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warrant, express or implied, and assume no legal liability for the information in this
report; nor does any party represent that the uses of this information will not infringe
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the collective group of participants nor have they passed upon the accuracy or adequacy
of the information in this report.
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Executive Summary

Background: California Air Resources Board (CARB), a ferry/excursion company and
University of California, Riverside worked together under a contract to measure the
actual in-use emissions of gases (OO, NQ,) and particulate matter (P¥) mass

from a modern U.S. EPA Tier 2 marine engine while operating on ultra low sulfur CARB
diesel and determine the emissions benefits if any of switching to biodiesel blends. For
this purpose a 500hp 4-stroke, high speed marine propulsion engine was tested on three
fuels CARB ultra low sulfur diesel (BO) and blends of a soy based biodiesel with CARB
ultra low sulfur diesel (B20 and B50).

Methods: Emissions testing was conducted over a three day time period in February of
2009. Gaseous emissions of carbon dioxide JjC@itrogen oxide (N¢), carbon
monoxide (CO) and total and speciatedBvhass emissions were measured based on
the ISO 8178-1 protocol following the load points in the ISO 8178 E3 cycle. The boat
spendsa significant amount of time idling, therefore, the idle mode was also tested. Real-
time in-use emissions were measured for a typical cruise in the San Francisco Bay.

Results: The overall weighted emission factors in g/hp-hr for a greenhouse gaan@dO

the criteria pollutants NQ CO and total Pl¥ls mass emissions are shown in Figure ES-1.
The figure shows that the test engine meets the Tier 2 emissions standard and is a
representative engine for the analysis presented in this report. Modal data in g/hr and
g/hp-hr is provided in the body of the report.
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Figure ES- 10verall Weighted Average Emission Factors for Gases and Tota PM

No significant change in CCGand NQ emission factors across engine load or fuels was

observed. The overall weighted average CO emissions factor shows a 7% decrease with
B50 and no significant change with B20.
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A 25% reduction in overall weighted average total,BMhass emission factor was
observed with B50; B20 showed 16% reduction. The reduction in totas fslss can be
attributed to the decrease in overall weighted emission factors for EC (B20 14%, B50
42%) and OC (B20 23%, B50 27%) fractions of the,RIhass (Figure ES-2). The
nature of the PMs mass was significantly different for BS0 compared to B20 and BO as
B50 showed a higher OC/EC ratio across all engine loads.

EEBEC0C a PM—Tier2 —— Tier 3 — Manf. Cert. |

PM Emissions (g/hp-hr)

Idle 25% 50% 75% 100% Wt Avg
Engine Load (%)

Manf. Cert. Manufacturer’s Certification for the Engine Familyt Avg Overall Weighted Average
Figure ES- 2Total and Speciated PMMEmission Factors

In addition to testing at the certification cycle engine loads, real-time gaseousG®O

CO,) and PM s emissions were measured during a cruise in the bay. This data showed
that for a particular speed of the boat, the ocean currents produce a significant effect on
the load of the engine, resulting in a three fold increase ip ah@ CQ, thirteen fold
increase in CO and a five fold increase in the totaj Pilass emissions.

Conclusions
* Modern marine Tier 2 engines have low in-use emissions.

* Adding biodiesel to diesel fuel will lower the BMemissions. A 50% blend of
biodiesel with diesel reduces the overall weighted average; BMission factor
by 25%, thereby facilitating the attainment of the Tier 3,P&mission standard.

» Speciation of the Pkl mass emissions showed that B50 has a higher OC/EC
ratio across all engine loads.

* Measurements during a typical touring cycle shows that the load strongly
depended on ocean currents. So this is significant factor when establishing the
average power level for a typical cycle.



1. Introduction

Over the past decade, emissions from marine sources have been the subject of increasing
attention. As the on-road mobile sources of pollution have been scrutinized and
controlled through regulation, other source categories, such as marine sources, have
gained attention (Cooper, 2001a). Several measurement studies, mostly focusing on
uncontrolled, marine diesel engines for propulsion and thei 8, CO, CQ and HC
emissions, have led to the attainment of the Lloyd's first emission data base. While most
maritime air pollution comes from freight traffic, passenger ferries represent an extremely
visible and fast-growing segment, making ferry emissions a new and important issue for
air quality management (Farrell, 2000). A comprehensive study of Boston Harbor
conducted by Cooper, 2001b indicated that ferries accounted for 23%, @n8s3ions,

2% of PM emissions, 13% of hydrocarbon (HG) emissions, and 8% péM3sions.

Ferry companies, acting in response to a demand for faster and more frequent ferry
service, have expanded and modernized their fleets at both the federal and state levels
(California Department of Finance; 2000a,b) Rising roadway congestion has also
motivated plans for passenger ferry expansion and modernization in many parts of the
US. However, to realize this potential, the ferry industry must meet several challenges
associated with growth, including environmental impacts (Federal Highway
Administration (FHWA), 1999; Perata, D., 1999). In particular, concern over air
pollution emissions from marine engines is motivating new comparisons between ferries
and other transportation modes in terms of both mobility and air pollution. Farrell
projected increased emissions from the expanded ferry system proposed for the San
Francisco Bay Area, showing that a larger ferry fleet could become a major non-road
NOy sources in the region.

In the wake of this expansion in fleet, the maritime industries are continually seeking and
implementing emission abatement strategies (Go6tze, 1999; Klokk, 1997). Effects of this
development are already evident as exemplified by the increased use of various devices
as a means for reducing exhaust,/N@d PM emissions.

1.1. Project Objective
The primary objectives of this project were

* To compare the actual in-use emissions of gases, (CO, NQ,) and particulate
matter (PM ) mass from a modern Tier 2 marine engine while operating on ultra
low sulfur CARB diesel with the certification values.

« To measure the effect of biodiesel blends on the in-use emissions from a modern
Tier 2 marine diesel engine.

For this purpose one of the two propulsion engines on a ferry was tested on three fuels
ultra low sulfur CARB diesel (B0), and two blends of biodiesel B20 and B50. In-use
emissions of a greenhouse gas {;@nd criteria pollutants that include oxides of
nitrogen (NQ), carbon monoxide (CO) and particulate matter {BMvere measured.



2. Test Plan

2.1. Overview

Emission measurements on diesel engines are normally performed in a test cell where the
engine is mounted on an engine dynamometer. For this project the measurements were
made on an in-use engine on-board a harbor-craft. One of two propulsion engines on the
harbor-craft was tested on three fuels BO, B20 and B50. Testing were performed based on
the ISO 8178-1 protocols following the load points on the ISO 8178 E3 cycle.

Testing in the field added complexity to the project. A detailed testing plan was
developed ahead of time for this purpose. This involved moving a suite of equipment on-
board the harbor-craft, finding sampling ports on the engine exhaust, setting up the
laboratory, calibrating the instruments and measuring the emissions within the limited
period provided by the ferry/excursion company. The ISO test protocol had to be
modified where necessary to accommodate safety and operational considerations of the
harbor-cratft.

A pre-test inspection was conducted aboard the vessel during which UCR worked with
the ship’s engineering crew to locate the utilities necessary for operating the sampling
systems and determine sites on the engine exhaust for installation of sampling ports.
Further, a detailed plan and schedule for testing was developed and finalized with the
Chief Engineer.

This section provides: (a) information on the test engine, test fuels, test cycle and test
schedule; (b) a brief description of the emissions testing procedures. Additional details on
the testing procedures can be found in Appendix A.

2.2. Test Engine

The harbor-craft used during the test program was powered by two propulsion engines
and two auxiliary engines. One of the two propulsion engines was chosen as the test
engine. Details of the same are provided belowrable 2-1 The test engine is a
Category 1 marine engine with a U.S. EPA Tier 2 emissions certification.

Table 2-1Selected Test Engine Specifications

Manufacturer /Model Cummins QSK19-M
Manufacture Year 2007

Technology 4-Stroke

Serial Number 32015540

Max. Power Rating 500 hp

Rated Speed 1900 rpm

# of Cylinders 6

Engine Displacement 18.9 liters




ECM reac-oul Test Engine

Figure 2-1: Test Engine

Inline 5 adaptor

Engine parameters including engine speed, engine load, intake manifold pressure, intake
air temperature and fuel flow rate were recorded from the engine electronic control
module (ECM) using the Cummins Inline 5 adaptor and Insite software.

2.3. Test Fuels

The primary goal of the test program
was to determine the effects of
biodiesel on emissions from the
marine engine.

Three fuels were chosen for this
purpose.

» Ultra low sulfur CARB diesel (BO)

* A blend of 20% biodiesel with 80%
ultra low sulfur diesel (B20)

* A blend of 50% biodiesel with 50%
ultra low sulfur diesel (B50)

A soy based biodiesel was used for
this project. All three fuels were
typical of normal supply. Selected
properties of the test fuels are
discussed in Section 3.1.




2.4. Test Cycle and Operating Conditions

Gaseous and PM emissions were measured based on the ISO 8178-1 protocols at test
modes specified in the ISO 8178 E3 cycle for certification of heavy duty marine engines.
Details of the engine load and speed at the test modes is provideablén 8-1in
Appendix A. Besides these modes the engine was tested while idling in gear as this forms
a significant part of the actual in-use operation of the engine. Also, real time gaseous and
PM measurements were made during a typical cruise in the bay.

On the day prior to testing the test engine was mapped on B50 fuel to determine if all the
modes in the test plan could be achieved. The initial plan was to attain the load points in
the test cycle at the dock while the harbor-craft pushed against the pier. As a result of
propeller cavitation, only the lowest engine load point of 25% was achievable with this
setup. Therefore the test plan was altered and the engine was tested while the harbor-craft
sailed in the bay.

Since, B50 has a lower energy density than BO, the ISO target load of 100% could not be
achievedThe resulting maximum load attained with B50 was 94% of the maximum rated
power of the engine. To maintain uniformity and reduce uncertainty in the comparison of
emissions across fuels, the other two fuels (B20 and BO) were tested at the 94% load
instead of the 100% load. All other load points in the test plan were achieved while in
the water.

Due to practical considerations, the actual engine load at each test mode could differ by a
factor of 5% from the ISO target load.

At each steady state test mode the protocol requires the following:

» Allowing the gaseous emissions to stabilize before measurement at each test
mode.

* Measuring gaseous and PM concentrations for a time period long enough to get
measurable filter mass

 Recording engine RPM, displacement, boost pressure and intake manifold
temperature in order to calculate the mass flow rate of the exhaust.

2.5. Test Schedule

The test program was conducted over a three day period from'the 23" of February

2009. The first day involved: installing sampling ports at the appropriate locations in the
exhaust, setting up the laboratory on-board the harbor-craft, calibrating the testing
equipment and recording the engine map when the engine operated on the B50 fuel.

Emissions measurements were made on the subsequent days as per the schedule are
provided in Table 2-2. The design of the test matrix helped account for errors in
emissions measurements that would occur from both repeatability and reproducibility of
the test cycle.



Table 2-2Test Schedule

Date Fuel Engine Loads
B50 RT &1SQ 100%, 75%,50%,25%, Idle
BO RT &1SQ 100%, 75%,50%,25%, Idle
07/24/2009
B50 RT &1SQ 100%, 75%, 50%, 25%
B20 RT &1SQ 100%, 75%, 50%, 25%, Idle
B20 RT &1SQ 100%, 75%, 75%, 50%, 25%, Idle
B50 RT &1SQ 100%, 75%, 75%, 50%, 25%, Idle
07/25/2009
BO RT &1SQ 100%, 75%, 75%, 50%, 25%, Idle
B20 RT: Typical cruise of harbor-craft in the bay

RT: Real Time Monitoring and Recording of Gaseous Emissions
ISO: Filter Samples taken in accordance with ISO 8178-4 E3

2.6. Emissions Testing Procedure

The emissions testing of the propulsion engine was performed using a partial dilution
system that was developed based on the ISO-8178-1 protocols. This section gives a brief
description of this testing procedure. Refer to Appendix A for further details.

2.6.1. Sampling Ports

-~ Secondary
Dilution
Compressec System

Air Line

Dilution
Tunnel

Dilution

Tunnel Raw

Exhaust
Sampling
Port

Figure 2-3 Samplin Ports

Two sampling ports were installed in the exhaust stack on the day prior to testing. On
port was used for the dilution tunnel and the other for the raw exhaust sampling. The
sample probes, 3/8” stainless steel tubing, extended about 6” into the raw exhaust stack



(18” diameter). This distance is sufficiently away from any effects found near the exhaust
stack wall.

2.6.2. Measuring Gases and PMs emissions

The concentrations of carbon dioxide (itrogen oxide (N¢) and carbon monoxide
(CO) were measured both in the raw exhaust and the dilution tunnel with a Horiba PG
250 portable multi-gas analyzer (Appendix A, Section 8.2.1).

Particulate matter (Pp4) was sampled from the dilution tunnel on Teflo® and Quartz
filters. These filters were analyzed to determine the total and speciatgg rRass
emissions (Appendix A, Section 8.2.2).

A continuously data acquisition system was used to log real time measurements of
gaseous and PM emissions and flows through the Teflo® and Quartz filters.

2.6.3. Calculating Exhaust Flow Rates from Intake Air

An accurate calculation of the exhaust gas flow rate is essential for calculating emission
factors. For this project the exhaust gas flow rate was calculated as equal to the flow of
intake air. This method is widely used for calculating exhaust flow rates in diesel engines
and assumes the engine is an air pump, so the flow of air into the engine will be equal to
the exhaust flow out of the engine. The flow rate of intake air is determined from the

cylinder volume, recorded rpm, and the temperature and pressure of the inlet air. The
method works best for four stroke engines or for two-stroke engines where there the
scavenger air flow is much smaller than the combustion air. The propulsion engine
selected for this test program was a 4-stroke diesel engine.

2.6.4. Calculation of Engine Load

The actual load on the engine at each test modes is required to calculate the modal and
overall emission factors in g/hp-hr. The engine ECM provides engine speed and the
percentage of the maximum engine load at that speed. This data was used along with the
lug curve provided by the manufacturer for that engine family (Appendix C) to determine
the actual load in hp for each test mode.

The lug curve as seen in Appendix C does not provide load data for speeds below
800rpm. The speed of the engine while operating at Idle mode was determined to be
650rpm. To determine the actual load on the engine in hp at this mode a plog of CO
emissions in g/hr versus the load in hp at all other load points was made. As seen in
Figure 2-4, all three fuels showed extremely good correlations between load and CO
emissions. These correlations were used to estimate the engine load at the Idle modes.



¢ B50 = B20 A BO
600
=1.69 =1.68 —
500 - y2 X y2 X y=1.70x
R”=1.00 R”=1.00 R%=1.00

= 400 |
=
©
S 300 -
()
£
€ 200 -
L

100 -

0 T T T T T
0 50 100 150 200 250 300
CO,(kg/hr)

Figure 2-4 Correlation between Engine Load and {&missions

2.6.5. Calculation of Emission Factors

The emission factor at each mode is calculated from the measured gaseous;gnd PM
concentration, the reported engine load in horsepower (hp) and the calculated mass flow
in the exhaust.

An overall single emission factor representing the engine is determined by weighting the
modal data according to the ISO 8178 E3 requirements and summing them. The equation
used for the overall emission factor is as follows:

i=n

Z(giXWF;)

= Fl
[

D (B WE)
=1
Where:
Awm = Weighted mass emission level (CO, £-8M, s, or NQ,) in g/hp-hr
g = Mass flow in grams per hour,
P, = Power measured during each mode, and
WF; = Effective weighing factor.



3. Results

3.1. Fuel Properties

The primary goals of this project were to measure emissions from an in-use modern Tier
2 marine engine and determine the effects biodiesel on emissions from modern Tier 2
marine diesel engines. For this purpose three fuels were chosen, the first being the
baseline ultra low sulfur CARB diesel BO, and the other two (B20 and B50) were blends
of biodiesel with BO. All three fuels were typical of normal supply. Selected properties of
the fuels are provided below Trable 3-1 The certificate of analysis provided by the fuel
supplier and results of fuel analysis are presented in Appendix B.

Table 3-1Selected Fuel Properties
API Gravity Density @ 25°C Volume % of

Fuel

@ 60°F (kg/m®) Methyl Ester
BO 37.2 838.4 n/a
B20 35.3 848.1 22.6
B50 33.1 859.0 46.4

n/a: not applicable

3.2. Primary Gaseous Emissions

The primary gaseous emissions measured during this test program include a greenhouse
gas carbon dioxide (G} and the criteria pollutants: nitrogen oxides (NCcarbon
monoxide (CO)). Each of these gaseous species was measured using the IMO standard
instrumentation (Section 8.2.1). A detailed list of the modal gaseous emissions in g/hr
and g/hp-hr, for all three fuels BO, B20 and B50, is provided in Tables 3-2 and 3-3.

Triplicate readings were taken at the ISO target load of 75% which has the maximum
weighing factor of 0.5 in the ISO 8178 E3 cycle. Duplicate readings were taken at all
other steady state modes. Each reading was a three to five minute average of one hertz
data obtained from the instrument. The standard deviation of three to five minute
averages was <2% for GOThis indicates that the load on the engine while testing that
mode was steady, thereby validating the reading at each of those test modes. The standard
deviation or range across the triplicate or duplicate readings at each mode (<6% of
average reading for all but CO at 100% engine load where it was ~15% of averages) is
indicated by the error bars in the Figures 3-1. 3-2, 3-3, 3-4 and 3-5.



Table 3-2Gaseous Emission Factors (g/hr)

Target Actual Load (g/ﬁ?) (gj:/ﬁr) (k(g:j%r)
Load
BO B20 B50 BO B20 B50 BO B20 B50 BO B20 B50
Idle 6% 6% 9% 190 171 296 36 32 44 18 17 26
25% 26% 28% 27% 683 719 742 71 63 63 74 7 77
50% 55% 53% 51% 1338 1291 1320 255 204 171 159 153 151
75% 73% 72% 73% 1944 1900 2005 973 999 955 215 218 218
100% 94% 94% 96% 2654 2597 2756 439 403 298 281 281 283
Table 3-3Gaseous Emission Factors (g/hp-hr)
NO CcO CoO
Terget Actual Load (g/hp-hr) (g/hp-hr) (g/hp-hr)
Load BO B20 B50 BO B20 B50  BO B20 B50 BO B20  B50
Idle 6% 6% 9% 6.2 6.1 6.7 1.20 1.15 1.00 588 595 592
25% 26% 28% 27% 5.2 5.2 5.4 0.54 0.46 0.46 560 557 564
50% 55% 53% 51% 4.8 4.9 5.2 0.92 0.77 0.67 573 576 589
75% 73% 72% 73% 5.3 5.3 55 2.66 2.78 2.62 586 607 599
100% 94% 94% 96% 5.7 55 5.7 0.94 0.86 0.62 601 598 589
Overall Weighted Average 5.33 5.35 5.63 1.84 1.85 1.72 588 597 591
% Reduction of Overall Weighted n/a n.s. n.s. n/a n.s. 7% n/a n.s. n.s.

Average Compared to BO

n/a not applicablen.s. not significant



3.2.1. CO, Emission Factors

A comparison of the COemissions factors across different test modes and fuels are
presented in Figures 3-1 and 3-2. The small error bars in the figure representing the
standard deviation or range of the measurements show good repeatability and
reproducibility of the test cycle. The emissions in g/hr increase with load due to increase
in fuel consumption. As expected the g/hp-hr emissions are flat across load points and
fall within the typical range of COemission factors for four-stoke, high speed diesel
engines.
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3.2.2. NO, Emission Factors

The NQ emissions in g/hr and g/hp-hr are presented in Figures 3-3 and 3-4.The NO
emissions in g/hr follow the Gmissions increasing with load. The emission factors in
g/hp-hr are flat across the engine loads. There is no significant change eni\3ions
across fuels. The NQweighted emission factor for BO is 5.33 + 0.04 g/hp-hr. which is
close to the Tier 2 standard for N®O THC of 5.4 g/hp-hr.
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Figure 3-4NO, Emission Factors (g/hp-hr)
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3.2.3. CO Emission Factors

Figures 3-5 and 3-6 show the CO emissions factors across the different steady state test
modes for all three fuels BO, B20 and B50. There was a spike in the CO emissions at the
75% load point where the concentration of CO in the exhaust was as high as 490 ppm. A
15% to 36% reduction in CO emission factors was observed by switching from BO to
B50 at all test modes except 75% engine load point. This translates to a 7% decrease in

overall weighted average CO emission factor.
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3.2.4. Carbon Mass Balance: Fuel Vs Exhaust

As a part of the UCR’s QA/QC the mass balance between the carbon in the fuel and the
carbon measured in the exhaust is checked. For this project the fuel flow was not directly
measured, instead the instantaneous fuel flow rate in gallons per hour was logged from
the engine ECM data. Graboski et al, 1998 reports the typical carbon content of diesel
and methyl soyester biodiesel as 87% and 77.2%. Based on this data the carbon content
of the B20 and B50 fuels was estimated. Using this carbon content and the density of fuel
obtained from the fuel analysis (Appendix B) and carbon from the fuel was calculated in
g/hr. About 99% of the carbon from the fuel is converted te. G@e amount of carbon

in the exhaust was calculated from the,@@d CO emissions.

A plot of the carbon in the fuel versus the carbon in the exhaust for all three fuels is
plotted in Figure 3-7. For BO, the ECM data was ~10% lower than the measured carbon
in the exhaust. For most diesel engines the correlation between fuel flow and carbon in
the exhaust will be < 2%. In this test, the fuel flow was not measured. The engine ECM
provides an estimate of the fuel flow based on other engine parameters. The discrepancy
in the correlation shows a bias in this fuel flow estimation. This ECM estimate of fuel
flow was probably determined using BO as the fuel. Therefore, the correlations obtained
for B20 and B50 are even farther that that for BO.
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Figure 3-7 Carbon Mass Balance between Fuel and Exhaust
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3.3. Particulate Matter Emissions

In addition to gaseous emissiorthe PM s mass emissions and the speciated, PM
emissions as elemental carbon (EC) and organic carbon (OC) were measured. As
described earliethe PM mass in the raw exhaust was sampled using a partial dilution
method and collected on filter media. In addition, real-time PM measurements were
collected using TSI's DustTrak during both steady state and transient modes. The total
and speciated PM mass emissions in g/hr and g/hp-hr for the steady state test modes
across all fuels are provided in Tables 3-4 and 3-5. As in the case of gaseous emissions,
triplicate measurements were made at the 75% engine load pint and duplicate readings
were made at all other test modes. The standard deviation/range of the readings is shown
in the form of error bars in Figures 3-8 through 3-13.
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Table 3-4Total and Speciated Particulate Matter gRMEmissions (g/hr)

Tlf\orggt Actual Load (F; I>/r|12r; (g;E/Er) (kg/(rir)
BO B20 B50 BO B20 B50  BO B20 B50 BO B20  B50
dle 6% 6% 9% 6.6 4.6 7.4 3.2 2.4 2.6 2.3 2.0 3.2
25%  26% @ 28% @ 27% 7.3 7.4 9.6 2.1 1.8 1.3 45 5.2 6.0
50%  55%  53%  52%  25.0 20.0 179 115 8.1 5.1 9.5 8.8 8.5
75%  73%  72%  74% 480 394 350 184 154 113 211 151 141
100% 94%  94%  96% 505 413 389 166 163 105 234 167 172
Table 3-5PM, s Emission Factors (g/hp-hr)
PM EC oC
T?Sr%et Actual Load (g/hp-zﬁr) (g/hp-hr) (g/hp-hr)
Load BO B20 B50 BO B20  B50 BO B20 B50 BO B20 B50
dle 6% 6% 9%  0.214 0.164 0.168 0.103 0.084 0.060 0.073 0.071 0.072
25%  26%  28%  27% 0.055 0.053 0.070 0.016 0.013 0.010 0.035 0.037 0.044
50%  55%  53%  52%  0.091 0.075 0.069 0.041 0.031 0.020 0.035 0.033 0.033
75%  73%  72%  74%  0.131 0.110 0.095 0.050 0.043 0.031 0.058 0.042 0.038
100% 94%  94%  96%  0.108 0.088 0.081 0.035 0.035 0.022 0.050 0.035 0.036
Overall Weighted Average 0.116 0.097 0.087 0.044 0.038 0.026 0.050 0.038 0.037
% Reduction of Overall Weighted .\, 1500 2506  n/a  14% 4206  nla  23%  27%

Average Compared to BO

n/a not applicable
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3.3.1. PM, s Mass Emissions

Total PM,s mass emissions in g/hr and g/hp-hr for the steady state test modes across all
fuels is presented in Figures 3-8 and 3-9. The P&Mmissions in g/hr increased with

increase in engine load due to increased fuel consumption. As in the case of CO
emissions, the PM emissions in g/hp-hr peaked at the 75% engine load point. An average
reduction of 19% with B20 and 26% B50 compared to the baseline emissions at BO was
observed at the 50% to 100% engine load points. The weighted emission factor for BO

was found to be 0.116 + 0.004 g/hp-hr meets the Tier 2 standard of 0.15 g/hp-hr.
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Figure 3-8 Total Particulate Matter (PM) Emissions (g/hr)
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3.3.2. Elemental Carbon (EC)

Figures 3-10 and 3-11 show the element carbon fraction efsMissions in g/hr and
g/hp-hr. The elemental carbon emissions in g/hp-hr follow a trace similar to the total
PM. s showing a spike at the 75% load point. Also there is a reduction of elemental
carbon emissions with use of B20 and B50 as compared to BO.
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3.3.3. Organic Carbon (OC)

The organic carbon faction of BMlin g/hr and g/hp-hr across the different engine loads
and fuels is presented in Figures 3-12 and 3-13. There is an increase in the organic carbon
content of PMs with the use of B20 and B50 at the lower loads. At the higher load
points the opposite trend is observed.
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3.3.4. Conservation of PM, s Mass Emissions

An important element of UCR’s analysis approach is the QA/QC check that the total
PM,s mass measured by the various PM methods are comparable. Specifically the total
PM, s mass collected on the Teflo® filter is compared to the sum of the elemental and
organic carbon fractions of the BMcollected on the quartz filter. Diesel RMprimary
consists of elemental carbon, organic carbon, sulfate and ash. The diesel fuels in this test
program have extremely low sulfur and ash content well below the detection limits.

A comparison