [Ca(OH).lS HI 717k~ =& A1AH SOx
o 318 W& Tl AATRT 14 23HHE wWrIVteE B SHEkA %
o} Wzt A 7] wj&o) Aule] EGE(Exhaust Gas Economizer) Zthol] A x)3}

r+

o
A Agd =] S[ARZAGCRIE A AHEE o Aok 2=y A4 247
W7l Adute] HEHE Ags 23 20 #4 =U9] Couple System ol

)
ol A4 23 E Agsta o, 744 gt AgE

U AAolul16]

Fig. 2.6& 124 2=32iH 9 A" NF=E epih
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Fig. 2.5 Granulated lime, Ca(OH),

Dry Scrubber System

. Control Cabinet

. Monitoring Cabinet

. Reaction Product

. Granulate Storage

. Granulate Pneumatic Conveyor
. Granulate Silo

. Scrubber Reactor

. Reaction Product

. Exhaust Inlet

. Exhaust Outlet

. Exhaust Fan

. Isolation Valve

. 3-way Inlet/Bypass Valve
. Exhaust Bypass Manifold
. Granulate Sorption Inlet
. Reaction Product Outlet

PR =
B W N = O W oo N O U R W RN -

—
wun

-
o

Fig. 2.6 Dry scrubber system
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A4 == eA SO9 SO;= 3 Feje] CalOH),9t ®b-g-3te] 253t
=2 AT o BAHE ZeddES 7] FolA AEE Iibde
(CaSOy) == 4 11(CaSO, - 2H0)E FAsk=dl, 4 (2.18) ~ 22003 22 3t

SO, + Ca(OH), -~ CaSO,+ H,O (2.18)

CaSO, + %02 _ CuSO, 2.19)

SO, + Ca(OH), - CaSO, + H,O (2.20)
184 BRE NEELS HITHOE SHOE HEE doF 3, F4 23
ol Hls| FEHrt 231 59 E=ZF BA] o] Adutele tiiE 54 23

HHE A g8t o

w4 238 s FAet gl mE ta Aol= led, R dEe
2ENA FaAlE BAANZIE FAe w17 ASEEA A7) 7z £
e T84 7h2’d SOxE &3A7IE Aol &, AR AE w77kl EAR
o 2X sehitg- Tl wiZI7k=E AYsiy, Z1EA] gehke2 4 (22D ~

SO, + H,O -~ H,S0, (Sulfurous acid) 2.2
SO, + H,0- H,SO, (Sulfuric acid) (2.22)

23 o]l SOxs &3l - 3/ 7171 Sl gutE o g2 sy FAATE AR
ot SOx7F &ell=W s Hd 42y =4 = 3z

Zeld =47 REgete] &3 FAES FASA Ha HFTHOE tiV|E u)
Z5+= W77k U SOx7F AlAR .

QA Aol AgH nkef o] Abe) = 54 238 = FA9 o
Z}Qloll uwhz} Table 2.105} o] /W& ~= 2 (open loop scrubben$} w43
23 H(close loop scrubben)@ F&& = Qom, o] F VIXE ZAE3 BTF
2~z (hybrid scrubber)7} A Th.
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Table 2.10 Classification of wet scrubber

Wet scrubber type Wash liquid

Open loop scrubber Sea water

Close loop scrubber Fresh water (with neutralizing agent)
Hybrid scrubber Enabled on both (S.W & F.W)

2.3.1 8 238y

FTAR s AHgSte JIWE 2Fev e A AEE ol oy
o] WA A 1933 FE wjA=gEe ojn] AREStA = WHO
ZFA17F pH 8.0~8.3, &&= 2.2 mg/L~2.4 mg/Lel A AL o] &3t} &
ste g E-(FE4Eo], HCOs)ol o3 pHZF A =M, o)==
CO7} ol momA AAEHE= Aol drbAoltt. s &9 FE4lo
Na;CO3 == CaCO; FHIE EA8HA =Hm, 4 (2.23) ~ (2.24)¢} o] SOx9 &
ol o3l LA E Fholo] Bto]l23 REZste] E3 B AE wEEo] 4F
AaRrt AT F4E SOxe FAHAoE A4FstE = ot

Na,CO, + H,SO, - Na,SO, + H,O + CO, (2.23)

Na,CO; + H,SO, -~ Na,SO, + H,O + CO, (2.24)

Ca™ o] &9 A$olx 99 FUS 4oz wgg)

webs EE 23w AT EZEAd)] Aeolvt 3o, SOx

FrESe AGHE d5e) Sd gdol we Aol Uik we AFolA
Aol £Eoh 50,0 wEe] WE SO, 83 =(solubility)E ZHshe] st W
4 & Ho mmste] o

A AT o] TR o2 Qs SO, &sll=
[e)
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, Ao dEo] 24E S0, S=rt FUste Aoz yElhgon,

A3l 7t Aol vl =& SOx AAEES ZHe A0 Z YeRRtHITL

ez Een 34

(12
w,\ Open Loop Scrubber

@ . Scrubber Salt Washwater Pump
. Scrubber Effluent Dilution Pump
. Effluent Water Discharge Pump
_ Scrubber Salt Washwater Monitor
. Effluent Water Monitoring
. 0il & Soot Separator
. EGC Residue Tank
. Sludge Separator
. Deareation Unit
. Exhaust Gas Inlet
. Scrubber
. Exhaust Fan
. Control Cabinet

Fe R« B T

o

e e
WM o= o

14, Monitoring & Alarm Cabinet
15. Exhaust Gas Outlet

| ' ™ |
@ OF LS b ®

Fig. 2.7 Open loop scrubber system[18]
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Ao ddel e olgstel WESE FHAYY] @R W FHA}
29 goks Aol Atk AW Hre dBe Aol REF AS He P
Aele eRY A4 SO F4 F pH 2AL BEAE Aol oL & A
54H0z SNg A5F Tk FEstel F3E A2 & glont, aukA of
Be A9 SOx ME 7 L MEFol e AL BAel BEsHE o] of
de + Atk B AP 23NE AT AP Y pH ge weA
shelshefof T}

W &5 = AlAS= IMO2 2015 EGCS A% A[Resolution MEPC.259(68)]¢1  t}
A=, PAHs(t}3F Wk ebsl<4=2), B (turbidity), A4Hd % 52 7=
2l Al 9 75 o] ThsdloF gt Mo A

)
BEA AT, A o]F P £ Fof A

)
£

1784 Aol mjEFel A 5483 pH Zol7F Ho 2 oWl A%
Aelstais Aol wilEF oA pH 65 ooz FASAL, Aol HA T

o A9 wlE A HOZHRE 4 molA =AHHE pHr} 6.5 o]io]ojok dt} PAHs
= FE HARY did o) st =HE2A AARAZ]HWHO)ZF A
A 19 4 =20 iA 5 45 Td=d3 AF SAEE T A 53
NZE& FallEAS FANT Aoz & BaER gol 25 EA54
A AE A A G e EARolE fEste 540 A EFE AASFe
AW 9<% PAH 5= £ AAS PAH =520 7|EXWNAS F3F0)] 45 t/
W-hed of 50pg/L)E ZFsiA = F HH, AZFo] FFol et T3 FF9
FEaE A&t 23y ZF Al PAH s%7F v H R FUHE &+ 3
on, o] Fd 12A1F Bt 1587HA] s&=HU PAH s+ 7IEX9 2HlE %
#$& F gloh Ad A& g=5 FY AAFY "= wmste 25 FNU

(Formazin Nephlometric Units) & 25 NTUNephlometric Turbidity Units) &
)

o9} BEF WelRTH A Yook Bk PHAA HEel AAES 9] B
158 olgo] sawm HARH ghe 1247 B 1587 sy A%
9 7le}

7}
v BA

BRe A@A 0%E 23T F gloh oo HEol Aud, AE 9
=4d= =

AE A Hal FAHo whe} 71E olshw HlZE oo ).
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232 ANE =W

A 2zemAA 157} SOxE M AAFT MEE, AN 23
ol At Fig. 287 2ol SOu& &3 - T34 A5 F5ol FaATL X
FH AW AAHFE AN, M £F Fol AP M9l wE
of A gt T BF IHL F4

Closed Loop Scrubber

1. Scrubber Cooler Sea Water Pump
. Scrubber Washwater Supply Pump
. Effluent Water Recirculation Pump
. Ol & Soot Separator
. Alkali (NaOH) Unit
. EGC Residue Tank
. Sludge Separator
. Deareation Unit

9. Washwater Cooler

10, Exhaust Gas Inlet

11, Scrubber

12, Exhaust Fan

13. Control Cabinet

14, Monitoring & Alarm Cabinet
15. Exhaust Gas Qutlet
16. Bleed-0ff Treatment Unit
17. Holding Tank
18. Effluent Water Monitoring
19. Scrubber Washwater Cooling Monitor

L T = R T

= e e ey o a0 e

T=--

Fig. 2.8 Close loop scrubber system[18]
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2, Ay 2ol S5 HHAESE sl YL e BHo
=9 AR SOx AA ASHE FFE FAE As) FAATL FolHy
F2 FAHIEFNOHE A§3tn 3 ARE WS IFMOIE AH§
Shrl% @k 2Tem v BE ok SOy AASE 9% shshge AW

saeimst FABL MY 2aEME SO NaOHS ATk si5e] Hel
FRART WSEtA @7] gEel (0.0 WEo| glov, Fa sehige 4

(2.25) ~ (2.28)% 2t

2NaOH + SO, -~ Na,SO, + H,O (2.25)
Na,SO; + SO, + H,O -~ 2NaHSO, (2.26)
NaOH + H,S0, -~ NaHSO, + H,O 2.27)
2NaOH + H,S0, - Na,SO, + 2H,0 (2.28)

Fol m-¢- Hom wjEe] pHell ik Aozt A9l wlE A= 4 Tl
Solstth. =3 sf9] pH &= ot FFo]l 7] "ol ZE sfHolM =
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233 B¢y 23w

B3y 232 M Fig 299 o] Baol
of e sz LANEE HrlHos FY 5 9
ABFE AHgstel Autel 9ixsh gl e 2 WY

=
T E 25 AR = Yde Al2Hog Fo AHE BEF AL 4

Ld Hybrid Scrubber

1. Scrubber Salt Washwater Pump/
Scrubber Cocler Sea Water Pump

2. Scrubber Effluent Dilution Pump/
Scrubber Washwater Supply Pump

3. Effluent Water Discharge Pump/
Effluent Water Recirculation Pump

4, Scrubber Cooler Sea Water Monitor
5. Effluent Water Monitoring

6. Ol & Soot Separator
7
8.

. Akali (NaOH) Unit
EGC Residue Tank
9. Sludge Separator
10, Deareation Unit
11, Washwater Cooler
12. Exhaust Gas Inlet
13. Scrubber
14. Exhaust Fan
15. Control Cabinet
16. Monitoring & Alarm Cabinet
17. Exhaust Gas Outlet
18, Bleed Off Treatment Unit
19, Holding Tank

g

Fig. 2.9 Hybrid scrubber system[18]
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T UARE FA ECAE XFE <5 AFAARE AAF wjEel Age Fi 9
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General Permit) 7ol wh

2 SARRE 3 ool HEEE AASE )
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A3 A iy Auta 238 A 2 AE
foll =38 dx d -2 gA 7|H

B ATME Mute AA £F 2AF
o] Wal @ 23w AR AAH AES 99 20204% 19
5@ 1,000 TEUF 533 47 <3 ddel

3.1 Axte] Al

311 9wt Apg
Adloly] ke 2014de] AzHAL
el

_]
, 6700 KW AAAo] HA 7|3 FrIHo 2 A Mdutojnt i
Ak A& Table 3.1 ¥ Fig. 3.13 Zt}

Table 3.1 Particulars of target vessel

AT dide =z 2A43 1,000 TEUS

Vessel 1,000 TEU container ship
Delivered 28-0Oct-2014
L.0.A(m) 141.00
L.B.P(m) 132.00
Breadth(Mld)(m) 24.80
Depth(MId)(m) 11.20
Draft(Summer)(m) 8.214
GT(ton) 9,998.00
NET(ton) 4,927.00
DWT(ton) 12,473.00
Speed(knots) 18.24
Cargo capacity(TEU) 1,003

Collection @ kmou
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Fig. 3.1 Object of study “1,000 TEU container ship”

312 94 71# A4

Table 3.2= ™ Adxkel F71a 5l ©37)e] 1A 7|3 Aol

Table 3.2 Specification of target diesel engine

Diesel engine Main engine Generator engine
Maker STX MAN B&W STX ENGINE
Type 6S46ME-B8.3 6L.23/30H X 3 sets
Cylinder 6 6
Bore(mm) 460 23
Stroke(mm) 1,932 30
MCR(kH) <1z62’7?§m> (7zg5rzpm)
Power
NCR{la) (90%62%3(1)\4(:11) )
SFOC(g/kW-h) 167.1 192.0
Exhaust gas flow(kg/h) 55,080 8,082
Exhaust gas temperature Max. 270C Max. 370C
- 34 -
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3.2 2389 A

3.2.1 &yt AL

IMO<] 2015 EGCS A 3 A[Resolution MEPC.259(68)19) we} ~=zzjwe] <<l
B o= Scheme A} Scheme B ¥ 7[A|7} 9o, F3H == Qure 7
Ho FAES A3l A SN ok st= A F+= Table 3.33 2t}

Table 3.3 Required document for IMO

Document Scheme A Scheme B
SECP(SOx Emissions Compliance Plan) O O
SECC(SOx Emissions Compliance Certificate) O

ETM (Exhaust Gas Cleaning System
- Technical Manual) Scheme A

ETM (Exhaust Gas Cleaning System
- Technical Manual) Scheme B

OMM (Onboard Monitoring Manual) O O

EGC (Exhaust Gas Cleaning) Record Book
or Electronic Logging System

O

A% F A4S TASE Axelr], 23 Fol= EGCS AT & AAF 4
9 F% M 7kze) QET 4 9 2R, ARg 9 AW 2E 5 P kA

AR RUHY st 34 BEe TP

EYEH ]/\E"(CMS Continuous Monitoring System)E A X]sle] &3 F

S
A&EZAR] ASFE 53t A TS FHO o, F U EF wEEs Al
A+ D o/lHass AlSsiA BYUEH soF sttt Scheme A9 B]&] Scheme B

A~
T
%9 Aol A3 2 mUHY Wie] Wstel nEHoR gsw
A

e,
T g ~33M=E Scheme B2 $AF AT RYEH O Axs ¥x9)
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Qo Azglel] AFo2 Aol WEe /1% FA7F BashA Wk

ok
o

e

AT tid Mol AXHE 23 ALY
| 2tA13k= 1 F(n-line type)S 2 &3tth thekst AAw2AS A Fte] o
3 Aol mEl FA% AA7F ThsEH dEd Aclde

1
AL Bsstel AFFA A AANES BT 5 A olHel YTHIIL

o

S
N

WA 7)1Ee Wik AFERES E0RE A

e
4g,
i

2389 &FE F7]
st A zAbnitk g2 AR 71ES 7HX 3 k. didAdete]l o3 29
TH71E 0% Faot2 &4 o wir|7be AR 2+ 49,572 kg/h, 14,585
kg/hol™, o]Z &4kgh oF 64,120 kg/hS ald AzAbe] 4H47]#(7,600 ke/hg
4 Wolt} welaA] Table 3.4[2012F #Zo] 9 MWW &9

o L

Table 3.4 Specification of SOx scrubber

Equipment Item Specification
No. of set(s) One(1) set/ship
Capacity 9 MW (Open loop)
Scrubber
Dimension(mm) 22,700 x H 8,300
Weight(kg) Abt. 8,500
Capacity 432 nm/h x 65 m W.C.
Sea water No. of set(s) Two@ x 100%
pump
Elec. motor 128 kW
Exhaust gas Main engine 900 A x 2 sets
sealing air
damper Gen. engine 400 A x 6 sets
Capacity 9.0 m/min x 500 mmAq
No. of set(s) Two(2)
Sealing air fan
Material S5400
Elec. motor 2.2 KW
- 36 -
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90%
Main engine

49,572 kg/h

Load prpfﬂe 90% x 2 sets

(Sea going) Generator engine
14,585 kg/h

Total Abt. 64,120 kg/h
a2 melA SOx B PM 52 BBg AT AASS AHSA 8w

i=ie)

==
A< WHh o] &R a2 wjrrbzo]
= gl o8 dy ==y Anl 5oajr)d ARl A4 BAe g
Roerg ~7HW x|+ Table 3.5[19]1% o] WAHAEE 73T

03 EEAE Y Ak 733

il

Ol
>

jus)
==

XN

Table 3.5 Material of SOx scrubber

Section Pipe material

PE(Polyethylene) coated steel or

Scrubber inlet(sea water) other sea water resistant material

Scrubber outlet

(sea water discharge) GRP(Glass fiber reinforced plastic)

Duplex stainless steel or
coated(glass flake) mild steel

Scrubber body SMO 254

Exh. gas pipe outlet

AW B, MRS Folz g =& FEAAIY AE= SMO 2545 A
|3t} SMO 254+ &9 Z2E5Cn) ¥ =g E2dMo)s 75 12 2HI

gagor, a2 et 2 7R3 SR Hold WAAS THAH, &
el wEtds UAND FE4olv Bleta(Thd B2 ss WAde zte 4
A = AdFo =8 EdMo) FFol 6%= 6% Molygtas FET.

Slo] A A 2~ E(high-sea chest)ol 4

1 +8ZE 5o 23z FFEE A
B dolzi Aw 2dvjolzo

1 5-(rubber) A& 2] PE(polyethylene)

I

WAk AA F AASE A4 A EE ARSE on wEe

_37_

Collection @ kmou



o] =10=)c

[kl
r{r

l>

%)

L
huy
H

g EE 2HQlE s 28 AAE AHESHE A4S 4] o
-7+

B2 g ugo] WAgit olo] uwel Y ol FElA g Eet g
(GRP: Glass fiber Reinforced Plastic) 3#}o]xz 2 dX]3ltt. GRP= YA o] ¢
oty P (FEe] 1/3, AMERS] 1/10), WA, A s, WdAdsE, yE

4ol AHe A3 gTH2ll

a8 w717t &3, 59 o - E7Y H9 25 F Table 3.65 &
71202 "UEHY 9

(sensonol Al EUEHE AF = Al 2Hlo] 2% A=

Table 3.6 Monitoring system

Monitoring unit Monitors Measures Value
F.O. sulphur SO.(ppm)/ COs(% vIv)
(% m/m) emission ratio
0.10 4.3
Gas
monlllitoring Exhaust gas &0 217
(G7000) 1.00 43.3
1.50 65.0
3.50 151.7
4.50 195.0
1D pH 6.5 at 4m
Water pH 2) pH 2 difference between
monitoring Water to Ship’S inlet and outlet
(G6100) scrubber PAH <50 gL
Turbiditys) < 25 FNU or 25 NTU
MAT di=(drain)o] Y&stA| & A5 thrlste] Hxe #H¥W MMzt A

Hoj A 8l ngd A HEE A ]HO% Atk A== AANA TAE
gatel A9 sliare] Ar1de ol 8t FAA FAH AAFE wiEstH
X*"P/l E=(turbidity) = #aAZe. oju MlEAHEEHZFEH
A AF A pH 6.50]7d2] MAs71 vl &= ol oF et

A

B Aorr
N
fu

W
3
M,

6) YRt o= FAARE A= Al
At yEpd 4 Q) 99 NTUE A&’ % L7§71 l‘i”q Al ‘:’W Oﬂ%k%@_
EoA Hie B9 gx& 0.5 NTUosEH He AMEY A9e 1 NTUO]’B‘}‘# of 3ttt

ok _I]N'
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3.2.2 23 #n 9 74

g Adlel] AHg" 238 E AWE 238 oly, w7 7FA2ZHE SOk
AAsE H s AESEE AASEY Atk 23w e FAL Fig. 3.29
2ol olgel v Fito g U H22].

- A5 BZA FYW ARF FF L EAEE 72

-

- W77t 22 5 E 348t E S A ASHE 232 (scrubbing) T3t
- st E A A A" MABFE AR wEste 73t

- W77 27 238 E B8R &g vEE vjE 5= slo] ) ~(by-pass) T3t

Fig. 3.2 SOx scrubber system for target vessel
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Table 3.7 AAT TF5E& siFBZY Aoz O Adtel= 207t
AR EHANOH, slo|HA2EANA HEZE T3l FUD slrs 2==2H E
AT &S Fall w77kl ARG =% H
= g}to] B(VSD: Variable Speed Drives)7} A% o] A8/ 4AAX(FOCU: Fuel
Oil Combustion Unit)e] F-sloll we} F3Fs Zdste] of =

©
X
i
>
N
N
1t
4>
%0
£

Table 3.7 Specification of sea water supply pump

Description Specification

No. of set(s) 2

Capacity (m/h) 432

Total head (m) 65

Output (kW) 128

M
OtOr Vot / Phase |t 440 V / 3 PH / 60 Hz

Fig. 332 z==azH o =3 3 Wi F2E BoEth

! Packing | . Mist Eliminator

Increase

Remove the droplets
the contact area between R

contained in the emitting

Exhaust gas and Wash-water Exhaust gas

with less back pressure

MNozzle & Pipe

Distribute spray
water over the entire area of the
packing in the Tower.

Packing
Bed

Support the packing
and help Exhaust gas and wash-
water intersect smoothly.

Fig. 3.3 Internal structure of SOx scrubber
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F718 2L drAs) oA BA = H 7|77 238 202 S0 BT
+ Fig. 349} o] ehf] @77t =2 AX=o uit TS WA s},

Fig. 3.4 Spray shielder & vane

238 A 2" e 37 Z(packing bed)S Hi717F29F MAGFT)E HESE
%A E(packing) Hi7]7}2=9] ﬂl%/\lﬂ &l HW’“Q}A HEES 5
FAEL 7IAIY dA 9 HAEHA So, 2 dEHEY, 24 A=
2 A, ¢ FFE, WEA, FAHEE & 6}134 238 A4 aE
= 9 3t FHAEAA L] X}“ﬂ% ol vgsta, SHAEe] 2
=5 o & Astel BASARE A77F ASF4E, FHH0] F2F5 VTt AA
Tgo] ¢4 AFS YeEp L AtH23l o 23] A AR A
Z279) w2} Fig. 3.59F 22 A& d(saddle ring type) THES A&t

oL

Fig. 3.5 Saddle ring type packing
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Fig. 3.6 Mist eliminator
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Fig. 3.7 SOx scrubber tower
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T71% 3 odxv)e] Aze] why) el Fg. 3.8 el mldwdS dhiHlst
o] wlolul~ MM (bypass damper valve)7} AAEHH A{F&F{7F FFE &
AT FAHO drt. AT ue AABE =i nAARA B Eo] E# R AL}
A FE A4 wpolsjx WHYL Fr]|t F57](pneumatic actuaton)® d# o
| T Wi7I7h 28 23 8HE AXA F1 bR AERE WESES It GH
o]= ¥ W H (uptake damper valve)= wvlolaj~ WH 7} 3| dEl7] A7LA
29 5 glor v A$odE nfrAE FFHEE AR ol

o} =3, Aol W(sealing air dampen= 7 F9 2FzH oA HEH

N

BY_PASS

]
EXH. BY—PASS

J € e i e
E 3%«‘?&%- %ﬁkiﬂ- Eg:xn;wh- | R

EXH. BY-PASS

*SLDH - E “Sll\i it ‘SLEIJ . *SLE-E ok
gl S q m@g E m@g q W? q
TT@ e 1 T £ £ T £
HO n P
(o Pee 81 ] ] ] ]
; L_l__ m {1004) A r {1008 r,
& H’:ﬁ"""_; i
rms‘ 'ﬁogm s * 5 B = |
b iE if 3 :f
g e i
Fig. 3.8 Bypass damper valve
3.2.3 NxHl9 &5 Az}
g3l 2 Ay F 23 ARgo] JHedk Afode LRIERFE AMES F
713 24 A7 E AT X T A FHE= bjrprtas 238w E 55y
M= A = oi7] HEdEY. 238 ARgo] BVIgE FOAE 713 2
W7 AFZTE AFSsteor o HxrRAdYe T3 5 EHEE AXE
EGEE Algst= AR &40 A9 HA dow, ~3HH AL&o] 375X
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23 e 2F 2 LHAdE e FA o] A(MCP: Main Control Panel)3}
A AA o} ARCP: Remote Control PaneDoll A & = it} FA|ojhdl &
238 FH AX T dAA A2 ECR(Engine Control Room)ol]
HAo. FAloj#dl e PLC(Programmable Logic Controller),
(Human Machine Interface)2 A"t FAloj#A AL Fig. 3.99 YEeRAH

=

o] Aulol AMS, GPS AR E wo} AFxo] Aute] LB oz} Alulo] 9
%] 2 UTC(Coordinated Universal Time) 52 AR E 7} Lt}

i

#

=
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Same function MCP
(without data logger)

GVP

Gas valve operation
Emergency stop

- WSP

Water pump starter

8| Local/Remote selection
Local start/stop

81 VSD control
Emergency stop

Fig. 3.9 Electric system
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Exhaust gas monitoring
S02 monitoring

(02 monitoring
S02/C02 ratio

WMl
‘ Inlet water monitoring
| pH, PAH, Turbidity, Temp

+ WMO

| o
* Outlet water monitoring
 pH, PAH, Turbidity, Temp

§sap

]| Sealing air fan starter
¥ Local/Remote selection

=
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dole 2, HMI
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golEZ A A= GPS HolH, 7F2= ZYUEIH(GAU), A+ ZUYE (WM,
WEs EUEZEWMO) 2 F71# 3 #xdr]e) 7at 55 o 3'ntet 4335k
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Consumptlon)./] 23l slagxe] RPM 2 IMOOIA &S Hl 71712 SO,/CO,

1 &0 wet Alglste] Aoty dAA ;e 75 HolHEZAE A s)
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Fig. 3.11 Retrofit of SOx scrubber
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Sector [ Description 1]2] 3] 4]s]e]7]8]orc]11]12[12[1a]15[16]17]18]18]20]21[22[23[24]25]26[27]8]20
A |Hull & Outfitting & Painting
A-1 |Preceding work Block manufacture & inspection -
A-2 |[Remove Hull & outfitting remove S il
A-3 |Block loading Block, FDN, Tower loading e e e e e e e e e
A-4 |Painting & Cleaning |Painting & cleaining
& |Exhaust gas system
8-1 |Installation |lns‘ta|lation of exahust system(internal of casing) == === —|o|=| == |~ §
B8-2 [Piping |Exhaust gas piping
c |Sealing air system
C-1 [Installation |Ins‘ta|lation of seal air system ====== ===
D |Insulation
D-1 |Insulation |lns‘ta|lation of insulation i > === |
E |Sea water system
E-1 [Installation Installation of SW supply line
£-2 [Installation Installation of SW drain line
E-3 [Piping SW piping
F  |Electric system
F-1 [Installation |Ins‘ta|lation of electric system e e e e P o e el e
G |KR inspection
G-1 |Hull |Hu|| inspection ==
G-2 |Qutfitting |Ourfitting inspection EE I=|=|=]=]
H |Commissionning & Sea trial
H-1 [Shop trial [shop trial
H-2 |Sea trial |Sea trial —|=

Fig. 3.12 Schedule of SOx scrubber retrofit
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Table 4.1 Average navigational data per voyage in 2018

Category Average value
Period of sailing 7D 22H
. Distance 2,698 nm
Sea steaming Speed 14.2 knots

(R/up to S/B)
HSFO 157.79 ton

LSMGO 19.88 ton

Fuel oil consumption

Period of harbour in/out 1D 20H
Distance 350 nm
Harbour in/out Speed 7.99 knots

HSFO 6.09 ton
LSMGO 14.40 ton
Period of in-port 3D 20H
In port ) : HSFO 6.65 ton
Fuel oil consumption

LSMGO 4.70 ton

Period of 1 voyage 13D 14H

Distance 3,048 nm
HSFO 170.53 ton
LSMGO 38.98 ton

Fuel oil consumption

Total

Fuel oil consumption

2 Auke Azt 26822 FPsPon, F@ @ Rz F dsa
2o 3537 4,433.78 tonne, A-F-3F-+ 1,013.48 tonnel Z2, oju] ARH I
384 0.5% m/
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Table 4.2 Annual navigational data in 2018
Category Value
Number of voyage times 26
Total sailing mile nm 79,248
Average speed knots 14.2
Time of sea steaming hours 4,940
Time of in-port(include in/out) hours 3,536
Main engine g/kW-h 167.1
SFOC
Gen. engine g/kW-h 192.0
Running hours Main engine hours 5,636
Gen. engine hours 9,415 (sum of 3 sets)
Main engine % of MCR 55.0
Average road :
Gen. engine % of MCR 44.4
Total fuel oil HSFO ton 4,433.78
consumption LSMGO ton 1,013.48
Fuel oil price HSFO US$/ton 409
(Jan.2019) LSMGO USS$/ton 585
Annual fuel oil cost million US$ 2.40

Colle

_52_

ction @ Kmou



Table 4.3 Estimation of annual fuel oil cost by fuel oil price ratio(ex ante)

IR < < <
212 |3 S @
3= © N ™
© o)

~

o

=
= ©

%9212 Lo o
IR+ S N 3
%14584 o] o]
O = | O

o
™
<
)

R o o~ Lo
LS o N ~
e = ~ oV oV
@)

o= e e
S8 g glS«wSe
BSlAl S| S lER=E R
SStt.mU.mU
= | =
©
2
= R
ax @) o <
— 9 O = 3 =
B K = |12 m =
O wn = =
T wnlolc o O
0 = | A O ©
S QI8 L 4 QI @)
fG.Hr Ol+ © O
w S8 ol = ol =
S n OE | Nn|I© = »n
= |O S |STR TS .
S |23 =
Ll.ﬂ — =
S° 4l 5° gy
€3 gl ET S
< 2 < &

SR E[25], WAl Al

s

5 HZoE T B

o) 74Ao] 110%% 7% Azt °F 18%F USS, 130%Y 7% °F
55%F USS, 150% 7§~ oF 90%F US$e] <dsmulgol

A 1t

o
| .

2 A TEF

2% Ao

@ Aol A

o8 7pA| ad

L
| Y

3 A

% 9

# Mg

(<]

oju

oy

ob

o, LSMGO<] #

S|

FH 2 2 cst o] EHoJof

15 cst AEZE 2 cst o]

-
S

F74E QL 717145 9] Bl o]

S
yal

1o}, oA

oo
oF

H)
gt

b, e Bt 94

S|

Ay

BR

)

[e)
T

412 23384 AR 7|&

)
.

_53_

Collection @ kmou



Table 4.4 Quotation for SOx scrubber retrofit

Section Description Cost (US$)
3D scanning
Basic design

: Detailed design
Design Installation design 200,000
Supervision for construction work at dry-dock
Stability calculation

Sox Scrubber - 1 set

Sox Scrubber tower(9 MW)

Sox scrubber elec. panel

Scrubber equipment

Material | Scrubber instrument 728,000
Installation supervision

Commissioning onboard

Sea trial for MARPOL

Crew training

Scrubber retrofit

Hull, outfitting & painting

Exhaust gas system installation & piping
Sealing air system installation

Shipyard Imsulation 1,095,000
Sea water system installation & piping
Electric system installation
Sea trial
Total cost 2,023,000
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Table 4.5 Result of SFOC(NCR) at sea trial in 2014

LOAD | DURING SPEED TEST NCR(90%)
ASSUMPTION RPM 117.8
START 22,246.4
STOP 26,616.2
L(ENG. OUT) FLOWMETER OUTLET 4,369.8
MEASURING TIME (SECONDS) 7,200
L/HENG. OUT) A (FILL) 2,184.9
START 17,181.7
STOP 19,396.5
L(ENG. OUT) FLOWMETER INLET 2,214.8
MEASURING TIME (SECONDS) 7,200
L/HENG. IN) B (RTN) 1,1074
L/H(ENG. IN-OUT) (A-B) 1,077.5
m /DAY (A-B)/1000*24 25.9
kg/h(ENG. IN-OUT) (A-B)*C*D 994.9
F.O. TEMP 120
GRAVITY, G C 0.9869
VOLUME AT INDICATED TEMP D 0.9356
ENGINE OUTPUT(W) 5379
g/kW-h B3=AL*1000/kW 185.0
Ambient temp.(T1) 32
Conversion factor by ambient temperature
T1F=0.002 % (25-TD/10 -0.0014
Charge air coolant temp.(T2) 34
Conversion factor by air coolant temperature
T2F=0.006 X (37-T2)/10 0.0018
Ambient pressure(P) 1025
Conversion factor by ambient pressure
PF=0.0002 < (P-1000)/10 0.0005
Fuel oil lower calorific value(H) 9590.0
Conversion factor by lower calorific value
HF=(H-10200)/10200 -0.059803922
Total conversion factor, TCF=T1F+T2F+PF+HF -0.059
Converted of fuel consumption based on ISO(g/BHP,H) B1=B3+(B3*TCF)
FUEL OIL CONSUMPTION(SO) g/kW-h 174.1
Ton/Day when using MDO(10,200kcal/kg) Ton/Day 22.4
- 59 -
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Table 4.6 Comparison table of main engine performance for before and
after SOx scrubber retrofit

Main engine type 6S46ME-B8.3
MCR(KW x rpm) 6,700 x 122
Test condition Before retrofit After retrofit
Date 2019.09.28 2020.01.14
Oil brand [FO380 IFO380
Sulphur % 2.89 3.01
Gravity - 0.9905 0.9741
Revolution rpm 103.4 102.8
Engine load % 55.0 55.0
Fuel index 3 72.2 65.5
Ship’s speed knot 14.5 14.8
Scav. air temp. T 38 35
T/C speed rpm 14,900 14,800
Daily fuel consumption | Ton/day 18.80 18.80
Actual 183.7 182.1
SFOC g/kW-h
ISO 173.2 172.0
Max. combustion Actual 128.1 121.3
pressure bar ISO 128.9 120.2
Compression bar Actual 91.6 92.5
pressure ISO 92.0 91.1
Scav. air Actual 1.60 1.60
kg/cn
pressure ISO 1.59 1.57
Exhaust gas - Actual 308 298
temp.(A.T/C) ISO 301.1 297.8
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Table 4.7 Comparison table of diesel generator performance for before and
after SOx scrubber retrofit

Sea steaming
Fuel oil consumption(ton/h)

Electric power consumption

(kW) HSFO LSMGO
Before 420 0.080 0.073
After 480 0.086 0.080

In port(include in/out)
Fuel oil consumption(ton/h)

Electric power consumption

(kW) HSFO LSMGO
Before 320 0.067 0.062
After 380 0.072 0.067

THITH ASAFHFL A7 52 ton AE =718 Ao o =Htr)
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Table 4.8 Estimation of annual fuel oil cost by fuel oil price ratio(ex post)

Ratio of fuel oil price Case 1 | Case I | Case I
(LSMGO/HSFO) 110% 130% 150%
HSFO + Scrubber, | million
Annual ’
. LSMGO at ECA Us$ arckl 2.37 245
fuel oil million
cost LSMGO Only 2.47 2.92 3.37
US$
million US55
12 -
11 A — Case I
10 -+
Casell
g -
g = Casell
7 = e = Srrybber cost
6 -
5 -
4 -
3 -
2 -
1 -

1 2 3 4 5 6 7 8 9 10 11 12 Years

Fig. 4.6 Payback period of investment costs(review)
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Table 4.9 PMS item of SOx scrubber

C - .
ompo Action Interval Cost (US$)
nent
Gas Replace gas pump membrane
analysis | (Replacement must be performed by the 3Y 1,344
unit supplier.)
P : R '
ump eplace pump impeller and end 6M 479
cover
Water Pump : Replace pump seal 1Y 240
analysis Turbidi .
i urbidity wiper blade replacement 6M 11
uni
pH electrode replacement 1Y 6,663
Factory calibration of PAH sensor 2Y 3,513
Replace instrument air filters 1Y 21
1
Contro Replace battery for PLC 4Y 8
panel
Replace battery for touch screen 4Y 8
Variable
speed Replace cooling fan 3Y 429
drives
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Fig. 4.8 Bunker price in April 2020
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Table 4.10& 2=y AXE QI3 As5ARsg Z71E3 dA A8 714
S Hgsle] Az AB8H LS 43 Aot

Table 4.10 Estimation of annual fuel oil cost based on current bunker price

Ratio of fuel oil price Case | Current | Case Il
(LSMGO/HSFO) 110% 137% 150%
HSFO price US$/ton 200
LSMGO price US$/ton 220 273 300
Annual | HSFO + LSMGO ton 4478.12 + 1013.48
fuel oil
cons. LSMGO Only ton 5668.95
HSFO + Scrubber million
A 1 h .
MU SMGO at ECA | USS 14 L17 1.20
fuel oil —
million
cost LSMGO Only USS 1.21 1.50 1.65
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Fig. 4.9 Payback period of investment costs based on current bunker price
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Table 4.11 Claim items of SOx scrubber(Jan.2020 ~ May.2020)

Category Trouble Cause Frequency
SO,/CO; ratio alarm 4
Various temp. alarm 3
Washwater level alarm 2
Washwater press. alarm 2
Electric | Washwater flow alarm Sensor malfunction 1
& Washwater pH alarm 1
Electron | Exh. gas press. alarm 1
Turbidity alarm 1
Valve position failure 2
Communication failure Program error 4
Total 21
| Pump impeller(analyzer) Mafefial defect 3
Material | Pump seal(analyzer) 4
Total 7
Vibration pump &R Installation/design L
& Pipe & Valve defect g 2
Noise Other structures 3
Total 6
Pipe & flange Installation/material 4
Leakage | Sensing line defect 1
Total )
Inflow of air into sea-chest 1
, Installation position of valve Design defect 2

Design — ,

Deposition of soot in scrubber 1
Total 4
Installation errors Lack of 4
Others Poor operating skills familiarization 1
Others - 1
Total 6
Grand total 49
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