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SYSTEM AND METHOD FOR
COLLECTING CARBON
DIOXIOE IN EXHAUST GAS
[US 1650162
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Combined flue gas
desulfurization and
carbon dioxide removal
system [US 6399030

- T EH2 REEHE 7
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Separation of carbon
dioxide and hydrogen
[EP 2023067
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System for elimnating
polluting gases produced
from combustion
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00570361 Apparatus for extracting
- E, BME E2 01851y and sequestering carbon

AETA {2 CO2E HA dioxide [US 7655133
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(aq)
mHLCO5(ag) + X(C O
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25 it HHEOZ 4 FojM MElEl 2o\ 2 S O|& OLStEtAE Z2|oHr)

Apparatus for extracting and sequestering carbon dioxide(US 7655193)2 Ct+35l11 2
§I_|- =|S)_ % tél-A Al?l A OIEE EI:I |: E"E}-Al-oil ol :LA0|2£0+9|-E| J_|\ EE OE}-E’EI-El_l E%f_.'\_)

0| 835t= BIHH 7| 7tA LS| O|AISIEIAE FE=S10] AlIFMA|ZICH
SYSTEM AND METHOD FOR COLLECTING CARBON DIOXIDE IN EXHAUST GAS(US
1650162)= H{7|7}A0| EHAMLIER £8MS HAISI0] O|AMSIEIAS S£A|7|1, 60 ~ 80E2]
ZE 7to O|LtstEtA S FE|THC)

72 ZSELRRE  O|MIEAE MAHSHY| flst  Ee2lopul/aEE O =FEKR
2006-0002927)2 HY7|7}A0| 1.5 Tt2F/Kg H20 O|Alo|O, &Zta| o =L 05 CHakb/Kg H20
Olefol Ze[otfls ARG HY7|7tA LYO| O[LtslErAS M| otCt.

Separation of carbon dioxide and hydrogen(EP 2023067)2 Zf Z2:Z|7|E O|E310] ¢UHS
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System for recovering
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A|AEI(JP2004-535293)
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1650162)
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2010 : , M3|M XIE 0|&510] HiZ[7tA LHO| O|AMSIEIAE S
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System and method for collecting carbon dioxide in exhaust gas(US2006-0185516)
Separation of carbon dioxide from gas mixtures by calcium based reaction separation
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Carbon sequestration using a floating vessel (US8753863)2 LC{7|Z£E
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System and method for enhanced removal of CO, from a mixed gas stream (US8343445)
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FUEL(EP2250440)

T I Bl ! B ™ 4 B 1© % S ol Ao X R o< ow woow ol Jo| on
H g M E Mook © o M P 5 N x by, o K2 w_ < or I “o_ o
Ve gzMp 2z SO2FgQyp pd38w THSI
™ a1 D o B 1 S O op %o g W1 M ol % —px B TR TS <
H = I 0 od 9 X oml uo ¥ o In ¥ 3 w ™ ool U ol ~ A
ol o 2 ol o M < B g X K0 w Mo w49 o ol o
mg & ._mm_um o 4 W 1o — ME KO & ol K B m " 0w wd Wﬂ ERL
ol o0 R o oan < o % T B = - L U = T = =]
g R = ®l 7 K To M of 4 IH o 0 1 = - T o0
109 o] = >3 T e =1 Ol 31 o <H My -, IO O ol n Lo
B S @ oy owl A 2Ry ol oyt oo 3K

= - T MW o) 0 z 2 ¥ — oo . —~ - Y 0 |4
i Ll ol =1 Y| wd -— = B < AR X & O o] = y ]l —
o ) I ol X M = = o R T | = e o = = ar — m]
o3 U L s & oo B Oy =y o o M BN H Ry g © <

M X T NN g X om el Tl jol = < N X0
<H uw K K m o] on 29 8 Pl qd » I _ W 440 J__/Mo = —~ K| 30

ol i o o 1 K 2 - % o = = oy x Uz N = i

= R o4 2 ] O I ol o A L -]
<H © 51 &y 10 i Ui o * o) v < 10 © KO o M_m .._A.._ o o % =
1o o 2 IH o W <o L 1 om_ v W oH 1o

A ol SO HL R

Jdox 85 T H = oy K up X o RO E 9 .
O_E ©° f 43 ] H s 3 Ko O o H 5 oz o= w0 & S op N
8 .__M_u 70 o N Ijl_l_ |.w, e <H Tl MI <] Nun_\ =] mu_F._ K4 70 Ml | m < Kir w bil K]
] © S o g B — = o4 o0 R R <4 o X
Yok g ko o ki 8 .__M Mz 5 N w H o g Wl ebog 10 =~ g 3 S
IH i S = O = om = Mo oy Al o= . oo, RU — T &2 =<

1H <l H o T = o = o J K 1o il - o — z
i TRl 18Nk xRt HE gy E ¢ O %
L T wl B o gy _] mo 4 5 o H o T 2 T = o— ¥ O 3
I 1/ i Hy = o ., © OH Jof < ol T RN < 4O
| N A 4 = o 1 T ™ o Ay <l O = ol - _
= | o B = = Jo il I T = 00 o H x| X
o I I I L I i s W 2% uo 2 0 B
o1 = ¥ o E__m sloop KMo -3 ° F m % o0 . o U g o = 5 10
g m © oo W X BT o 4T W s ® T g & opg D
ob IH = © ki 8] = K H ™k F S <o mll ol T = = ==

z ° & SRR R N IR A N

— M T I d K m of XX K w© I Wl 1 4 < H TRRC) <0 Mo KO <I[ Klo
=l <4 o 2 Jo] - ud —, o0 o _| B wl — Bl ~
M_WH_HWEEWAT@E_EJ&EM%_m&E_EMEENQHHO_E

— L|O o I~ W 1o o N — O o |_ = 0O - & = .__._..__.O
a2 w8 S P *es O g Wy X Qg R KFDY
T B L = I v e < I I = BT <R T { TS
o3 TH M = © .._mﬁ m ol o B RO oot ~ Ol on U m o = o — 5 o N # _|

qd = U o BN = 4 a m H < Rl 37T o op — ~ ™
(I L LN [ e B u B T < Y W s o i o oF o N _
| w1 oM~ ol K| | ol K o oo ol < o T _ ool ol F ORI
ol IH wr <1 W &l og fAd o & m A ® K I oo oK S mg N Wo o Jd

7|22l 7|

sl
=

_48_

AX[StA, K] HEef, CO;



ol HiZ|7tA0] YRE 57| YRR E[E2/= EGR ZE2E2 FYEILC;
| O|AISIEIAE X|HSH= W 5l A|AEI(JP2013-504424)2 T2 M~ 7}
2

Z2HA JIARRE
= , AN HELOHY 8ASE ZR2HL THA

ABEE O|AtBIE

oF HEAIZ|L, AZL|Otd MO O Z2=MA 7tA FO| O|LtolEr4o] RS ZAS=

UNoE MIIK UEE Ste B, BAS O|MIEAS TS FDLOKY 8AUS BLFX
A

o

2RE HSSHE Y, SAUNRLE HSY YBLIOH SAS YA, TN 0| Mt

A0 Hojz ARES i &H of
S

HLotY 8YE YA M=Ysts S ZLot &L
Method for removing CO, from coal-fired power plant flue gas using ammonia as the
scrubbing solution, with a chemical additive for reducing NH3 losses, coupled with a

membrane for concentrating the CO; stream to the gas stripper (US8328911)2 FX| AEE
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Recovery of greenhouse gas and pressurization for transport (US8580018)
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METHOD FOR REDUCING CO2
[N A GASEOUS STREAM BY
CONVERSION TO A SYNGAS
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Method and an Apparatus
for the Absorption of
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METHOD FOR REDUCING CO; IN A GASEOUS STREAM BY CONVERSION TO A SYNGAS
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Method and system for
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HIgAE 20| 225 4 9l= diAloz X3t HIo| HESEH AMo| HijZ0| HZARE AA gl

/EEE O|itstEta A7) 8 Hi2Ho| 7|[sHez FZAL[LD otLf ool EYHAE IS
Hi P sl=ESS Zabotl, 3K SN mEHO| Y95 =T Hojk ottef

£l
M1 = % F1=0| X £ £X0| ofH K2 ZEo| DSk 15 Moz LM QL
7ot e, siE Edjs= WWHAE 0Lt}
(4) Sulzer Chemtech

Sulzer ChemtechAte MKQ/7tA, 3tats R, &, &, 2lg § LCHYs 20t
7

SIAE SHEOM HAE[= O|MEIAE ZHot=

EH R
$0
r|r

$0

C

—_

Of glAtel 7[&2 SE5iE7H 71X

I
O|AFSIEFA X ZtT} RE{510] Seed ideas =Al

_68_



Lraw

2012

002847 / EP 2782434 [ kr

2014-7013068)

e 2R P 2015-
- SHEZ 0]23510] 0|4

2012
Method and an Apparatus

for the Absorption of
Carbon Dioxide [US 2012-

300661

A2 Z40t0 LA H

- £2 0|23} 0| Mz
OjMBpShe T

S w0 Hl um [ Kt T o1 oI =
= = ol Al

S 4z N g i W mﬁ w P_

o wl F o] X9 m < ° oR
in’ of 10 24 <l of <4 S
N W_ TR T oz % v U
= 1 ol B0 4o

Py © < M ol = 3
S X T o o 0 W_._ & O Ry
o = < o 2 & i ol
Q o gl o g ol o X
. 2 K ol o &1 W ok © B Ur
o g ro <l =1 39 S ¥ 3 I y O

o Wb 2 | % DA ol
M ~ c _ﬂ__ E_w X g M 1 wm klo Mn_u.

4 < S ol X S 2wl < R
TN o Mool oH <y b X<l %0
"l oTEanam o BEEy o
b~ — uw
m ..m —_ ? .A_I A._ a — ol |_._.._||_ of ._I@H
v = .mu_ m__m fof i = Wo M.k o] i =l
o ru {0 | = _ m o <-
4 2 a1 ° d R 4 ©
222842 &ad 5 3
(V] w _ <4 ml =]
A £ ROm B ® 4 o 3 q4 B
B . E__. A_| < i £ |_._A| uAh Q_o mm =
Al 2 m_ 4 mﬁ_u ~ o o — <4 o
[ 2 = M._HL = Jol ™| FHI Ol o O
v 2 _Mﬂ__ w T < oF Mﬁ g\ oo

< o 00 —f I @0 =

g <! ol m  — = = Kk

< W= ) o | . <
m ° o7 & Fom o WD S ol

c L 1= n {0 -] = O

o7 o 5 = o o 2
& <| 7 — ol 3% n <
R U - N < £ <

s g0 | U o) <
° o M__._. o Ki ol .ﬁ %0 i - N O o
.m <0 H Ky Y4 ur < 2 S IH
£ m o m ol pp X M Nogf
k7 mo . oon Wi X X m m s
S Ku 1o [ X m o &l M._ H < w__m
H oF ! m < o wl ol m A B

_69_



2,4 2%

<

pall

H
{oF

gl

FOI| Al CO;

A4

ol

i

o[

u]
ES
HFAH

= O

= Uof By~

4

o

o
[=}

Iz
o

]

= HiZIZ7F20f A

=2
EE

7

pSie)
= =

2 7=

=
=

|4, M=, FH|

2

& A
o2 0

SIPS|
i |
7|20 JHA|=| ALY

f

=)
—

O] RAOL}, 1993, 1998, 2002H, 2003, 2004, 2005, 2009

=2 pHO|

&
o]

2

g
0|&

o
7O:|_|_I

u]
=

HEs 0|&dt

11

=

=

F

e
o
—

T

2 HHS oA
HAg BB Bi7|7EA Lo
sojof

- 7|7t N2

| &
2L|o}

= Ke|
W& A0
o o

=
T

T |
o

[
- CO, MY

N BiZIEel

2 7=20| £H, g

el A

A
—

0]

b

jod

te

O
[

7|=0[ H|

—

—

_70_

otO] EGRIt Z2 XSXHOA ALEE|

i

=
il

t

Ll
]

f

21



IH o= i
il ol oF ol | "o M o =N
. - — - {0 —_ O_ o_ H
g Kr = ol =l il At ar =
" H o T 1Ho o 80 7
o KR LG T a1 =~
W E o w 4 ol yy o2 < 8
A ool ol 2 W o i)
3 < ] ou = Ok Ko = 1 o
8 o m oz O -1 n
=7 R0 zale KF =
o o ol K oju 3
p @ M o = Kb < N oo Il o %0
2 Wl ooy B S N T om
Rt o M= 2 | Mo
O B EE® TR 5 Y
ur X0 Ur I 0 & _._u & 3
e m W T _ 7 of ™ ° wow
i S 2z g oA E
M Ol ny r o= R
oo M N K m B o <
o ! -, N of 3l R
3 I ar ol o > W oo o [
mo K 0 o0 & O < 9] <0 __M_._ [
o — _ 5 ® r o O
2 ofll o K © Mm_”_ [ o M.o ko =T IA_ mEM
_ N S o KH = o o2
2K ot oy a1 4+ =
s &I o o o E % < N w oo o
H T m._ oH YT =| 10l m.A AU TR
Wk oMo 2R ER 2 a s
o |Ar._ El; ulo n . ] M o ol jol
. w oA oo BoE Moy 0jo oo
m.. 1o} _|_._ S |—_/|A afl ._In.ul H__._._._ _A_I O_L ._ﬂ_._._ 0 RO
o I.IL _ == - _ = —_ —
& 1 8 = S o = ol W =
g g . S A 2ol W %o RO
1 — > - o ._._n O_l o oH o .__M o ;IO
@i 2 St ow o o Mo @
H & - xd — — o T = — K — KO @l
A 5 ol ol o o & O o W i Q
: o TR HI2REEE Bog
- . o Vo o3 g OE J.__Ws 0 o o
8 % § 8 9 8 g 8 g w o a0 ____A_.Umﬁo_wmmpplw wx_ao_e
T M S or W 9 W 5 ol o] OoH
Wow s 4 . W W o B g Y w = g F
= = °- N~ dd T AT oY
on o1 of mn o3 = O o i
KIr ofl of W™ M 0 of W= 03
H . <o of m SR > O~
WO~ A K ou [o<

- 71 -






y
KIOST™

=t lon L ]|

Bl Co. M= U xjetg xS
ZHIsHAL7 |22] GHG MutdfE X
SELR2IR| CO, HiESTA| & Sk LS Hiot

o)
ST
{ Y KI M S I
s

2 4y C=oligaeIsTsSY






o HMS

o

X EHHE 24

3.1. CO, SMZE U 1|&E NS
3.1.1. SAZH U e &

SN oz fdsts 247tA HIER2 1917 MEET L, 2970 kb Hi 7|7k
3917t LEAIE, 7IEF S
= MHAEOMe BiEEol B2 17 HHTTL, A|HE Y45, 73T

A )s||_|<_3|_§|-'c‘>'l- AFA A—I_IQI_ ]

H = == Hd:r 7 x = = OO i =
O HfE=Z0| Ef HfE RO H|SIO HA = 10Hf Ol LYoo= LA
STl YA M| OfitztErA HiEZE ZAE QI 7HEE, HIEES 27|Hez &Y
T Qs 7|2 BA %2H, 1as 29y AE, CO; ddo] M2 AE ARE, CO, =g &8
X Zt(carbon capture and sequestration: CCS)0| 11 Z{O|C}5) O] & CCS 7|&2 1930ECHEH
AL O
==

=
CO; 7Y 0|20 i3 5o XIFo| MA0 KEshs LYol
2 r 2

1 Moz HEsE 4
= e, Mol H5t THE2 1 AL B Xl tEE HE 7ts 7eS VHEdSte
CHAO| QUCE O E =M, O|=2| O X|E(Department of Energy: DOE)& ®# 311} Z42 Z=Z

E
MEZ S XYsn YLt

3) The Executive Office of the President, ‘the President’s Climate Action Plan,” June 2013, www.whitehouse.gov.

4) Chris Hendriks, Paul Noothout (Ecofys), Paul Zakkour and Greg Cook (Carbon Counts), Implications of the Reuse of
Captured CO: for European Climate Action Policies, 20 February 2013, CLIMA.C.1/SER/2011/0033, ECUNL11593. p. 23.

5) EPA, “Regulatory Impact Analysis for the Proposed Standards of Performance for Greenhouse Gas Emissions for New
Stationary Sources: Electric Utility Generating Units” EPA-452/R-13-003 September 2013, wwwZ2.epa.gov. p. 4-11.

6) Ibid

7) Ibid, p. 4, p. 12.
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<# 31> 0] DOE X|& CO; Aj=8 7| /¢ =2NE
ZENEY W 2

Alcoa, Inc. UR0l= HMETSHOIAM LMsH= 2FI2tel clayE &&8t CO2| 1A Et
(Alcoa Center, Pa.) Ated 2=3 (DOE X[ <H: $11,999,359)

IS CO.E HOH7|=2 Sot0] ZTMA0IM ALSE ZE[FIEU[0IE(E
Novomer Inc. ) _

StAEDS (HF, 287/, 2oUolE, 2438, 22 ol AtE) (DOE
(Ithaca, N.Y.)

K| 2ol $18,417,989)
Touchstone Research Aol =FMA J|=2 So510] SHLUMANAM O|MSIELA HIEEFS| 60%
Laboratory Ltd. &2 =& s, o= (biofuel) S A4 (DOE X|212H: $6,239,542)
Phycal, LLC ZZE COE o|2¢t O|M=F Aaloz oA HI0| 291 Z= (biocrude fuelS
(Highland Heights, Ohio) | &4t Hele|{ o122 ALS. (DOE X[ H: $24,243,509)

. . 7|1EL A3 7|=2 tHAE =3t 7|z MYA HEVIANM 2 S
Skyonic Corporation ) )
(Austin. Texas) S=E5E M7HSHHAM CO.E 1A EMMASE b= SEMMAESE & A EHAE
ustin, Texas _ _

A5l CO= MM Z7| 2Eho] 7HsEh (DOE X[ 228 : $25,000,000)
Calera Corporation HHE7tA0 ZEE CO.E EtAMYSISHE 7=, A|lHE MAMAHOM ALE
(Los Gatos, Calif.) 7l=. (DOE X|2IH : $19,895,553)

<Xt2Z: DOE, 'Innovative Concepts for Beneficial Reuse of Carbon Dioxide,' Office of Fossil Energy,
http://energy.gov.>
A MA ozl 27H0M FAe 42 CO0 Mg A7 Z2HEE T oo 1wt
medES FHE Y2 SHAH E 32 9 2}
<& 32> ™ MA =8 CO, MEE 7| 7IY ZENME O}
FHE| 22| EHA| Al HIX 7|2 AFAA 7|Et
Granit Green (CH)
Max Planck Inst (DE) Blue Petroleum (ES) DNV-KEMA (NO)
Swiss Fed Inst Tech Microphyt (FR) Mantra Energy Venture
Bielefeld Uni (DE) SAT (A) (CA)
Wageningen Uni (NL) Subitec (DE) Bayer (DE)
Uppsala Uni (SE) Liquid Light Inc (US) RWE (DE)
VITO (B) Sapphire Energy (US) Siemens (DE)
o123} Fraunhofer Umsicht Aurora Biofuels (US) Abengoa (ES)
== Institute (DE) Live Fuels (US) Holcim (CH)
Ben Gurion Uni (IL) Solix Biofuels (US) IOCs (e.g. Shell)
Sandia Natl Lab (US) GreenFuel Tech (US)* ABNT (ES)

Parabel (US)

Algae Bio-Tech India
Quaid-i-Azam Uni (PAK)
Qatari Diar Construct
ENN Group (CN)

Uni Calif (San Diego)
Penn State Uni (US)
Mitsui Chem (JP)

Jinan University (CN)

Carbon Recycling
International (IS)

Olis (IS)

Century Aluminium (IS)
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FIe| ne| SHA| MM BR[| A A 7|E}
CEA (FR) )
_ Uni of Minnesota (US) g;%%”?;%igge{gﬂSEUS) MHI (JP)
M AMAFSZ| | Sandia Natl Lab (US) ody QAFAC (QA)
Origin Energy (AUS)
NREL (US) Heat Miina o (US) Saudi Methanol (KSA)
LLNL (US) 9
GdF (FR)
Vattenfall (SV)
ElslA Indiana Uni (US) Occidental (US)
:ﬂl; LBNL (US) 2C0 (UK) Anadarko (US)
3|57 Uni Western Australia Denbury Resources
us)
Kinder Morgan (US)
Sheffield Uni (UK)
Aachen Uni (DE)
Newcastle Uni (UK) Caterpillar (UK) CSIRO (AUS)
A=35} Abo Akademi (FI) Calera (US) CSS Material Inc (US) Council for

MacGill Uni. (US)
Rutgers Uni. (US)
A*Star (SG)

Alcoa (AUS)

Geosciences (RSA)

Uni. of Aachen (DE)

Uni. Newcastle (UK)

=|=L= Uni. of Sheffield (UK)
=X AHA

StEEE Y | i of Twente (L)

MIT (US)

TNO (NL)

Coates Group (US)
Novomer (US)

Bayer (DE), RWE (DE)
BASF (DE), Siemens
(DE), Evonik (DE)
Shell (UK/NL)

RWTH Aachen

SINTEF (NO)

Eastman Kodak (US)
Praxair (US)

CNOOC (CN)

Feyecon (NL)

DECHEMA (DE)

<Xt&: Chris Hendriks, Paul Noothout (Ecofys), Paul Zakkour and Greg Cook (Carbon Counts),
Implications of the Reuse of Captured CO, for European Climate Action Policies, 20 February 2013,
CLIMA.C.1/SER/2011/0033, ECUNL11593. p. 25.>

ZHE COE XSAMYSHA % HYHo=Z 2AFSts YE2 <& 33>0Met 20| Z5

el SR e X dE, T 28 50| UCEY AXNK] JHEE =ZH COxQ9|
M= (Carbon Capture and Utilization: CCU) 7|22 S &0 7|Htst A|do Motsl £gen
2 FE=7M0| HE5t7|o HEct 427t Bhh o & =8 20Ql, o[F2|0 Z=&FZH SX|J
Me 20| Mo, ZFUL 7t FX7F &0 WA FE0f AzgLtof Hesioty) =
o EQold= Uik M7 R AL MHO| mYE0 UL, AEZ|O, HONE, Y,

S0 Ot M= AR EtsteA A0l MH=7|0f QU0 EOR(enhanced oil recovery) L&
EGR(enhanced gas recovery)& A|&s}t7| Xatah 4= QIC}H10)

8) EPA, supra note 3, pp. 4-21~4-22.
9) Chris Hendriks, Paul Noothout (Ecofys), Paul Zakkour and Greg Cook (Carbon Counts), supra note 2, pp. 41-42.
10) 7hid, p. 43.
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<H 33> B O[ABIEA S TS WO
Fe| 2] &
B8t 2| 7|&, & MOIAME MAas7| Hst M=EEN, S2I1F AM2(AYyS HIE.
- MoK ALEE S8t 22 MI|EHE Soto] TAE ML CO7t =5 Folx|of
”._F°0P01 HIEHZ AL CO, 7| SHAE S8 ZEA HAMHIEHZ|L| =4 FO|MZ
= - %%*%OI ZEE5 A =S ASolo] AL = AN =RE JAlsH=H FoiE
- EfE E=0iME AKSSI0{ CO.E =alfstn Al7iA(syngas)?t A= Fischer-Tropsch HHS
2 Sol0 iRz FMekEl
- COE Bt k= ElElAR ME (LI-EZ EoiA).
CO.E MEE MM ALS.
AW = - MMM AO|E A2 28l = tHal COE ALS.
A AP R - AIEX|2EtA (Enhanced Geothermal System)oi| CO, AL
il - TA(H2) MAAJof ZEEl COE AtEol0| ALL|0IE QMOE HEstie E8M8S
=2l HEF2 MAA| sysgasdl CO.E Fel5t0{ MAME =2l
Ofl L X[ 2HALA| COz AlE.
Elsl A CEOz Etst 5 ENIPS P, ioilﬁo‘éléiij ELi%% =2 ARMMSZI(EORE2Z
33z Fel=le= & 01I Hla A f—:g_ol E%‘%"%l'-;
= - MERZHAM *"='01I CO.E FglstH ME| S+=1 HEo| MAHE. 2|8 HE2
EE0AM MATIAZ ALESH7| 2lal 5E.
530t OfadsE ZEs =0 CO.E F7IstH ErMdo| MAE.
- &2 ENMEE Koo 2 WSt o =2l S22 JYEC F, &, S5k 2|
2 T|AA AM2|E otH EHMSIE TS5t A2 = U, 0] TFo| CO.E FlstH
=3t /\I”“E S Ctst SZo| dyE.
- =’EtEIE kM (concrete curing)oll ALS
- E3A0|E %M—*.OHM UF0| 52 FEof HWH n=o| 2N SE 0| =Lt COE
ALEs5to] ¢Zie|d EME(EH=13)2 Az|slH pH +==0| Zta&h
sigtE ol Co7t ARR=[o] 9‘°.
- ACh3l(soda ash)y= REIME, 718 E MAEM AIESE. AChslE XA L=
BNMEE MZIIS. ACHS| MZEA COgZ Fal
stat=4d - iEI5’PE'—1IOIEQP iEITE'HEl' MZAl AFBElE ZA JtA 822 CO.E ALE
AAH - 7|El OB O3 ZA B, OIME &S, OIMEA & SOl ALS.
- CO.E 0[85t0{ HRE Mist= ARl RAISH sHERE A== &t 2 Mo
2g7ls. =R Y2 7IE AlE, ¢ H|ZE, fX[FEE, dLueEE, A=
AlEOIANM 88 £ UL

<AtZ: Chris Hendriks, Paul Noothout (Ecofys),

Paul Zakkour and Greg Cook (Carbon Counts),

Implications of the Reuse of Captured CO, for European Climate Action Policies, 20 February 2013,

CLIMA.C.1/SER/2011/0033, ECUNL11593. pp. 19-20.>
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=0, A==5HHAA(the Indian Institute for Agricultural Research: IARI)
0|2t ZHSI0 A[A0l AHME HZZARI Holcmill & AT/ AIRE sdT A=O|
1, A7z A(the Indian Institute of Technology)e A9 EH Uppsala CHstat == M0}
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HHEE A= MEFe dMELE EEWAHY| ePdstet BHEE Aol FRSILh o E ¥ =25

of di=l= EE2d F=WH7

i

(Alco's Kwinana &, 33 ME)= EIAOIE 7tE2 = o
Hdetste stz COE AM8dt=s AUE FEo5t QUCL HOotZZ2|7h X|atste| /3 (the
South African Council for Geosciences)E SAISH A7 ZHAE
EXt= OFZl O|ZIsiCt. O0/=29] MacGill Chgti= 0O DOEQt =& HX|7|=H A (National
Energy Technology Laboratory: NETL)2| S o2 ZIZ|E Ld0| COE AESH= At &
Zl ALAE +HFO0|CL YA| O/=2| CSS Material Inc?t Rutgers CHEI2 O DOES| X|&l= gt
Of COE AtESI0] MH|82=z HSTE AME CHMIHE dutst= deS ot UCh) 0O
MIT CHSE2 SiemensQt 2fxfoz ZE2|M A4t COE 0|83%t= 7|22 A+sta UA2H, 0|
DOE, NETLS| CO; 0|8 Z=1% SloM Xtg& XD ULt =2 7284 FAHChina
National Offshore Oil Company: CNOOC)= Dongfang, Hainan ProvinceOfA| CO,E AtE%t
deold S22 E ME 7lsS WESt QULHA

ZETH COE s{YOM MEESH= 71 EEHAHO[L

Q
EGRO|C}. EOR E&= EGRZ A Es 7IAT0 CO; 52 FHSHY

11) Ibid,
12) Ibid
13) Ihid.
14) Ibid.
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7] €4 sl SR CO; M = 2, Ex E2H 8Y 252 52 A8 =+
L

ULt FYE CO= R 2YEH0 FEEHH 2= 55| CO= AFe Z2l& =0 X

3l
o
COE &80 =0 XNENMT ol=E MEstet 22 A0 XSHTY SE2

3.1.2 XiEg &8 § - ¥y Y S

o BOM ATHSH HEQE 20| ZYE CO; 82 CCSet HAEY =olFd H2 =70
M AR St= CHAI0| ULt mEtM CO; S Y- EMH oz M50 A™SH7|0of=
Al7|gz=0l22 ofa 23 E &, FH, X|F0| HHE A= e ==

0|=2| o|& =™, 0|= EPA(Environmental Protection Agency)= 20144 1€ 8¢

2
=
ANEE Sz BF CO; ZHUBEEYHL 90% O|stE Z)S ZHtste MELHAFI|AL

=

RSN
2 YUHMAIY) 2A7IAHIE 7|&(Standards of Performance for Greenhouse Gas Emissions

From New Stationary Sources: Electric Utility Generating Units) ZXQt= H™ESI{ 0 0|0 CHot

O[St AKX} o|H+=THS HAISIRALLI® EPA= WX O|SHRAXEZ2| lHd+E HAE S=st1
20154 OfF O] @erol a=2& SuZ HYst ACLL) 0] @erol JHE HjE2 2013 H4of
2o Zaot DS 7|2t HiSA =2l O ACH)

Oj=o| =AM Zdste 227t2 HizE2 Ol=U HA =32l 1/30| 0l
SHEETAM HiEEE 227t SOME 9] O|thstErao| &S MASH7| {I5H0] 0| EPA
= 2014 1€ "MH T2 EAHIET|E'E SUHSHRIL, 2014H 63 YE THYL A=
(Clean Power plan)ft2 70 st 2030E77HX| 7|&E ZLHAO| ELAHIEZYS 30% NZAIZ A

+>

S SESACHD MM WHAC| ELABEI|ZOS SMGIE W0 BUR{9 IGCC (ME

=
of HYXHOR MBELH T MAUAY MWh T CO, HET(2HE

ot SYEH) Al S S
BoA)s Madts Hisd 27t 22|gS HEIRACE2D 0] go| HES e AFHTTAE

15) EPA, supra note 3, p. 4-18.

16) ‘Federal Register, Vol. 79, No. 5, January & 2014, Part II, EPA. Standards of Performance for Greenhouse Gas
Emissions From New Stationary Sources: Electric Utility Generating Units; Proposed Rule.

17) EPA, 'Fact Sheet: Clean Power Plan and Carbon Pollution Standards, Key Dates-Cutting Carbon Pollution from Power
Plants,” January 7, 2014 http.//www2.epa.gov/carbon—pollution -standards.

18) The Executive Office of the President, ‘the President’s Climate Action Plan,” June 2013, www.whitehouse.gov.
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<12l 412> Various application of Higee reactor in gas industry 81

g71 MAIE Higee #387(2] EES5S HIELR H2 ZOF0A Ctet HEAZE MAlL
1 Aen 2= oftetEtar ZHESYO HESts 0| CHSIHME B2 A7t MAL]
1 AL
@ 70’8 24: Higee 237

= JoME SM MAIE Higee B1&7]2] 7|2 JiEE HIE2=Z MM HiEL= O|itst
¥ N

shaol XF BE U NYS A% BF THHS MAISDA Bt

—

!
o
rlo
Lu
)
S)
o
r
fo
Fﬁ

=
o HyESHel oot HtSE Sof Hi7tA S2| O|thstErar

A = Eta7b MAElE OfdetEla 54873
@ ZHE O|ttetEtart n2ol G5 Sof kol OfietEta 8l OfMetEtaTt MAHE S
M2 22l ofistEra Y 8 @ 1kl O|utetEtas Ol YRSYS 7N 1Y
2 UxE = gRo MY MYEE A

o H
-
0x
ra
=]
o
~
<
=
ot
g
>
ot
iN
pi=
=
0%
o)

o= S¢ 500 LA 1500 rpmOjAf O|ROIX|H 2|47t S7HE+SF HNZ HSEE0|
S7tdle A2z HE1LD QUTEIsY. = Higee HIS7[E = Qo OttstEia E+580AM A

81) Chen, J-F., The Recent Developments in the HiGee Technology, GPE-EPIC,(2009).

82) Joel, A. S., Wang, M. and Ramshaw, C., "Modeling and Simulation of Intensified Absorber for
Post-combustion CO; Capture Using Different Mass Transfer Correlations,” Applied Thermal Engineering,
http://dx.doi.org/10.1016/j.applthermaleng.2014.02.064(2014).

83) Cheng, H.-H., Lai, C.-C., and Tan, C.-S., "Thermal Regeneration of Alkanolamine Solutions in a Rotating Packed Bed,”
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International Journal of Greenhouse Gas control, 16, 206-216(2013).

84) Yu, C.-H.,, Huang, C.-H.,, and Tan, C.-S., "A Review of CO, capture by Absorption and Adsorption,” Aerosol and Air
Quality Research, 12, 745-769(2012).

85) Lee, J. H, Kwak, N.-S., Lee, I. Y., Jang, K. R, Jang S. G, Lee, K. J, Han, G. S., Oh, D.-H. and Shim, J.-G.,“Test

Bed Studies with Highly Efficient Amine CO; Solvent(KoSol-4),” Korean Chem. Eng. Res. (HWAHAK KONGHAK),
51(2), 267-271(2013).

86) Lee, J. H, Kwak, N. S, Lee, L-Y., Jang, K. R. and Shim, J.-G. "Performance Analysis of a 500MWe Coal-fired Power
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<® 4.2> Baseline condition

Parts Unit =
Length & Width m 292 x 32
Gross tonnage ton 58,438
Net tonnage ton 21,60
Main diesel engine
« Kincaid B&W 6L90 GBE kW 20,200
 Thrusters kW 2 X 1,398
+ Full sea speed knots 17.5(32.4 km h-1)
» Fuel consumptions at sea m3/h 3.2~34
Fuel characteristics
 Heating value at const. press MJ kg-1 40.34
* Heating value at const. vol MJ kg-1 4259
+ carbon % mass 86.5
Technical parameters
» Brake power load % 84
» Brake power, main engine MW 17.0
» Speed km h-1 315
+ Calculated fuel consumption kg h-1 3,263
» Exhaust temperature after the engine C 330
+ Exhaust temperature at the funnel top T 263~266
+ Exhaust flow, main engine Nm3h-1 110,000
» Exhaust flow speed m s-1 25

Evaluation for the Carbon Dioxide-involved Production of High-Value Chemicals,” Korean Chem. Eng. Res.
(HWAHAK KONGHAK), 52(3), 347-354(2014).

90) Moldanova, J., Fridell, E., Popovicheva, O., Demirdjian, B., Tishkova, V., Faccinetto, A., and Focsa, C., "Characterization
of Particulate Matter and Gaseous Emissions from a Large Ship Diesel Engine,” A#mospheric environment, 43,
2632-2641(2009).
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<H 4.3> Flue gas emission
Emission .. .
Emission rates Concentration
Exhaust component factors
g kWh-1 g/kg fuel kg/h ton/d g/Nm3
« NOx 14.22 73.4 2417 58 2.20
- CO; 667 3,441 11,339 2721 103.1
+ CO 0.42 217 7.1 0.2 0.065
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<H 4.5> Summary Results

LA OE HAIE J
280 2 oHX| S7t=

ol O|X|AIE Z71 90| ZRHOZ OAsiEs X

Parts Unit Technology Comment
CO, Capture

* Unit - 2(Absorber), 2(Stripper)

» CO, Absorber & Stripper Height m 40

» CO; Absorber & Stripper Diameter m 2.0

+ Solvent regeneration energy GJ/tCO; (4.0) dus g8

CO2 compression & Storage
» Power consumption of CO, Compression MWh/tCO; 0.043
« Power consumption of CO, Liquefaction MWh/tCO; 0.062
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O|Ct (Source: Lloyd's Register Fairplay - World Fleet Statistics 2010). S}X|2t 0| 720 HH
+& 70l FHgget 50| of 23,000 4= AHX[StLE O GT = 72 106 million GT

of 2tstCh matA o] ofME H st ALtE StH ocean going Mol 7 F7|= <

OF 55000 Moz Hy4 MHEL of 19E0|H F FA= 2 910 Million Gt
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Figure 2.7. Fleet deployment per country: Total number of ships and average size (TEU) per ship, 2004-2014

200 5 000

mnga ship size
|~
160 — L] 4000
_'__44_--—"\, _,../
s].‘ps n__-“—-—s-e-"‘ A':—u—-'- ----_"“ﬂ
120 3 000
r‘f
80 2 000
40 1000
0 0
2004 2005 2006 07 s 2009 o 20 a2 a3 2m4
== Ships 1335 | 1367 | 1357 | 1432 | 1457 | 1203 | 1357 | 1356 | 13848 | 1351 | 1305
—+— fvorgeshipsize | 2250 | 2312 | 2530 | 2689 | 2848 | 3167 | 3452 | 3622 | 30&2 | 4121 | 4440

Source: UNCTAD, basad on data provided by Lioyds List Inteligence.
<2l 419> 2004-2014H7t0| IS MO W AO|= HEFAM (GTEE 10-12E H&,
BE Hg A2 7Eol4ol JiY 2 E 10-12 ton)
Xt&E : UNCTAD 2014, Review of maritime transport 2014

http://www.globalsecurity.org/military/systems/ship/container-types.htm
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<H 46> HAMO| 37| HAAH Myt %

H Size (deadweight tonnes) No. in World fleet
Handies 10 - 49,999 dwt 3212
Panamax 50 - 79,999 dwt 1453
Capesize 80,000+ dwt 796

Source: Intercargo

Xt=2 : IMO (2012) International Shipping Facts and Figures

Table2- World fleet : gross tonnage (in 1000 t), by type and size

Ship Type Small'™ Medium'® Large™’ Very Large'” Total

General Cargo Ships 1650 522,5% 549837 255% 6937 . 2,1% 63 525 ] 5,8%
Specialized Cargo Ships o 0,1% 1421 0 07% L7el  0,5% 64 ¢ 0,0% 3252 0 0,3%
Container Ships 7 0,1% 28359 132% | 64106 (191% | 65641 (175% 158112 15,9%
Ro-Ro Cargo Ships 11 0,1% 7918 0 37% | 25712 7 T7% 8063 ¢ 2,1% | 41704 @ 4,5%
Bulk Carriers 151 2,0% 51107 237% (132029 :394% (109619 :20,2% (292906 '31,4%
01l and Chemical Tankers p45 8,6% J8119 (182% | 83949 25 1% (137023 (36,50 (260735 (27,00
Gas Tankers 14 0,2% 5397 | 25% aar4 25% | 34371 : 92% [ 48150 ¢ 520
Other Tankers 34 0,5% 40 ¢ 0,0% 75 1 0,0%
Passenger Ships B56 511,4% 11420 © 53% 0445 | 2.8% 12379 ¢ 33% [ 34100 ¢ 3,7%
Offshare Vessels 588 8,0% 8421 | 38% 2206 1 07% 8022 | 2,1% 19248 ¢ 2,1%
Service Ships 483 6,5% 6205 @ 2,9% 554 0 0.2% 7241 0 0,8%
Tugs 3031 54[],5% 948 04% 3879 0 04%
Total 7 490 I 100% | 215192 100% (335072 ] 100% |375 182 @ 100% |932 935 ] 100%:

Souree: Equasia TGT<500 - “I500=GT<25.000GT - W250002GT<60.000 - MGT

=60.000

Graph 1- World fleet : total number of ships, by size Graph 2 -

Medium
408%

smal Large
Verylarge  11%
5%

World fleet : gross tonnage, by size

Very large
40%

<% 420> MEt Z2Y 379 Muts

Xt= :Equasis (2010), The world merchant fleet in 2010
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Bulk carriers

Ceneral cargo ships

Crude oil tankers

Container ships

Chemical tankers

Ro-Ro/ Passenger ships

Liguefied natural gas tankers

[+] 2,500 5,000 7,500 10,000 12,500 15,000 17,500

<13 421> 20144 Mt M A|A Mt 4
AFZ: statista.com

Crude Oil Tanker Fleet Development
2012-2013

~
£

+ 6%

5%

L 4%

Number of units
w
Ed

N
=S
Annualised fleet growth in percent

- 1%

o
R

D D D DD DD DD D B D
@ﬁu\\ﬁ\ﬁ"@\ﬁxb\@\'@\r@\\\@\-\9\@\-\9\'\9\@\
FEP WP VPR PG E SPGB PR

VLCC Deliveries M suezmax Deliveries B Aframax Deliveries
B vLcc Demolition Suezmax Demolition Aframax Demolition
== Crude oil tanker fleet growth (ann.)

Source: BIMCO, CRSL
<8 422> HMA FFsSMEiel d MEM = Hat
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2l 423, 7 47).

o
@S LK 20134 $F T QASR s HOR HOIT

Figure 2.8. World tonnage on order, 2000-2014 (Thousands of dwt)

350 000

300 000

250 000

200 000

150 000

100 000

IETEEEE T L P T

X373 IS608 24107 A2 12T SEEMS 8B TI0 THEXD 10614 24E84 X236 30139 MAET 23059 140% 1SH66
3125 2797 2541 2265 3012 4405 6004 3999 14354 18438 14037 12770 92 S5B31 4026

33444 SAEIZ BS540 G645 EO O 97 TST 10 ID 18870 18431 192H 14713 122 ET L2005 GATIN 75 0GR
11522 18348 17132 14230 00 45286 54385 S7E07 79744 74400 58904 45087 51654 400640 42738

Sourca: Compiled by the UNCTAD sacratariat on the basis of data supglied by Clarkson Resaarch Sarvicas.

Note: Propelled seagoing merchant vessels of 100 GT and above. Beginning of year figures.

<72l 423> 2000-2014E7FK|Q| AMEF A7 (dwt) 2kO| BBl |2 KK

<H 47> 2013-2014 M=Y HXsiz

ES 2013 2014
Bulker 797% 609%
Combined Carrier 0% 0&
Container 2033 202%
Gas Carrier 67% 872
General Cargo 240% 1174
Off shore 5033 5273
Reefer 7 4%
RoRopassenger 1043 128%
Tanker 448% 373H

A 23694 2047&

AFE2Z=X : Clarkson.net
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7t € A8} ES W tREE0| 2O olg2 =g = AU
= 70,000 Gt O|At0| E=IC} (
Fairplay - World Fleet Statistics 2010). [}2tA ZHO|HMI SxME S8 S 50,000 GT

O|&2 7185t0] O|LtatEtA Y HAHE HA[SHRICE

X0l AM™Rl AO|=Ql Aframax Source: Lloyd's Register

41,22, M MA AZAE
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O 201144 g
MECHANICAL DRIVE DIESEL MARINE PROPULSION ORDERS, January — December 2011
Engine Dp:ra:trm]"?ren Ranges Fuel Regions/Regional Codes
Qutput Number Total Engine Output =
Range of for Each Output a = g 5 -
{MW) Units Range (MW) Below 300 to 720 to Above Diesel Heavy | MNatural E _—_ w g =] - a |_= E 8
300 600 1000 1000 Fuel Fuel Gas 2 §- 533 %i 8 |5 E E =8 TE wel=2|EE2 £%
= W = =1 — E E = - =
=3 |2z 20 | & |E23|sz]|=s5|z 8% §E 5£5|5%
0.50 to 1.00 Nz 2028 0 4 3 3085 3o 12 0 734 18 120 1178 482 28 0 1 507 4 50
1.01 to 2.00 2208 3057 17 23 493 1675 2092 116 0 758 116 47 520 33 16 0 4 363 36 17
2,01 to 3.50 560 1500 18 34 283 225 492 68 0 116 H 1 173 74 108 0 0 46 Q 1
351 to 5.00 132 543 18 19 57 38 68 62 2 27 4 17 64 0 2 0 0 18 0 0
5.01 to 7.50 195 1200 118 15 4 2 49 146 0 7 7 2 151 14 0 ] 0 14 0 0
7.51 to 15.00 406 4865 466 18 4 B8 20 476 0 & 4 0 457 9 0 0 0 18 0 0
15.01 to 30.00 95 2062 95 0 0 0 0 95 0 0 0 0 o 4 0 0 0 Q 0 0
30.01 to 50.00 62 2471 62 0 0 0 0 62 0 0 4 0 58 0 0 0 0 0 0 0
50.01 and Above 60 ars 60 0 0 0 0 B0 0 0 0 0 60 0 0 0 0 0 0 0
Totals 6930 21450 854 13 911 5052 5831 1087 2 1650 184 197 2752 914 154 0 5 966 40 68

Diesel & Gas Turbine Worldwide July-August 2012

O 20124 sigt

MECHANICAL DRIVE MARINE PROPULSION ORDERS, January — December 2012

SR e Fuel Regions/Regional Codes
Total Engine frfmin}
Output Number | o o = ==
s o Em"‘r"‘:"ﬂl‘"-“ Bel 300to | 720to | Abi Diesel | He Matural = % £ E SE
ow o o ove esal ural = o w = = _ = |_= @
(MW) UnitS | pange (MW) | 300 | 600 | 1000 | 1000 | Fuol | Fust | Gas fE £ 552|285 | @ |E2¢8 % = | =8 |E=s £ ’é % “é § £ ‘E—
=3 |8a2| =9 | § |823| 8% | 2% |38%| 2= [S2&| &=
0.50 to 1.00 2553 1434 0 5 67 2481 | 2509 43 1 652 56 67 671 | 340 30 0 16 643 37 41
1.01 to 2.00 1986 2507 7 22 230 1727 | 1903 77 6 B32 59 66 539 | 294 30 12 1 306 3 44
2.0110 3.50 396 858 4] 11 280 105 330 59 T 70 29 49 214 14 2 0 1] 14 Q0 4
3.51105.00 143 592 1 13 88 4 74 69 0] 38 10 16 45 10 6 0 4] 16 ] 2
5.01to 7.50 93 507 1 12 34 46 75 9 9 22 14 0 40 4 8 1 4 0 0
7.51 10 15.00 105 1017 50 14 3 38 47 58 0 3 0 0 62 8 22 0 0 8 2 0
15.01 to 30.00 24 516 24 0 0 0 ] 24 o 0 0 22 ] 0 0 0 ] 2
30.01 to 50.00 ] 297 0 (4] 9 0 0 0 9 (4] 0 0 0 (4] 0
50.01 and above 0 Q Q 0 ] ] 0 ] 0 0 0 ] 0 0 0 0 0
Totals 5309 7728 92 7 702 4438 | 4938 | 348 23 1417 | 168 198 | 1602 | &70 90 20 18 991 42 93

July-August 2013 Diesel & Gas Turbine Worldwide

124



O 20134 =gt
MECHANICAL DRIVE MARINE PROPULSION ORDERS, January — December 2013
Engine owa:,"gl Speed Ranges Fuel Regions/Regional Codes
Total Engine (rfmin)
Output Number | utput for @ Bs
Range of o - -
(Mv?} Units Each Output | gojow | 300to | 720to | Above | Diesel Heavy |Natural | £ g w g 2| _ 5 A 8 |= : i 8
Range (MW) | 3200 | 600 | 1000 | 1000 | Fuel | Fuel | Gas | 28 £58| 5 8 |E%E| £, | =8 Bag|l o8 |E88| o
82 |BSE| 2B | 5 |38%| §% | 58 |cE=| 5E |§8%| 32
2w |doz| =0 L |maa| o= | z= |S8d=F| =< |0=0| o=
0.50t0 1.00 | 2584 1835 0 1 5 | 2571 | 1213 | 252 0 |53 | 30 | 32 | 972 | 434 | 10 0 9 | 507 | 9 45
1.01t02.00 | 2277 3208 10 20 420 | 1826 | 999 | 232 8 | 739 | 43 | 106 | 660 | 285 | 27 4 6 | 350 | 5 43
2.011t0 3,50 452 1155 49 10 223 | 170 | 347 | 106 0 29 16 | 14 (275 | 12 | 60 0 0 44 0 2
3.51t05.00 a4 302 27 0 20 47 50 3 0 10 2 4 58 4 1] 0 0 16 0 0
5.01to 7.50 233 1522 187 16 9 21 33 | 188 | 12 7 0 0 199 | 15 1] 2 4 6 0 0
75110 15.00 | 1091 10 822 650 8 6 8 14 | 653 | 14 0 14 0 [1005| 53 1] 0 0 19 0 0
15.011030.00| 242 4601 442 1 0 0 1] 441 2 1 3 0 220 | 16 0 0 0 2 0 0
30.01to50.00( 107 4644 225 0 0 0 1] 223 ] 3 0 o1 1 1] 0 0 2 1] 0
50.01 and above | 42 2410 133 0 1] 0 1] 133 0 1] ] 0 39 3 0 0 0 0 0 0
Totals 22 30769 1732 | 56 683 | 4643 | 2665 | 2262 | 38 | 1322 | 111 | 156 | 3519 | 833 | 97 6 19 | 955 | 14 90

July-August 2014 Diesel & Gas Turbine Worldwide

O 22MWgZ XS AX|St= MuElo] QHt™ol 37|
)

O <F 4500 TEUE(2F 50,000 gross tong

AH| oL d

O 2k 150,000 gross tong EiFHM

O 22MWg

20144 7|& S =
AFOl MAN Diesel & TurboAt (O|o|- MDT) %! WartsilaAte| QA ZI

ZLCt

O 22MW &
- 6G70ME-C9 : 21,840 kW

ATIO| ApRY

MEFS C&(X2) MEL2 OIlXl A|RHO| CHEE(QF 98%)S A}X|SD Q= licensor

22MWZ ZEIS ofafet

Wartsils  Mitsubishi
18%

Caterpillar
(MAK)
5%

Low-Speed Marine Diesel Engine Medium-Speed Marine Diesel Engine

Source: Wartsila;
ResearchlnChinaGlobal and China Marine Diesel Engine Industry Report, 2012-2013

MAN Diesel & TurboA}l CHZ AIE

7S70ME-C8 : 22,890 kW
8S65ME-C9 : 22,960 kW
8G60ME-C9 : 21,440 kW
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10S90ME-C9-GI-EGRBP

(blank) Tier Il only

EGRBP EGR with bypass matching
EGRTC EGR with TC cut-out matching
HPSCR High-pressure SCR

LPSCR Low-pressure SCR

Tier Il technology —

(blank) Fuel oil only

Fuel injection concept — (Gl Gas injection methane

GIE Gas injection ethane

LGIM  Liguid gas injection methanol
|LGIP  Liquid gas injection LPG

Mark number

[ME-C Compact engine
y‘IE-B Exhaust valve controlled by camshaft

Engine concept

Diameter of piston in cm

T e
Number of cylinders

O 22MW & WartsilaAl CHE QAIZ

6X72 : 21,660 kW

8X62 : 21,280 kW

8X62DF : 19,080 kW

7X72DF : 22,575 kW

Y 6 X 62 - Pn Vn internal identification
L—» version 0 — n (see chapter 4.2)

A4

modification letter
(see remark 1.1)

A J

bore size in ¢cm

A\

- crosshead engine
- RT-flex technology
- low speed

» number of cylinders

Wiirtsild

v
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Power range for Wartsila low-speed engines Speed [rpm]

Wiértsild dual-fuel engines

Wartsild RT-flex50DF B8=124
Wartsila X52DF B2=105
Wirtsiléd X62DF 80103
Wartsiléa X72DF 69=89
Wartsild X82DF B5=84
Wartsila X92DF 7080
Wirtsild Generation X engines

Wartsilda X35-B 118-167
Wartsild X40-B 104—146
Wartsila X52 78-105
Wartsila X62 77103
Wirtsila X72 6689
Wartsild X82-B 5884
Wartsila X92 7080
Wirtsila RT-flex engines

Wirtsili RT-flex48T-D 102127
Wirtsila RT-flex50-B / -D 95124
Wirtsild RT-flex58T-D / -E 84105

I I I I I I
Power [MW] 3 4 6 8 10 15 20 30 40 50 6!0 ?IU E?I»O

dutd o= MEO|IM 22MW g QT2 SZt2ol EF0(0, ZHO[LH4 2f 5000TEU S0
AR QUL
4,1,2 M} ti7|ui=E 1A EZEFYX|Q] Hix| 71sY HE

2 J|E oA MAOIMel CO, ZX7|ES Horstn UOLf, OFX CO; EEEX|7F Mutoj
EE A 7L HESH0], CHE CHY|HE =22 StetE(SOx) MUK AtHE Sdf CO, =H-E
K| MEHEX|ol Vtsds HAESIAX; 5L
41,21 M9l FsE MIEX]

MEoMo| &otetE(SOx) HiESMX|FQl |0|, F3f X LEBHO| 7|&E2 SFAIZ|7] fIsHA

GRQ BY 01% nym Ofstel MEE NZEBRO| AGO| 2THC, NIARRO| MBS

rir

CHx|Sto] Eitels MAEX2l AHE0| 7hsotH itels MATRX(C] Sel= flet 7|=0] 2005
4 MEPC 53X} 3|2/0flAf A{EHEl X|EIMQl MEPC.130(53) 22 R FE|QUCt 0=, Algeziel Y&
iMooz QI8 MEPC.170(57), MEPC.184(59) X|AIMZ JiME|QUOm, 2015 52 MEPC 68%} 2
O|0fl A CHA| MEPC.259(68)932 7§ | ALt

- 127 -



EGCU Hybrid System

mmm— Scrubbing water

Deplume System™ i

mmmmm  Cooling water
[ETX Al
Ll e Booster Pump™ 1 J_ETT_HTE_GEEE ____________________
e \Vash water : L CEMS i 0 Effluent !
e Blaed-off ' g | Monitoring !
_ i i |
Effluent ! : Moduie .
i | PH, PAH, Dl
— Alkali L saasl i Turts T o
m Sludge s T :
[222273 7 Optianat

Scrubbing water
Monitoring
Liadule

Turb, T

Scrubbing

_______

Coaling / Reaction
Water Fump

Sludge Tank

@ VEr=E TH document s Lhe property of UVAls Carporalon and sl rotbe coped of reproduced wWithoul s conssnt of the ownes, WARTS[LA

<2 424> WartsilaAl 2HMSHE HIE X 2 EEX|(SOx scrubber) 7HE =

ghitelE BIEXMAEXE MEOM AFESHAASHE A= IMOOIAM Fot X|EAMO| w2t 52l
=l = Mutol] AX|EICL gitetE HIENAYKA= 3A itetE =2 I scrubber chamber,
HMelg ool Sa&Al XNEldixel M2 YHEE L& 5 AUCL O|F scrubber chamber=
retrofit &X|Q| HO|M FE H{Z|7tA funnel Z|YEHFO| 2ESHO HX[E|n S50 SEEK|=

Merol 7|BAILY S4B sHol MXIElE HO| YEHEoO|CY,

03) P2 B AANE MEAGIAL] ABAE LSS AR ge B A B 9 A oo o
T:ﬂ_ o]x] 01-0.
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SitelE MAERK|Cl MZA & StLEQl Wartsila Al MZZEX[Q] 37|& of2fet ZLCt

'?.\-i\:

¥

ovain | I:
@ | | ¢ ¢
—_[H_L—‘ i . @ ﬁ
- p ’ @ :
BLJ B & {: 7 o < kﬁ
s mi s .
Drain 0 DOrain -

Dim. Description 12,6 kg/s| 15,5kg/s | 18,6kg/s | 22,1kg/s| 25,9kg/s | 29,9kg/s | 34,3kg/s | 38,9kg/s

MW 3,9 7,2 8,7 10,3 12 13,9 15,9 18,1
A Vessel diameter 1850 2050 2250 2450 2650 2850 3050 3250
B Total height 10000 | 10000 | 10500 | 11000 | 11500 | 11500 | 12000 | 12500
C Overall length 2240 2440 2660 29500 3120 3380 3600 3850
D Overall width 2240 2440 2660 2900 3120 3380 3600 3850
F Overall height 7450 7450 7950 8450 8950 8950 9450 9450

N1 | Inlet nominal bore 900 1000 1100 1200 1300 1400 1500 1500
N2 |Outlet nominal bore 800 900 1000 1100 1200 1300 1400 1400
Total dry weight 4200 4600 5000 5800 7500 8000 8600 10000

<1l 425> WartsilaAl SOx Scrubber chamber 31 37| (Inline scrubber type)
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Single-entry Scrubber
N1

£l Il N3

Figure 6 - Singie enfry EGCU serubber

Table 2 EGCU unit dimensions, 1 inlet

_ e 1 2 4 6 8 11 15
e i Mw | Mw | omw | mw | mw | mw MW
Exhaust Gas Mass Flow kg/s 215 | 430 | 860 | 12.90 | 1720 | 2365 | 3225

A Vessel Diameter (mm) 850 | 1350 | 1750 | 2000 | 2500 | 2900 | 3500
B Overall Length (mm) 1730 | 2240 | 3295 | 3850 | 4660 | 5360 | 6250
B1 Overall width (mm) 1250 | 1580 | 1980 | 2240 | 2740 | 3140 | 3660
C Outlet height (mm) 4020 | 4460 | 4835 | 5810 | 6150 | 6935 | 8205
D Inlet height (mm) 4670 | 5200 | 7015 | 8495 | 9635 | 10665 | 12130
E Drain below base (mm) 40 | 120 | 150 | 190 | 250 | 315 595
= Scrubber inlet height (mm) 1480 | 1660 | 2050 | 2435 | 2985 | 3330 | 3680
X Difference beMee[r:nt:Tl]J;rtom part and inlet 0 0 200 | 200 | 250 150 200
S Distance between support (mm) 690 | 745 | 745 | 790 | 1015 | 1160 | 1260
N1 Inlet nominal bore (mm) 400 | 600 | 900 | 1100 | 1300 | 1500 | 1700
N2 Outlet nominal bore (mm) 400 | 600 | 850 | 1000 | 1100 | 1300 | 1600
N3 Drain nominal bore (mm) 150 | 200 | 273 | 400 | 400 | 450 500
Dry weight (tonnes) 12 | 20 | 28 | 41 | 59 74 104

Wet weight (tonnes) 15 | 27 | 37 | 54 | 86 | 115 | 169

Hw Water level (mm) 600 | 500 | 435 | 420 | 550 | 580 610

Water weight (tonnes) 030 | 07 | 10 | 13 | 28 | 41 6.5

<18 426> WartsilaAl SOx Scrubber chamber2| 37| (Single-entry scrubber type)
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N1

Tahle 3 EGCL unit dimensions for sizes 2-130W, 2 infels

Dim. Description 2MWNV [ 4 MW | BMW | BMW [ 11 MW [ 15 MW
Exhaust Gas Mass Flow kgis 430 | 860 | 1290 | 17.20 | 2365 | 32.25
A Vessel Diameter (mm) 1350 | 1750 | 2000 | 2500 | 2900 3500
B Owerall Length (mm)}) 2085 | 2860 | 3390 | 4115 | 4895 5810
B1 Owerall width {mm) 2070 | 2565 | 2900 | 3500 | 4085 4750
C Outlet height (mm) 4460 | 4835 | 5810 | 6150 | B935 B205
D Inlet height (mim) 4850 | 5400 | 6785 | 7690 | 9240 [ 10030
E Drain below base (mm) 120 150 190 250 315 505
F Scrubber inlet height (mim) 1660 | 1860 | 2235 | 2735 | 3180 3380
X Difference between bottom part and inlet (mm) 0 1] o 0 o] o]
5 Distance between support (mm) 770 845 1000 | 1420 1435 1415
N1 Inlet nominal bore {mm) 400 600 750 900 1100 1320
2 Qutlet nominal bore (mm) 600 850 1000 [ 1100 | 1300 1600
N3 Drain nominal bore (mm) 200 273 400 400 450 500
Dry weight (tonnes) 21 28 4.1 57 7.6 110
Wet weight (tonnes) 27 38 54 8.5 117 175
Hw Water level (mm) 500 435 420 550 580 E10
Water weight (tonnes) 07 10 1.3 25 4.1 6.5

Table 4 EGCU unit dimensions for sizes 20-TOMW, 2 infels
Dim. Description 2ORIW (2SN SO | 350N |4 DRV |4 SMW{ SOMV) SSMW [GOMW | 6SMW [7TOMW
Exhaust gas flow (kg/s) | 43.0 |53.75| 645 [75.25| B6 [96.75|107.5|118.25[ 129 |139.75|130.5

Angle between inlets 70 70 70 70 70 70 70 70 70 70 70
Inket nominal bore 1350 | 1500 | 1600 | 1750 | 1850 | 2000 | 2100 { 2200 | 2300 | 2400 | 2500
Ciutiet nominal bore | 1800 | 2000 | 2200 | 2400 | 2550 [ 2700 | 2500 | 3000 | 3100 | 3200 | 3300
Drain nominal bore 550 | GO0 | 700 | 50O | 500 | 500 [ S00 | 1000 | 1000 [ 1000 { 1000

A “essel diameter 4100 | 4500 | 5000 | 5400 | 5800 | 6200 | 6500 | 6800 7100 | 7400 | Y700
B Cwerall length 6150 | 6&50 | 7600 | 8350 | 8850 | 9400 | 9300 (10350 |10750| 11100 (11400
B1 Cwverall width 5800 | 6450 | 7150 | 7800 | B300 | 6800 | 9200 | 9650 |10050| 10350 (10650
C Cutlet height B850 | 5200 | 9550 | 9900 [10300|10650(11000( 11350 1175012100 {12500
D Inlet height 5400 | 6200 | 7400 | 7900 | 8350 | 85800 | 9200 | 9600 |10000| 10350 (10700
E Drain below base &30 | 1000 | 1050 | 1100 | 1150 | 1170 [ 1200 | 1200 | 1250 | 1300 | 1300
F Total height 5800 |10200{10800]11000 [11400]11800]12200{ 12600 |13000) 13400 {13500
G
M1
N2
N3

<1l 427> WartsilaAl SOx Scrubber chamber2| 37| (Double-entry scrubber type)
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Triple Entry Scrubber

800

Dim.

Description 4 MW 6 MW gMW | 11TMW | 15 MW
Exhaust Gas Mass Flow (kg/s) 8.60 12.90 17.20 23.65 32.25
A Vessel Diameter (mm) 1750 2000 2500 2900 3500
B Overall Length (mm) 3100 3975 4915 5780 6700
B1 QOverall width (mm) 2600 3140 3860 4500 5250
c Qutlet height (mm) 4835 5810 6150 6935 8205
D Inlet height (mm) 5050 5775 7285 8135 9080
E Drain below base (mm) 150 190 250 315 595
F Scrubber inlet height (mm) 1860 2235 2735 3180 3380
X Difference between bottom part and inlet (mm) 0 0 0 0 0
S Distance between support (mm) 865 1020 1500 1465 1445
N1 Inlet nominal bore (mm) 40 600 750 900 1000
N2 Qutlet nominal bore (mm) 850 1000 1100 1300 1600
N3 Drain hominal bore (mm) 273 400 400 450 500
Dry weight (tonnes) 2.8 4.3 6.0 7.6 11.0
Wet weight (tonnes) 3.8 5.6 8.7 11.7 17.4
Hw Water level (mm) 435 420 550 580 610
Water weight (tonnes) 1.0 1.3 2.8 4.1 6.4

<12l 428> WartsilaAl SOx Scrubber chamber2| 37| (Triple-entry scrubber type)
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Quadruple Entry Scrubber

Dim. Description 6 MW 8 MW 11 MW 15 MW
Exhaust Gas Mass Flow kg/s 12.90 17.20 23.65 32.25
A Vessel Diameter (mm) 2000 2500 2900 3500
B Overall Length (mm) 2530 3750 4235 5010
B1 Qverall width (mm) 2900 3385 4025 4810
C Qutlet height (mm) 5810 6150 6935 8205
D Inlet height (mm) 5425 6275 7730 8335
E Drain below base (mm) 190 250 315 595
F Scrubber inlet height (mm) 2235 2735 3180 3380
X Difference between bottom part and inlet (mm) 0 0 0 0
S Distance between support (mm) 1040 1520 1545 1458
N1 Inlet nominal hore (mm) 400 600 750 910
N2 Qutlet nominal bore {mm) 1000 1100 1300 1600
N3 Drain nominal bore (mm) 400 400 450 500
Dry weight (tonnes) 4.1 5.9 7.7 10
Wet weight (tonnes) 58 8.7 1.7 17.4
Hw Water level (mm) 420 550 580 610
Water weight (tonnes) 1.3 28 4.1 6.4

<18l 429> WartsilaAl SOx Scrubber chamber?| 37| (Quadruple-entry scrubber type)
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2 20N WartsilaAl7t 3 823F= inline type E4t3tE HIEMZAXM K= 2fF 6MW ~ 18MW
AZFIO| MBE 4 UOM, £O0l& 10m~125m, AL o 2m~3m HEo| WAL oISt

ST

QULCL EESH single entry 5! double entry &Alo| XXl ARl =3 1IMWOIA 70MWZETIHX|
CtYsH 7|0 M8 HE HOFLL Scrubber chamber?| &=0|= =
12.5me| Ho| A2, HFE2 & Im ~ 75m FYEo| HLel0f ASS AL +
HAZ LIEFSCE Single

entry typel| AL chamber 3 ™ & chamber U M2|5=2| A FAH 7t F 1.5 ton ~ 17 ton

Scrubber chamber®| ZA= inline type2| AS 4.2 ton ~ 10 tonZ|

O H2|0|Ct. Triple entry 3 Quadruple entry typel| AL 15MW QXIS 7|&ECZ 2F 17 ton

dzo| A FAE =t

<H 4.8> WartsilaAl Scrubber chamber (inline type) = X|4= S £

AR
MW) 59 7.2 8.7 10.3 12 13.9 15.9 18.1
=0|(m) 10 10 10.5 11 115 11.5 12 12.5
2 d(m) 1.85 2.05 2.25 2.45 2.65 2.85 3.05 3.25
£ 7((ton) 4.2 46 5.0 58 7.5 8.0 8.6 10.0

<H 4.9> WartsilaAt Scrubber chamber (single-entry type) 2 X| 3 2A|

oi'%\'ﬁﬁa"ﬂ 1 2 4 6 8 11 15
£0|(m) 4.02 4.46 4835 581 6.15 6.935 8.205

2 Z(m) 0.85 1.35 1.75 2 25 2.9 35
MR Z(m) 173 2.24 3.295 3.85 466 5.36 6.25
ZX| A (ton) 1.2 20 28 41 59 74 10.4
3= A (ton) 03 0.7 1.0 1.3 28 41 6.5
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<H 4.10> WartsilaAt Scrubber chamber (double-entry type) =L X|&= 2 FA
0,1[?((,_'\IAW§)E_1 2 8 15 20 30 40 50 60 70
=0[(m) 4.46 6.15 8.205 8.85 9.55 11 11.75 12.1 12.5
2/ Z(m) 1.35 125 3.5 4.1 5 58 6.5 7.1 7.7
AX| Z(m) 2.065 4115 5.81 6.15 7.6 8.85 9.8 10.75 114
x| FA(ton) | 2.1 5.7 11.0 - - - - - -
5|~ (ton) 0.7 1.0 1.3 - - - - - -
<H 411> WartsilaA} Scrubber chamber (Triple-entry type) = X[ Sl ZHA
0,1I7(<,_'\IAW§)EL1 4 6 8 11 15
=0[(m) 4.835 5.81 6.15 6.935 8.205
Z & (m) 1.75 2 25 2.9 35
Hx| Z(m) 3.1 3.975 4.915 5.78 6.7
A A (ton) 2.8 43 6.0 7.6 11.0
3ij =27 (ton) 1.0 1.3 2.8 4.1 6.4
<H 4.12> WartsilaAl Scrubber chamber (Quadruple-entry type) = X|= 8 A
0,1I7(<,_'\IAW§)E_1 6 8 11 15
=0[|(m) 5.81 6.15 6.935 8.205
Z & (m) 2 25 2.9 35
Hx| Z(m) 253 3.75 4.235 5.01
Fx| FA|(ton) 4.1 5.9 7.7 10
5|~ (ton) 1.3 2.8 4.1 6.4
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iotE HEMGEA = HIZ7|I7ts We| &itst

o

=9| &
chamber L{Of ZArotCt p2tA RS0 EX|E A8 S5 di+E flet X & B ZA

$ pH 4 D|gte] At X2|50| SH2IS 9IS 245 M Y3 U TR BHEIC TN, A
AHS Rt Z4E THE U TS LRG| AP 30| FE LEEOOf B L 4
I

2itotE HIEMAEXI0AM 2AE S5 e s MM HiET SHEIE HAY L2
2 HEE|7|= SlH(open-loop type), scrubber chamberZ #2tL|0] At &2
(closed-loop type). EESH open-loopdt closed-loopE MEHMOoZ MET 4~ Q& hybrid type:
MSsta QUCt
WartsilaAt2| scrubber chamber 3! 28 = chamberLl{Q| XNZ|x= FA = THed| scrubber
chamber Zt= 2fot FAO|CL M2|+& sadts A 8 XN2|x2o| 2XN2E flet 45 Hi
7

# 2 A3, a2 HFA| O|Soks ME[eo| FAE & DS Tt FAYF Fot2 1

r

12 A2z of¢Erh

7h. gielE HiIEXMAERe 2] 4N

WartsilaAt= 0[O0 1004 9| MEt0f| ZitolE HiEM YKl AX(oh HX S S5t ULt Of
2ol AMO|AM tanker, bulk carrier, container, Ferry, AtsXt28tM, Cruise, LPG, EM & CtY
ob B0 HEEXUSS =Y = AUCH (7 413). [MEtA, WartsilaAte| ZHitsolE BiEH X
of A4 =7 A FAHL "HeloM= MBFE 2XQ HA0| Aol gl= A= ofdg £ Utk =
oh Gt retrofite 2 AX|E|0f Al EOE OfL|2) HEMO| HEdte AL 7IseS ol
4= UACH
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<H 413> WartsilaA} ZHAISIS HYES X ZERHX| A% AR

G C referencesMarket leader with 100 units installed or on order for 50 vessels!

...more will follow

Vessel/Owner Vessel type Application Open loop Closed loop Hybrid Scrubber delivery
MS Pride of Kent/ Ferry Retrofit X 2005

MS Zaandam/ Cruise Retrofit 2 2007

MT Suula/ Neste shipping Tanker Retrofit X 2008
Containerships VIl / Containership Container Retrofit (EPC) X 2011

APL England/ APL Container Retrofit X 2011
DSME Ignazio Messina & C.S.p.A (4 vessels) Container/RoRo  Newbuilding X 2011/2012
MV Tarago/ Wilh. Wilhelmsen RoRa Retrofit X 2012

8 vessels/ Algoma Bulk Carrier Newbuilding X 2012/2013

2 vessels/ x* Cruise Newbuilding X 2013/2014
Mein Schiff 3 & 4 / STX Finland Cruise Newbuilding X 2013/2014
HHI H2516 and 2517 / Solvang LPG Newbuilding X 2012/2013
STX 3027/28/29/30 / Messina Container/RoRa  Newbuilding X 2013/2014

1 vessel /x* Cruise Newbuilding X 2014
Super Speed 2 / Color Line Ferry Retrofit X (Inline) 2014
Super Speed 1/ Color Line Ferry Retrofit X (Inline) 2014
Color Magic & Color Fantasy / Color Line Ferry Retrofit X (Inline) 2014

MV Robin Hood / TT-Line RoRo Retrofit (EPC) X 2014

HHI 2656 / Dorian LPG Newbuilding X 2014

HHI / Wilhelmsen (4 vessels) RoRa Newbuilding X 2014

HHI / Solvang (2+1 Vessels) LPG Newbuilding X 2014
Trawler / x* Special Retrofit X 2014
Clipper Harald / Solvang LPG Retrofit X 2014

6 vessels / Finnlines RoRo Retrofit X (x) 2014/2015

8 vessels / x* Cruise Retrofit X 2015

@
WARTSILA
21 @ Warsila Day Month Year Presentation name / Author

Lt gitels HHEMAFXIS 2X Aty 24

2itetE BIEXMAEXIC retrofit X A0 CHSH M| ZAHQ! Alfa LavalAl= ZH|O[X|0f &
Ssdds MIotn Utk oy dHH2 MV Plycad|lf Arsit 2RI =M, MEho] I7|=
205m x 29m (LxB), Gross tonnage= 28,289 tonQl MEO|C}. AX|=l scrubber chamber 5! Hi=

T FME|EH[= funnel X &R0 Q™S X EASS MSE AHE2Z2 2HIVHSOIC
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<72l 430> Alfa LavalAl SOx Scrubber7t MX|=l Mk (M/V Plyca)
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<12 432> Alfa LavalAl SOx Scrubber®| AX[ (M/V Plyca)

Alfa Lava|A|- gt A'|7<A|'I_ _(ID_H EIR'@. _(T)'_I7_|-o| ngElxl (B_éto'_l scrubber g_

=
XIE 2Xot7| 28l F7te] Sts ==2H7| fleh Yol 2

eloleo S0l
Sk SHR0] B +UEIASS HolE & AACH

ofzfje] A glat Z+o| 7|&Q| Funnel casing0f &X[7t AX|E 4= §10{ Scrubber RoomOZE HA|E

F7te| Sts =HHESH| flet XY0| e s AL

.l
1

. -' |mur fjan "|
L@ W

<12l 433> Alfa LavalAl SOx Scrubbero| AX|E |3t Scrubber Room (M/V Plyca)
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C-Loading - ANDORA - Planning Condition name: "03 Homogenus Load Departure”
 File Options Reports Help J
| Planning Condition i (SWLWt1,0250 [t/m3]) | A\ Open damage stability l
Results | @ Input ) & Condition Options | [ Cargosum. | @ | 01 i [ vesel | Compatment | Loadplan
Online | | Floating Position: 0K " CagoTanks | SclectedTanks | stoes Deck | Model ||4ltarks ~|| Trans. |5 > @O
Condition | | Intact Stability: oK <[No , |Compt. |Cargo | Obsu| Corr.U Obs.val.| T.Av. Lwt. | Weight Filing | + | H
Longitudinal Strength: OK = | | M m 3 I=cl [tim3]| i} [%]|
Damage Stabiity:  HOT Evaluated CEECES Grade 0 0,139 0,13 328,006 1500 10,6800
Deadweight Summary | 2cTis Grade 0 0,139 0,139 329,868 1500 0,6800
Cargo 4765 [1] ° 3cT® Grade 0 0,144 0,144 365,932 15,00 0,5800
Ballast: 228 [] =
. 4cTs Grade 0 0,144 0,144 365,932 1500 0,680
Planningll | el oi: 318 [ @ &
Condition | | pecel ol a1 ® || sa= Grade 0 0,146 0,14 344,862 1500 10,6800
i 206 [1 @ | 6CT3s Grade 0 0,146 0,14 348,194 1500 10,6800
Lub Ol 100 7T Grade D 0,14 0,146 346,822 1500 0,6800
Lis BHO || s8crss Grade 0 0,147 0,147 350,154 1500  0,6800
S 5@ s Grade 0,146 0,146 682 1500 0,680
i o || wmcrss Grade D 0147 0,347 350,154 1500 10,6800
Displacement: 8578 [1] e : : - . :
= = . ncree Grade 0 0,146 0,146 396,822 1500 0,680
[rvme e o bt S e 120768 Grade 0 0147 0,347 350,154 1500 10,6800
Trim: o11[ma [Ulsee 0,00 mA | |- ki “ e 5 e s
Heel: 02 (95 | 00 (e ||| Baw Grade 0 0,146 0,14 396,822 1500 10,6800
Draught Fore: 6,13 [m] D 14CT 75 Grade 0 0,147 0,147 350,154 15,00 0,6800
Draught Md: (S [m] B5cTer Grade 0 0% 0,1% 39,822 1500 0,680
Draught Aft: 6,24 [m] =
GMcorr 091[n] FScor: 0,29 ] e e =T -
KG Act: 5590 Keeor: 5,88 [m] kL - i " JiL
Displ. Margin: 1422 [ PropImm: 194,1[%] <[ [No , |compt. Obs.| Obs.Vol. Lwt. Weight| Filng| »
<Ctrl> +1 to show stabilty details 1| | wil m3] [t/m3] [ull [l
o 5 = @ 4 FOSPARE 3P 0,000 0,000 0,330 0,000 00
ongitudinal Stres eagoing  Harbow | |-
SiFr. 1378 08[] 80k B ||| @  500DAYZ® 1,729 16,941 0,850 14,400 97,9
SMiF. 340 7361 [tm] 58[%] 38[4 || @ %003 3,123 2,176 0,850 24,800 97,9 |
St i | |@® a7po3ee 3,123 29,176 0,850 24,800 97,9
@ sFwie 6,562 108,100 1,000 108,100 100,0
@ BRI 6,562 108,100 1,000 108,100 1000
Longitudinal Strength 3@ e |4 G_z.ﬁ.._vc@\@hgl
sk
- e
‘ Lo H ”. Orline Status: Evaluated NOT OK HLastaﬂEnﬁun: 15.10.2010 - 14:21:54 e H Hg/; "
L gl

<113 434> MHO| Loading computer 3t (0 A])

d
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OlM HMAIE HiQP Z0| YR Mz FAT|=(0|4t2tEFA-EOR)Z 0[O A|FO| H=k[0f /U1
QstnE AUF/HBEHA +=F0[0 O|LtztEts =3}
A ol

Jlee FNNO| B £t AR J|SFHAYL AT TYHAY HoE EMED Uk

O|AtB}EIA iR Fsly|a8 URT|=E |

Hydrogen (renewable methanol)
Hydrogen (formic acid)

CO, to fuels Algae (to biofuels)
Photocatalytic processes

Nanomaterial catalysts

Enhanced Power cycles (using scCO,)

commodity -

production Enhanced production (urea; methanol)
Enhanced Miscible/immiscible floods (CO,-EOR)
hydrocarbon Miscible/immiscible floods (CO,-EGR)
recovery

Sorption-based displacement (ECBM)
Carbonate mineralisation

CO, concrete curing

Bauxite residue carbonation

co,
miferalisation

Sodium carbonate

Chemicals Polymers
production Other chemicals (e.g. acetic acid)

Algae (for chemicals)

- Main activitios Source: Ecofys/Carbon Counts

Some activities ECO Fl_S_ %}(‘é Eslhﬂr?.rl:

4,21 =L CCU 7|71 &

B0 SEXN BMES flof X =AM Tl S O|itebEra
A

2g7l% d
K2l RLHEKROE 7B g, BRESATLSHN AH7|E HUMH 3
S0l onf MRoIME EXMHIL AAT UHRD 0|40l oML WS J|E7
42 AW Y UH NN 58 YO I|Y

=
|2l =0 QUCE &S0 2015 3 X KCRC
7

94) Lee, J. H, Kwak, N. S., Lee, L-Y., Jang, K. R. Lee, D. W., Jang, S. G., Kim. B. K., and Shim, J.-G. "Performance and
economic analysis of commercial scale coal-fired power plant with post-combustion CO-. capture,” Korean J. Chem.
Eng. DOIL:10.1007/s11814-014-0267-0(2014).
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7l =
(HErAD SHE 7= {EVT] XA
Tl;[;; E/Phase 1 g
z‘MW!’COl «1
. 1,300 tlyr methans by 7/“")
HEk2 | - 1,800 tonCOy _
(Carbon (LAME2E 0.7 MW) H2(/\._|7_(H/gloi||_-|x| 52)9}
Recycling - 1,300 tonH|EF2/y O &tstEta 2t BlSS
Intl.) (20124 %) Eaf 8A
2525 LR kg FF) O|AIBIEIAE O|B 8
(BAYER) oA = Z2| e g4
O|AtBIEIA, B, Bl
OJMz=F 4T3 Pilot 72 0|23 BEIA 2SS
(Proviron) o = S5 clojx|= S22
=2 Al
SRR
(Cambridge A5 Pilot O|AMBIEFA Tl
Carbon TE a7 B HAHHT|=ES &E5H0]
Capture) HEXA g
FEMM - 6,000 tonCO/y Hrlg a2t dis=
LIEZ (LR22E 1 MW) O| AHSIEIAE 825107
(TWENCE) | - 8,000 ton NaHCO3/y SEHILIES M=
- JtA HHEE
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GHEEAD EE A3 7= A =2 ALEI
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—_ HM7|28let oA =0
ﬁg; 75,000 tonCO./y O|AMSIEIAE SZE5I
(3ky_or_'1}5c) (H™2k 2F 10 MW) TIEVIslEtE MM
(‘154 AARF ofd
= X721t oA |0
Gaorm | umsmozww | ClUSIEAE mse
dalera =SS U HE=XIRY AHAH
O|AMSIElA
of =13 (] i} s
moe | JoR0eneOa | m5ato=E HE
coa =tse E QTR AAF
ZojAE] MARZE 2o obel O &h3}El, EpoxideS
(Novomer) 22 nEXxsieE g

oAt
(MANTRA)

17 (20144 SXY)

272 Pilot &2

(FHLtC}, MNTRA Pilot)

N
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4.3 ZF o|rsjEtLol EE HMEY

4.3.1. MY &8 o}

HepgEdset 490 =t Hop Al £300| 23] FH Sa0] =0ty =g 80| Hotx|=
F20 Mes =22, d¥9el ols U HiEs wetof mat 3y
S0l g7 oSt &=, Of W=Z0 A UN 4HSH =Ko At

GEL0 ofo HYYENA wES XS] St M8 W o|FHe=z M

N
s
=
S}
S
>

B K ALY REEZ 3 T
MeEES N2 AAHO X7t o|Rst EBA AZFRE 2017HMK| o 2009 T 0|4

0 @ Ho= MYED U, ol uet MUWHS Malv|e st Cr2z HFstm QUck
Me Y4 MEl7lee 9F MU, xtelM, BE S0 A8HID Y1, PE|UatE HE

o
o 3= €2, =Y Ol=, ==290], HE2tE, A9H, 203, gotEe[7lL dgls, d712 S

T 1271=0| 8 Me|Z7|leS2 Erot AL (7 4.17).

<H 417> =L MeEt™a 7= (Class NK EQD)

Process Number of Tech.
Filter 41
Electrolysis(Electro chlorination) 22
Electrodialysis 2
uv 13
Ozone 4
Chemical injection 9
ETC Plasma, Cavitation, Hydrocyclone, etc.
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(Chlorination)
NaCl — Na*+CI
2CI'— Cly+2e
Cl,+H,0— HCl + HOCI
HOCI — H*+OCI
H,O0— H'+OH’
Na"+OH — NaOH
Cl;+2NaOH— NaOCI + NaCl + H,O
(Bromination)
HOCI + Br— HOBr + ClI-
HOBr — H*+OBr-

S METES K20l oK B0l MBEE MIIRHE 1 IS5 WIg Al 228
£ DHRE Qlof Mo WMol 2712 QRE|D, 0|2 Qo) ARADIO| CSIXIT HH4 B

o A R

Ol X% oM ArE A 2d=2HO| siYtlE =H=E HHEE T8 7|8 MuEY
K HoHE2 EH, UV & E2[H2 XNe|HALSF A 7| YA StHl+= =X 7=
1} 810|Ea|E A|7|= ZBF0| EEISICH (F 4.18)

ofof 7|& H7IZ2o7|&2 n=E S ™78 Al Edls =%
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diot3 DESMI DESMI Ocean guard ZH, &, W
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<EH 419> d9EAs M2 AEE= CO; FFHA|

Ballasts Water to treat | Annual ballast to treat Comments
per each time (ton) (CO, AlE=kton/yr)
Avg discharge 70009%6) 455097)
20% of dead weight%®), dw of
Container 11600 7540 1 times the GT,13 times to
treat99)
Cargo 19720 12818 dw of 1.7 times the GT

(2) Mo 2+ NM2| 7=

= NS ALZ| 2IMO, International Maritime Organization) MARPOL 73/782| B&£AM IVe| X
8 5 MeolM 945 HIEY 2 2005 ol4o] MEe S HHE HH|Q QA 24K
2| ZXOA Mot £ HiEsHof ot= =M 20| A= ERACE MARPOL Annex IVO| 1.3+ 0f
(2t 2012.3.28 0|2 A|dz[= Sewage No Discharge Zone2 15% O|AS Ef 7L} 400E Of
o9 B= oA eeXMYYIE HIX|StD = 4002 Ol mMEsHO| SAS: =2t

A P NDZ et0| Me[ZX| + X3 o 22sta UH
e+E TY HiEctn gddct dEE2 FH BT LYot eE MIFKE S50 BiE0|

1= =
Sict. Mupeso| F7|e| Kal7t JHsotnR100 mO|ASEAY HE2 24Kalol &

96) wl=roll ddebe Mul 19 18] Ha HI4 wiEH (Miller, A, et al. (2007). "Status and trends of ballast water
management in the United States." Third Biennial Report of the National Ballast Information Clearinghouse.(January 2004
to December 2005). Smithsonian Environmental Research Center. Report Submitted to the United States Coast Guard.)

97) (WHAEXHA] WH2EG] oF 1/209] CO, T2) X (A7t 133] H34 A7|-263] v &5 34| 4wkl unloaded
Ao A 7H)

08) Auke] Wgj~ES] ok AR dead weight 2] 2F 20% (David, M., Gollasch, Stephan (2012). Global Maritime Transport
and Ballast Water Management, Springer).

99) GTE Z vl9] #3ol ujg} DWo.z giksta tha] W ~E9] &S A (Stopford, 1982). Tankers: 1 GT=1,75 dwt,
Bulkers: 1 GT = 1,7 dwt, General Cargo: 1 GT = 1,44 dwt, Container: 1 GT = 1 dwt, Passenger 1 GT = 0.9 dwt

100) 4 # 4 (2007) ¥ #=E Ak Autoro] A7) A, FA7|E@ExrAyes] =23), v.15 1-18
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<H 420> MHIQ AKX B|EHX| AR BAJ100)

- & BiRfo AJFTEE(20074) oA AR (2010L)
MIANE 72 3,0002! & 50002 2
SIZA|I R R 25021 & 30021 2

* BB 0 A7 Y AUAZHET 3002)T MO 2008 o4 Aluhe] oA A Y oRse] e Bt
(M8 04AAE BT JA7HE 1 20,0008~40,0008)(S4F SR AE Au] AFTFE A2

101) ICT Standardization Roadmap 2009
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<H 421> =Y s=N2|H s

TE THEH F=

0 Ml

2|25t 20|=(Poly Aluminum Chloride), &AM 0] (Aluminum Sulfate),
FZIMLLE E(Sodium Alginate), E2|EAMHAUTO|E, S2|FASIASIHALTO|F,
FAK[O| & (Ferric Sulfate), 351x|0|& (Liduid Ferric Chloride),
Zz/otol(o|z| 2 Es| =2l ClHEotRIZz|0otRl), Z2|FAtstAStE A A0 =(Poly
Alumium Hydroxy Chloro Sulfate)

Olok y

=S (High Test Hypochlorite), 2524 A(Liquid Chlorine:Cl2),
A AERN | AOFE AALIE Z(Sodium Hypochlorite NaClO), O|Ats}d A (Chlorine Dioxide:Cl02),
22Z(0zone :03)
= AbstZb&(Calcium Hydroxide, Slaked Line: Ca(OH)2), &HAEH(Activated Carbon),
S|eb ®H &4+S(Cupric Sulfate: CuSO4:5H20), =LHStLHEF (A, NaOH), M<22l0lE,
Q2}0|E, &AKSulfuric acid: 15(93% O|ANT} 2&(75% O|AHo =2 FE, o135}
O|AtstA A, O AHSLERA(CO,)

(7h HE Atz

O SAMFAN HHEAYRE
P ZRHEY : O|ABEA S0 ofgh A% pH ZHAT
- B
- #57|0| RRSIR WSS EOS0) IHE pH 45
- pH 4502 oI SNEE Motz SN It 48
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Sl & REL| FRot Mot HOBrif OBrez LiEtLb=H HOBro| tet& o] S35 =0t
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(52 MPIAL The newly identified bacteria use sulfate instead of oxygen to respire. In the
process, they convert sulfate (SOs)into hydrogen sulfide(H.S), and oxidize the short-chain
hydrocarbons (ethane, propoane, and butane) into carbon dioxide(COy))
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Tank arrangement T I

* LNG tank capacity: 6500 m3

*  HFO capacity: 4000 tons

»  Full fuel flexibility

* No loss of cargo space

« Large distance to side

»  Maximum reliability with C-type tanks

Torge vod
Frms §253/254 (looking o)

<2l 6.2.1.3> 3tE=M9|

rx
-
=
>t
e
rI'IJ
-+

7t 18 A=
AX =2 HUZ I} HIESH= HATIAQ| Flow pathE OJEH CO, EEIZEHK|QF G1ZAA|7|
(@]

o
1, YXIOo|L} EE{0|= HJH(Back Pressure)O| 3{EX| O|gIZ2 & £ QUQEE 17 TQ.
o

gl AHA |9 HiZOILL EX|o| A7|o] BEE HOF 7|2td LHel 3t A8E A
eIX| &= Funnel O| Main Deck &5 H7H2 0|8 AQIX|E HES|OF <.

Co, =g ™MIAE oo 117k EHME U O, AL A7|7F AX| §a SO 9
g8 822 50| 2 22 ALRYUS OFA| BiOL, QHHH Zo[2tH J|ad el 57t Ut
2 A2Z HO|L} O™X| 2™ Main Deckd| EX|E S{Of S}, ALL0f CHH|DH QHHZE
XE FASHoF &

ZEEKZE HAZ|= Exhaust Gas Flow PathE ZAESID Ol {X|(7|2AILf =& Main

Deck AE9| Funnel) A Exhaust GasE ZEKZ Z0 & Zdo740| Cist 1z ZEQ.
Exhaust Gas2EEH COE ZEASIE ZZMAOA 2 Zast ZX|o 37| QEZ (M
=M)E dESHM o= F&Z2 Funnel Lo S7H0| & A7l 22 7|2HUF0 & ATt
£ dESHoF ¢ T, oot RE2 ATl gt OrEXAStel 0210l E %= U= Ht O]

of Chet HdE7F 22%.
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- Jd2[ #7|9] Zut2HREH Exhaust Gase| HiS 4HEsto] AT Ml HETIEHA 2
x

XNE HESID §E7|22 YO{A ™ Exhaust Gas Flowe| &tsfO|L} CO, ZX ZEZ M AL

K| HIX|S HBHTO] B187|E0BI EEE wE AE e

- HBTHOZ COEYN WA FV|E M w2 Al EHE + A= ALFOILE X2

M

wolldS el 3ol A Eaot oHddH|

—

= dES AXLoE Ea.

o AXor g fx|e] S

- O] E2 F2 ZHHH FXF2 285 J/MZIEHM 27| XA St7| fict €Tl 1t
HE2 Lot XA L2 HEHE2 F= Rotating packed bed (Hi-gee)of CHot H7F
g

- YD MYUS S50 NISHOE HES WA YN HY NS &4 THY
Yt Hlw05t0 ZHFKX| S| RO|E Z[2 10Hf Olctz =Y == U= ALZE LIt Y1 o4&
o =[O0 /A=

<H 6.2.1.1> Higee USA O|A SHXY7IIX| AX|st EHE LH (EX: http://higeeusa.com)]

The list of selected completed projects world wide.
Client Year | Number of RPB
1 |Ruicheng Xintai NanoMaterials Technology Co., Ltd. 1999 3
2 |lnner Mongolia Wuhai New Material Co., Ltd. 2000 1
3 |Dow Chemical Company 2000 3
4 |Shandong Haize NanoMaterial Co., Ltd. 2001 3
5 |R&D center of PetroChina at Karamay 2006 1
& |North China Pharmaceutical Co., Ltd. 2006 1
7 |Fujian Refining & Petrochemical Co., Ltd. 2007 1
8 |Wanhua Industrial Group 2008 2
9 |Zhejiang NHU Company Ltd. 2008 1
10 |NanoMaterials Technology Private Ltd. 2008 1
11 |SINOPEC Shengli Oilfield Company 2009 1
12 |R&D center of PetroChina at Jilin 2010 1
13 |Zhejiang NHU Company Ltd. 2010 1
14 |SINOPEC Shengli Qilfield Company 2010 2
15 |Zhejiang Juhua Sulfuric Acid Plant 2010 2
16 |Tongling Huaxing Fine Chemical Co., Ltd. 2011 3
17 |SINOPEC Northeast China Qilfield Company 2011 2
18 |Lagos Industria Quimica 2011 3
19 [Shanghai No.4 Reagent & H.V.Chemical Co., Ltd. 2011 1
20 |Shandong Lianmeng Chemical Co., Ltd. 2012 1
21 |SINOPEC Nanjing Chemical Industries Co., Ltd. 2012 3
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A RPB was installed to replace the packed column in a refinery under Fujian Refining &

Petrochemical Company Limited. The capacity is 8000 Nm3¥hr and the solvent is MDEA. The
comparison of performance between RPB and packed column is shown as below.

RFB Packed column

Height (m) 29 32

Diameter (m) 1.4 1.2

Reactor volume (m¥) | 2.2 238

Packing volume (m?)| 0.31 14
Carbon steel for

Iiaterial Stainless [the shell and

o steel stainless steel for

the packing

H-S concentration
after absorption (dry =20 =20
basis, mg/Nm?)

ggcibsorptmn rate of 8.9% 79.9%

RPB ---- Packed-column

<12l 6.2.14> RPB @} Packed column 1}Q| H|I (Xt 2 =X : HiGee USA)

= |
oot A8 2Ex2AdSs AFSF0I2 ot Of HOME N, HHM, Z|IM7F SESts 7L

AUBtErA = -57°C +31C(RIAIRE) AO[OA RHEZILHO ME

PEbS oMot Ale O 2ol SYEY O|ME ol did+S 8 M
U =
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- LNGO| s} &2 O|LtEraet Mol 7|=0 HI5H0] 22f AE|0 EHet 7|&0|th &

A9 C3 59 =% YWOlE 0|83t LNG U3z7|=& 1970ECiEH L} (Kinard and

Gaumar 1973). ot H|W & %|20= S4 d27|8 0|8% ING Ul37d 2&

et S+ 2

inl
- Z2 f[oM gl Ciet =Rl Ciet ZHd E7t
A

—

o2
0%
=2

Hl
=
e
-
]
=2
1o
el
2
8

okl

of W U ZEANN ALS THsE W2 SEIt AYED HgO

SAIZ, et al (2012). "OJASIEFL FZ£ o/t ot= U Hgl DX N QA HIE GIL" Korean Chemical

To=

Engineering Research 50 (6): 988-993.

Aspelund, A. and Jordal, K, “Gas Conditioning-The Interface Between CO, Capture and Transport” International

Journal of Greenhouse Gas Control, 1(3), 343-354(2007).

Kinard, G. E. and Gaumer, L. S, "Mixed Refrigerant Cascade Cycles for LNG, Journal Name: Chem. Eng. Progr, V.

69 no. 1, pp. 56-61; Other Information: Orig. Receipt Date: 30-JUN-74, Medium.: X (1973).

Mortazavi A, Somers, C, Alabdulkarem, A, Hwang, Y. and Radermacher, R, “Enhancement of APCI Cycle

Efficiency with Absorption Chillers,” Enerqy, 35(9), 3877-3882(2010).

3). &9 S

D =LH

(0]
O

|[AtBEEAOl K2l & 3 HHEI(KR2013-0075153)2 SHA|7tAH(stranded gas wel) 2 25

B LY== AR ZtA(sour gas)ZREH =Z2| HiEEs YA OfLetEA0 StAZIAEC 2

A7t2gel M9 tAREEH EE|E=

- Ramshaw, C.,, Mallinson, R.H., 1981. Mass transfer process. US Patent 4283255.

TH ZYEe HEES YUZEN SIAF HH O|iEHAS dAA7|= 2A0ZFEH o

o HIGEE device called rotating zigzag bed (RZB) was patented in China and United States

- Ji, J. B, Wang, L. H, Xu, Z. C. et al. China patent 01134321.4 (2004)
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- Ji, J. B, Xu, Z. C.,Yu, Y. L. et al, China patent 200520100685.3 (2006)
- Ji, J. B, Xu, Z. C,Yu, Y. L, United States patent 7,344,126 B2 (2008)
o CO; liquefaction
- Carbon dioxide liquefaction system (US 20120174621 Al)
- Carbon dioxide capture and liquefaction - an energy-efficient method of recovering
carbon dioxide (COz) in a high-pressure liquid state from a high-pressure gas stream

(EP 2590898 A2)
Ct. A7l 2358 X FRINLLUE

1. X35

H
o 5000Eg MHEF COLE Sl Al XZE pilot platform 2t 3l HsHS

2. FINELHE
X

o Met A o|itelEtA EET|E Y (S000E 2

-_

=]
- 23N ot £ FFO| MEFY Ciot rotating packed bed (RPB) Hi-gee & 0|82 EZZ

- oMY B SEE SRSt Sl 7|siH] ZYSFL A2E V|HeE EUEMN MM
B 2l 7ts
- rotating packed bed (RPB) Hi-geeE O|2%t ZESE T4 7| G MM & 7| 7l

(Vibration€ 11243t EI2d (Reaction Force) A+ 3 TFAN

o 2T A MT Al =5 24 7= ME
- HATEAO| Flow pathet CO, ZYFX|Q HA I MEHX[L /X 24
- Exhaust Gas2ZE5E COE EESH= EZMAOA 2k st ZXo A7|eF Y (eHHM
=H) ¢ ol mE AMFQ| gt OFEXSE A
- Exhaust Gaso| HiYS A= AT #4109 HW HE A Ot 7| AT
- CO2E ™30 - dOolLt QMo 7ol mef 8! ™A 0| AR, OHH-EH|of| Cigh A+t
o AT WE3+|E JHE
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£ F7t drH| 45 X2zt
o ZHE O|iefEraol 2= W MF7|e JHE
- defoM ZHE ojitetEaol &E A MEES S FF S¢ 52 dIoM 28
UAe 7lgt =5
- F2 8N 9 Hy H 25 NEE sYSYUE A=k O|UeEL 5
3). Akl 28
=
(2ol =5 & BiS
o Higee Et& 1+
- 25, B A0E ofE M3 AlsY % 0 2H 88
o reb0|Ier T2 =4 A4
o QA HEs|rT|E JHE
- Mg A AdodXlo deE HE 3+ =8 g
o HIMI =M F ZFL Mutof| St rotating packed bed (RPB) &
x| a4
o = H NMF A 7= A 7= Y&
1AM = - OIATIAO| Flow pathe} CO, ZAIRIX|Q} o1 L XNAAIX|o| X[ MA|
(2021 3) - Exhaust GasE2FE| CO,E ZEASk= ZEZMAONAM 2t Hesh FHX[Q
A7[et AE=EY 2H) A5 & olof WE AT et O
X5t oA+
- Exhaust Gas2| B A= 3 Al A te| Hlw HE F oot 7|s o+
- COZE| 32| flyolLt QMo 7ol met A Il F=ANY,
et dulof gt i+
o O|MajERaol 2= R METY[E N
- TR &E, O[MSEls AlE oHsf, 2F Jof ALE ofsf, HAFH 0=
2AH| I
o Higee g o4t
- 25, B8 A0E omE R AlsE % Co 2H B2
o reboiler T+2 =4 AT
o A wHEs|rT|s JHE
A= - MAES SH Mo X|ol deE HE sl 2 g
(202121) o WIMm} SEM T ZFO| Muto| CHEl rotating packed bed (RPB) A
| &
o O|MatEtaol 2F R MEY|E ML H ZHY ot
- EA A=, O[LSIEIS AL i3} 9|—|— dof AL efat, A 27 0]
E s38H|u
3AA= = AH} T X| Ol oHslx Kb ni SIM Ol M=H=
(40212d) o 5000=& M= COZE H U5t ZE pilot platform 2t I MsHS
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6.2.2, Zf O[MZIEIAE 0|88 MulHEret 2 X2 nEES AAH FHY

7k A7HEe By

1).

o
a
E
fo
X

AFHEel HiE
B HMANLE HiEED A= Of=tEra HiFEH2007H)2 of 3109104 Y2 FFYI|H

Of & TMA 2= MOIM HIEE= O[MtE e HIEYH2 & 1041MIMTECZ TMA

r|o

"
SN 33%2 XIXGtL, IRl Muto] HZTL 89 4H 3uBIEo=E 27%E Xt
X105, MEtH|Z O|AStErAE B3 200X B ZAIZ 38f 04 BHZ F77t olag

IMO= 20081 32 MEPC R|57kt 3|O|=E{ MuFO| O|AISIEIA HiZ ZtEDRZ =Q OfF|

2 =05t7| AHSRL e 2RHO IYX|E et I M AMARPOL), F5M HVI
N8 (1311 g€2)of w2t I Mol O|tstEtaHE X7t 7=t € Ae=
20| ofd] IMO2| si¥HFE= 2|2 MEPC 66Xt F3| (14 3F)0A NOxOf CHet X

4 $o|7t 0|2 0fF.

Ao ofitetEts HiEE Al H= £ SHettts A2 2= dEoM Ar8sts o
25 E0l= A0|d HHUME 7|2FT0| AFBElE F=ol HAO0|A OfAStEFATE Sl

[ =2 OO (I |
<E 6221> IHEB| Meto| O|MBtErL HIZ A T IRBY =o| HY
=H|7| T/ 2 oE UE
« MEPC 62(2011)2 400= O|&f =HMEAMES| oLx|EE2d S & 247tA
S ZAE et 7|§’i1 ZX|(EEDI/SEEMP)E ZA|5ts5t7| ¢/5tof MARPOL &
- M VIo| Chapter IVE ZE7}1. 2013 121U22 25, 35 O|AISIEIA HiZ
E'X1|0HA|'7I—_|'L |7:||'7-<E'<I3t %Eil A-II-IO | I'XIAJHOI 01?_ §> %
. DACOIFAME SHYFTZ BRE 5 U= 0|NSIELL AER0| SHXIXISKITL B
2l 2ol AS. M2t i’él%l O|&talEtao| Mat Metg2 22lsha| Zet
o Sof MM ofs 24TIA SEX HH0| ol MEt| ofst 2ATtA
UNFCCC HE2 M27(72 FHsAP|T =2 Mdsh= Z0| Bttty =
o EY|SXE7|FHSBSTAZE IMO HULHE HE [F=2 zHoig

100 AAMA Mkl A v Z8Fo] 1,019WT=E02 3.3%eh= tlA AlLbsid gholth
105) 2008.9.1 a3k IMOS] A7} wj&7F B 1A (Green house GAS Emissions from ships, Phase 1 Report, 1st September 2008)
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http://www.ecospec.com/upload/news_pdf/57_jgj57qle3i77a6omgz3eb7xspgkcOmna.pdf
CSNOX2t E2|= M2| 1™0| 90%2| O|Atstztint 80%2| EAAMIIE, HO| 75%0| o=
O|LIotEtA S MAY + ASS Y ot CSNOXs F7|Z2det ZXMFIE Sl o+
o ¢Ze|=E pH 81 Ba HEOM pH 107tX| 0|1 si+=5 Y30 MY LH2ES
w2 &sAlZl 2, 0| HEl2 =0| 20|& Hi7| =250 H2[1 HY:2 =

= ol HICHO| CHAl HEWE =

shat

o

, ALY, BgE Zeeh N

Wash Water quality

IMO limit
MEPC 184(59)
6.7 > 6.5

<1 ppb <50 ppb
Nitrates < 0.066 ppm < 60 ppm

Turbidity A 8.7NTU <A25 NTU

* Alkalinity : Inlet 122 ppm Outlet 142 ppm
<72l 6.2.21> M&X==0 CHst IMO HiZ 7|&

- =290 M3 ONV)OJAE 20134 O|MSfEIA MAEE ARE Y|t} ERAH|Q A

(hittp://mwwship-technology.conmy/news/newsdnv-and-pse-unveil-concept-design-for-ship-carbon-capture-and-storage-system).

Cleaned

ﬁ: Flue gases
11111111 n

Lb.] engine

MARITIME CCS
LR

<712 6222> O|AIBIEFA MAFEE! 7|2 ZAIZ(DNV)
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ARTICLE INFO ABSTRACT
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We examined the synergistic effects of CO, injection on electro-chlorination in disinfection of plankton
and bacteria in simulated ballast water. Chlorination was performed at dosages of 4 and 6 ppm with
and without CO,, injection on electro-chlorination. Testing was performed in both seawater and brackish
water quality as defined by IMO G8 guidelines. CO, injection notably decreased from the control the
number of Artemia franciscana, a brine shrimp, surviving during a 5-day post-treatment incubation (1.8
and 2.3 logo reduction in seawater and brackish water, respectively at 6 ppm TRO + CO,) compared with
water electro-chlorinated only (1.2 and 1.3 log;o reduction in seawater and brackish water, respectively
at 6 ppm TRO). The phytoplankton Tetraselmis suecica, was completely disinfected with no live cell found
at >4 ppm TRO with and without CO, addition. The effects of CO, addition on heterotrophic bacterial
growth was not different from electro-chlorination only. Total residual oxidant concentration (TRO) more
rapidly declined in electro-chlorination of both marine and brackish waters compared to chlorine + CO,
treated waters, with significantly higher amount of TRO being left in waters treated with the CO, addi-
tion. Total concentration of trihalomethanes (THMs) and haloacetic acids (HAAs) measured at day 0 in
brackish water test were found to be 2- to 3-fold higher in 6 ppm TRO + CO,-treated water than in
6 ppm TRO treated water. The addition of CO, to electro-chlorination may improve the efficiency of this
sterilizing treatment of ballast water, yet the increased production of some disinfection byproducts needs
further study.

Keywords:
Electrochlorination
Carbon dioxide
Synergistic effects
Ballast water

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Electro-chlorination is one of the most cost-effective and widely
adopted approaches for disinfection and purification of water. It
produces hypochlorite by passing direct current through elec-
trodes within an electrolytic cell, using salts as electrolytes, and
generating oxidized chlorine. It also has many other applications
such as treatment of swimming pool water (Goma et al., 2010),
cooling water towers (Jenner et al., 1998), prevention of biofouling

* Corresponding author at: Department of Oceanography and Ocean Environ-
mental Sciences, Chungnam National University, 99 Daehak-ro, Yusung-gu, Daejeon
305-764, Republic of Korea. Tel.: 82428216432.

E-mail address: keunhchoi@cnu.ac.kr (K.-H. Choi).

http://dx.doi.org/10.1016/j.marpolbul.2015.03.025
0025-326X/© 2015 Elsevier Ltd. All rights reserved.

in desalination (Thangappan and Sampathkumaran, 2008), and
ship ballast water (Lloyd’s Register, 2012; Tsolaki et al., 2010).

One of the fast-growing areas of its application is for treatment
of ship ballast water. Ballast water management systems (BWMS)
based on electro-chlorination now account for more than a third of
all BWMS installed on ships (Lloyd’s Register, 2012). Electro-
chlorination of ballast water is not only highly effective, but it is
also safer. It eliminates the need for storing concentrated chlorine
on ships and handling of chlorine gas, which is highly toxic and
corrosive.

Approximately 3.5 gigatons of ballast water are being used
globally each year for stability and maneuverability of ships during
voyages (Endresen et al., 2004). Ballast water carries a variety of
organisms, some of which may be non-native and nuisances in
receiving bodies of water, causing extensive ecological and
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economic damage. Over two-thirds of recent non-native species
introductions in marine and coastal areas are likely due to transfer
by ships, and ballast water transport and discharge are the most
common mode of that transfer (Endresen et al. 2004).

Ballast water treatment via physical exchange of ballast water
with oceanic water has been practiced for some time (Locke
et al., 1993), and BWMS can also be installed on board to treat
water during ballasting to prevent the transfer of harmful aquatic
organisms and pathogens. BWMS will be required to be installed
for most ocean-going vessels in accordance with the
International Convention for the Control and Management of
Ships Ballast Water & Sediments adopted in 2004, when it enters
into force (IMO, 2004).

Despite its merits, electro-chlorination of ballast water has two
major issues that need to be addressed. (1) Power consumption to
generate high total residual oxidants (TRO) concentration increases
disproportionally at lower salinities (Lacasa et al., 2013). (2) Many
BWMS employ high TRO concentrations, >10 ppm, during ballast-
ing to kill or suppress the growth of organisms inside ballast tanks
(MEPC, 2014 and references therein). However, high levels of TRO,
although effective, may produce high concentrations of disinfec-
tion byproducts (DBPs) that could be harmful for the environment
receiving discharged waters (Tsolaki et al., 2010; Werschkun et al.,
2014). It would be better, therefore, to find an inexpensive means
to achieve high mortality rate of organisms in ballast water with
relatively low TRO, while producing readily degraded disinfection
byproducts. Enhancing the efficiency of the electro-chlorination
process could lead to better and more environment-friendly treat-
ment of ballast water.

Efficiency of electro-chlorination may vary according to
conditions in ballast water, such as salinity, pH and temperature.
Especially, the relative concentrations of reactive halogenated
compounds at aqueous equilibrium depend on pH. The standard
reduction potential for the formation of hypobromous acid from
bromide is 1.33 V as compared to 1.49 V for the equivalent chlo-
ride reaction (WHO, 2000). This results in oxidation nearly all of
the chlorine present (to a limit of 65 ppm) from hypochlorous
acid (HOCI) to hypobromous acid (HOBr). At low pH, TRO will
cause formation of more HOCI and/or HOBr than the less power-
fully oxidative hypochlorite (OCl~) and hypobromite (OBr~). A pH
reduction down to 6 will increase the proportion of HOCl or HOBr
by 7%. HOCI is 80-200 times stronger than OCI~ in terms of
pathogen disinfection (White, 1999). A way to decrease pH in
water is to dissolve CO, by injecting it as gas or aqueous solution.
Increased CO,, and thus lowered pH will increase the proportion
of HOCl and HOBr, which could increase toxicity to organisms
(Kim et al., 2013).

In this study, we examined the combined effects of increased
levels of CO, and TRO on the survival of plankton and hetero-
trophic bacteria in simulated ballast water. The study was
designed to test whether injection of CO, increases the death of
plankton in ballast water and thus could be used for BWMS
employing electro-chlorination.

2. Materials and methods
2.1. Electro-chlorination and CO, injection system

The electro-chlorination system was set up on a pier at South
Sea Research Institute (SSRI) of Korea in Jangmok Bay. Prior to
initiating the electrolysis assays, the parameters were selected as
follows: tank volume 1 m?>, operational voltage for generating
TRO concentrations up to 6 ppm with CO, injection rate at
100 mlmin~! to reduce pH 6 for both seawater (salinity > 32)
and brackish water (salinity = 15).

2.2. Preparation of test water

Test waters (1m?®) for saline (salinity>32) and brackish
(salinity at 15) water condition were prepared in accordance with
the IMO G8 guidelines (IMO, 2008). Seawater for the tests was
drawn by pumping from the surface of Jangmok Bay into a 1 m?
polyethylene non-toxic water tank on the pier. For brackish water
tests (salinity of 15), the bay water was diluted with tap water that
had been aerated overnight to remove its residual TRO. Water
temperature, if lower than 15°C, was raised to 15°C with a
submersible, thermostatic regulator (LifeTech Inc., China).

2.3. Augmentation of chemical compounds and test organisms

A total of 10 cycles with 5 test cycles for seawater and brackish
water, respectively, with each test cycle lasting 5 days. The whole
experiments could not be finished within a short period and the
experiments spanned over 4 months during which environmental
characteristics of the bay water were regularly monitored
(Table 1). The bay water contained low concentration of dissolved
organic carbon (DOC, <2 ppm, Table 1) and particulate organic car-
bon (POC, 1-2 ppm, Dr. PG Jang, personal comm.). To meet the
required test condition as stipulated in the IMO G8 guidelines
(IMO, 2008) for DOC, POC and total suspended solids (TSS), glucose
(Sigma-Aldrich Co., 3.3 and 13.3 g m 3 for seawater and brackish
water condition, respectively) and starch (Sigma-Aldrich Co., 5.3
and 66.7 g m~3, respectively) were added to the test water. These
chemical additions satisfied the test soup conditions as required
in the IMO G8 guideline for brackish water with >50 mg1~! TSS
and >5 mg 1~! DOC against seawater with only >1 mg1~! TSS and
>1 mgl~! DOC, and are routinely applied for land-based tests at
the test facility located at the SSRI where these CO, experiments
were conducted.

The guidelines also set the desired level of abundance for
plankton: 10°individuals m—3 for organisms >50 pm and 103
individuals m~3 for plankton of 10-50 pm in minimum dimension.
Both pre-cultured Artemia franciscana, a brine shrimp, representing
zooplankton (>50 pm in minimum dimension) and Tetraselmis sue-
cica, a marine green alga, representing phytoplankton (10-50 pum
in minimum dimension) were added to the test water at the IMO
G8 guideline concentrations (Table 1). A. franciscana (INVE aqua-
culture, http://www.inveaquaculture.com/) were hatched from
dehydrated cysts. A water bath kept the temperature at 18-20 °C
for 2 days with continuous aeration through constant air flow dur-
ing development of the cysts (Madhu, 2009). The freshly hatched
ones were then carefully separated from the remaining cysts. The
green (Chlorophyta) microalga, T. suecica (Kylin) Butcher, supplied
from Chlorland Inc. (Geoje, Korea), was grown on f/2 Guillard med-
ium at 20 °C under LD 12:12 cycles for several days until they reach
exponential growth phase. Natural seawater (pH of 8.3) was fil-
tered through a membrane filter with a nominal pore size of
0.7 pm and was autoclaved at 121 °C for 20 min and stored at
4 °C until use for culture of the phytoplankton. Both zooplankton
and phytoplankton culture were added to the 1 m> seawater or
brackish test water immediately before the water was treated with
the electro-chlorination system. The test water was aerated from
the bottom with an aerator installed at the bottom to mix the
whole water column and provide oxygen during the experiments.

2.4. Controls and treatment of organisms using CO, injection and
electro-chlorination system

The experiments were carried out sequentially. The first test
water (200 1) containing the phytoplankton and zooplankton were
pumped through the electro-chlorination system without the
system activated to serve as a control. Another water of 4001
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Table 1
Environmental characteristics of the Jangmok Bay in 2014 during the experimental period from which test water was drawn.
Month  Date  Temperature (°C) Salinity Dissolved oxygen pH Secchi depth (m) Chla (ugl™") DOC (mgl™")
(ppm)
Surface  Bottom  Surface Bottom Surface Bottom  Surface Bottom Surface Bottom
Jan 3 8.0 7.7 33.1 33.2 10.2 9.5 8.0 8.0 5.0 4.8
9 7.4 7.5 332 33.2 10.8 10.6 8.1 8.1 2.1 8.9 1.2 1.2
16 6.0 5.9 334 334 10.5 10.5 8.1 8.1 3.0 5.7
23 6.2 6.1 335 334 9.9 10.2 8.1 8.1 35 2.9 1.3 1.1
28 7.0 6.9 334 334 10.0 10.1 8.1 8.1 4.0 13
Feb 7 6.7 6.7 335 335 9.4 9.5 8.1 8.1 4.0 2.1 1.4 1.2
14 6.3 6.2 334 334 9.7 9.6 8.2 8.2 4.5 1.5
20 6.9 6.7 335 335 9.7 9.4 8.2 8.1 4.2 1.6 1.6 13
26 7.7 7.5 334 33.6 9.7 9.4 8.1 8.1 4.5 1.1
Mar 7 7.9 7.7 335 335 8.7 8.7 8.0 8.0 4.0 1.5 1.5 13
14 8.2 8.5 32.8 33.5 10.2 9.7 8.1 8.2 45 1.3
21 9.5 9.4 333 333 9.9 10.1 8.1 8.1 4.0 2.5 1.2 1.2
28 11.5 10.5 33.0 333 10.0 9.5 8.1 8.1 4.5 2.2
Apr 4 11.1 111 332 33.1 9.3 9.1 8.1 8.1 4.5 2.7 1.6 1.0
10 13.7 12.0 329 33.1 9.6 9.4 8.1 8.1 35 0.6
18 14.0 129 32,5 33.2 8.8 8.7 8.1 8.1 3.7 8.7
24 15.1 133 332 33.2 94 8.8 8.2 8.3 4.0 1.2 1.6 1.6
30 14.8 14.3 319 33.2 8.4 6.6 8.1 8.0 4.5 10.6
May 9 18.5 15.9 33.8 34.0 9.2 8.7 8.2 8.2 3.0 14 14 1.9
15 17.3 16.4 332 334 9.1 8.1 8.1 8.1 3.0 2.2
26 19.6 184 32.7 33.0 8.0 7.6 8.1 8.2 6.0 33
30 20.9 18.6 329 33.1 8.0 6.5 8.2 8.3 5.0 1.3

was then pumped through the electro-chlorination system at two
TRO levels (4 and 6 ppm). Finally, CO, (purity > 99.9% by volume,
Korea Industrial Gases Ltd., Korea) was injected through PE-air
tube (8 mm in diameter) into the test seawater line. The CO,-
seawater mixture (4001) was then injected into the electrolytic
system at two TRO levels (4 and 6 ppm). The CO, injection rate
was regulated by a KOFLOC high-grade flow meter with a precision
needle valve (MODEL RK1200, Kojima Instruments Inc., Japan).
Once the test water passed through the chlorination chamber,
the control and treated water was drained into 0.5m> tanks.
Several liters of water were taken for chemical analysis of disinfec-
tion byproducts (see below) at day 0 from the effluents during one
of the brackish water tests into DURAN amber glass bottles
(DURAN Group GmbH, Mainz, Germany).

2.5. Water quality parameter measurements

A YSI 6000 Sonde (YSI Incorporated, Yellow Springs, OH 45387,
USA) was placed in the test water tank during each treatment
cycle. Temperature and salinity in the test water were measured
prior to each test. Concentrations of total residual oxidants (TRO)
in treated water was measured by the colorimetric DPD-method
(Hach Method 8167) that is recommended for measurement of
TRO in seawater (Buchan et al., 2005). The treated water was col-
lected every 10 min in 500 ml glass beakers. The method is based
on the oxidation of N,N-diethyl-p-phenylendiamin (DPD) which
turns to a pink Wurster-cation in the presence of strong oxidants.
The intensity of the color is proportional to the oxidant concentra-
tion. The color intensity was measured with a Hach DR/2000
spectrophotometer (Hach Company, Loveland, CO, USA). The pH
of the control and treated waters were also measured with a pH
meter (Thermo Orion Model 720, Thermo Fisher Scientific Inc.,
Waltham MA, USA).

2.6. Sampling of plankton and analysis

A 101 sample was taken from the control water and treated
water at each cycle of test for zooplankton, 11 for phytoplankton,

and 11 in sterile bag for bacteria, respectively. Control samples to
obtain day 0 values of the plankton and bacteria were processed
within a few hours of collection as described below. The other con-
trol and treated water samples were stored in an incubator set at
15 °C in the dark for 5 days. At the end of incubation, the samples
of 10 1and 1 1 were taken out and the waters from 10 1 jar were dis-
pensed into 500 ml glass beaker to determine pH and TRO. For one
of the five test cycles of each of seawater and brackish water, both
pH and TRO were measured every day to examine daily variation of
their values. Whole water of both control and treated water for
plankton was filtered through 32 um Nylon mesh net immersed
in the water of the same salinity to concentrate A. franciscana
and 5 pm Nylon mesh filter for T. suecica. The zooplankton
concentrated on the net were gently dispensed into Bogorov-Rass
counting chambers. The whole 10 | water was concentrated down
to 280-440 ml and 10-30 ml was examined at day 0 and the whole
concentrate at day 5 for the zooplankton. Survivorship of the zoo-
plankton was determined based on appendage movement under a
Zeiss Stemi SV11 stereomicroscope (ASTM E729A, 2007; ASTM
E1440A, 2012).

For phytoplankton 11 sample water was concentrated to 200-
400 ml. Live/dead staining of T. suecica was performed with
fluorescein diacetate (FDA) purchased from Sigma Chemical Co.
(Louis, MO, USA). FDA is taken up by live cells that convert the
non-fluorescent FDA into the green fluorescent metabolite fluores-
cein. The FDA stock solution was prepared by mixing with regent
grade dimethylsulfoxide (DMSO) at a concentration of 5 mg ml~!
(Agusti and Sanchez, 2002). Each sample was stained by adding
100 pu of the working solution to 3 ml sample (final concentration:
1.7 pg ml~! FDA). Stained samples were kept cool and dark for a
minimum of 10 min prior to enumeration. A 1 ml of the sample
was dispensed onto the Sedgewick-Rafter counting chamber and
10 fields were counted at X 100 for the control waters and the
whole water for the treated water samples with an Axiostar Plus
fluorescence microscope (Zeiss Inc., Oberkochen, Germany).

For heterotrophic bacteria assay, 0.1 ml of the sample water
was spread using an ‘L’ shaped spreader on Petri plates containing
Marine Agar (Difco™ Marine Agar 2216, BD Co., New Jersey, USA).
The plates after inoculation were incubated in an inverted position
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at 28 +2°C for 48 h. The colonies were counted, and the pop-
ulation density was expressed as colony forming units (CFU) per
ml of sample.

2.7. Chemical analysis of disinfection byproducts (DBPs)

Collection and handling of water samples for evaluating the
DBPs followed standard procedures listed in Table 2.
Trihalomethanes (THMs) were analyzed by the purge and trap
method according to US-EPA 524.2 (EPA, 2007) with GC-MS detec-
tion. Haloacetic acids (HAAs) were determined by GC-MS after lig-
uid-liquid extraction and derivatisation according to US-EPA 552.2
(rev.2) (EPA, 1995a). Acetonitriles were analyzed by liquid-liquid
extraction and gas chromatography with electron-capture detec-
tion according to US EPA 551.1 method (EPA, 1995b).

3. Results
3.1. Environmental characterization of the test waters

The water quality during the experiments of the bay water from
which the test water was drawn shows little freshwater input dur-
ing the period (Table 1). Water temperature gradually increased
but the salinity remained similar throughout the period.
Dissolved organic carbon was low at <2 mg 1~}, remaining monoto-
nous with little vertical difference between the surface and the
bottom waters even though phytoplankton biomass fluctuated

quite a bit.

Table 2

Disinfection byproducts (ppm) produced during electrolysis of brackish water
condition set at 6 ppm for total residual oxidants concentration with and without

CO, injection into water prior to electro-chlorination.

Compounds

6 ppm

6 ppm + CO,

Trihalomethanes (THMs)
Trichloromethane
Dichlorobromomethane
Dibromochloromethane
Tribromomethane
1,2,3-Trichloropropane
Total THMs

Haloacetonitriles (HANs)
Monochloroacetonitrile
Monobromoacetonitrile
Trichloroacetonitrile
Dichloroacetonitrile
Bromochloroacetonitrile
Dibromoacetonitrile
Tribromoacetonitrile

Bromodichloroacetonitrile
Dibromochloroacetonitrile

Total HANs

Miscellaneous DBPs
Chloropicrin

Haloacetic acids (HAAs)
Monochloroacetic acid
Monobromoacetic acid
Dichloroacetic acid
Dalapon

Trichloroacetic acid
Bromochloroacetic acid
Dibromoacetic acid
Bromodichloroacetic acid
Chlorodibromoacetic acid
Tribromoacetic acid

Total HAAs

<detection limit
<detection limit
0.73
4.38
<detection limit
5.11

0.14

043

<detection limit
0.83

0.7

3.78

1.94

<detection limit
<detection limit

7.81

0.35

<detection limit
<detection limit
3.74
<detection limit
0.73
<detection limit
1.34
<detection limit
<detection limit
7.81

13.62

<detection limit
<detection limit
0.83
8.29
<detection limit
9.12

0.14
0.36
<detection limit
0.76
0.57
1.54
1.19
<detection limit
<detection limit

4.57

0.35

<detection limit
<detection limit
523

<detection limit
2.43

<detection limit
4.6

<detection limit
<detection limit
24

36.2

3.2. Electricity consumption with the CO, addition

The electricity consumption with the addition of CO, to electro-
chlorination was compared with that of just electro-chlorination
(Fig. 1a). No significance difference was found for electrical
consumption between CO, addition into electro-chlorination and
electro-chlorination only (Analysis of Covariance, p=0.42).
Greater electricity was required in brackish water to produce the
same level of TRO than in seawater (Fig. 1b).

3.3. pH and TRO decay

The pH gradually decreased over the five-day incubation in the
dark even in control waters in both seawater and brackish water
(Fig. 2a and b). The pH dropped by about 1 immediately following
electro-chlorination at day O in seawater and slightly more in
brackish water. Both seawater and brackish water treated with
both CO, and electro-chlorination showed the lowest pH, but their
pH gradually recovered during the holding time to around 7 at day
5 when the experiment ended. The recovery of pH over time was
also observed for brackish water samples (n = 4, Fig. 1b).

TRO rapidly declined on the first day of treatment for waters
treated by either CO, + electro-chlorination or by electro-chlorina-
tion only. The drop was more pronounced for waters electro-
chlorinated only for both seawater and brackish water
(Fig. 2c and d). After the initial drop in TRO concentration, it slowly
decreased or maintained almost the same level over the 5 day
holding period.

The pH at day 5 differed little among treatments with slightly
lower pH at 6 ppm TRO+CO, (pH=7.4) than in the control
(pH = 7.8), with the rest of the treatments showing similar pH val-
ues (Fig. 3a). The TRO in the brackish water that remained at day 5
in the treatment with 6 ppm TRO + CO,, was 2.0 ppm TRO (n =4,
Fig. 3b), about four times higher than in the treatment without
CO, addition (0.5 ppm, Fig. 3b).

3.4. Disinfection byproducts (DBPs)

The DBP analysis was conducted for brackish water samples
collected at day O only. Among DBPs, both the total concentration
of trihalomethanes (THMs) and haloacetic acids (HAAs) were found
about 2-3 times higher in 6 ppm + CO, treated brackish water than
in 6 ppm treated brackish water (Table 2). Specifically, most nota-
bly, tribromoacetic acid was the byproduct compound with the
highest concentration of 24 ppm, about three times greater than
in the water not treated with CO,. Other HAAs that increased with
CO, injection were dichloroacetic acid, trichloroacetic acid and
dibromoacetic acid. Among THMs, only tribromomethane was
found to have increased following CO, injection. On the other
hand, total concentration of haloacetonitriles (HANs) was
considerably lower in 6 ppm + CO, treated water. Both di- and
tribromoacetonitrile were down by half. Other DBPs were found
to be below the detection limit or remained similar between with
and without CO, injection.

3.5. Biological treatment effects

Heterotrophic bacterial colony formation (CFUs/ml) on Marine
Agar for seawater and brackish waters showed variable results
with CO, addition (Table 3). Although no clear reduction in bacter-
ial CFUs was observed between CO, added waters and a both 4 and
6 ppm TRO level, bacterial CFUs were more consistent in CO, trea-
ted samples at the 6 ppm level of TRO than those treated only with
6 ppm for both seawater and brackish water trials.

For T. suecica, the synergistic effects of CO, addition could not be
confirmed, as all phytoplankton were effectively disinfected at
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Fig. 3. pH and total residual oxidants (TRO, ppm) concentration measured at day 5
for brackish water tests (n=4). Note that pH is little different among treatments,
but significantly greater TRO remained from treatment to 6 ppm with CO,. The
vertical bars represent 95% confidence limits. con-control.

Table 3

Heterotrophic bacterial colonies (log;o CFUs/ml) on Marine Agar for seawater and
brackish waters treated differently. Note that bacterial CFUs at 6 ppm of total residual
oxidants (TRO) and CO, were more consistent than those treated with 6 ppm of TRO
only. sd: standard deviation (n = 3).

Treatment Trial 1 Trial 2 Trial 3 Trial 4
CFU/ sd  CFU/ sd  CFU/ sd  CFU/ sd
ml ml ml ml
Seawater
Control >4.0 - >4.0 - >4.0 - >4.0 -
4 ppm TRO >4.0 - >4.0 - >4.0 - 3.0 2.7
4 ppm 29 26 >4.0 - 2.1 13 2.8 1.5
TRO + CO,
6 ppm TRO 2.7 21 >40 - 2.8 24 2.5 2.0
6 ppm 2.8 21 27 23 2.6 2.2 23 19
TRO + CO,
Brackish water
Control >4.0 - >4.0 - >4.0 -
4 ppm TRO >4.0 - >40 - >40 -
4 ppm >4.0 - >4.0 - >4.0 -
TRO + CO,
6 ppm TRO 23 20 33 30 >4.0 -
6 ppm 24 1.9 36 32 25 24
TRO + CO,

4 ppm and above of TRO (Fig. 4). The majority of the phytoplankton
did not survive the lowest concentration of treatment (4 ppm TRO)
at day 0, and no phytoplankton cell was alive at day 5 with elec-
trolysis for all treatments. In control waters, >70% of the initial
phytoplankton remained alive at the end of the 5-day incubations.
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Fig. 4. The effects of CO, addition to electrochlorination process on mortality of the
phytoplankton Tetraselmis suecia, with seawater and brackish water data combined
(n=5). Note that no cell was alive at the end of the incubation at concentration
>4 ppm TRO.

The abundances of A. franciscana alive at the end of experiments
(day 5) for seawater (Fig. 5a, n=5) and brackish water tests
(Fig. 5b, n =4) were consistently lower at 6 ppm + CO, treatment
than for 6 ppm without CO, for both seawater and brackish water.
A similar pattern was observed for 4 ppm treatments with fewer
organisms surviving in water with CO, addition than 4 ppm treat-
ment alone. The numbers alive at 4 ppm + CO, treatment were
comparable to those surviving at 6 ppm TRO for both seawater
and brackish water. Overall more individuals appeared to have sur-
vived in brackish water than in seawater.

4. Discussion

Our results demonstrate that integration of CO, injection with
electro-chlorination results increases the mortality of A. franciscana
(Fig. 5). Lowering pH by the addition of CO, in itself would have
limited effects on organisms. Our previous experiments have
shown that CO, injection only without electro-chlorination had
no deleterious effects on A. franciscana (data not shown), although
pressurized CO, may increase plankton mortality (Dixon and Kell,
1989). The proper pH for A. franciscana is around 7.5-8, whereas
pH less than 5 and greater than 10 will generally kill brine shrimp
(Madhu, 2009). In addition, pH of 7.0 led to decreased hatching
rates regardless of salinity compared to the control (pH 8.0) in a
study by (Salma et al., 2012). For phytoplankton on the other hand,
moderately elevated levels of CO, have been reported to stimulate
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Fig. 5. The abundance of zooplankton, Artemia franciscana, alive at the end of
experiments (day 5) for seawater (a, n = 5) and brackish water tests (b, n = 4). Note
that the numbers alive at 4 ppm TRO + CO, are similar to those survived at 6 ppm
TRO, with many fewer having survived at 6 ppm TRO and CO,.

phytoplankton growth for a variety of species, as CO, can be a
limiting resource in some systems (Low-DECarie et al, 2011;
Schippers et al., 2004). Compared to phytoplankton, fewer lab-
oratory or field experiments have assessed the effects of changes
in CO, concentration on heterotrophic microbes (Joint et al.,
2010; Teira et al.,, 2012), but generally studies have found a
decrease in production and growth rates at pH <7 (Labare et al,,
2010; Takeuchi et al., 1997).

The pH change following electro-chlorination was greater in
brackish water than in the seawater (Fig. 2a, and b). Brackish water
contains less salt and has less capability of buffering pH change
than seawater. Our preparation of brackish water was made of aer-
ated tap water mixed with seawater, which might also have con-
tributed to the greater pH change. Lower pH, not only increases
the TRO level, but may also contribute to increased stability of
TRO and thus DBPs. After the initial drops day 1, TRO appeared
to decline faster at 6 ppm only than in the 6 ppm + CO, treatment
(Fig. 2c and d). TRO and DBPs appear to be more stable at pH lower
than neutral. For instance, the stability of haloacetonitriles
decreases and their hydrolysis rate to dihaloacetic acids increases
with increasing pH and the number of halogen atoms in the mole-
cules (Glezer et al., 1999; WHO, 2000). The HAN's were reported by
Glelzer et al. to have been less than 50% were degraded after 4 d at
pH 5.4, whereas at pH 8.7 some of the compounds (e.g., trihaloace-
tonitriles) could not be detected after 24 h (Glezer et al., 1999).
There was notable compositional shift of DBPs (Table 2) after the
combination of CO, and electro-chlorination. Trihalomethanes

and haloacetic acids are the two most prevalent groups of known
by-products formed during disinfection of natural waters with
chlorine-containing oxidizing compounds (Hua and Reckhow,
2007; IARC, 2012; Singer, 1994). Hypochlorous acid (a more
powerful oxidant) and hypobromous acid (a more effective halo-
genating agent) react collectively with natural organic matter to
form chlorine DBPs, including trihalomethanes (THMs), haloacetic
acids (HAAs), haloacetonitriles (HANs), haloketones, chloral
hydrate and chloropicrin. With CO, injection, more THMs and
HAAs were produced than electro-chlorination only (Table 2).
Interestingly, HANs were lower with CO, injection in the brackish
water test (Table 2), which therefore seems not to be related to pH
change, but may be related to a process that suppresses the
production of acetonitriles.

Much of the enhanced mortality of A. franciscana may result
from more chlorine being present in stronger oxidizers such as
hypochlorous acid/hypobromous acid (HOCI/HOBr) due to CO,
addition, compared to the hypochlorite ion/hypobromite ions
(OCl~/OBr~) dominant at higher pH, with the higher TRO concen-
trations with CO, addition. Delacroix et al. (2013) also showed that
there was no correlation observed between DBP and organisms
inactivation, but only between TRO concentration and organisms
inactivation. They also reported that there was no correlation
observed between DBP and organisms inactivation. If the elevated
level of DBPs following CO, injection into electro-chlorination has
no effects on organism mortality, this would be a disadvantage to
using CO, in that DBP production and subsequent discharge to
coastal waters is strongly regulated (Werschkun et al., 2014).
Comparison of DBP production from a lower level of TRO (e.g.,
6 ppm) with CO, addition with a greater level of TRO (e.g.,
10 ppm) that may result in similar level of mortality should be fur-
ther evaluated. Higher concentration of organic carbon and solid
substance as in our comparative study of both seawater and brack-
ish water conditions would lead to greater consumption of TRO. In
our study, to the contrary, the TRO consumption was greater over
the 5-day incubation period in the seawater than brackish water
that has about 5 times greater organic carbon concentration than
seawater (Fig. 2c and d). This might be related to greater electricity
required for producing the same level of TRO for brackish water
than seawater (Fig. 1b). It might also be possible that the much
higher concentration of starch added to the brackish water may
interfere with the produced TRO reacting with dissolved organic
matter. These confounding factors of different voltage and poten-
tial interference of starch might have contributed to the seemingly
little difference in mortality of A. franciscana in seawater and
brackish water conditions (Fig. 5).

Our results indicate that injection of CO, could significantly
reduce electricity use by increasing the mortality of plankton by
electro-chlorination. Current density is an important parameter
affecting the production of total residual chlorine oxidizers in bal-
last water (Lacasa et al., 2013). Electrochemical oxidation is an
energy-intensive process, and the complete inactivation of larger
organisms may require more energy than does disinfecting smaller
organisms. For instance, complete inactivation of A. franciscana
took up to 8.6 kW h/m? of electricity in seawater and 20.2 kW h/
m? in brackish water in batch mode (Lacasa et al., 2013). On the
other hand, E. coli was more susceptible to electrochemical
inactivation, requiring only up to 0.042 kW h/m? in seawater and
0.031 kW h/m> in brackish water in batch mode (Lacasa et al.,
2013). In our study, 4 ppm TRO was required for complete inactiva-
tion of T. sueica (Fig. 4), but A. franciscana were not completely
killed even at 6 ppm TRO (Fig. 5). The TRO generation is also
dependent on the concentration of electrolytes, requiring more
energy to produce the same amount of TRO at lower salinity
(Lacasa et al., 2013). This means much more energy is required
for achieving a desired level of treatment (e.g., IMO G8 guideline
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D-2 regulation) for larger organisms in less saline waters than the
opposite combination. No increased electricity to produce the
same amount of TRO with the CO, addition compared with that
of electro-chlorination only (Fig. 1) and the ability to maintain
elevated levels of residual TRO by CO, injection could bring down
the use of electricity.

Low current densities may also reduce the amount of harmful
chlorine species produced during disinfection (Tsolaki et al.,
2010) which is currently a major concern of ballast water manage-
ment systems generating reactive substances as byproducts (IMO,
2012; Werschkun et al.,, 2014). THMs, HAAs, and HANs are the
three most abundant DBPs generated in the electro-chlorination
process. Models and experimental results indicate that THM for-
mation in chlorinated waters is proportional to chlorine dosage
(Chowdhury et al., 2009; Sadiq and Rodriguez, 2004).

Lowered pH caused by CO, injection may have beneficial effects
on calcification. All water contains dissolved calcium and magne-
sium. During electrolysis, calcium carbonate and magnesium
hydroxide will deposit on the cathode, a process commonly
referred to as scaling. It is a universal phenomenon with all elec-
tro-chlorinators without exception, and it can reduce the efficiency
of electro-chlorination and the lifetime of electrodes. Scale is gen-
erally removed by flushing the electrolyser with diluted
hydrochloric acid, another hazardous chemical for handling and
storage. Lowered pH due to CO, injection could reduce the cal-
cification by preventing or reducing the formation of deposits.
Aqueous CO-, will react with carbonate ion (CO%~) to produce bicar-
bonate ion (HCO3), a process known as carbonate dissolution. This
can potentially reduce the frequency of the use and consumption
of hydrochloric acid and risks associated with handling it. It could
reduce the risk of accidental mixing of HCl and NaOCI and thus,
chlorine gas formation (Goma et al., 2010).

The CO, used with electro-chlorination in the present study was
from compressed CO, commercially purchased. If the method is
applied to BWMS installed on board, CO, could potentially be
supplied on board ships, through stripping during the fuel combus-
tion process. A recent study shows that the concept is technically
feasible and capable of reducing ship CO, emissions by up to 65%
(DNV, 2013). For a VLCC tanker, this could correspond to capturing
more than 70,000 tonnes of CO, per year, transforming them from
emissions to a tradable product (DNV, 2013).

5. Conclusion

In summary, we demonstrate that CO, injected into the electro-
chlorination process may enhance the toxic effects of the
treatment on zooplankton, improving its efficacy. With improved
efficiency in TRO generation and lowered pH, incorporation of
CO,; injection into electro-chlorination may reduce the power con-
sumption for generating TRO. Slightly greater concentration of TRO
with CO, may be required to meet the IMO requirement of <10
organisms m~> for >50 um in minimum dimension at discharge
on day 5. Many BWMS remove large organisms by filtration before
electro-chlorination treatment, which would be a choice of matter.
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