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This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.
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This report was prepared by GE EER as an account of contracted work sponsored by the Gas
Research Institute (GRI). Neither GE EER, GRI, members of these companies, nor any person
acting on their behalf:

a. Makes any warranty or representation, expressed or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of any
apparatus, methods, or process disclosed in this report may not infringe upon privately owned
rights; or

b. Assumes any liability with respect to the use of, or for damages resulting from the use of, any
information, apparatus, method, or process disclosed in this report.

California Energy Commission:

This report was prepared as a result of work sponsored by the California Energy Commission
(Commission). It does not necessarily represent the views of the Commission, its employees, or
the State of California. The Commission, the State of California, its employees, contractors, and
subcontractors make no warranty, express or implied, and assume no legal liability for the
information in this report; nor does any party represent that the use of this information will not
infringe upon privately owned rights. This report has not been approved or disapproved by the
Commission nor has the Commission passed upon the accuracy or adequacy of the information
in this report.

New York State Energy Research and Development Authority:

This report was prepared by GE Energy and Environmental Research Corporation in the course
of performing work contracted for and sponsored by the New York State Energy Research and
Development Authority (NYSERDA). The opinions expressed in this report do not necessarily
reflect those of the NYSERDA or the State of New York, and reference to any specific product,
service, process, or method does not constitute an implied or expressed recommendation or
endorsement of it. Further, NYSERDA and the State of New York make no warranties or
representations, expressed or implied, as to the fitness for particular purpose or merchantability
of any product, apparatus, or service, or the usefulness, completeness, or accuracy of any
processes, methods, or other information contained, described, disclosed, or referred to in this
report. NYSERDA, the State of New York, and the contractor make no representation that the

Revision 1.2 October 26, 2004 v



use of any product, apparatus, process, method, or other information will not infringe privately
owned rights and will assume no liability for any loss, injury, or damage resulting from, or
occurring in connection with, the use of information contained, described, disclosed, or referred
to in this report.

American Petroleum Institute:

API publications necessarily address problems of a general nature. With respect to particular
circumstances, local state and federal laws and regulations should be reviewed.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to warn and
properly train and equip their employees, and others exposed, concerning health and safety risks
and precautions, nor undertaking their obligations under local, state, or federal laws. Nothing
contained in any API publication is to be construed as granting any right, by implication or
otherwise, for the manufacture, sale, or use of any method, apparatus, or product covered by
letters patent. Neither should anything contained in the publication be construed as insuring
anyone against liability for infringement of letters patent.

GE Energy

This report was prepared by GE Energy & Environmental Research Corporation (as part of GE
Energy and GE, collectively hereinafter “GE Energy”) as an account of sponsored work. GE
Energy, nor any of their employees, makes any warranty, express or implied or otherwise, or
assumes any legal liability or responsibility of the accuracy, completeness, or usefulness of any
information, apparatus, processes, systems, products, methodology or the like disclosed herein,
or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product process or service by trade name, trademark, manufacturer, or
otherwise doe not necessarily constitute or imply an endorsement, recommendation, or favoring
by GE Energy. The views and opinions of the authors expressed herein do not necessarily state
or reflect those of GE Energy. This report has not been approved or disapproved, endorsed or
otherwise certified by GE Energy nor has GE Energy passed upon the accuracy or adequacy of
the information in this report.

This report presents test results obtained on one source measured at two nominal operating
conditions with different sources of emissions using an experimental dilution measurement
technique. The test results are not necessarily representative of the emissions from the source
category, or the typical operation of the specific source tested, and should be interpreted as
preliminary measurements from the specific source at the measured operating conditions. Also,
the test results should be qualified by carefully considering the limited number of tests,
background levels and other data quality issues detailed in this report.

Although the report includes preliminary emission factors generated from these test results, it
must be recognized that these emission factors were developed using the experimental dilution
measurement technique, not regulatory approved test methods. Emission factors developed with
the regulatory approved test methods may be substantially different for specific pollutants. Thus,
GE Energy does not support or recommend the use of these emission factors for regulatory
purposes, permitting or commercial use. The data in this report may be useful for future
refinement and validation of the experimental dilution method for specific applications so that it
may be applied in future tests to develop more robust emission factors.
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The dilution sampling and ambient air methods used in this test to characterize stack emissions
were previously applied on stationary combustion sources for research purposes. They are not
currently approved by any regulatory agency for demonstrating compliance with existing
regulatory limits or standards. Further tests are needed to properly validate these methods for
stationary combustion sources, especially for extremely low pollutant concentrations
characteristic of gas-fired sources.

The emission factors developed from this test are source-specific for the time and conditions of
this test (see table below); therefore, they do not necessarily represent emission factors for
typical operation of this specific source or the general population of similar sources. The
emission factors are not representative of combustion turbines, combined cycle plants, or duct
burners. These emission factors are considered for information only in support of the dilution test
method for measurement of fine particulate matter, and the test methods described herein
continue to be in the developmental phase. No conclusions may be drawn from use of the
dilution test method for pollutants other than fine particulate matter.

SITE ECHO OPERATING CONDITIONS @

Hi-Run 1 | Hi-Run 2 | Hi-Run 3 | Hi-Run 4 | Lo-Run 1 | Lo Run 2 |Lo-Run 3
GT (Load) (%) 100 98 100 100 59 59 59
Duct Burner OFF OFF OFF OFF OFF OFF OFF
SCR ON ON ON ON ON ON ON
Oxidation ON ON ON ON ON ON ON
Catalyst
(a) Values are based on average megawatt values calculated over the 6-hour test run period.
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FOREWORD

In 1997, the United States Environmental Protection Agency (EPA) promulgated new National
Ambient Air Quality Standards (NAAQS) for particulate matter, including for the first time
particles with aerodynamic diameter smaller than 2.5 micrometers (PM2.5). PM2.5 in the
atmosphere also contributes to reduced atmospheric visibility, which is the subject of existing
rules for siting emission sources near Class 1 areas and new Regional Haze rules. There are few
existing data regarding emissions and characteristics of fine aerosols from oil, gas and power
generation industry combustion sources, and the information that is available is generally
outdated and/or incomplete. Traditional stationary source air emission sampling methods tend to
underestimate or overestimate the contribution of the source to ambient aerosols because they do
not properly account for primary aerosol formation, which occurs after the gases leave the stack.
These deficiencies in the current methods can have significant impacts on regulatory decision-
making. The current program was jointly funded by the U.S. Department of Energy National
Energy Technology Laboratory (DOE/NETL), California Energy Commission CEC), Gas
Research Institute (GRI), New York State Energy Research and Development Authority
(NYSERDA) and the American Petroleum Institute (API) to provide improved measurement
methods and reliable source emissions data for use in assessing the contribution of oil, gas and
power generation industry combustion sources to ambient PM2.5 concentrations. More accurate
and complete emissions data generated using the methods developed in this program will enable
more accurate source apportionment and source receptor analysis for PM2.5 NAAQS
implementation and streamline the environmental assessment of oil, gas and power production
facilities.

The goals of this program were to:

e Develop improved dilution sampling technology and test methods for PM2.5 mass
emissions and speciation measurements, and compare results obtained with dilution and
traditional stationary source sampling methods.

e Develop emission factors and speciation profiles for emissions of fine particulate matter,
especially organic aerosols, for use in source-receptor and source apportionment analysis;

e Identify and characterize PM2.5 precursor compound emissions that can be used in
source-receptor and source apportionment analysis.

This report is part of a series of progress, topical and final reports presenting the findings of the
program.
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EXECUTIVE SUMMARY

BACKGROUND

In 1997, the United States Environmental Protection Agency (EPA) promulgated new National
Ambient Air Quality Standards (NAAQS) for particulate matter, including for the first time
particles with aerodynamic diameter smaller than 2.5 micrometers (um)—referred to as PM2.5.
PM2.5 in the atmosphere also contributes to reduced atmospheric visibility, which is the subject
of existing rules for siting emission sources near Class 1 areas and new Regional Haze rules.
There are few existing data regarding emissions and characteristics of fine aerosols from oil, gas
and power generation industry combustion sources, and the information that is available is
generally outdated and incomplete. Traditional stationary source air emission sampling methods
tend to underestimate or overestimate the contribution of the source to ambient aerosols because
they do not properly account for primary aerosol formation, which occurs after the gases leave
the stack. Primary aerosol includes both filterable particles that are solid or liquid aerosols at
stack temperature plus those that form as the stack gases cool through mixing and dilution
processes in the plume downwind of the source. These deficiencies in the current methods can
have significant impacts on regulatory decision-making. PM2.5 measurement issues were
extensively reviewed by the American Petroleum Institute (England et al., 1998), and it was
concluded that dilution sampling techniques are more appropriate for obtaining a representative
particulate matter sample from combustion systems for determining PM2.5 emission rate and
chemical speciation. Dilution sampling is intended to collect primary aerosols including those
that condense and/or react to form solid or liquid aerosols as the exhaust plume mixes with
ambient air and cools to near-ambient temperature immediately after the stack discharge. These
techniques have been widely used in recent research studies. For example, Hildemann et al.
(1994) and McDonald et al. (1998) used filtered ambient air to dilute the stack gas sample
followed by 80-90 seconds residence time to allow aerosol formation and growth to stabilize
prior to sample collection and analysis. More accurate and complete emissions data generated
using the methods developed in this program will enable more accurate source-receptor and
source apportionment analysis for PM2.5 NAAQS implementation and streamline the

environmental assessment of oil, gas and power production facilities.
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The overall goals of this program were to:

e Develop improved dilution sampling technology and test methods for PM2.5 mass
emissions and speciation measurements, and compare results obtained with dilution and
traditional stationary source sampling methods.

e Develop emission factors and speciation profiles for emissions of fine particulate matter,
especially organic aerosols, for use in source-receptor and source apportionment
analyses.

e Identify and characterize PM2.5 precursor compound emissions that can be used in
source-receptor and source apportionment analyses.

This report is part of a series of progress, topical and final reports presenting the findings of the
research program. The research program includes field tests at several different types of gas- and
oil-fired combustion sources, pilot-scale tests to help develop an improved measurement
technology and methods, and technology transfer activities designed to disseminate results and
incorporate scientific peer review into project plans and results. The reports present results and

identify issues, procedures, methods and results that can be useful for future studies.

TEST PROGRAM

Particulate emission measurements were performed using an innovative dilution sampling
protocol on a supplementary-fired natural gas combined cycle power plant (NGCC-SF)
employing a heavy-duty gas turbine, heat recovery steam generator (HRSG), steam turbine and
post-combustion emission controls. The gas turbine is equipped with a lean premix combustion
system for oxides of nitrogen (NOx) emissions control. The HRSG is equipped with natural gas-
fired duct burners for additional steam production (although these were off during all tests), an
oxidation catalyst for reduction of carbon monoxide emissions followed by a selective catalytic
reduction system for reduction of NOx emissions. Particulate and particulate precursor emission
measurements were made at the stack downstream of the HRSG and emissions controls systems.
Thus, the results do not represent emissions from the gas turbine alone. Separate tests were
conducted at full load and at low load conditions. The flue gas temperature at the stack

measurement location averaged approximately 219 degrees Fahrenheit (°F) at full load and 206

°F at low load during the tests.
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The dilution sampler used in these tests follows the well-characterized Hildemann et al. (1989)
design. The sampler simulates the cooling and dilution processes that occur in the plume
immediately downwind of a combustion source, so that organic compounds and other substances
that condense and/or react under ambient conditions will be collected as particulate matter. The
stack gas sample was extracted and diluted continuously with filtered ambient air in the sampler
prior to sample collection. Generally accepted ambient air sample collection and analysis
protocols and methods for PM2.5 mass and chemical speciation were used after the sample was
diluted. It should be noted that whereas dilution sampling is widely accepted for demonstrating
compliance with mobile source particulate emission standards and for stationary source receptor
and source apportionment analysis, it is not currently accepted by regulatory agencies for
demonstrating compliance with stationary source particles with aerodynamic diameter smaller
than 10 um—referred to as PM10—emission standards or permit limits. Widely accepted,
standardized procedures for stationary source dilution sampling do not currently exist.
Concurrent measurements also were made using a newly developed dilution sampler based on
the Hildemann concept but with faster mixing, shorter residence time and lower sample flow
rate. The new sampler design, intended to be more practical for routine stationary source stack
emissions sampling, was developed in a separate task of this program. The concurrent tests
provide a preliminary assessment of the new sampler performance compared to the benchmark

Hildemann design.

Seven six-hour test runs were performed at the stack on separate, consecutive days with duct
burners off. Full load runs were conducted at 98 to 100 percent of rated capacity; low load tests
were performed at 59 percent of rated capacity, with duct burners off during all tests. Although
the process operating conditions were steady during the tests, the results may not represent any
particular or typical operating condition at this facility, but rather are the average of the operating
conditions during the test. Because the results are based on a single test of a single unit, the
emission factors may not be representative of the full population of similar plants and may best
be used in conjunction with similar test results from other units to develop more robust, reliable

emission factors.

FINDINGS

The main findings of this test are:

Revision 1.2 October 26, 2004 3



e The majority of elements and organic compounds were detected at levels comparable to
the ambient air or background levels in the dilution system, and/or were near the
minimum detection limits of the test methods. This indicates that the levels of these
substances measured in the stack samples are not distinguishable from the ambient air or
measurement background levels'. These findings strongly indicate the need for further
development and validation of the dilution apparatus and method for measuring the
extremely low concentrations of such substances that may be present in the stack
emissions from gas-fired combustion sources.

e Particulate mass emissions from this NGCC-SF (including post-combustion emission
controls) are extremely low, qualitatively consistent with levels expected for gaseous fuel
combustion based on published emission factors and other independent tests. The low
particulate and related pollutant concentrations in the exhaust from the plant contribute to
moderate uncertainties in most of the emission factors derived from these test results.

e The average source-specific PM2.5 mass emission factor obtained using dilution
sampling is 0.00013 pounds of pollutant per million British thermal units of gas fired
(Ib/MMBtu), which is approximately 1/50 of the published AP-42 particulate matter
emission factor for similar sources. The test result is consistent with other tests of
stationary gas-fired sources using dilution methods. Previous tests suggest the difference
is largely due to measurement artifacts associated with the published emission factors
(conversion of gaseous sulfur dioxide to solid sulfate residue in the iced impinger
method, excessive condensation of vapors that would not occur under ambient
conditions) and other limitations (inadequate sensitivity of the hot filter method) of the
hot filter/iced impinger methods. Therefore, dilution sampling results are considered the
most representative of actual PM2.5 emissions during this test.

e Tests performed with dilution sampling at high load and low load show that the
difference in PM2.5 concentrations is small, within the uncertainty of the average result
(41 percent, or £0.00006 milligrams per dry standard cubic meter, at the 95 percent
confidence level).

e Tests performed comparing a new dilution sampler design to an established benchmark
design showed agreement within the uncertainty bounds of the results. The estimated
accuracy of the new dilution sampler design is 19 percent and estimated precision is 27
percent compared to the benchmark design.

e Organic and elemental carbon comprise approximately 71 and 1.8 percent of the average
reconstructed PM2.5 mass, respectively, as measured using the dilution sampler.
However, it is likely that the organic carbon results are biased high due to an organic
adsorption artifact on the quartz fiber filters used for sample collection, which is more
pronounced for clean sources such as gas combustion. Back-up filt