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A Study for the Prediction of Urea Amount for SCR in
Northern American ECA

Song, Ji Kyoung

Department of Offshore Plant Management

Graduate School of Korea Maritime and Ocean University
Supervisor Lee, Kang Ki
Abstract

Ever strengthened emission regulations resulted NOyx Tier-III standard of
IMO which is more stringent emission limit for diesel engine technology. At
IMO MEPC 70" session upon the adoption of the draft amendments to
Regulation 13.6 of MARPOL Annex VI, the Committee agreed to designate the
North Sea and the Baltic Sea as NECA with an effective date of 1 January
2021. Futhermore, countermeasures against GHG emissions from international
shipping have been deliberated at the MEPC 72" session IMO and the Energy
Efficiency Management (EEDD and the Ship Energy Efficiency Management
Plan (SEEMP) aiming for the ambitious target of “to reduce the total annual
GHG emissions by at least 50% by 2050 compared to 2008“. And these
strengthened regulations demand further innovative technology development of
marine prime movers inclusive NOx reduction technology which is known as

the major cause of fine dust as well as the requirement technology of the
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significant reduction of CO2 emission.

The practical effectiveness of NOx reduction through the method of SCR
technology has been proven through the commercial operation of 4(four)
series hot coil carriers being commenced by MV “Pacific Success” and
MV “Hanjin Pittsburgh® since 1989 and followed by M/V “New Horizon“ and
MV “Delta Pride”.

This study examines the required amount of urea to generate NHjs
calculated from exhaust gas amounts which are derived from the analysis of
engine loads on operational patterns of large container ships sailing in the
ECA waters of North American West Coast.

The results of this study would provide the basic data for the shipping
company in order to establish the logistics system of urea for the efficient
service of ships in ECA waters. Furthermore it would also be used for engine
room resource optimization such as ELA(Electricity Load Analysis) and fresh
water amount etc. for new building stage as well as modification of ships to

be equipped with SCR.

KEY WORDS : IMO; NECA; SCR; NOx; Urea
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CO,-EMISSIONS CHANGES BY SECTORS 2016/1991, GERMANY

TRAMSPORT®
+1,5%
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Fig. 1-1 CO2 -Emission Changes 1991-2016"
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Table 1-1 Shipping CO. emissions compared to global CO, emissions®!
Third IMO GHG Study (million tonnes) ICCT (million tonnes)

2007 | 2008 | 2009 | 2010 {2011 |2012 | 2013 |2014 | 2015

Global CO,
L. 31,959 | 32,133 | 31,822 | 33,661 | 34,726 | 34,968 | 35,672 | 36,084 | 36,062
Emissions

International
Shipping 881 916 858 773 853 805 801

Domestic | 133 | 139 | 75 | 83 | 110 | 87

813 812

73 78 78

Shipping
Fishing 86 80 44 58 58 51 36 39 49
Total

Shipping 1,100 | 1,135 | 977 | 914 | 1,021 | 942 | 910 930 932

% of global || 3.50 | 3.50 | 3.10 | 2.70 | 2.90 | 2.60 | 2.50 2.60 2.60
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Fig. 1-2 SOx emission control plan®
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Fig. 2-2 The World 1st SCR equipped ship, MV “Pacific Success"!"”
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Table 2-2 Ship’s particulars™®

A vessel B vessel
D/L 08.2.4 08.3.20
LOA 339.62 339.62
Breath Moulded(m) 45.6 45.6
Depth Moulded(m) 24.6 24.6
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M/E MCR XRPM 108,920 BHP X 102 108,920 BHP x 102
NCR X RPM 98,030 X 98.5 98,030 X 98.5
GIE Type 7L 32/40H 7L 32/40H
Service Speed(knots) 27.00 27.00
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Fig. 2-4 Fuel cost per ship type
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Table 2-3 Specification of standard vessel, Clarkson'®
Kind of T DWT or | Average Average F.O.
R
vessel P TEU speed(kts) | consumptions(ton/day)
Capesize 172,000 14.75 56
Bulk
Supramax 52,454 14.25 30
VLCC 300,00 14.5 90
Tanker
MR 47,000 14.5 36
post-panamax 7,500 24.2 210.6
Container
Sub-panamax 2,500 22.1 88.2
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AAPEE 50 vt S S g9 dAEste 380l Bag AH 4y
o] HAEE dojzl d3GRENH,CDE ZEsA w3 BEaAA o

NH4Cl — NH;z + HCI
NH,Cl + NaOH — NHj3 +NaCl +H;0

2NH,Cl + Na,CO; — 2NaCl + CO; + H20 + 2NHj

T WA BRer Zg ol 3 wkEskd oA " [CaCy + 2H,0 —
CoHy +Ca(OH)ol o] A ET. Zg 7inlol =5

o] AREAA AALGL glth. ZIAA0OF A4 vE 52 257}
A9} AstdEs HHSAZ "olx A 2,000C e ZH3e =%

Azsks b A7 UF #
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CaO + 3C — CaCy, + CO
CaCy + Ny — CaCN;,; +C
CaCN, + 3H,O0 — CaCO3; +2NHj
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B2
oo
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b
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.
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X
v}
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N
ﬁn‘
Ll
A

3k (yield)o] =%

o}

19001 =0 Wilhelm Ostwald & FEUol Aitol] #3 55 & T3
O BASF(1865 AH¥E =do| th=% 3}5}7]<9): Badische Anilin-und Soda
Fabrik(% ]: Baden Aniline and Soda Factory) 917A&-& Ostwald A ¢S whE
A gdEYol FAo FFHE Aive F7] Foll dv ALTF oyt w87

of Aol ALAY Hol FEBE ol u Aaeks e FAPTp?
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4 NHs(g) + 5 OAg) — 4 NO(g) + 6 H,0(®)
2 NO(g) + 020g) — 2 NOJg)
3 NOo(g) + H,O(1) — 2 HNOs(aq) + NO(g)
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3.1 SCR& &-8&3% NOx AAWE] Bad 24 7F 4w o]&

3.1.1 NH; #3134

S2E IPRORA NHCOE HFH0R /e 4718t gBelth 248
g zelces @Yol It

5 NHiOCN — HNCONH, 02 @4 Alhe =
OFR o] SgHe Jldste] QA2 AAE=H AZLEY

% 4
1.0 cP/20C ©o]stoltt. AL = Apotol|A] oFA S}
1

&9, 7ty B2 5 dsop @

71, AFshA,

84 89 Fao A HA dAl= AG-DIF 2ol E EAe Feolt.
of sk d& a4 & (urea solution) Weo] E3HE 29| Hjr|r7t2d 9
3l &=t

(NH,)2CO(ag) — (NH»),CO(L) + H,O(g) (3-D

21(3-2)¢} 7o) IA 2iE FIIE JFEEH T 713 Hol 714 ey "ok

(NH,),CO() — (NH2)2CO(g) (3-2)
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7138} Hkg-o] &5 738 oA (hvap)7F 87.4 kJ/mol & wf ThS 21(3-3)ol <
fa)
ko = (1.0 X 10"2)x ¢ X T (3-3)

88 as BAE gBs e v Bde T A uAUE F sl
& 7] AG-0e wge] wheh 8x BAF GEY
(NH2),CO(g) — HNCO + NH; (3-4)

obe 2(@-5)2F ol 7k Eafl whEE oA} BAE dEYotet CO2 &2

o Bals] 9la) 2g Asar

HNCO + H,O — NH; + COq (3-5)

gofstaom b4 Ral W oF 2000 LE7F AEHAW, W7z
= = dd % bR WAYEY weEEE Al
FAsth oldF Wee Fol AR NHi= NOS whgahel N} 5371(H,0)

3.1.2 NOx A% 48 8934

Q204 HAYE NH:Z YA Z AHE3HE SCR ¥Hg- AH7bE NHy7b NOSH
NOE #AN7= whgol Fefdhs F3el NOKo| Bdugdt ki 24 3t
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oA NHso|] AFshdt-g 12]al v] ¥k-g NHzob vj7]7k2 Sl EAsts SO; 59

A goR UE F duEl
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ox,
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rlr
i
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N
=

4ANH; + 4NO + Oy — 4N, + 6H,O
2NO, + 4NH3 + O, — 3N, + 6H,0O
6NO + 4NH; — 5N, + 6H,O

NO + NO; + 2NH; — 2N, + 3H,O
6NO, + 8NH; — 7N, + 12H,0O

SCR ZFuj= wj7]7k2=¢} SFAAIQl NHy7F S se oA vt 7] g 34 3
2o ®H Hkg(surface reaction)o] EojuyAl Hot Fig. 3-13 Zo] 1xa¥o=
v} 7] 7} 2=o] NHs7b g4bElo] E3t8 AejolA Zof sl *as}ﬂl Q‘?ﬂ, Hh-g-
H(reaction site)e] A3 (pore)i= SEYolr} EV\PQOJ
NH;7F 28 Alg whed Y2 S4te s sisk gk-g
2 HO= =] wiE 7tA22 23 g4l = %ao].—,}ml_

2k

3L JN'
zy
)
z
O
r
Z

SCR -Nitrogen oxides (NOx) with ammonia gas (NH3) are converted into

truly eco-friendly pure water (H20) and nitrogen (N2) by chemical reaction in a DelNOx reactor
technology

Reactor

From engine (exhaust gas) Exh. gas outlet

NOx (NO + NO, ---) H,0 + N,
Urea Solution = NH;3
4NO + O, + 4NH, 6H,0 + 4N,
2NO +2NO, + 4NH; = 6H,0 + 4N,
6NO, + 8NH; = 12H,0 + 7N,

Chemical Reaction on DelNOx Catalyst
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oF & 9 ¥ gEUYole NO9 Med e §kgo] s glojA
Al MAYEZFSE Fig. 3-2¢0 yYeRhd o]F3 (dual-site) Eley-Rideal @ €j ]
£ & Atk ol V,05 AollA NO-NH3-Oz0 9] SCR whE- w7
[e)

o

V=0 + VS-OH + NH; — V=0---NH,---O-VS§
V=0:---NH;--O-VS + NO — [Actived complex]
[Actived complex] — V-OH + N, + H,O + VSOH
4V-OH + O, — 2H,0 + 4V=0

\NJ"'
' L P ¥
O o il H H Mk aig sty
€ mtalyvst u ] ' 1 | s MR
Surisce M- O Me- ? CI:'
[ Artive Sife) "'“'E D“E
- m [ a]
:'h‘O sz crpEaw
[(omation ] fa)
(1,00 H’ﬂ\;_. NTHOH
\ iy =1 "
\ Ny ) !
H Ha== H ' H <= i’ “H
o o o o ) &
1 1 i ]
-Me—-0O—-Me— -Me—0O—Me— Me O Me

Fig. 3-2 Reaction mechanism of selective catalytic reduction for NOx
(Duel sites Eley-Rideal)®
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o] MIAYZLS AR Q% 48 whE-S 53 AjeFo] sHestte AASk
Aol "t drE Yo7} Bronsted 2D ZelA F2Eo] NHE FAlsa
o 7]e) NO7ZF ¢kt 45288 3t &4 complexs AT oo N9t H0E

MRS YUY EWS WECL V-OHE 7)Ao Abauh bulk AFzol o8] A
ststgEith, whde] dmuyol F2belA Bronsted 4HH o= Zg3tE VS-OHE
V059l A4 Fx=2 Jal AstEA ded. 7] WAYELS V=09 V-OH
g 3he FEo] 9lon 53] Bronsted AFH el F o] A H S

D 2+e =2 E FAA(protondonor), @715 ZZE 4&|(protonaccepton® sh= A
oo M2 4 F71E BIZHE 4 BEX~ Eﬂ.E— A7ekar gkt 1923yl J. N.
Bronsted?} T. M. Lowry7} 22 =180 =5 0] HolE AE3AT oE EH NH,"
= NH3+H'ell 9o NH, 2 4to]x NHze d7lelth ®=3 HCle FZFoA oS3t
Zo] sggtt. HCl+H:0 < H;0' +Cl- 0471/\1 HCl& 4tolx H,0& 970l =
0" 5 M09 &4k, 5 HCIOl 59 @712 @k o] Aoje 89 Tl s}
A g3l HlFEd Fo oM xE FEHAT (58 Ad, 2011 1. 15, €XAD
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Table 3-1 Sailing table of A vessel

50E 51E 52E
(HKHKG~USTIW) || (HKHKG~USTIW) || (HKHKG~USTIW)
PERIOD 16.1.30~16.2.19 | 16.3.11~16.3.30 | 16.4.22~16.5.12
VOYAGE HARBOUR 1D 08H 54M 1D 13H 00M 1D 07H 30M
TOTAL SEA 14D 06H 18M 12D 22H 12M 13D 13H 48M
HOURS TOTAL 15D 15H 12M 14D 11H 12M 14D 21H 18M
DISTANCE HARBOUR 345 365 351
SEA 5,923 5,833 5,872
(M) TOTAL 6,268 6,198 6,223
AVG. SPEED(SEA VOYAGE)
17.3 18.8 18.0
knots
50W 51W 52W
(USTIW~HKHKG) | (USTIW~HKHKG) | (USTIW~HKHKG)
PERIOD 16.2.18~16.3.12 | 16.3.29~16.4.23 16.5.10~16.6.4
VOYAGE HARBOUR 1D 09H 30M 1D 16H 54M 1D 15H 18M
TOTAL SEA 14D 02H 24M 15D 06H 42M 15D 17H 24M
HOURS TOTAL 15D 11H 54M 16D 23H 36M 17D 08H 42M
HARBOUR 392 437 408
DISTANCE SEA 6,218 6,200 6,214
TOTAL 6,610 6,637 6,622
AVG.SPEED(SEA VOYAGE)
18.4 16.9 16.5
knots
APA T FaEFH 278 Q835 Table 3-2= ZTE M9 Bieo 33xt
(EAST & WEST BOUND) +&7|5<S nlgto=z 245t AA| BEo] A%
PG HFEHLe 164 E~8] LER 2338 AL & & Uk
T3 =89 AL 1,285.0 M/T~1,507.2 M/TE A+83sta, AG3FE= 1229
M/T~289.2 M/TS 283t Y2 & 5 A7,
— 25 —
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Table 3-2 Sailing table of B vessel

48E 49E 50E
(HKHKG~USTIW) | (HKHKG~USTIW) | (HKHKG-~USTIW)
PERIOD 16.2.19.~16.3.10. || 16.4.1.~16.4.21. 16.5.13.~16.6.2.
VOYAGE | HARBOUR 1D 05H 36M 0D 19H 18M 1D 06H 48M
TOTAL SEA 14D 10H 18M 13D 21H 18M 13D 22H 18M
HOURS TOTAL 15D 15H 54M 14D 16H 36M 15D 05H 0oM
HARBOUR 282 213 278
DISTANCE SEA 5,958 5,968 6,042
TOTAL 6,240 6,181 6,320
AVG. SPEED(SEA
17.2 17.9 18.1
VOYAGE) knots
48W 49W 50W
(USTIW~HKHKG) | (USTIW~HKHKG) | (USTTW~HKHKG)
PERIOD 16.3.8~16.4.2 16.4.19~16.5.14 16.5.31~16.6.25
VOYAGE | HARBOUR 1D 08H 18M 1D 10H 48M 1D 10H 06M
TOTAL SEA 15D 13H 30M | 15D 20H 00M | 15D 17H 54M
HOURS TOTAL 16D 21H 48M 17D 06H 48M 17D 04H 0OM
HARBOUR 381 383 418
DISTANCE SEA 6,256 6,257 6,216
TOTAL 6,637 6,640 6,634
AVG. SPEED(SEA
16.7 16.5 16.4
VOYAGE) knots
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=
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3
HHN'

< 17gkW-hz WAL Stk o g2 @Ae] NOx #l=S 243
/\] 2 o2 7hFHTh Tier-1S Z2435ts AR A Uo= NOke dA# &
2 2)(3-6)7} 2t}

S
rot

il

NOz,, kW X Load 6
"INOx Tier 1 = 3600 = 1000

Myowzier; = Mass flow of NOz in kg/s

NOzxTierl = Specific emission rate of NOx in g/kW +h

Tier-ll #7385 +3t= AW 38 NOx F3FS 21G-NH o] T3t

. NOz 30, i KW X Load 3-D
MNOx Tier 1IT — 3600 <1000

Myowzierr = Mass flow of NOz in kg/s

NOzxTierIIl = Specific emission rate of NOz in g/kW «h

IMO Tier-1 #7389 =% 7IFel 71# 3Hd<s 130rpmelste] 2384 A& 7|#
o] A% HW NOx viE=<] 713 AZA=ES] HXQ 17g/kW *h=Z 7838t
o]F 7] Ao tidstH NOx &2 17 x Load in KW/(1000x3600)°|t}. ©] &
Ho 7]#F317F 80,110.66 kW<l =@ Mduke] SMCReol| ths] A4rsiEHE 0.3783
kg/se] NOx mass flow7} F8ixith. Z& wHow 82 Hdure] BspE NOx &

AFE ARSI o] & AAS] 9% NHo] Zad A& f&s 730
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Fig 3-3 NOx emission limits according to MARPOL Annex VIV

NOx Hi&&2 ARt @ Hi=H = NOxo 2 omditt. AXloA dA=

oo

H+ NOx #Fe #7717t €4 §%F vl &l veEste] AAH, 7|7t

% 9y 7o) U mAHolol Bk A fHE AG-9)7 o] AH
]\Jelh‘RT

‘/mlc,mrr = T (3—8)

Voecorr = Corrected volumetric flow rate from Module 1 in m’/s

M, = Molar flow of exhaust as determined in module 1 in mol/sec
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3.3. NOx A|Au-$S 93 Q4@rea) &7F F3 A4

958 AHestel 1YR QoA gEYcE JAS o ek
A~ H|

A Ao 4SS ket A(3-9)9F o] 54 xS NH;9

MWyys

ppmmass, Tier I
1 10°

(3-9

X RNO NH3

My = mel’h,hr X

= Mass flow rate of NHs in kg/h

M3
PPMy0ss Tierr = CoONcentration of NO in parts per million by mass

MW, = Molecular weight of ammonia in g/mol

Ryo— nus = Ratio of NH; to NO

NOx W&ol @78 NHel Fof &L SCR 239 ETgoutet) 94 o
BUole 3§ &Y BAF P& AG-10% 2ol 1ol Ak £/

= =2
SCR Aol A ®b-g&kA] kgt FAjoA v ¥kg & dRYols LI
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MW,

exh

Slip <

R =le+ NO (3-10)
NO-NHS ppmmass, Tierl

€ = Effectiveness

Slip = Maximum allowable NOz at reactor outlet in ppm by vol

NH:;o] a3 A&y o] ¢8AH 84 §q9 AFy) F5e 23-1D

AN 2HE 4 AU

Mgy MW,pew 100
mUrea = M (3_11)
urea MWy, 2

My, = Mass flow of ‘urea in kg/h

MW, . = Molecular weight of urea in g/mol

urea

urea = Percent of urea in solution by weight

293 84 58 HFL 9k £ Ry §3L FPsE ¥ AS
= 2)(3-12)9F 2t}

d m rea

VUrea: S (3_12)

SG, > 1000

urea

VUM = Volumetric flow rate of urea solution in mi/h

[28]

SG,

urea

= Specific gravity of urea

o A AN 2FdEHe B8 A ASTL v=9] BaEntd, AldE
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Table 3-3 SCR calculated summary for SCR urea consumption

- Tier-III
Load ISO Tropical Specified
%SMCR (L/h) (L/h) L/M)
100 1150 970 1170
95 1160 970 1190
90 1170 960 1190
85 1170 960 1190
80 1160 950 1180
75 1150 940 1170
70 1120 910 1150
65 1090 880 1110
60 1050 840 1070
55 1010 790 1020
50 950 740 970
45 910 690 920
40 850 630 860
35 780 480 790
30 700 430 700
25 600 370 610
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Table 3-4 Urea requirement of A vessel

VOYAGE 50 VOVYAGE 51 VOYAGE 52

Section Engine Engine Engine

Load, % tjlﬁ]a) Load % tir/ia) Load % tjlﬁ]a)

(kW) (kW) (kW)
~USTIW || 2169449 | 27.08 | 614.02 | 20966.6 | 26.17 | 59343 || 19808.46 | 24.73 | 576.67
UUSSTQQ;” 10515.00 | 13.13 | 30611 || 9310.00 | 11.62 | 271.03 || 8705.00 | 10.87 | 25342
USSEA~ 1l 1950000 | 24.44 | 570.02 | 17696.4 | 22.00 | 51518 || 217140 | 2711 | 61458
CAVAN
CAVAN~ || 2211023 | 27.60 | 6258 | 231157 | 28.86 | 654.25 || 2086023 | 26.04 | 590.42
TOTAL 2115.95 2012.05 2035.09

Table 3-5 Urea requirement of B vessel
VOVYAGE 48 VOYAGE 49 VOYAGE 50

Section Engine Engine Engine

Load % h)_;ia) Load % tﬁ? Load % tlj_;ia)

(kW) (kW) (kW)
~USTIW | 15654.62 | 19.54 | 45574 || 1909158 | 23.83 | 555.80 || 24079.74 | 30.06 | 701.01
UUSSTQQL” 660000 | 824 | 192.14 | 10850.00 | 13.54 | 31587 | 971000 | 12.12 | 28268
%?ASVE/Q\I” 1637273 | 2044 | 476.64 | 1084846 | 1354 | 315.82 | 19107.27 | 23.85 | 556.25
CAVAN~ | 837952 | 1046 | 243.95 | 19900.00 | 24.84 | 579.33 || 19476.59 | 24.31 | 567.00
TOTAL 1368.47 1766.82 2106.94
JM 712371 80,110.66 kWSl & AHuke] SMCR tiu] 7 &8 @4 7t

vl g A4Hel A3}= Table 3-63 2o
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Table 3-6 Urea requirement at SMCR

Load SMCR(%) Engine Load | Exngas (gls) | Urea (L)
100 80,110.66 169.86 111751
90 72,099.59 159.66 1136.94
75 60,083.00 156.55 1117.51
50 10,055.33 91.54 923.16
25 20,027.67 18.00 583.05
— 33 —
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34 Wiz EAMNY 2FAdHte] AT SCR +AE AT 84 EF 1F

T RE Adute] F2pd MjEEAN oA 7B BepaET oo mE ax
422 FS Fig 3-4, Fig 3-5014 F& Mur A9 A3%E & & glov Fig 3-6,
Fig 3-7<4 & A4 Be] 2345 <& < Utk

Urea consumption per section for vessel A

J00.00
600 .00
500.00
400.00
300.00
200.00
10000
0.00
~USTIW ST W~ LISSEA LUSSEA~CAVAN CAVAN~
EVOYAGE 50 mWVOYAGES1 mVWVOYAGES2
Fig 3-4 Urea Consumption per section for vessel A
Engine load per section for vessel A
25,000.00
20,000.00
15,000.00
10,000.00

~USTIW UETIW-~USSEA USSEA~CAVAN CAVAN~

mVOYAGE 50 mWVOYAGE 51 = VOYAGE 52

Fig 3-5 Engine load per section for vessel A
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Urea consumption per section for vessel B

BOO
T00
00
500
400
300
200
1]
~LSTIW USTIW~LSSEA USSEA~CAVAN CAVAMN~
mVOYAGE 48 mVOYAGE 49 m VOYAGE 50
Fig 3-6 Urea Consumption per section for vessel B
Engine load per section for vessel B
30000 L U —_ —= SN
25000 ——-- — _——
20000
15000
10000
1]

~USTIW USTIW~LISSEA USSEA~CAVAN CAVAN~

EVOYAGE4E mVOYAGE 4% mVOYAGE 50

Fig 3-7 Engine load per section for vessel B
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