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Abstract

Beginning in July 2009, a California regulation has required ocean-going vessels (OGVs) to use
marine distillate fuels with progressively lower fuel sulfur contents when within 24 nm of the
California coastline (including the islands) and while in port. Since January 2014, OGVs are
required to use marine distillate fuels with a fuel sulfur content of 0.1% or less by weight. The
North American Emission Control Area (ECA) began implementation in August of 2012 and
also established fuel sulfur requirements. In January 2015, the ECA fuel sulfur limit was
lowered to < 0.1% by weight consistent with the California regulation. However, the ECA does
not specify the use of marine distillate fuels and OGVs may use non-distillate fuels, such as a
low sulfur heavy fuel oil to comply with the ECA requirements.

This work presents the in-use criteria pollutant emissions and ultrafine particles from a modern
very large crude oil carrier (VLCC) while operating on two different fuels: a marine gas oil
(MGO) with less than 0.1% sulfur fuel and a novel low sulfur heavy fuel oil (HFO) that has a
fuel sulfur level less than 0.1%. Measurements in this study followed the International
Organization for Standardization (ISO) 8178 sampling procedures and protocol for in-use
emissions testing and sample analysis. The overall plan focused on the measurement of the
gaseous and particulate emissions, including: carbon oxides (CO, CO2,), oxides of nitrogen
(NOx) and particulate matter (PM2.5), while the chosen engine operated at steady-state
conditions specified in ISO 8178 with either California/ECA-compliant marine gas oil (MGO) or
the new, low sulfur HFO that can be used to meet the ECA requirements.



Executive Summary

Background

OGVs are significant contributors to California statewide emissions of diesel particulate matter
(PM), diesel PM with aerodynamic diameters less than 2.5 micrometers (PM,5), nitrogen oxides
(NOx), and sulfur oxides (SOx). In response to growing concerns regarding the emissions of
OGVs, California enacted a regulation in 2008 to require the use of lower sulfur marine distillate
fuels. This regulation, the OGV Clean Fuel Regulation, requires vessel operators within 24
nautical miles (nm) of the California coastline and islands to use cleaner low sulfur distillate
fuels (either marine diesel oil or marine gas oil) in their main engine, auxiliary engines, and
auxiliary boilers. The fuel standards are implemented in two phases. Beginning

January 1, 2014, the fuel sulfur limit was < 0.1% sulfur by weight.

On March 26, 2010, the International Maritime Organization (IMO) officially designated waters
of the United States and Canadian coastlines as an Emission Control Area (ECA) pursuant to
Annex VI of the MARPOL Convention. Within the ECA boundary which extends 200 nm
offshore, vessels are required to use lower sulfur fuels. Unlike the California OGV Clean Fuel
Regulation, the ECA does not specify what type of fuel; rather it establishes a limit only on the
fuel sulfur level. The ECA began implementation in August 2012, with a 1 percent sulfur limit
that then dropped to a < 0.1% sulfur limit on January 1, 2015. While it was expected that most
vessel operators would use low sulfur marine distillate fuels such as MGO or marine diesel oil
(MDO) to comply with the ECA, a new low sulfur heavy fuel oil (HFO) has been marketed and
made commercially available that can meet the ECA fuel sulfur requirements. The California
Air Resources Board is interested in assessing the emissions impacts of switching to this new
low sulfur HFO.

Approach

The overall objective for this evaluation was to determine and compare emissions from four-
stroke diesel electric marine engines operating on a < 0.1% sulfur by weight HFO and a < 0.1%
sulfur by weight MGO. The study required a vessel for the test platform and a shipping
company provided a vessel representative of the very large crude carriers (VLCC) that operate
throughout the world. Testing took place as the VLCC travelled from the Port of Los Angeles to
Port Angeles, WA. Sampling of the actual in-use emissions of gases (CO,, CO, and NOy) and
particulate matter (PM,5) mass from each of two main generator engines was in compliance with
the ISO 8178-2 protocol while the engine operating conditions followed the 1SO 8178-4 D2
certification test cycle.

Results

Overall nitrogen oxide (NOx) emission factors were 10.2+0.08 g/kWh and 10.7+0.03 g/kWh for
HFO and MGO respectively, which are both well below the Tier 1 NOx standard of 12.9 g/kWh
for a medium speed, 512 rpm engine. Additionally, the NOx emission factors measured in this
study are well below the 18.7 g/lkWh and 18.1 g/kWh emission factors specified by Lloyds
services data and the US EPA/ARB for main engine OGVs.

! Fuel Sulfur and Other Operational Requirements for Ocean-Going Vessels within California Waters and 24
Nautical Miles of the California Baseline. title13, California Code of Regulations (CCR) §2299.2 and title 17, CCR
§93118.2.
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The PM,5 emission factors were 0.62+0.01 g/kWh for HFO and 0.20+0.02 g/kWh for MGO
which are well below those listed by Lloyds service data (1.23 g/kWh), US EPA (1.08 g/kWh)
and CARB (1.5 g/kWh) due to the very low sulfur content of HFO used in this study. PM was
composed mainly of organic carbon (OC) for both fuels with very little elemental carbon (EC)
present. Real-time soot measurements with the AVL micro-soot sensor (MSS) and EC analyzed
by NIOSH method agreed very well with R2 values of 0.99 while real-time PM with the PPS-M
sensor were 40% and 57% lower than gravimetric PM2.5 for HFO and MGO. Differences in
these measurements are attributed to semi-volatile and volatile components which contribute to
positive filter sorption artifact that are not measured with the heated PPS-M sensor. PM mass
measured by the SMPS was much lower than gravimetric PM2.5 mass due to evaporation effects
at high measurement dilution ratios. Size distributions showed unimodal peaks for both HFO
(30-50 nm) and MGO (20-30 nm) where size increased with decreasing load. Overall, particle
number (PN) emissions were 28% and 17% higher with the Pegasor Particle Sensor (PPS-M)
compared to the Scanning Mobility Particle Spectrometer (SMPS) for the HFO and MGO,
respectively.

Conclusions

This research characterized the emissions from a VLCC transiting from the Port of Long Beach,
CA to Port Angeles, WA using two fuels: a low sulfur MGO and low sulfur HFO. It provides
the first in-use testing of a novel low sulfur HFO fuel that provides an alternative to using low
sulfur marine distillate fuels as a compliance option under the ECA. Overall, data showed that
NOx emissions were slightly higher with MGO compared to HFO. The PM,s mass
measurements showed approximately 70% higher emissions with HFO compared to MGO. PM
emissions resulted in the highest emissions at the 10% load point due to being off optimized
load. PM emissions from the SMPS as a function of load showed peak number concentrations
ranging from 30 to 50 nm with HFO and 20 to 30 nm with MGO.

Real-time black carbon measured with the AVL MSS and off-line analysis of EC by the NIOSH
method compare very well with R?>0.99 and slopes of approximately 1. Real-time PM from the
PPS-M sensor is well below the PM,5s measured gravimetrically. This is attributed due to
differences in methodology as the PPS-M sensor measures a fraction of the volatiles measured
gravimetrically from Teflo filters. Additionally, differences between PM mass from the SMPS
and PM, s measured gravimetrically can be attributed to evaporation of the smaller particles.
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1 Introduction

OGVs are significant contributors to California statewide emissions of diesel particulate matter
(PM), diesel PM with aerodynamic diameters less than 2.5 micrometers (PM2.5), nitrogen oxides
(NOx), and sulfur oxides (SOx). In response to growing concerns regarding the emissions of
OGVs, California enacted a regulation in 2008 to require the use of lower sulfur marine distillate
fuels. This regulation, the OGV Clean Fuel Regulation, requires vessel operators within 24
nautical miles (nm) of the California coastline and islands (California Regulated Waters) to use
cleaner low sulfur distillate fuels (either marine diesel oil or marine gas oil) in their main engine,
auxiliary engines, and auxiliary boilers. The fuel standards are implemented in two phases
beginning in July 2009. Since January 1, 2014, the fuel sulfur limit was < 0.1% sulfur by
weight.

On March 26, 2010, the International Maritime Organization (IMO) officially designated waters
of the United States and Canadian coastlines as an Emission Control Area (ECA) pursuant to
Annex VI of the MARPOL Convention. Within the ECA boundary which extends 200 nm
offshore, vessels are required to use lower sulfur fuels. Unlike the California OGV Clean Fuel
Regulation, the ECA does not specify what type of fuel; rather it establishes a limit only on the
fuel sulfur level. The ECA began implementation in August 2012, with a 1 percent sulfur limit
that then dropped to < 0.1% sulfur on January 1, 2015. While it was expected that most vessel
operators will use low sulfur marine distillate fuels to comply with the ECA, a new low sulfur
heavy fuel oil (HFO) has been developed that can meet the ECA fuel sulfur requirements.

The California OGV Clean Fuel Regulation includes a sunset provision which states that the
requirements of the California OGV Fuel Regulation will cease to apply if the United States
adopts and enforces requirements that will achieve equivalent emissions reductions to the
California OGV Fuel Regulation within Regulated California Waters. To help with the
assessment of the emissions impacts of the ECA, the California Air Resources Board is
interested in assessing the emissions impacts of switching to this new low sulfur HFO.

To evaluate the emissions impacts of using the low sulfur HFO, emission testing was done to
determine and compare emissions from four-stroke diesel electric marine engines operating on <
0.1% sulfur by weight HFO and a < 0.1% sulfur by weight marine gas oil (MGO). The vessel
selected for testing was representative of the very large crude carriers (VLCC) that operate
throughout the world. Emission testing took place as the VLCC travelled from the Port of Long
Beach, CA to Port Angeles, WA.



2 Approach
1.1 Overview

To evaluate the exhaust emissions of the VLCC, the measurement of the gaseous and particulate
emissions, including: carbon oxides (CO, CO,,), oxides of nitrogen (NOy) and particulate matter
(PM_5), while the chosen engine operated at steady-state conditions specified in ISO 8178 with
either MGO or the new, low sulfur HFO each having fuel sulfur contents of less than 0.1% sulfur
by weight was conducted. Measurement methods were IMO and 1SO compliant for both the
gases and PM. The following sections provide detailed information.

1.2 In-use Emission Measurements Using IMO and I1SO Methods

Simultaneous measurement of NOy, CO, CO, from the main marine generator engine exhausts
where conducted using the in-use Simplified Measurement Methods (SMM) system that is
compliant with the International Maritime Organization (IMO) NOy Technical Code. 1SO
methods were used to measure PM; s mass.

1.2.1 Test Vessel, Engine and Fuels®

The vessel selected for the test program was a VLCC. The vessel is powered by four MAN
B&W 6L48/60 medium speed diesel engines, each rated at 6.3MW, giving a total installed
power of 25.2 MW. Operating data for one of the four MAN B&W 6L48/60 engines is included
in Appendix C. Appendix C points out that a number of components, settings and operating
values can influence the NOx emissions. One important feature of the engines was the variable
injection timing (VIT) and other tools to lower NOx are listed in Appendix B. Note the engines
operate a constant speed of 512 rpm so testing follows the ISO 8178 E2 cycle rather than the ISO
8178 E3 propeller curve.

The emissions in this study were characterized for two fuels: a low sulfur MGO (0.005% sulfur
by weight) and a low-sulfur HFO (0.011% sulfur by weight) that is commercially available and
provides ship operators with the potential of using either marine distillate or HFO to meet the
required sulfur limits within the ECA. Both fuels have very little sulfur, ash and vanadium. The
main differences in the fuel properties are the viscosity, pour point and micro carbon residue
(MCR).

1.2.2 Operating Conditions of the Engine while Measuring Emissions

The MAN B&W 6L48/60 engines on this vessel drive generators to power the electric motors
which propel the vessel. Therefore the appropriate test procedure for these engines is with the
engine operating according to the 5-modes of the ISO-8178-4 D2 cycle shown in Table 2-1.

2 Descriptions and Figures taken from U.S. Department of Transportation Maritime Administration (MARAD)
Alternative Fuel for Marine Application Test Plan, 8/23/11 Revised DRAFT
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Table 2-1: Standard Cycle for Testing Marine Propulsion Engines

Mode 1 | 2 | 3 [ 4
Speed Rated Speed
Load 100% 75% 50% 25%
Weighting
Factor 0.20 0.50 0.15 0.15

For the ISO cycles, the engine is run for about 30 minutes at rated speed and the highest power
possible to warm the engine and stabilize emissions. A plot or map of the peak power at each
engine RPM is determined starting with the rated speed. If CE-CERT suspects the 100% load
point at rated speed is unattainable, then we select the highest possible load on the engine as
Mode 1.

The emissions are measured while the engine operates according to the requirements of 1SO-
8178-D2. For a diesel engine the highest power mode is run first and then each mode is run in
sequence The minimum time for samples is 5 minutes and if necessary, the time is extended to
collect sufficient particulate sample mass or to achieve stabilization with large engines. The
gaseous exhaust emission concentration values are measured and recorded for the last 3 minutes
of the mode.

Engine speed, displacement, boost pressure, and intake manifold temperature are measured to
calculate the gaseous flow rate. Emissions factors are calculated in terms of grams per kilowatt
hour for each of the operating modes and fuels tested, allowing for emissions comparisons of
each fuel relative to the baseline fuel.

The achievable load points were determined at the time of testing and depended on several
factors; including constraints by current, wave pattern, and wind speed/direction. Efforts were
made to conduct the emissions measurements for each engine at loads as close as possible to
those specified in 1ISO 8178 D2.

1.2.3 Engine Performance Measurements during Testing

Chapter 6 of the NOy Technical Code®, “Procedures for demonstrating compliance with NOy
emission limits on board” provides detailed instructions for the required measurements for on-
board testing. Some of the engine performance parameters measured or calculated for each
mode during the emissions testing are shown in Table 2-2.

3International Maritime Organization, Marine Environment Protection Committee: Prevention Of Air Pollution
From Ships; Report of the Working Group on Annex VI and the NOx Technical Code (MEPC 57/Wp.7/Add.2 3)
April 2008
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Table 2-2: Engine Parameters Measured and Recorded

Parameter Units
Load kw
Engine Speed RPM
Generator Output Amps
Fuel supply Gph
Fuel return Gph
Air intake pressure Psi
Air intake temperature °F

1.2.4 Measurement of Gaseous and Particulate Matter Emissions

The emission measurements were performed using a partial dilution system that was developed
based on the ISO 8178-1 protocol and detailed information is provided in Appendix B,
“Measuring Gaseous & Particulate Emissions”.

In measuring the gaseous and particulate emissions, CE-CERT followed ISO 8178-2 and
Chapter 5 of the NOy Technical Code as they provide the general requirements for onboard
measurements. The concentrations of gases in the raw exhaust and the dilution tunnel were
measured with a Horiba PG-250 portable multi-gas analyzer. The PG-250 can simultaneously
measure up to five separate gas components. Major features of the PG-250 include a built-in
sample conditioning system with sample pump, filters, and a thermoelectric cooler. The
performance of the PG-250 was tested and verified under the U.S. Environmental Protection
Agency Environmental Technology Verification (EPA ETV) program. The signal output of the
instrument is interfaced directly with a data acquisition system through an RS-232C interface to
record measured values continuously.

The engine parameters noted in Table 2-2 were obtained on the engine control room monitors
from screen shots taken by the crew during each mode of operation. Since all measurements are
made under steady state operating conditions, periodic screen shots were sufficient.

Emissions were measured while the engine operated at the test modes specified in ISO 8178-4,
Table 2-1. The measuring equipment and calibration frequencies met IMO Standards. The details
of the CE-CERT equipment are provided in Appendix B, “Measuring Gaseous & Particulate
Emissions.”

In addition to measuring criteria emissions, additional measurements were made to further
characterize the PM emissions. Real-time particulate matter measurements included an AVL
MSS, which employs a photo-acoustic method to measure the solid soot fraction of PM. A
Pegasor PPS-M sensor was used to characterize both the solid and condensable fractions of total
particulate matter mass and number. The PPS-M sensor uses an “escaping current” method
where clean air is ionized and mixed with the sample stream thereby charging the particles. The
escaping current from the sample is then measured at a fixed flowrate by a faraday cup. A default
trap voltage of 400V was used for the PPS-M sensor. Real-time particle size distributions were

11



measured with a Scanning Mobility Particle Spectrometer (SMPS) comprised of a TSI model
3080 classifier, 3081 differential mobility analyzer (DMA) and TSI 3776 condensation particle
counter (CPC). A secondary ejector dilution system was added for additional dilution for the
SMPS.

12



3 Data Analysis

After returning from the on-board measurement testing, the instrument calibration and raw test
data was placed in an Excel file. The calibration and raw test data was then post processed in this
file to produce QC summaries and final results summaries for review by the Project Manager.

Calculation of Emission Factors

The emission factors at each mode are calculated from the measured gaseous concentration, the
reported engine load in kilowatts (kW) 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 E2 requirements and summing them. The equation used for the
overall emission factor is as follows:

Where:
Awm = Weighted mass emission level (CO, CO,, PM;5s, or NOy) in g/kW-hr
gi = Mass flow in grams per hour at the i™ mode,
P; = Power measured during each mode, and
WEF; = Effective weighing factor.

3.1 Calculation of the Exhaust Flow

Clearly the calculated emission factor is strongly dependent on the mass flow of the exhaust.
Two methods for calculating the exhaust gas mass flow are suggested where one uses the carbon
balance approach as per 1SO 8178 and by a speed-density approach, see Appendix A for details.
Both methods are based on the measured exhaust gas concentrations and fuel usage rate. The two
ISO methods are described below.

3.1.1 Carbon balance

The carbon balance method, calculates the exhaust mass flow based on the measurement of fuel
usage and the exhaust gas concentrations with regard to the fuel characteristics (carbon balance
method). The carbon balance methods may be used to calculate exhaust flow rate when the fuel
usage is measured and the concentrations of the exhaust components are known. In these
methods, flow rate is determined by balancing carbon content in the fuel to the measured carbon
dioxide in the exhaust. This method can only be used when the fuel usage data are available.

1.2.5 Speed-density (engine as an air pump)

This method has been widely used for calculating exhaust flow rate in diesel engines, especially
stationary diesel engines. This method assumes the engine is an air pump, and the flow rate is

* International Standards Organization, 1S0 8178-1, Reciprocating internal combustion engines - Exhaust emission
measurement -Part 2: Measurement of gaseous particulate exhaust emissions at site, First edition 1996-08-15
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determined from displacement of the cylinder, recorded rpm, with corrections for the
temperature and pressure of the inlet air. This method assumes the combustion air flow equals
the total exhaust flow. However, for low-speed, two stroke engines, there could be scavenger air
flow while the piston is expanding and the exhaust valve is still open. This scavenger air would
not be included in the air pump calculation leading to under predicting the total exhaust flow and
the emission factors. The method works best for four stroke engines or for two-stroke engines
where the scavenger air flow is much smaller than the combustion air.

3.1.2 Calculation used

Given the difficulty in obtaining accurate fuel usage data from large ocean going vessels the
carbon balance method is commonly not reliable. As such, UCR performs both methods and
determines the most reasonable during reporting. For this testing, the fuel flow rate was not
reliable and the exhaust flow was estimated based on using the speed-density approach described
above.

14



4 Emission Results

This section presents the results and analysis of the measured emissions of pollutants as a
function of fuel type and engine load.

4.1 Test Fuels
The properties of the ECA-compliant MGO and the low sulfur HFO are presented in Table 4-1.

Table 4-1: Fuel Properties

Certificate of Analysis (COA)

fuel units

HFO MGO
density @ 15°C  kg/m® 845.2 850.9
viscosity @ 40 °C ¢St 12.07 3
pour point °Cc 18 -24
MCR % m/m 0.047 0.02
sulfur % m/m 0.011 0.005
ash % m/m 0 0
vanadium mg/kg 0 0

4.2 Analysis of Emissions Factors

A key element of the test program was to measure emissions from each of the engines; one
running on MGO and the other on low sulfur HFO. The following analysis presents the average
emission factors at the average of the measured loads for the MGO and HFO.

4.2.1 Actual test operating modes

During the emission measurements, the engine was operated at load points close to those
specified in ISO 8178 E2 with both fuels. The actual loads in Table 4-2 are typical of the type of
deviation from the specified loads when trying to hit the set points while operating at sea.

Table 4-2: Load Points (Nominal vs. Tested)

ISO-8178 E2 model mode2 mode3 mode 4

fuel ISO Load 100 75 50 25
0, 0, 0, 0 0,
MGO Yo 98% 73% 51% 24%
MW 6.0 4.5 3.1 15
HFO % 99% 73% 50% 23%
MW 6.0 4.4 3.0 14

Table Notes: MW = mega watt

4.2.2 Gaseous Emissions

Carbon Dioxide Emissions: Carbon dioxide (CO,) emissions are checked first as these values
provide insight into the accuracy and representativeness of the data. Specifically, the data are

15



reviewed to determine if the numbers are representative of certification values and when
compared with similar types of engines.

Figure 4-1 presents the average emission factors at the average engine loads and includes the
overall average weighted emission factor. The individual CO, emission factors are provided in
Figure 4-3. Values obtained during this project, ~ 620 g/kW-hr, are about the expected values for
a medium speed diesel engine. The higher CO, emission factors when using MGO are also
expected due to the lower energy density of MGO comparted with HFO. Notice that the
emissions factor increase significantly as the power decreases from the 25% load point. An
increase in brake-specific fuel consumption when the engine is run below 20% load is expected
due to decreased engine efficiency at low loads.

1400

1200 +

1000 +

800 +

600 L _ B _ B _ ~ HFO

MGO
400 + — — — — — -

CO2 Emissions (g/kWh)

200 + - - - - - -

0 + - - - - - |

10 25 50 75 100 Wt. Avg.

Engine Load (%)

Figure 4-1: Modal CO, Emission Factors and Overall Weighted Average

NOx Emissions: The gaseous emission factors for NOy are presented in g/kW-hr in Figure 4-2.
NOx emission for MGO generally exceeded those for HFO for all loads (except 75%) resulting in
a ~5% statistically significant increase in the weighted average (MGO: 10.7+0.03 g/kWh, HFO:
10.2+0.03 g/kWh). These differences are partially accounted for by the fuel density as fuel
injection is a volumetric process. MGO has a slightly higher density at 850.9 kg/m* compared to
845.2 kg/m® for HFO. Higher density fuels have more mass injection per unit volume compared
to lower density fuels resulting in higher combustion temperatures and higher thermal NOy
emissions.

16
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Figure 4-2: Modal NOx Emission Factors and Overall Weighted Average

CO Emissions: CO emission rates and factors are presented in g/kW-hr in Figure 4-3. CO
emissions were low across all load points, which is typical of diesel engines. Statistically
significantly higher CO emissions for HFO than MGO were noted at all loads except the 100%
load point attributable to increased combustion efficiency at higher temperature due to fuel
density.
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Figure 4-3: Modal CO Emission Factors Overall Weighted Averages
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4.2.3 PM,s5Emissions

In addition to the gaseous emissions, the test program measured emissions of PM,s mass. Total
PM_5 mass emissions from both fuels are plotted in Figure 4-4. The highest emission factors
were observed at the 10% load point for HFO (3.7£0.13 g/kWh) and MGO (1.2+0.12 g/kWh)
and decreased with increasing load. Weighted PM,5 mass emissions were approximately a
factor of three lower for MGO (0.20+0.02 g/kwh) compared to HFO (0.62+0.01 g/kwWh). These
differences may be partially attributed to the higher viscosity and MCR of the fuel. Higher
viscosity is more difficult to atomize into the piston leading to larger fuel droplets and less
complete combustion leading to the observed higher PM and CO emissions for HFO.>®
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Figure 4-4: Modal PM Emission Factors and Overall Weighted Averages

4.2.4 PM Composition

The PM mass was fractioned into elemental plus organic carbon to determine the composition of
the mass. In this second measurement approach, a quartz filter captured the PM emissions from
the same sample line used for the Teflon PM mass determination. The quartz filter was post
processed into elemental carbon (EC) and an organic fraction (OC) of the PM.

An important element of CE-CERT’s field program and analysis is the QA/QC check with
independent methods. For example, the total PM,s mass collected on the Teflo® filter should
agree with the sum of the masses independently measured as elemental carbon and organic
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