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This report was prepared as the result of work spaad by the California Air Resources
Board (CARB) and as such does not necessarily septehe views of CARB or its

employees. CARB, its employees, contractors ancaubactors make no warrant,
express or implied, and assume no legal liabildy the information in this report; nor
does any party represent that the uses of thisnre#on will not infringe upon privately
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CARB has not passed upon the accuracy or adequidleg smformation in this report.
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Executive Summary

The California Air Resources Board (CARB), the Warsity of California, Riverside
(UCR) and a shipping company partnered to measiwgaseous and particulate matter
(PM) emissions from a Pananta3lass container ship while at sea. During thertgshe
engine was operated at: 1) the approximate loaglsifsgl in the International Standards
Organization (ISO) 8178 E-3 certification testiragid 2) at the speed specified in the
voluntary Vessel Speed Reduction (VSR) program.\FeR operations, the speed of the
vessel is reduced to 12 knots for a distance oh&fical miles from the Port of Los
Angeles/Port of Long Beach (POLA/POLB). Exhaust glng of the main engine was
conducted over the one day (24 hour) voyage from Angeles to Oakland California
during the month of September 2006.

Continuous measurements were made of the condensgadf carbon monoxide (CO),
oxides of nitrogen (N§), sulfur dioxide (S@ and carbon dioxide (G In addition,
particulate matter (PM) samples were taken thateveemhsequently analyzed for total
mass, elemental/organic carbon and sulfate. Tha al& presented in the body of the
report.

Emission factors determined from testing for themsgine, a 50,270 kW MAN B&W
11K90MC-C engine operating on a 2.05 wt. % sulfeavy fuel oil (HFO) are presented
in Table ES-1.

Table ES-1: Emission Factors of Criteria PollutdotsMain Engine
Load(%) co, SO, CcO NO, PM

g/kW-hr | g/kW-hr | g/kW-hr | g/kW-hr | g/kW-hr
8% (VSR) 660 8.60 1.78 20.96 1.66
27% 588 7.66 1.81 15.84 1.08
52% 613 7.99 0.87 16.40 1.41
63% 643 8.37 0.81 17.85 1.69
70% 658 8.57 0.77 18.89 1.78

! Ships classified as Panamax are of the maximumemsions that will fit through the locks of the Rama
Canal, with a typical displacement of 65,000 tdviany ocean going vessels are built to this spetifin.
For Detailed specifications, refer to Appendix B
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1 Introduction

Businesses at ports throughout the world are wgrkith regulatory and community
agencies to increase economic throughputs withotrieasing environmental impacts.
Environmental impacts come mainly from port acyivéind many ports are projecting
substantial increases in activity. Increased petivity without controls will increase

emissions in the communities near ports and theé@mwmental impacts. An example of
the projected emissions and their sources can dre fsem the following figures for the
Los Angeles aréa From these figures it is it is clear that thdpshare the key

contributors to the emission inventory in the feturHowever, little is known about the
emissions from these sources, especially the aictiede emissions.
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Figure 1-1 Trends for Various Port-Related Emission (tons/day)

As ocean going vessels are one of the largest tmodied sources of pollutants and as
emissions data from those sources is very limited,California Air Resources Board,
shipping company, and UCR worked together on aeptdap measure emissions from the
main engine on the vessel during the ISO 8178 Erfification test cycles for the engine
and during VSR operations. The ISO 8178 E-3 c¢eatiion conditions are defined later
in the report. Vessel Speed Reduction (VSR) omeratrepresent those times when
ocean going vessels (OGVs) voluntarily reduce theéed to 12 knots at a distance of 20
nautical miles from the POLA/POLB. More detail the VSR program is found on the
ARB web sité.

2 Ref: Goods Movement Action Plan Phase |: Foundations (Sept 2005)
3 See: http://lwww.arb.ca.gov/ports/marinevess/vsr/vsr.htm
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1.1 Project Objective

The goal of the project was to measure the crilgamand PM emissions from the main
engine of a Panamax Class container vessel. @ripafiutants measured include carbon
monoxide (CO), oxides of nitrogen (N and particulate matter (PM). GQvas also
measured. Measurements were made while the mainespgerated at approximately
the loads specified for the ISO 8178 E-3 engindifeztion cycle and while the vessel
followed the VSR program. Values from this studywd be helpful in developing
emission models and inventory calculations.
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2 Test Plan

The test plan was designed to measure COy, O», PM, and CQ from the main
propulsion engine while the container ship operatedr close to the loads specified in
ISO 8178 E-3 cycle for engine certification andidgroperation in the VSR zone. In
addition, the test plan included collection of PiNef samples that subsequently could be
analyzed for PM mass, and the PM mass was subgggérectionated into elemental
carbon, organic carbon and sulfate. Since the p&pulsion engine only operates while
at sea, the emissions monitoring was conductechgarisea voyage from the Port of Los
Angeles to the Port of Oakland. In the followingtsans, information on the test engine,
test fuels, and test cycles and conditions are igeov Additional details on the test
procedures are provided in Appendix A.

2.1.1 Test Engine

The ship tested is equipped with one main engind AN B&W Model 11K90MC-C.
This is a large two-stroke, low-speed engine of Mh& generation. The engine was
manufactured in 1995 and is rated at 50,270 kWthieurdetails on the engine are
provided in Appendix B. The fuel injectors weretloé mini-sac design.

~

Figure 2-1 Picture of the Fuel Injectors on an Engie from the 11K90MC-C Series

10
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According to the MAN web sifeall MC enginescomply with the IMO speed dependent
NOyx emission limitations, measured according to th® EL78 test cycles E2/E3 for
Heavy Duty Diesel Engines.”

2.2 Test Fuels

The main engine burned heavy fuel oil (HFO) meet®@Q 8217 specifications. Fuel was
typical of normal supply. A fuel sample was ob&arduring the course of the emissions
testing. The one liter fuel sample was drawn frdra main engine final filter drain,
immediately upstream of the injector rail. This gdenwas subsequently analyzed for a
number of fuel properties. In addition, bunker @&ty notes were collected that include
independent analyses of the HFO fuel properties.

2.3 Test Cycle and Conditions

Normally, the emissions from diesel engines are swesl for certification while the
engine is in a laboratory and mounted on an endynamometer. Test Conditions for the
purpose of engine certification are shown in Apperfd For this project, the emission
testing was carried out “in-use,” with the engireerating on a vessel during an actual
sea voyage. This approach adds complexity to tbggy as it is often difficult to match
“in-use” engine operating conditions with the modeecified in the ISO 8178 E-3 test
cycle. The achievable load points are determinethattime of testing and depend on
several factors including, operational constrairdsea current, wave pattern, wind
speed/direction, and cargo load. Efforts were madde conduct the emissions
measurements on the ship at loads as close adbleossthose specified in ISO 8178 E-
3.

A detailed plan and schedule for testing was deezlowith the Chief Engineer. The
schedule for the testing is shownTiable 2-1

Main Engine

Condition Date Time
VSR 9/25/2006 21:41
ISO50%  9/26/2006 5:31
ISO50%  9/26/2006 6:32
IS060%  9/26/2006 8:18
ISO060%  9/26/2006 8:50
ISOT0%  9/26/2006 10:50
ISOT0%  9/26/2006 11:40
IS0 25%  9/26/2006 12:39
IS0 25%  9/26/2006  13:11

Table 2-1 Main Engine Test Schedule

4 http://www.manbw.com/web/viewers/news/articleVievaspx?id=484

11
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2.3.1 Operating Conditions for Measuring Emissions from the Main
Engine

At the time of measuring the emissions, the engpeeed was set to appropriate the ISO

E-3 loads of the vessels was operating at 12 knathjn the VSR zone. The engine

operated at each test point for a period of 10-liButes to stabilize the gaseous

emissions. Subsequently, emissions were measureabémt one hour at each operating

mode.

In general, the operational and testing protocokch mode was as follows:

* Upon achieving a new engine set point, the gaseaussions were monitored
until they were stable for a minimum of five (5)nmates

» Continuous and integrated gaseous and PM measuremene acquired over
three (3) consecutive test runs at each mode pdiné sample time was
determined such that a measurable filter mass wellobtained.

* Engine RPM, boost pressure and intake manifold &zatpre were monitored and
recorded at each test mode in order to calculatenthss flow rate of the exhaust.

 Emission factors for each pollutant were -calculatedm the measured
concentration data and calculated mass flow rates.

An important factor is the actual loads when test@m engine on a vessel may differ
from the ISO protocol due to practical consideradioFor example, the main propulsion
engine was not tested at 100% load as specifiglenSO protocol because company
policy precluded operating the engine above 91%.loa

2.3.2 Calculation of Emission Factor

The emission factor at each mode is calculated ftbenmeasured gaseous and PM
concentration, the reported engine load in kilogvétiV) and the calculated mass flow in
the exhaust. An overall single emission factor espnting the engine is determined by
weighting the modal data according to the ISO E@&qeol and summing them. The

equation used for the overall emission factor ifodews:

ii(gixl-ﬁﬁ;)
e
D (B WE)

1=l

Where:
Awv= Weighted mass emission level (HC, CO,2CPM, or NQ) in g/kW-hr
g = Mass flow in grams per hour,
P.= Power measured during each mode, including auyiloads, and
WEFi = Effective weighing factor.

12
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2.3.3 Calculation of the Exhaust Flow Rate

Clearly the calculated emission factor is strondgpendent on the mass flow of the
exhaust. Appendix A of ISO 8178-1 describes twohmés$ for calculating the exhaust
gas mass flow and/or the combustion air consumpiitiere are approaches other than
those described in Appendix A of ISO-8178-1 andé¢hare described below.

2.3.3.1 Methods described in Appendix A of ISO 8178 -1

Two methods are described in Appendix A of ISO-8178oth methods are based on
measuring the exhaust gas concentrations and dmtveedge of the fuel consumption.

Method 1, Carbon Balance, calculates the exhauss ri@w based on the measurement
of fuel consumption and the exhaust gas conceotrstiwith regard to the fuel
characteristics (carbon balance method). The meghah is only valid for fuels without
oxygen and nitrogen content, based on procedueskfos EPA and ECE calculations.

Method 2, Universal, Carbon/Oxygen-balance, is dsedhe calculation of the exhaust
mass flow. This method can be used when the fueswmption is measurable and the
fuel composition and the concentration of the eshazomponents are known. It is
applicable for fuels containing H, C, S, 0, N irolum proportions.

The carbon balance methods may be used to cale)ai@ust flow rate when the fuel
consumption is measurable and when the fuel consomand the concentrations of the
exhaust components are known. In these methods,réite is determined by balancing
carbon content in the fuel to the measured carboxid® in the exhaust. This method
was not used for this testing as the fuel conswnpata were not available.

2.3.3.2 Proprietary programs for calculating the exhaust fow rate

Various engine manufacture companies, like MAN B&léave developed proprietary

programs to calculate exhaust flow rates based mmeer of operating parameters and
experience during the testing of their designs. Tasults of both stoichiometric

calculations for carbon and oxygen calculationsedive total exhaust composition and
the exhaust mass flow including the water contéhe formulae in the program are
mainly based on wet exhaust. We did not have adodb®se programs.

2.3.3.3 Exhaust flow rate assuming the engine as an air pym

This method has been widely used for calculatingaest flow rate in diesel engine,

especially stationary sources of diesel enginess hethod assumes engine is an air
pump, and the flow rate is determined from displaeet of the cylinder, recorded rpm,

and is corrected for temperature and pressureeoinilet air. This method was used by
UCR for calculating exhaust flow rate from the marengine in this project.

13
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3 Results

3.1 Fuel Properties

For comparison, selected fuel properties from theifccate of analysis (COA) for the
bunker oil and the analysis of the UCR fuel samf@equired during testing) are
presented iTable 3-1

Table 3-1 Selected Properties of the Fuel Used dmetVessel

Bunker Delivery | UCR Sample
Fuel Property Units COA Result COA Result
Density @ 15 °C ag/ml 0.9908 0.9911
Sulfur Content wt. % 2.05 2.03
Ash Content wt. % 0.072 0.072
Micro Carbon Residue (10% Btms) wt. % 145 14.71
Heat of Combustion MJ/kg 40.21 40.24

As seen in the Table, the analyses from the butderery note compares very well with
the independent fuel analyses of the UCR samplmgliesting. For details of the fuel
analyses, please refer to Appendix C.

3.2 Sampling Ports

As explained in Appendix A, a partial dilution st was connected directly to the
exhaust and no transfer line was used. While tle8%78 allows a transfer line of up to
5 meters, the UCR protocol eliminates the tranksfier (wherever possible) to minimize
potential PM losses. Accordingly, measurementdis tampaign were made without a
transfer line between the partial dilution systerd the raw exhaust.

The sample port was located just below (upstregrthefwaste heat boiler on the vessel.
Sample probe access into the exhaust stream wasdglly temporarily removing an
existing thermopile that monitored the temperawfr¢he exhaust. The sampling probe
extended over 30 cm into the raw exhaust stackydmean any conditions found near the
stack wall boundary.

14
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Figure 3-1 Picture of the Partial Dilution Tunnel Direct Connection with the Main Exhaust

3.3 Primary Gaseous Emissions

The major gaseous emissions of interest in theuestigas were: CHCO, SQ and NQ.

All of the gaseous emissions were measured usisgguments specified in the 1ISO
protocol, except for SO ISO 8178-1 Chapter 7.4.33ulfur dioxide (SO,) analysis
specifies: “The SO, concentration shall be caleddtom the sulfur content of the fuel
used, since experience has shown that using thetdireasurement method for SO, does
not give more precise results.” The ISO approaclsf® is logical given most (>95%) of
the fuel sulfur is converted to $0n the combustion process. Gaseous and PM
measurements were conducted in triplicate (cons@)udnd the results are presented in
following sections.

3.3.1 Main Engine Gaseous Emissions

Gaseous emissions for all diesel engines are daetinay CQ. Emissions of CO were
low as expected for diesel engines. The resultgaskous emissions factors for £O
CO, NQ, and SQ (calculated based on fuel sulfur content) in tewhsy/kW-hr are
presented iTable 3-2andFigure 3-2 Triplicate measurements were made for each set of
load conditions and the error bars on the figupregent the confidence limits for the

15
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data collected and analyzed. Calculated valuebetoefficient of variation (CV) show
the average for the N@nd CQ was about 3%, a very good value for field studies.

Table 3-2 Emission Factor of Different Gases for Mia Engine

Load (%) CO; SO, (6{0) NOy
o/kW- | g/kW- | g/kW- | g/kW-
hr hr hr hr
8% (VSR) 660 8.60 1.78 20.96
27% 588 7.66 1.81 15.84
52% 613 7.99 0.87 16.4(
63% 643 8.37 0.81 17.85
70% 658 8.57 0.77 18.89

Gaseous Emissions - APL Singapore Main Engine (MAN

B&W 11K90MC-C)

25.00

20.00 +

15.00

10.00

Emissions (g/kW-hr)

5.00

0.00

8% (VSR)

27%

52%

Load (% rated)

\ T Avg. NOx B Avg. CO O Avg. CO2/100* \

63%

70%

Figure 3-2 Emission Factor (g/kWwhr) for Different Gases from the Main Engine as aFunction of

Load * Note CO, scale

3.4 Particulate Matter (PM) Emissions

3.4.1 PM Mass Emissions

In addition to the gaseous emissions, the test rampgdetermined load-specific
particulate matter (PM) mass emissions while follgvthe engine certification test
cycle. Generally speaking, particulate emissiongirmate mainly from the condensation
of aerosols due to the incomplete combustion of &mnel lubricating oil, elemental or
black carbon, and for fuels with high sulfur corifehe condensation of hydrated sulfate.
Secondary sources of PM include the trace chersieatents in the fuel and lubricating

oil; for example, vanadium in bunker fuel and aatgiin the lubricating oil.

16



Emissions from the Main Propulsion Engine on a RaaaClass Ship

As described in Appendix A, the PM mass was sampi@ah the main stream with a
partial dilution method and collected on filter medSubsequent analyses allowed us to
report the PM mass as well as the mass fractiorsulfdite, organic carbon (OC) and
elemental carbon (EC). The PM mass emissions &onthin engine are presented in
Table 3-3 and Figure 3-3.3 Triplicate measurements were made and error &es
presented in Figure 5, providing an indication feé tonfidence limits. A metric of the
confidence limits is listed in

Table 3-3 below as the coefficient of determination (D9f The average coefficient for
PM was about 5%; an excellent value for field stsdi

Table 3-3 Numeric PM Emission Factors in g/kwhr & Statistics

Load (% rated) PM (g/kW-hr)| SD | C of D
8% 1.66 0.07 4.4%
27% 1.08 0.08 7.6%
52% 1.41 0.03 1.8%
63% 1.69 0.11 6.3%
70% 1.78 0.06 3.6%
Particulate Emissions - APL Singapore Main Engine ( MAN B&W 11K90MC-C)
2.00
1.80
1.60
£ 1.40 1
Z
S 1.20
g 1.00
2 0.80 -
=
w 0.60
=
& 0.40 +
0.20 1
0.00
8% (VSR) 27% 52% 63% 70%
Load (%rated)

Figure 3-3 Emission Factor (g/kWhr) for Particulate Matter from the Main Engine as a Function of
Load

17
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3.5 Composite Particulate Matter Emissions

3.5.1 Elemental and Organic Carbon

There are very few data from marine engines wheeePM mass is fractionated into its

major constituent groups: sulfate, organic and elaal carbon. As shown below, for the

fuel with a high sulfur (2.05 wt.% S) content, timain fraction of PM mass consists of

hydrated sulfate followed by organic carbon analfin elemental (black) carbon. The

remaining PM mass includes chemical constituentberfuel that are found in the parts-

per-million range, like vanadium, in fuel that fagmash during the combustion process
and contributes a minor amount to the PM mass.

The emissions of elemental and organic carbon (GLf&r main engine are reported in
Figure 3-4. Note for the main propulsion engine (ME) the @@els are >10*EC levels
and the amount increases significantly at the lbywewer. As an internal quality check,
UCR was primarily interested in showing the masghenTeflon filter was equal to the
sum of the mass fractions of hydrated sulfate phgsnic carbon plus elemental carbon.
The comparative mass balance is developed in theseetion. One important point is
the measured values for OC and EC and their caémikemission factors are important
for researchers using these markers in their sappertionment research. Measurement
methods for OC and EC are described in the appendix

Elemental & Organic Carbon
g/kW-hr

0.50 -
0.45 ~
0.40 moc

B EC
0.35 ~
0.30
0.25
0.20
0.15
0.10
0.05
0.00 ‘

8% 27% 52% 63% 70%

Figure 3-4 Emission Factors in g/kWhr for the Elemental & Organic Carbon PM fractions

18
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3.5.2 Emissions of Sulfate

Sulfate was extracted from the Teflon filter asalié®d in Appendix A and the extract
analyzed for sulfate ions with an ion chromatografie sulfate analyses are shown in
Table 3-4and relate to the level of sulfur in the fuel. eTbunker fuel sulfur content was
2.05%. Results show that about 3.7 to 5.0% offtleé sulfur was converted to sulfate
for the main engine.

Hydrated Sulfate Emissions
g/kW-hr

1.80

O Hydrated Sulfate

1.60 -

1.40

1.20

1.00

0.80 -

0.60 -

0.40 -

0.20 -

0.00

8% 27% 52% 63% 70%

Figure 3-5 Figure of the Sulfate Emissions vs. Engé Load

Engine Type Load Unit Hydrated Sulfate
Main Engine | 8% (VSR) | g/kW-hr 1.12
Main Engine 27% g/kW-hr 0.99
Main Engine 52% g/kW-hr 1.31
Main Engine 63% g/kW-hr 1.43
Main Engine 70% g/kKW-hr 1.56

Table 3-4 Sulfate Emissions (g/k\Ahr) for the Main Engine

3.5.3 Quality Check for Conservation of PM Mass Emi  ssions

An important element in UCR’s analysis approacthes QA/QC check that total mass is
conserved for the various PM methods. Specificallg, compare the total PM mass
collected on the Teflon filter with the sum of theasses independently measured as
sulfate, organic and elemental carbon. The reaflthe QA/QC for main engine are

19
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presented iMable 3-5 With the exceptions of the 27% and 52% load fpsamples, the
comparison of results between the two methods shewsgood agreement (within 5%).
The 27% and 52% load point composite results wé&8 hnd 11% higher than the
average Teflon mass reference samples. This iggebld agreement in light of the fact
that composite results for the 27% load were datexdhfrom one sample, and those for
the 52% were determined from only two samples. Téign contrast to the average
reference (Teflon filter) results, which were detared from four samples at each load
point (and showed smaller coefficients of deviatiorhus, it can be concluded that the
composite results for the main engine emissions teslidate the PM emission factors
determined from the Teflon filters.

As shown inTable 3-5, the sulfate fraction represents from 68 to 93% hed PM
emissions for the main engine when operating on Mi® 2.05 wt% sulfur.

Emissions Factors (g/kW-hr)

Load% PM mass H2S04*7H20 EC ocC
8% 1.66 1.12 0.03 0.44
27% 1.08 0.99 0.01 0.25
52% 1.41 1.31 0.01 0.25
63% 1.69 1.43 0.02 0.22
70% 1.78 1.56 0.02 0.23

Table 3-5 Comparison of PM Emission Factors with EEOC+ Hydrated Sulfate Emission Factors
for Main Engine

Another perspective is shown kiigure 3-6 where the total PM from Teflon is compared
with the sum of the fractions, expressed as sulé#gnental and organic carbon.
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g/kwhr ‘ ‘
2.00 ‘ O Hydrated sulfate m EC B OC @ PM ‘

8% 27% 52% |Load 62% 70%

Figure 3-6 Comparative Plots of Total PM Emissionsvith Composite PM Emissions

4 Findings and Recommendations

4.1 Findings

Ocean going vessels are the primary transport fonigoods entering and leaving the
California ports, yet little is known about theimissions. This work was designed to
measure the emissions and emission factors fantie propulsion engine on a Panamax
Class container ship as it entered and operataddmear California waters.

The approach to developing the needed informatias tw rely on the ISO 8178 E-3 test
cycle used to certify the engine and the ISO emmssneasurement methods, including
the use of a partial dilution tunnel for measuriPlgl. We also measured the emissions
while the vessel followed the 12knots voluntaryespeeduction program (VSR). Results
showed it was possible to make these measuremaiitstive vessel was at sea.

Table 4-1Emission Factors of Criteria Pollutants fo Main Engine

Load(%) CO, SO, CcoO NO, PM
g/kW-hr | g/kW-hr | g/kW-hr | g/kW-hr | g/kW-hr
8% (VSR) 660 8.60 1.78 20.96 1.66
27% 588 7.66 1.81 15.84 1.08
52% 613 7.99 0.87 16.40 141
63% 643 8.37 0.81 17.85 1.69
70% 658 8.57 0.77 18.89 1.78
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In addition to measuring the criteria pollutantsO(CNQ;, SG and PM), UCR also
fractioned the PM mass into its major constituehtglrated sulfate, organic carbon and
elemental carbon. Results showed that (65+%) ofrtags was hydrated sulfate and most
of the remainder was organic carbon. Elementalaradnd ash contents were a minor
fraction of the total mass.

4.2 Recommendations

Given the scarcity of emission data from ocean goiassels, it is recommended that
more measurements be made. One area of concéendaltulated mass flow since it is a
significant factor in the calculated emission factoonsequently we suggest that a pitot
tube or like mass measuring device be implementethgl the next test in order to
provide confidence in the calculated mass flow roéthised in this report.
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Appendix A

A.1 Certification Emission Test Protocol for Main Engines

In 2003, the US EPA published the compliance limits, the test protscaind
measurement methods for large marine engines i€tiie of Federal Regulations. EPA
recognized the duty cycle used in determinatiorarhpliance with emission standards
was critical and specified a duty cycle intendedsitmulate in-use operation. Testing
consisted of exercising the engine over a prestdrthey cycle of speeds and loads. To
address operational differences between engines,afBpted two different duty cycles.
One for engines that operate on a fixed-pitch plepeurve (E3) and the other for
propulsion engines that operates at a constantlgg). These are the same duty cycles
specified by International Organization for Stamtitzatior? (ISO) and IMO Annex VI
and shown irTable A-0-1 below.

Table A-0-1 ISO Test Cycles type “E” for Marine Applications

Mode number
|oyche BY

Mode number
leyche ET)

Speed At Intermediste speed

Torque 1, % 75 50

Waeighting factor | 0,18 0,32

Mode number
[eycle E2)

Speed Rated speed Intermediate speed

Torgue 1!, % 50 I

Welghting factor . \ .18

Mode numbser 1
{oyele E3)

Speed 1! %
Powar, %
Welghting factor

® US Environmental Protection Agency, 40 CFR Partm8 94Control of Emissions From New Marine
Compression-Ignition Engines at or Above 30 Liters Per Cylinder; Final Rule, February 28, 2003

® International Standards Organization, 1S0 8178-#stFedition, 1996-08-1 5Reciprocating Internal
Combustion Engines - Exhaust Emission Measurement -Part 4: Test Cycles for Different Engine
Applications Reference number 1S0 8178-4:1996(E)
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For this vessel, UCR followed the E3 cycle as dipss practical. Usually the engine is
not operated at 100% power so UCR measured thelvasthe highest power possible.
Measurements were also made at the speed of 12 keoptired for the Voluntary Speed
Reduction (VSR) program.

A.2 Measuring Gaseous and PM Emissions from Marine Diesel
Engines

UCR selected methods for sampling and analysiseofjases and particulate matter (PM)

to conform to the requirements of ISO 8178-The approach involved the use of a

partial flow dilution system with single Venturi aeown in Figure A-1. Raw exhaust gas

was transferred from the exhaust pipe (EP) to thaiah tunnel (DT) through the

sampling probe (SP) due to the negative presseatast by the Venturi (VN) in DT.

| Real Time PM |

Ej‘/ Secondary

EGA

¢ 1>10d —p: —

DAF X I —
Air > VN l —>Vent

Dilution
N \.4
PR
N Quartz PTFE
SP
CoA PUF/XAD 1Ds
ﬁ »
CFO To Vacuum
Exhaust

Figure A-0-1 Partial Flow Dilution System with Sinde Venturi, Concentration

Measurement and Fractional Sampling

" International Standards Organization, IS0 8178-1, Reciprocating internal combustion engines - Exhaust
emission measurement -Part 1. Test-bed measureofieghaseous particulate exhaust emissidfisst
edition 1996-08-15

24



Emissions from the Main Propulsion Engine on a RaaaClass Ship

The gas flow rate through SP depends on the mommesichange at the Venturi zone
and is therefore affected by the absolute tempeyaifithe gas at the exit of tube in the
Venturi. Consequently, the exhaust split for a gitennel flow rate is not constant, and
the dilution ratio at low load is slightly lower &h at high load. The tracer gas
concentrations (COor NQy) are measured in the raw exhaust gas, the diexbdust gas
and the dilution air using the exhaust gas analyE&A), and the dilution ratio is
calculated from the measured values.

In order to apply the ISO approach in the field, RJ@esigned a portable set of
equipment that is field deployable. The equipmdstihto several metal cases with an
interior of foam molding to allow sensitive equipmelike computers, to be easily
transported or even be lifted and dropped intocargas on a vessel without harm to the
contents. For practical purposes, the design iedyzleces of equipment that allow the
use of a range of common electrical (120/240V, 886 and supply air utilities. For
example, while UCR tries to obtain instrument gradessurized air for dilution air, we
further process any supply air through a field pssing unit to assure the quality of the
dilution air. The processing air takes the suppiytfaough a number of steps including
reducing the pressure to about 30psig as that slewlilution ratio of about 5/1 in the
geometry of our system. The next stages, in se@,dnc conditioning the supply air
included: liquid knock-out vessel, desiccant to e@mmoisture with silica gel containing
an indicator, hydrocarbon removal with activatedrcbal and a HEPA filter for the fine
aerosols that might be present in the supply die SJilica gel and activated carbon are
changed for each field campaigfigure A-0-2 below shows the unit for processing the
dilution air.

A L‘/,;\ = E=3
Figure A-0-2 Field Processing Unit for Purifying Dlution Air in Transport Case
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A.2.1 Measuring the Gaseous Emissions

The concentrations of gases in the raw exhausttlaadlilution tunnel were measured
with a Horiba PG-250 portable multi-gas analyzehe TPG-250 can simultaneously
measure up to five separate gas components usieg nbkasurement methods
recommended by the EPA. The signal output of tls¢rument was interfaced directly
with a laptop computer through an RS-232C interféamerecord measured values
continuously (Figure A-3). Major features of the -R&D include a built-in sample
conditioning system with sample pump, filters, aadthermoelectric cooler. The
performance of the PG-250 was tested and verifretbuthe U.S. EPA ETV program.

Figure A-0-3 In-field Illustration of Continuous Gas Analyzer and Computer for Data
Logging

Details of the gases and the ranges for the Hongtaument are shown ifable A-0-2
Note that the Horiba instrument measured sulfurdesi (SQ); however, the ISO
referencaeports: “The SO, concentration shall be calculated fromghkur content of
the fuel used, since experience has shown that) akandirect measurement method for
SO, does not give more precise results.”
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Table A-0-2 Detector Method and Concentration Rangs for Monitor

Component Detector Ranges
Nitrogen Oxides Heated Chemiluminescence Detector 0-25, 50, 100, 250, 500,
(NOx) (HCLD) 1000, & 2500 ppmv
Carbon Monoxide ) . . 0-200, 500, 1000, 2000, &
Non dispersive Infrared Absorption (NDIR)
(CO) 5000 ppmv

Carbon Dioxide (CQ) | Non dispersive Infrared Absorption (NDIR) ~ 0-5, 10, & 20 vol%

Sulfur Dioxide (SQ) ) . . 0-200, 500, 1000, & 3000
Non dispersive Infrared Absorption (NDIR)
ppmv
Oxygen Zirconium oxide sensor 0-10, & 25 vol%

For quality control, UCR carried out analyzer clewgkth calibration gases both before
and after each test to check for drift. Becausdritegument measures the concentration
of five gases, the calibration gases are a blensewéral gases (super-blend) made to
within 1% specifications by Praxair (Los AngelesA)CDrift was determined to be
within manufacturer specifications ofi# full scale per day, except for $Get at + 2%
F.S./day. Other specifications of the instrumengspaiovided inTable A-0-3 below.

Table A-0-3 Quality Specifications for the Horiba R5-250

Repeatability 10.5% F.5.( NOX : 2100ppm range CO : 21000ppm range )
+1.0% F.5.

Linearity +2.0% F.S.

Drifft +1.0% F.S/day(S0z. +2.0%F.5./day)

A.2.2 Measuring the Particulate Matter (PM) Emissi  ons

A raw particulate sampling probe was fitted closeahd upstream of the raw gaseous
sample probe in the exhaust. In order to measureaPdmpling probe was inserted into
the end of the dilution tunnel (>10 diameters davaasn) and directed to a PM sample
splitter that allowed up to three samples to béectdd. For the particulate samples, we
used one of the PM lines and directed it to a ayelseparator, sized to remove particles
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>2.5um. From the separator, we added two lines #ittGelman filter holders, one for

collecting PM on a Teflon filter and the other fmllecting PM on a quartz filter. Thus

the flow in the dilution tunnel was split into tviactions, a smaller flow for measuring

PM mass and PM properties and a much larger flawwas vented outside the vessel.
Note with the partial dilution approach for measgrgases and PM that it is critical for
the dilution ratio be determined very accurately.

UCR collected simultaneous Teflon and quartz Sltet each operating mode and
analyzed them according to standard procedures.sifheltaneous collection of quartz
and Teflon filters allows an internal quality cheakthe PM mass. Teflon (Teflo) filters
used to acquire PM mass were weighted followingpteeedure of the Code of Federal
Regulations (CFR) (40 CFR Part 86). Briefly, to®M were collected on Pall Gelman
(Ann Arbor, MI) 47 mm Teflo filters and weighed ngia Cahn (Madison, WI) C-35
microbalance. Before and after collection, theefdtwere conditioned for 24 hours in an
environmentally controlled room (RH = 40%,= 25° C) and weighed daily until two
consecutive weight measurements were within 3 jrallly, the filters were extracted
with HPLC grade water and isopropyl alcohol andly#eal for the sulfate ions using a
Dionex DX-120 ion chromatograph.

PM samples were collected in parallel on 2500 QAT -Ussuquartz Pall (Ann Arbor,
MI) 47 mm filters that were preconditioned at 60G®E5 h. A 1.5 cripunch is cut out
from the quartz filter and analyzed with a Sunsebdratory (Forest Grove, OR)
Thermal/Optical Carbon Aerosol Analyzer accordimgthe NIOSH 5040 reference
method (NIOSH 1996). All PM filters were sealed éontainers immediately after
sampling, and kept chilled until analyzed.

A.3 Quality Control/Quality Assurance (QC/QA)

Each of the laboratory methods for PM mass and o&nanalysis has a standard
operating procedure including the frequency of mgnthe standards and the
repeatability that is expected when the standarcums Additionally the data for the
standards are plotted to ensure that the valuésvitidin the upper and lower control
limits for the method and that there is no obvitrends or bias in the results for the
reference materials. As an additional quality cheekults from independent methods are
compared and values from this work are comparel pri¢viously published values, like
the manufacturer data base.

* For the ISO cycles, run the engine at rated spaddtse highest power possible
to warm the engine and stabilize emissions for aBOuninutes.

» Determine a plot or map of the peak power at eaxjine RPM, starting with
rated speed. UCR suspected the 100% load poiated speed was unattainable
with propeller torque so Mode 1 would representtigiest attainable RPM/load.

» Emissions were measured while the engine operatesding to the requirements
of ISO-8178-E3. For the main engine first run wasdmfor 50% load which was
also the mode running on the 12 knots speed forc\eeBpeed Reduction (VSR),
The minimum time for main engine samples were 5Suteisl and if necessary, the
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time was extended to collect sufficient particulaemple mass or to achieve
stabilization with large engines.

* The gaseous exhaust emission concentration valaes measured and recorded
for the last 3 min of the mode.

* Engine speed, displacement, boost pressure, aaleinhanifold temperature
were measured in order to calculate the gaseowsréite.

» Emissions factors are calculated in terms of graserskilowatt hour for each of
the operating modes.
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Appendix B

B.1 Detailed specifications for the Panamax Class  Vessel

Ships classified aBanama¥¢ are of the maximum dimensions that will fit thrbuthe
locks of the Panama Canal. This size is determimgdhe dimensions of the lock
chambers, and the depth of the water in the cAnBanamax cargo ship would typically
have a displacement of around 65,000 tons. Pan@rasignificant factor in the design
of cargo ships, with many ships being built to eélaithe maximum allowable size.

Panamax is determined principally by the dimensminthe canal's lock chambers, each
of which is 33.53 meter€l10 fi wide by 320.0 meters (1050 ft) long, and 25.9arset
(85 ft) deep. The usable length of each lock chane304.8 meters (1000 ft). The
available water depth in the lock chambers vaiesg, the shallowest depth is at the
southsill of the Pedro Miguel Locks and is 12.55tere (41.2 ft) at a Miraflores Lake
level of 16.61 meters (54 feet 6 in). The heighthaf Bridge of the Americas at Balboa is
the limiting factor on a vessel's overall heightheTmaximum dimensions allowed for a
ship transiting the canal are:

« Length: 294.1 meters (965 ft)

« Beam (width): 32.3 meters (106 ft)

« Draft: 12.0 meters (39.5 ft) in tropical fresh waide salinity and temperature of
water affect its density, and hence how deeplyi@whl sit in the water)

« Height: 57.91 meters (190 ft) measured from theevliak to the vessel's highest
point.

B.2 Detailed specifications for the K9OMC Engines

According to the MAN web sifeall MC engines: “comply with the IMO speed
dependent NQemission limitations, measured according to th® BBL78 test cycles
E2/E3 for Heavy Duty Diesel Engines. Specific FOdl Consumption (SFOC) and NO
are interrelated parameters, so an engine offergdow fulfilling the IMO NG
limitations is subject to a tolerance of only 3%ué SFOC.

The figures for SFOC represent values obtained wherengine and turbocharger are
matched at the lowest possible SFOC values and Witidiing the IMO NO, emission
limitations. The SFOC figures are given in g/lkWhhna tolerance of 5% and are based
on use of a fuel with a lower calorific value of, 420 kJ/kg (10,200 kcal/kg) at 1ISO
conditions”

8 From Wikipedia internet encyclopedia, setp://en.wikipedia.org/wiki/Panamax

9 http://www.manbw.com/web/viewers/news/articleVievaspx?id=484
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K90MC-C6

Bore: 900 mm, Stroke: 2300 mm

Layout points L, L, Ls Ly
Speed r/min 104 104 89 89
mep bar 18.0 14.4 18.0 14.4
kw kw kw kw
11K90MC-C6 50270 40150 43010 34430

Specific Fuel Oil Consumption (SFOC)

g/kwh 171 164 171 164
Lubricating and Cylinder Oil Consumption

Lubricating oil 0.15 g/kWh
Cylinder oll 0.7 g/kWh

Main dimensions & weights

Cyl. No 11

L min MM 21662
H, mm 12800
H, mm 12600
Hz mm 12375
A mm 1699
B mm 4286
E mm 1602
Dry Mass t* 1686

*The mass can vary up to 10% depending on the desid options chosen.
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C.1 Detailed Engine Operational Results

Test ID Date Time |Load% | Load | Speed | Manifold Pres. | Intake Temp. | Displacement Std Correction Calc. Exh. Flow
KW | rpm bar °C liter (Pa*Tstd)/(Pstd*Ta) scfm
MEISO8-1 |09/25/2006 | 22:01:00| 8.03% | 4036 | 49.2 0.28 44 16095.2 1.180 32989
MEISO8-2 |09/25/2006 | 22:13:00| 8.03% | 4035 | 49.3 0.29 44 16095.2 1.189 33312
MEISO8-3 |09/25/2006 | 22:27:00| 7.55% | 3796 | 48.6 0.29 44 16095.2 1.189 32839
MEISO8-4 |09/25/2006 | 22:43:00| 7.85% | 3948 | 49.6 0.29 44 16095.2 1.189 33515
MEISO50-1 | 09/26/2006 | 5:50:00 | 51.66% 25970 90.8 1.4 38 16095.2 2.244 115810
MEISO50-2 | 09/26/2006 | 6:03:00 | 51.60%|25940| 90.1 145 38 16095.2 2.291 117299
MEISO50-3 | 09/26/2006 | 6:27:00 | 51.58%|25930| 89.8 143 38 16095.2 2.272 115959
MEISO50-4 | 09/26/2006 | 6:41:00 | 51.46%|25870] 89.7 1.4 38 16095.2 2.244 114408
MEISO60-1 | 09/26/2006 | 9:06:00 | 60.57%|30450| 97.9 1.93 42 16095.2 2.702 150359
MEISO60-2 | 09/26/2006 | 9:22:00 | 61.73%|31030| 97.8 1.94 42 16095.2 2.712 150716
MEISO60-3 | 09/26/2006 | 9:38:00 | 64.75%]32550] 97.8 1.94 42 16095.2 2.712 150716
MEISO70-1 | 09/26/2006 | 11:05:00] 69.13%|34750| 101.3 221 44 16095.2 2.941 169309
MEISO70-2 | 09/26/2006 | 11:19:00| 69.78% | 35080| 101.4 2.15 44 16095.2 2.886 166321
MEISO70-3 [ 09/26/2006 | 11:38:00] 71.45%|35920| 101.5 2.15 44 16095.2 2.886 166485
MEISO70-4 [ 09/26/2006 | 11:56:00] 71.59%| 35990] 101.8 2.22 44 16095.2 2.950 170672
MEISO25-1 | 09/26/2006 | 12:54:00] 28.80%| 14480| 73.2 0.62 42 16095.2 1.500 62381
MEISO25-2 | 09/26/2006 | 13:08:00] 27.73%| 13940| 73.1 0.62 43 16095.2 1.495 62099
MEISO25-3 | 09/26/2006 | 13:24:00] 27.15%| 13650 73 0.61 42 16095.2 1.490 61830
MEISO25-4 | 09/26/2006 | 13:45:00] 26.14%] 13140] 73.5 0.69 43 16095.2 1.559 65115
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C.2 Emissions Sampling System Dilution Ratios

Measured Raw vs Dilute Concentration

Dilution Ratio
Condition Date Time by CO2
VSR 09/25/2006] 21:41 4.750
ISO 50% | 09/26/2006] 5:31 5.221
ISO 50% | 09/26/2006] 6:32 5.378
ISO 60% | 09/26/2006| 8:18 5.390
ISO 60% | 09/26/2006] 8:50 5.224
ISO 70% | 09/26/2006| 10:50 5.531
ISO 70% | 09/26/2006| 11:40 5.756
ISO 25% | 09/26/2006| 12:39 6.619
ISO 25% | 09/26/2006] 13:11 6.967
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C.3 1SO Correction Factors for Temperature and Hum

ISO
NOx

ISO
PM

where

idity

KHDIES = 1/(1-0.012*(Ha-10.71)-0.00275*(Ta-298)+0.00285*(Tsc-Tscref))

Tsc = intercooled air temp K
Tscref = intercooled reference air temp K

Ha = 6.22*Ra*pa/(pb-pa*Ra*10e-02)
Ra =relative humidity of intake air (%)

pa = saturation vapor pressure of intake air kPa
pb = barometric pressure kPa

MEISO8

MEISO50
MEISO60
MEISO70
MEISO25

Ra
%

87
83
82
70
68

pa
kPa

1.9602
1.5863
1.5966
1.9602
2.3358

Kp = 1/(1+0.0133*(Ha-10.71))

MEISO8

MEISO50
MEISO60
MEISO70
MEISO25

Ha

12.55669
9.252163
9.181975
9.670118
11.50162

Kp

0.976028
1.019773
1.020744
1.014024
0.989581

kPa

101.53
101.68
101.78
101.98
101.78

Ha

12.55669
9.252163
9.181975
9.670118
11.50162

34

290.35
287.05
287.15
290.35
293.15

317.15
311.15
315.15
317.15
316.15

Tscref
K

317.2883
301.0387
302.2574

304.548
301.0387

KHDIES

1.001519
0.929002
0.921729
0.935076
0.955196
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C.4 Gaseous Emissions Data and Calculations

Average Measured Dilute Concentrations

Average Corrected Raw Concentrations
(corrected for calibration factors and dilution ratio)

Test Date Time | NO |NOx (ppm) CO (ppm) ¢O2 (ppm) @2 (ppm) SO2 (ppm) NO |NOx (ppm) O (ppm) €02 (%) $0O2 (ppm)
MEISO8-1 | 09/25/2006 | 22:01 150.4 23.5 5296.8 206923 54.3 777.1 107.0 2,53 258.0
MEISO8-2 | 09/25/2006 | 22:13 147.2 23.5 5277.4 206935 441 760.4 107.0 252 209.5
MEISO8-3 | 09/25/2006 | 22:27 137.0 22.3 4960.0 207357 36.3 708.0 1014 2.37 172.3
MEISO8-4 | 09/25/2006 | 22:43 148.2 23.4 5238.7 206952 44.2 765.6 106.4 2.50 210.0
MEISO50-1 | 09/26/2006 | 5:50 210.8 19.2 8180.6 203558 81.2 1185.6 94.4 4.30 424.1
MEISO50-2 | 09/26/2006 | 6:03 208.5 19.2 8129.0 203610 80.7 1172.6 94.4 4.27 4215
MEISO50-3 | 09/26/2006 | 6:27 207.3 18.8 8035.5 203735 79.0 1201.0 95.2 4.35 425.0
MEISO50-4 | 09/26/2006| 6:41 208.8 19.9 8129.0 203639 72.0 1209.6 100.5 4.40 387.3
MEISO60-1 | 09/26/2006 | 9:06 219.4 17.5 81194 203742 81.0 1235.0 86.0 4.27 423.3
MEISO60-2 | 09/26/2006 | 9:22 216.5 17.0 8025.8 203855 79.3 1218.2 83.6 4.22 414.0
MEISO60-3 | 09/26/2006 | 9:38 211.7 16.7 7935.5 203971 78.9 1191.6 82.2 4.17 412.2
MEISO70-1 | 09/26/2006 | 11:05 214.8 15.6 7829.0 204048 77.0 1279.9 81.1 4.36 425.8
MEISO70-2 | 09/26/2006|11:19]199.4| 213.0 15.1 77524 204133 77.1 1188.2| 1269.1 785 4.32 426.3
MEISO70-3 | 09/26/2006 | 11:38 210.1 15.0 7680.6 204223 76.2 1302.9 81.0 4.45 438.7
MEISO70-4 | 09/26/2006 ] 11:56 207.0 15.0 7538.7 204387 75.2 1284.0 81.0 4.37 432.8
MEISO25-1 | 09/26/2006 | 12:54 151.6 27.6 5916.1 206506 69.0 1081.0 1714 3.94 456.6
MEISO25-2 | 09/26/2006 | 13:08 147