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Emissions Control Areas (ECAs)

. MARPOL Annex VI, 0.1% S
(existing)

Trahsport Canada legislation, ‘ \ [ \ R f
zero discharge (existing) (G L Y ) /

European Council Directive, ‘ 7L sy \ |
0.5% S (2020) P e

@ Additional regulation (existing) $ 5 o d

| BeforetJuy2010  tekmim  Beforeduuy20i2  aswmm ol ESEEL AT S R SI0EIY 1O of
sulfur in the fuel by 2020 internationally

Q Strict sulfur limits are in place in ECAs,
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Strategies to Control Sulfur Emissions

Bunker Prices ($/
mt)

. Global Average 277.50 546.50
Switch to MGO g

» Americas Average 280.00 588.50

APAC Average 287.50 551.00

EMEA Average 260.50 472.50

*mt stands for metric tons
*Information adopted from Ship&Bunker on Sep 1st

Install a Scrubber
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Clean gas out
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Liquid in —
Throat ) Separator
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Scrubber Gas and water (
L]
monitoring . T ial . :
Fresh water = angentia N - i
Alkaline additive inlet A
(NaOH) I
£ «l«—-. g l
i . v Liquid to settling
| Pump Circulation tank ¢ and recirculation
Plate heat exchanger
Water cleaning unit -
water I

Q1 Both open and close loop
System

Q Typical Venturi scrubber and
a cyclone separator

O Monitoring SO,, CO,, PH,
PAH, and turbidity

Pump

Sludge tank
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On Sea Scrubber Main and Auxiliary Engine

. e

Dammm———

Bypass

Pre Scrubber
AE

) @
ggg-:f

| AG (2) |

Source ~ Cngine R L L Pl ) Performed 4 loads on HFO fuel (1.9% S)
Mfgq. Power kW Fraction d t bb

ME | MitsuiB&W | 7L70 16578 | 177,962 | vyes 93% PIE and post sefuzber o
AE_1s Wartsila 6R32D 2,105 70,096 yes 0% 0 Measured gaseous and PM emissions
AE_1p Wartsila 6R32D 2,105 79,020 yes 7% U Measured BC via three methods
AE_2s Wartsila 4R32BC 1.263 63,211 no n/a amMss: nght absorption_photoacoustic
AETZp Wartsila 4R32BC 1.263 55,067 no n/a QFSN: Light absorption-optical
Boiler n/a n/a n/a no n/a

UECOC: Thermal/optical
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Emissions Sampling System

FSN * Valves <|> HEPA Filter

L > PG350 - Heated Sampling System

D4 e 1>10d — » >

* MSS
Tt : =
I 4
Exhaust Cyclone
A DAH ——” ' ¥
o Teflon Quartz |
T F i|

Air A
MFC

w
N
ADF: Air Dryer Filter N <> MFC _L

DAH: Dilution Air Heater

Y

Y

FSN: Smoke Meter Ship
MFC: Mass Flow Control < MFC ADF —— Compressed
MFM: Mass Flow Meter air 7

MSS: Micro Soot Sensor .
PG350: Horiba Gas Analyzer Designed by: Kent Johnson
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Post Scrubber Sampling
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Test Sequence

Day | Location ﬁz?:;a! Deck Source Scrubber | Mode LI:I)IaE d Lﬁg d
1 dock ' - 3 AE Pre 4 0% 50%
2 at-sea - 2 ME Pre 3 50% 50%
2 at-sea - 2 ME Pre 2 75%  50%
2 at-sea High DR 2 ME Pre 2 75%  50%
2 at-sea - 2 ME Pre 1 92% 50%
3 at-sea - 5 ME+AE Post 1 92%  50%
3 at-sea - 5 ME+AE Post 2 75%  50%
3 at-sea High DR 5 ME+AE Post 2 75%  50%
3 at-sea - 5 ME+AE Post 3 50% 50%
3 at-sea No AE 5 ME-only Post 1 92%  50%
4 at-sea CL Mode 5 ME+AE Post 2 75%  50%
5 dock 2 - 5 AE Post 4 0% 50%
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Preliminary Results: SO, Reduction

98.45% 96.84% 96.84% 96.54% 0 96-99% of the SO, reduction
U SO2/CO2 ratio < 4.3

U SO, emission reduction makes
the fuel equivalent to 0.1% sulfur
Q Fuel sulfur rule is being met
with scrubber system (on a SO2

[0,]

SO, g/kWhr
=Y

w

y
0.10 0.14 0.13 0.13 basis)
0 ] i v | /) | s coa B
Pre Post Pre Post Post Post
4% 48% 70% 85%
AE Only EGCS Engine Load (AE+ME) 20%

80

% of total SO,
D
(=)

-
o

N
[=]

o

48%
AE Only EGCS Engine Load (ME+AE)
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Preliminary Results: Overall Sulfur Reduction

8.0
ESinPM BSin SO2 Engine Load (ME+AE)[SO4 pg/min*filter
70 1 == 48% 64.60
: Pre Scrubber 70% 131.47
6.0
85% 158.73
TS0t 48% 64.00
E a0 L Post Scrubber 70% 118.33
I 85% 160.33
é 30T *Same dilution ratio at each load
=
Y 20+
Semi-voiatile
10 1 — organics §,
0.0 ' ' ' ' ' . Compocen
Pre ’ Post Pre ’ Post Pre | Post s?ol - _.‘ .
4% 48% 70% — o vokiie .
AE Only EGCS Engine Load (ME+AE) D‘ese‘_exmw —> oxanics . .
— 50, o
UStudy done by Schneider et al. (2005) explained - ——— 10, =20 — @
- - - - — )
Formation of nucleation mode particles from diesel D ) _
. iy . FIGURE 1. Schematic of the emissions and particle formation
exhaust occurs only under certain condition: high mechanisms in diesel exhaust. Solid lines indicate well-established

processes, dotted lines indicate processes under discussion.

sulfur content and cooling effect.
U Insignificant removal of the
sulfur in the PM

Schneider, J., Hock, N., Weimer, S., Borrmann, S., Kirchner, U., Vogt, R., & Scheer, V. (2005). Nucleation

particles in diesel exhaust: Composition inferred from in situ mass spectrometric analysis. Environmental D Hea|th impact on the
science & technology, 39(16), 6153-6161. . e 4 O .
Lemmetty, M., Pirjola, L., Makeld, J. M., Ronkkd, T., & Keskinen, J. (2006). Computation of maximum rate nanosize sulfuric acid particle is &

of water—sulphuric acid nucleation in diesel exhaust. Journal of aerosol Science, 37(11), 1596-1604.

not clear
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Exhaust Plume

12
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Equivalent Sulfur in the Fuel (gas + particle)

2.4%
T 2.0% 11.89% 1.890% 1.89% 1.890%
-
(7]
S 1.6%
()
<
=)
£ 1.2%
X
7))
-l
S 0.8%
IS o
S 0.4% 0.348% 0.387% 0.425%
c‘ o (] 7 7
w s 7
0.029% 0:12% 0.06% % 0.060% % 0.065% %
0'0% 1 |m| |F'E='E-F'!|A| |E'F'-“'F'ﬂ|ﬁ| |W‘]|A
Pre |Post G| Post Pre |Post G| Post Pre |Post G| Post Pre (Post G| Post
G+P G+P G+P G+P
4% 48% 70% 85%
AE Only EGCS Engine Load (ME+AE)

O 79-93% of the overall sulfur content
reduction.
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ISO Weighted Particle Reduction

50%

o
o 38.91%
2 40% 35.64%
g 30.75%
- 30%
e
g 19.86%
= 20%
(&)
-
b 9.86%
f 10% . 5.03%
X
Q

oo [ ]

PM2.5 PM_OC PM_S PM_EC

PM Speciation

Combined Load (ME + AE)

Suggested Weighting Factor

85%

0.22

70%

0.52

48%

0.21

4%

0.05

U The scrubber is able to remove
approximately 10% of the total PM, 30%
on the OC, and 5% on sulfur PM.

U The reduction of the BC carbon varies
on the measurement method has a range
0 20-40% of reduction by scrubber.
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BC Measurement EF Comparison

EMSS EIFSN BEEC B MSS EFSN EEC

0.08 0.014

0.07 L+ 0.063 0.012 0.010
S S
£ <
E 0.06 - E 0.010
S =
L) LY
) 0.05 | o
"ul 0.041 |.|.|I 0.008 0.007
S 004 0.033 = 0.006
e ' 2 0.006 0.006 0.
Z 003 | 0.027 -

L

= o 0.004
a 0.02 | g
= 0.002

0.01 |

0.00 0.000

MSS ESN EC MSS ESN EC MSS FSN EC (MSS FSN EC |[MSS FSN EC (MSS FSN EC |MSS FSN EC (MSS FSN EC
Pre Post Pre Post Pre Post Pre Post
48% 70% 85%

4%
EGCS Engine Load (AE Only) EGCS Engine Load (AE+ME)

U AE trends to have more BC emissions

TTEST | MSS FSN rate (9g/kWhr) than ME, 5-10 times
MSS X X Q Trend of BC emissions reduction by
FSN_ | 0.8556 X scrubber from AE, not ME
— ECI: — 0.2436 | 0.2740 U FSN and EC trend to have higher BC
*AE include

results than MSS

U None of the instruments show a
statistically difference

15
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BC Measurement Comparison — FSN vs MSS

@ FSN mg/m3 @ EC mg/m3 @ FSN mg/m3 @EC mg/m3
[ 1to1 | 20 | { 1to1 |
80 | ME+AE y= 135 S ~ _ f| MEOnly | T B
2 R?=0.9514| . glef e ©°
Weo | : = [ [y=2.2266x| @ .
E . E 5 [|rRe=0.0a00|
IS et . (] e} L .
S0 @t [y=0.923ax S 8 .
E 4.0 i ...0' '...-°. R?2=0.9677 E 0.8 [ :..
% % s y = 1.4829x
£ 50 [ g\l & 04 R?=0.7317
>
00 F—4—m— —— -~
2.0 4.0 6.0 8.0 0.0 0.5 1.0 1.5 2.0
MSS (mg/m?) MSS (mg/m?3)
@ FSN mg/m3 ® Raw EC mg/m3
100.0 | [ ltol |
Task 1 - Engine Testing > ) R :
7 800 o V12913 U Sample Range has a big effect
E 600 | ' on correlation curve
2 | g ’ 0 ME+AE data shows a high R2
2 400 | R'=09828| & sp and good slope
2 [ B U
i _ IR S O ME only shows a poor R2 and
[ e o '
Sl SR low slow and high offset
0.0 I.. Y T
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BC Measurement Comparison — EC vs MSS

@ FSN mg/m3 @ EC mg/m3 OC-EC split
{101 | k— —  ocedcc—]— f—€c .L
_ 80 || ME+AE P .. B S— ol e e 0,in}He —
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1 N S P ’
$20 [ ‘
0.0 1 1 1 1 1 1
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7 800 e e y'=1.2913x EC 2-476 Iil
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o 60.0 ® o
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s [ y.:O.6657x ..........
& 400 ¢ R7=0.9828 " o9
T | O T
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S filter, 150 times lower than task 1
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0.0 20.0 40.0 60.0 80.0 100.0 . .
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happens at low temperature, change
OC-EC split point 17

Birch, M. E., & Cary, R. A. (1996). Elemental carbon-based method for monitoring occupational
exposures to particulate diesel exhaust. Aerosol Science and Technology, 25(3), 221-241.
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Dilution Effect on BC Sampling
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Summary and Conclusion

 Nucleation mode sulfuric acid particles were formed in
high sulfur fuel and cooling effect, which is not able to be
removed by scrubber system. Scrubber system is not as
effective as the fuel sulfur rule when considering the sulfur
In the particle phase.

d Quartz filter based ECOC shown higher EC results when
high amount of sulfur on the filter due to the pyrolyzation at
low temperature effect the ECOC split point.

d MSS and FSN shown comparable correlation with task 1.
d Scrubber system able to meet SO,/CO, (ppm_Vv/%_V)
ratio less than 4.3, which corresponds to a 0.1% sulfur fuel.
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Preliminary BC Comparisons look good

7.0

[ 1tol O Concentrations very high for BC
6.0 I v =0.8222x+0.4162 on AE engine (8x)
i R? = 0.9929 e U ME+AE data shows a high R2 and

5.0 | good slope (0.82)

SCerber O ME only shows a poor R2 and low

slow and high offset

O Concentrations for Scrubber
vessel much higher than the Tier 2
AE 0 Prelim data suggest scrubber is
reducing BC emissions.
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Real Time Evaluation

RQOX[ppm] Sample Start Time C02/100 [ppm] —MSls E(I)\IOX [ppm] Sample Start Time C02/100 [ppm] —MSOSG

1800 _ 1800 Pre Pre Scrubber Pre Scrubber
= E At Port Pre = Scrubber ME 75% MEMAX 1 o5
S 1600 [ ] os S 1600 f " y
o E Scrubber AE < S ME 50% .
E 1400 g £ 1400 F ¥ LS 1 oa 'E
£ 1200 f 1 os ? £ 1200 f r.r.»: ' ‘\/\'_ ?
- F | Swragus. | e - ) 2 —
81000 . — = 8.1000 B o.3§
-E 800 F l\:’ ‘ r- 41 04 8 E 800 A

o 4 [72]
§ | i fw i
é a00 | ' 1 02 é‘ 400 1 oa
200 | 200 o ] -
F I | X \ I | ﬁ . H
0 TSRV TR T N ST TN (N TR TR TR T SN SR 1L, T S N TR T 1 e e, 0 0 — - ~ L 1 —t o
0:28 0:57 1:26 1:55 2:24 2:52 3:21 0:14 2:38 5:02 7:26
Real Time (6/24/2016) Real Time (6/25/2016)
——NOXx [ppm] Sample Start Time C02/100 [ppm] ——MSS ——NOx [ppm] Sample Start Time C02/100 [ppm] ——MSS
2000 1 0.6 2000 0.6
1800 | Post Post Scrubber Post Post 1800 [ At Sea Post Scrubber
s Scrubber ME 75%, AE Scrubber Scrubber 1 o5 =) ME 75%, AE 50%
S 1600 | mE mAX, 50% ME 50%,AE  ME MAX _ S 1600 -
T 1400 | AE50% VLA, 50% ]oa® T 1400 T
o ) . ] . B R Y
21200 [ Lok i r»v,m'u. S& ? £ 1200 [ ?
8‘1000 3 | ] 03 g 8.1000 - 3
£ 800 | ] a £ 800 || 3
=3 102 Y o a
£ 600 | 1 S £ 600 f ‘é’
= =
O 400 F ] 400 |
S _ Bl ] o1 e

200 | ] 200 F| Ty R ————"

0 L L L L L 1 n L L 1 L L L Lo ! L n 1 i o 0 L. L L
9:21 11:45 14:09 16:33 18:57 19:55 21:07 22:19
Real Time (6/26/2016) Real Time (6/27/2016)

24



UNIVERSITY OF CALIFORNIA

UNIVERSITY OF CALIFORNIA, RIVERSIDE U c RIVE D E

First Ever Tier 2 Main Engine Tested

U Performed VSR and 3 other
loads on MGO fuel (0.03% S)
LMeasured gaseous and PM
emissions

U Measured BC via three
methods (MSS, FSN, and EC)
U Used ISO reference
sampling methods

ME Sampling

Deck 3

Economizer

Engine

Power kW Hours

ME Mitsui MAN B&W | 2011 12K98ME®6.1 68,666 25,985 no

AE1 Daihatsu 2011 8DC32e 3,162 n/a no
AE2 Daihatsu 2011 8DC32e 3,162 n/a no
AE3 Daihatsu 2011 8DC32e 3,162 14,550 no
AE4 Daihatsu 2011 8DC32e 3,162 n/a no

Boiler Alfa-Laval 2011 n/a n/a n/a no
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BC Emissions Lowest at high load and possibly stilll
dropping

0.012 U BC emissions highest at 28%
load
0.010 U BC emissions very low at 57%

load

U Emission Factors at 57% load
were 0.001 g/kWhr

U The Tier 2 BC EF at 57% load
are 10 times lower than other
tested (Tier 1 and Tier O vessels)

7

N
A\

MSS g/KWhr
o
(o=
&

27

4

28% 41% 57%

O
X
N

Engine Loads
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BC Measurement Methods Correlated Well

® FSN(g/KWhr) e PM_EC (g/KWhr)
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Project Background

Light-Absorption Classification Thermal-Optical Classification

Mor
ore More refractory

light-absorbing R .
A A
Black Elemental
carbon carbon
Light- (BC,) (EC,)
absorbing v
carbon Brown x
(LAC) carbon
(8rC)
Organic
v carbon
(OCJ)
M v M
Less Less refractory
light-absorbing

* Measurement technique-specific split point

o BC Measuring methods
1) Light-absorbing property --- often referred to as BC
2)  Thermal or thermal/optical technique --- referred to as EC

Figure 1-1 Measurement of the Carbonaceous Components of Particles (SOURCE: EPA)
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Preliminary Results: NOx Emissions
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Dilution Effect on BC Sampling

FSN mg/m3

1.0
O.8_l|_l71 0.8471

08 | 0.7344

06

04 r

02

0.0

DR=8 DR=20 DR=8 DR=20

Pre Scrubber Post Scrubber

U Dilution ratio has an larger effect at
pre scrubber (exhaust temperature)
U Filter based EC has a larger
derivation than MSS

U lower EC element in a higher S
filter
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Scrubber Operation Effect on BC Emissions

1.8

e e R AT
TR

513

Pre Post Pre Post

FSN Raw EC
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