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� Emissions from the latest natural gas-fired turbine technologies.
� Tests include PM2.5, wet chemical tests for SO2/SO3 & NH3, and ultrafine PM.
� Strong presence of high concentrations of nanoparticles.
� Two orders of magnitude higher turbine particle emissions than background.
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a b s t r a c t

The generation of electricity from natural gas-fired turbines has increased more than 200% since 2003. In
2007 the South Coast Air Quality Management District (SCAQMD) funded a project to identify control
strategies and technologies for PM2.5 and ultrafine emissions from natural gas-fired turbine power plants
and test at pilot scale advanced PM2.5 technologies to reduce emissions from these gas turbine-based
power plants. This prompted a study of the exhaust from new facilities to better understand air pollu-
tion in California. To characterize the emissions from new natural gas turbines, a series of tests were
performed on a GE LMS100 gas turbine located at the Walnut Creek Energy Park in August 2013. These
tests included particulate matter less than 2.5 mm in diameter (PM2.5) and wet chemical tests for SO2/SO3

and NH3, as well as ultrafine (less than 100 nm in diameter) particulate matter measurements. After
turbine exhaust was diluted sevenfold with filtered air, particle concentrations in the 10e300 nm size
range were approximately two orders of magnitude higher than those in the ambient air and those in the
2e3 nm size range were up to four orders of magnitude higher. This study also found that ammonia
emissions were higher than expected, but in compliance with permit conditions. This was possibly due to
an ammonia imbalance entering the catalyst, some flue gas bypassing the catalyst, or not enough catalyst
volume. SO3 accounted for an average of 23% of the total sulfur oxides emissions measured. While some
of the SO3 is formed in the combustion process, it is likely that the majority formed as the SO2 in the
combustion products passed across the oxidizing CO catalyst and SCR catalyst.

The 100 MW turbine sampled in this study emitted particle loadings of 3.63E-04 lb/MMBtu based on
Methods 5.1/201A and 1.07E-04 lb/MMBtu based on SMPS method, which are similar to those previously
measured from turbines in the SCAQMD area (FERCo et al., 2014), however, the turbine exhaust con-
tained orders of magnitude higher particles than ambient air.
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1. Introduction

Natural gas turbines (NGTs) are critical for meeting the demand
of U.S. electrical power generation because they are uniquely suited
to fulfill the energy gap left by hydroelectric, nuclear, and renew-
able energy sources. NGTs have a relatively quick start-up and shut-
down time compared to other sources of electricity, making them
ideal for supplying energy to the grid when the demand changes
rapidly. New shale gas mining techniques have lowered the price of
natural gas and allowed greater access to the United States’ shale
gas resources. The overnight capital cost (the cost of the project if
no interest were accrued during its construction) of a NGT is low
compared to other electrical generating sources (EIA, 2013b) and
can be rapidly installed to cover unexpected situations like the
shutdown of the San Onofre Nuclear Generating Station (Sewell,
2013).

Since 2003 California has seen an increase of over 200% in
electrical generation from natural gas (CEC, 2014). The decreasing
price and stable domestic supply of natural gas have strongly
influenced its increased use, and the use of NGTs has been projected
to increase until at least 2040 (EIA, 2013a). Studying the exhaust
from these new facilities is critical to our understanding of air
pollution in California.

Particulate Matter (PM) emissions from NGTs have been studied
by several groups. England et al. (2007) investigated a compact
dilution sampler (CDS) methodology to characterize fine particle
emissions from stationary sources including three turbines. They
found that the CDS method had lower detection limits compared to
the regulatory methods for PM emissions. Tamura (2013) recently
conducted a gap analysis of the filterable and condensable PM
emission factors from stationary external and internal combustion
sources fired by gaseous and liquid fuel to evaluate the accuracy of
the sampling methodology. PM emission studies have covered
many of the power plant combustors, however, there is still only
limited research on emissions from aeroderivative turbines burning
natural gas. Each fuel type emits a distinct chemical composition
and particle range, based on combustion characteristics and the
chemical nature of the fuel (Klippel et al., 2002; Mohr et al., 1995;
Schmatloch, 2000). NGTs emit a wide range of particles, however
PM is regulated on amass concentration basis (SCAQMD, 2002) and
the vast majority of particles from combustion sources are in the
nanometer range. Ultrafine PM (particles < 100 nm in diameter)
has not been regulated separately by the EPA.

Ultrafine particles have recently become a cause for concern, as
our understanding of their effect on the human body has improved.
They were hypothesized to have potentially increased health risks
from those of larger particles due to their higher lung deposition
rate, clearance mechanism, and ability to translocate to extrap-
ulmonary locations e.g. lymph, and blood circulation (Elder and
Oberd€orster, 2005). Current knowledge on the health effects of
ultrafine PM are uncertain. A Health Effects Institute review in 2013
concluded that the state of science was inconclusive regarding the
toxicity of ultrafine PM due to inconsistencies and limitations in the
findings from both short- and long-term studies (HEI, 2013). Cur-
rent U.S. EPA regulations measure PM2.5 emissions using mass
based methods, however larger particles, which are usually
generated by incomplete combustion, make up amuch highermass
fraction than ultrafine particles.

SCAQMD funded a two stage project to technically and
economically assess a variety of control strategies and technologies
that could potentially be used to reduce PM2.5 and ultrafine emis-
sions from NGT power plants. In 2007 SCAQMD amended rule
1309.1 to allow prospective gas turbine-based power plants con-
ditional access to its Priority Reserve account to procure reduction
credits to offset PM2.5 emissions. At the same time, SCAQMD
initiated a project to identify and test at pilot scale advanced PM2.5
technologies to reduce emissions from these gas turbine-based
power plants. The first phase (FERCo et al., 2009) of this project
entailed an assessment of technologies to reduce PM2.5 and ultra-
fine particles from gas turbine engines; the second phase (FERCo
et al., 2014) of the project entailed pilot scale evaluations of tech-
nologies recommended from the first phase. This paper reports part
of the results from the second phase of the project with the main
objective of characterizing and quantifying PM2.5 and ultrafine
particles that are emitted by modern aeroderivative NGTs during
daily operation. The PM2.5 test methods selected for this project
were chosen from currently available methods. SCAQMD Method
5.1 (1989) combined with EPA Method 201A (2010) were chosen
as the test methods because recent projects in the SCAQMD juris-
diction have utilized this combination of methods for the deter-
mination of PM2.5 including condensable PM.Methods 5.1/201A are
detailed in section 2.2.2.

2. Experimental

2.1. Test site, turbine, fuel, and lubricant

Tests were conducted at the Walnut Creek Energy Park (WCEP)
in the City of Industry, CA in August 2013. The test site was selected
because it was representative of new aeroderivative turbines and
had the newest commercial NOx control system. WCEP was
designed as a peaking plant to provide electrical generation during
high demand periods i.e. Southern California's hot summermonths.

WCEP consists of five GE LMS100 combustion turbines in simple
cycle operation. The LMS100 is an aeroderivative gas turbine rated
nominally at 100 MW (GE, 2015). The LMS100 derives its high ef-
ficiency and increased power output from its innovative inter-
cooling system between the low-pressure and high-pressure
compressors. WCEP uses reclaimed water for cooling; each LMS100
employs Selective Catalytic Reduction (SCR) system (from Haldor-
Topsoe), using aqueous ammonia as the reagent, and water injec-
tion for NOx control. They are also equipped with a CO catalyst
(from BASF). The test unit for this study was WCEP Unit 2 and its
exhaust layout is shown in Fig. 1.

Specific fuel analysis was not performed for this study. In gen-
eral, the average Wobbe number for California pipeline natural gas
is in the range of 1335e1340 Btu/scf with sulfur content in the
range of 0.25e1 grain/100scf (CEC, 2008). The LMS 100s at WCEP
uses two types of oil: Mobil DTE Light lubrication oil and Mobil Jet
Oil II.

The ultrafine PM tests were conducted before turbine operation,
during plant warm-up, and during normal operation. A record was
kept of which turbines were running to track how ambient condi-
tions changed with energy park operation. WCEP is located adja-
cent to a train yard and the associated diesel locomotive traffic
influenced the ambient conditions. Energy park operation is
controlled by Southern California Edison (SCE) and is dictated by
the demand on the electrical grid.

2.2. Measurement setup

2.2.1. Ultrafine particle measurement setup
Samples were pulled from the middle of the stack through an

unheated, uninsulated, 7300 long, 3/800 stainless steel tube inserted
into a sample port that was located on the side of the stack above
the platform. The sample probe was connected via silicon
conductive tubing to a critical orifice upstream of an ejector pump
(Air-Vac, model TD110H). A mixing tunnel was connected down-
stream of the ejector pump to mix the dilution air with the sample
maintaining a dilution ratio of 7.1:1. Dimensions and details of the



Fig. 1. WCEP unit 2 stack diagram.
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mixing tunnel can be found at the reference (Abdul-Khalek, 1996).
Compressed air (maintained at 30 psi) was supplied by the power
plant and filtered to particle free air by a clean air system (TSImodel
3074). The ultrafine particle measurement setup (seen in Fig. 2) had
the sample passing through the dilution tunnel to the SMPS (TSI
model 3936), EAD (TSI model 3070A), Transmission Electron Mi-
croscope (TEM) sampler, and Catalytic Stripper (CS). The thermo-
phoretic TEM sampler separately directly sampled the turbine
exhaust. The CS was connected in-line, before the SMPS, during
part of the tests to determine a portion of the sample that was
made of Volatile Organic Compounds (VOCs).
Two types of classifiers were used for the SMPS: the long col-

umn DMA (model 3081) sampled over a range of 7e290 nm, and
the Nano DMA (model 3085) sampled over a range of 2.5e80 nm.
The SMPS used an ultrafine Condensation Particle Counter (TSI, CPC
3776), which has a cut point of 2.5 nm. Due to the warm ambient
temperatures during the test, the CPC was placed in a small card-
board box where a portable air conditioner supplied cool air. This
was necessary to keep the CPC's condenser temperature below its
operating maximum.



Fig. 2. Experimental setup diagram, the Catalytic Stripper was used only on certain
tests, and when it was not used the SMPS received a direct line from the diluted
sample. It should be noted that a thermophoretic TEM sampler was used to directly
sample stack flow.
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Two types of samplers were used to collect particles on TEM
grids. The thermophoretic sampler was inserted into the stack with
a residence time of a fraction of a second. A guiding tube was used
so that the TEM grids were only exposed to particles in the stack.
This is the same thermophoretic sampler used by Murphy et al.
(2009). The electrostatic particle sampler (FHNW TEM Sampler,
Switzerland) was also used to collect particle samples after the
sample flow was diluted. Typical sampling time ranged from 30 to
120 min for the electrostatic particle sampler. Both Silicon Oxide
(SiO) and Carbon coated 200 mesh copper grids were used.

A custom built CS (similar in design to Abdul-Khalek and
Kittelson (1995), and Stenitzer (2003)) was used in-line upstream
of the SMPS to measure the fraction of the PM that were Volatile
Organic Compounds (VOCs). The CS has two catalysts that are
heated to 300 �C: the first oxidizes hydrocarbon components
(Oxicat), and the second removes sulfur components (S-trap) from
the sample flow. The sample flow passes through a cooling coil to
decrease the flow to ambient temperature before exiting the CS. A
flow rate of 1.5 lpm was used to match the flow rate of the SMPS,
and thermophoretic and diffusion losses were accounted for.

The EAD detects diameter concentration load using the principle
of diffusion charging. It then calculates the concentration based on
a TSI propriety linear relationship. Diameter concentration is
correlated with the degree that tracheobronchial and alveolar re-
gions have been covered by ultrafine particles (TSI, 2012; Wilson
et al., 2007).
2.2.2. PM2.5 measurement setup
PM2.5 was measured using both U.S. EPA method 201A/SCAQMD

method 5.1 and U.S. EPA methods 201A/202 for the SCAQMD
project. This paper mainly reports results by method 201A/5.1,
however, the full report (FERCo et al., 2014) contains results by the
other method that are outside the scope of this paper. For more
details see the full report. Method 201A/5.1 was further explained
in the supplemental document along with Fig. S1.

Sampling times for the Method 201A/5.1 tests ranged from 4.04
to 8.38 h, and averaged 6.23 h. Meter sampling volumes averaged
161.7 scf and varied from 106.4 to 219.5 scf. Sample times for the
Method 201A/202 tests ranged from 4.09 to 8.27 h and averaged
6.01 h. Corresponding sample volumes varied from 108.2 to 223.5
scf and averaged 160.4 scf. One field blank was collected and daily
reagent blanks were collected with each PM2.5 sample. Average
PM2.5 mass was 3e10 times larger than field and reagent blanks for
Method 201A/5.1.

2.2.3. Gas measurement setup
NOx, CO, O2 and CO2 concentrations were measured using

SCAQMD Method 100.1 and a dry extractive continuous emissions
monitoring (CEM) system. The CEM has a heated probe, a heat
traced Teflon sample line connected to a thermo-electrically cooled
sample dryer to minimize loss of NO2. The gas analysis portion is
composed of a chemiluminescent NOx analyzer (CAI Model 600), a
gas filter correlation CO analyzer (Thermo-Fisher Model 48i), an
electrochemical O2 analyzer (AMIModel 201), and a non-dispersive
infrared CO2 analyzer (Horiba Model PIR-2000). A low temperature
carbon converter was used to convert NO2 to NO for measurement
of total NOx and converter efficiency was tested daily.

The ammonia slip (the amount of ammonia that escapes the SCR
system unreacted) was measured using SCAQMD Method 207.1
(shown and detailed in Fig. S2). NCASI Method 8A was used to
measure the concentrations of SO2 and SO3 (see and detailed in
Fig. S3).

3. Results and discussion

3.1. Particle size distributions and morphology

Fig. 3 shows the average SMPS results using both the Long and
Nano DMA columns. Ambient particle size distributions are shown
as averages of five test days and turbine exhaust particle size dis-
tributions are averages of two test days. Due to the relatively low
dilution ratio, the sampling conditionwas close to the ion depletion
condition of the bipolar neutralizer on the SMPS. The data were
screened to ensure that the measurements presented in this paper
were not conducted under the ion depletion condition, averaged
data are also provided in Fig. S4. The SMPS data shows good
agreement over the range of overlap between 7 nm and 80 nm. The
particle size distribution of the exhaust showed a bimodal distri-
bution, with peaks around 2.8 and 17 nm. The ultrafine particle
emissions from the stack were at least an order of magnitude
higher than ambient air over the entire size range. At the 100 nm
size, stack particle concentrations were 20 times higher than
ambient particle concentrations. This increased to an average of
3.9� 104 times higher in the 2.5e3 nm range. Overall, dilution ratio
corrected stack particle concentrations were over 6.9 � 102 times
higher than ambient particle concentrations. Total ambient particle
concentrations were in the range of 3.5 � 104 particles/cm3, which
is higher than typical background particle concentration in the
region. It should be noted that England et al. (2007) reported par-
ticle size distribution and total concentration were affected by
dilution ratio when it was lower than 20:1. In general this depen-
dence is source specific and further investigation at higher dilution
ratio will warrant representativeness of the particle size distribu-
tion presented in this study.

Nguyen and Jung (2015) has reported total ambient particle
concentrations of 8 � 103e104particles/cm3 for a background
location in Riverside California, while others have reported higher
total ambient particle concentrations of ~104e105 particles/cm3 for
measurements taken near a major highway (Grady et al., 2013; Zhu
et al., 2007). Total ambient particle concentrations are higher than
expected for an urban area and this is attributed to the close
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Fig. 3. Particle size distributions from the stack of the turbine engine in comparison to
those from ambient air. Particle concentrations were corrected for dilution ratio. Total
stack and ambient concentrations are 2.4 � 107 and 3.5 � 104particles/cm3

respectively.
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proximity (less than a kilometer) to a major highway (California
State Route 60) and the adjacent train yard. The results of our study
contradict what Klippel et al. (2002, 2004) reported that gas-fired
turbine exhaust particle concentrations were lower than those of
ambient air. They found similar results for both 260 MW and
7.9 MW turbines. The 260 MW turbine has water injection for NOx
control, similar to the turbine sampled in this study. They did not
measure particles below 10 nm, therefore the presence of nano-
particles in the exhaust of their turbines cannot be ruled out. Their
particle size distributions show significantly lower accumulation
mode (>30 nm in diameter) particle concentrations than those in
this study. We speculate that the post combustion temperatures of
their turbines were much higher than those of the turbine sampled
in this study, leading to further oxidation or gasification of accu-
mulation mode particles. Information on the sulfur content of the
fuel could provide an improved explanation of nucleation mode
particles (<30 nm in diameter), however, neither of the studies
measured fuel sulfur content. It should be noted that the dilution
ratio of the Klippel (2002, 2004)’s study was 75 which was 10 times
higher than this study.

The CS was inserted between the dilution tunnel and the SMPS
to remove semi-volatiles and sulfur compounds from the aerosol
sample streams in order to quantify the amount of VOCs in the
exhaust. The fraction of particles that were semi-volatile can be
determined from the difference between cold and hot particle
counts (accounting for thermophoretic and diffusion losses).
Thermophoretic losses are less dependent on particle size than
diffusion losses (for particle sizes between 10 and 100 nm). Size
independent thermophoretic losses were not observed in our
measurements for particles between 10 and 40 nm. We assume
that a fraction of the 100 nm particles were semi-volatile because of
the lower particle counts measured downstream of the hot CS in
that size range (see Fig. S5). Further study is required to confirm
this observation due to a lack of robust CS test data and high
diffusion losses within the CS.

Researches have investigated particle size distributions from
combustion sources and have found a variety of factors that impact
the shape of the distribution. Gysel et al. (2015) varied the dilution
conditions (temperature, humidity, and residence time) of nucle-
ation mode particles from a NGT and showed that they were highly
hygroscopic, and sulfur compounds in the exhaust combined with
the various dilution conditions could significantly affect the peak
diameter of the particles. Wey et al. (2007) reported that particle
size distributions from aircraft turbine burning jet fuels. Their
particle size distributions were different compared to our study.
Lobo et al. (2011) reported unimodal particle size distributions with
themode diameters ranging from 20 to 30 nm,while Herndon et al.
(2008) reported bimodal particle size distributions with the mode
of the nucleation mode around 10 nm and the larger peak in the
40e70 nm range. England andMcGrath (2004) showed particle size
distributions measured by SMPS from a 48 MW aeroderivative
cogeneration turbine burning refinery fuel. They reported bimodal
particle size distributions which are similar to the current study.
However the concentrations of their particle size distributions
were much lower. They reported 1.8 � 105 to 3.5 � 105 particles/
cm3 in total particle concentration. Nucleation mode diameters
were around 20 nm and nucleation mode concentrations accoun-
ted for ~98% of total number count. Chang and England (2004)
showed particle size distribution measured by SMPS, and PM
measured by Method 201A/202 for a 234 kW pilot scale combus-
tion facility, which is significantly different from the aeroderivative
turbine in this study. Wien et al. (2004), and England et al. (2004)
measured PM with methods 201A/202 on a 240 and 554 MW,
respectively, cogenerative supplementary-fired natural gas com-
bined cycle power plants, which is a different type of turbine.
England et al. (2007) found that both residence time and dilution
ratio affect the particle distribution from burning natural gas,
however these changes were all within the same order of magni-
tude. These papers have distinct differences from this study and
cannot be directly compared with the result of this study.

This study found significant concentrations of nanoparticles
with smaller peak diameter than those found in the emissions from
jet fuels. Despite the relatively short lifetime (minutes to hours) of
nanoparticles in the atmosphere, they can become a concern for
public health when they coagulate onto accumulation mode par-
ticles, which have lifetimes on the order of days (Buseck and
Adachi, 2008; Friedlander, 2000).

TEM samples were taken to study the morphology and chemical
composition of particles emitted from the turbine. These grids were
analyzed on a Philips CM300 TEM at UCR's Central Facility for
Advanced Microscopy and Microanalysis (CFAMM). Four TEM im-
ages of the particles are shown in Fig. 4. There is a consistently
dominant presence of 2e3 nm diameter particles due to the
significantly higher concentration (four orders of magnitude) of
nanoparticles in the turbine exhaust. Although a few larger parti-
cles were observed, theywere not photographed due to our interest
in the smaller particles. Energy-dispersive X-ray spectroscopy
(EDX) analysis was inconclusive because the volume of nano-
particles was small and the signal to noise ratio was low. The low
contrast particles shown in Fig. 4 are assumed to be non-metallic
because metal particles typically have high contrast in TEM im-
ages. It is unlikely that the particles seen on the TEM grids were
semi-volatile due to the presence of a CO catalyst in the turbine (the
CO catalyst is designed to remove hydrocarbons, much like our CS).
Further testing is necessary to determine their exact chemical
composition and formation process.

The particle mass concentration was estimated based on the
particle size distribution. Two different effective density profiles for
particles were used and results are shown in Fig. S6. Initially, a
constant density of 1 g/cm3 was used (assuming a spherical particle
shape). Most organic aerosols have densities in the range from 1.22
to 1.43 g/cm3 (Kuwata et al., 2011; Nakao et al., 2013), while
representative particle phase inorganics (e.g. ammonium nitrate
and ammonium sulfate) have densities of 1.72 and 1.77 g/cm3

respectively. The effective density distribution from Maricq and Xu
(2004) was utilized for accumulation mode particles as shown in
Equation (1). A density of 1.46 g/cm3 (equal to that of hydrated
sulfuric acid) was assumed following Zheng et al.'s (2012) calcu-
lation for nucleation mode particles.



Fig. 4. TEM images of sampled particles from unit 2 by thermophoretic TEM sampler (a) Day 6 (b) Day 7 (c) Day 8 (d) Day 9.
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reff ¼ 1:2378*e Dp >30 nm Equation 1
Fig. 5. EAD aerosol diameter concentration vs varying turbine load.
�0:048Dp
� �

Integration of the particle mass, obtained from each size bin,
yielded an ambient PM mass of 5.7 mg/m3 (for a constant density of
1 g/cc), and 4.0 mg/m3 (for the complex density profile). Our
calculation was approximately in the similar range with the air
quality index (AQI) reported during the test days (49 ± 2.7, or
11.75 ± 0.57 mg/m3).

The CPC and EAD were used to monitor changes in particle
number and diameter concentration during the load variations (see
Table S1 for operating data summary and details). The CPC peri-
odically counted sample flow (bypassing the SMPS), however the
sample flow often surpassed the instrument's concentration limit
because of the high particle concentration of the turbine exhaust
and useful monitoring data could not be obtained. The EAD recor-
ded the transient response of particle emissions from the stack
during the load variations (Fig. 5). While particle emissions
decreased with no time-delay when the load decreased from 100 to
50 MW, there was a 10e15 min time-delay when the load was
increased from 50 to 100 MW. There were spikes in the particle
concentration when the turbine operated at either 50 MW or
100 MW. It should be noted that the EAD has low penetration and
charging efficiencies for particles below 10 nm, however we spec-
ulate that the EAD may have responded to sub-10 nm particles
because of the high concentrations recorded.

3.2. PM2.5 measured by the method 201A/5.1

The loading of PM2.5 in the exhaust, measured using Method
201A/5.1 (Table 1), was 0.000296 grain/dscf (677 mg/m3). Of the
total PM2.5: 8.1% (55 mg/m3) was condensable organic PM, 84.8%
(574 mg/m3) was condensable inorganic PM, and 7.1% (48 mg/m3)
was solid PM2.5 (Fig. 6). The PM mass estimated from particle size
distributions (assuming a unit density) was 200 mg/m3, and is on
the same order of magnitude to the 654 mg/m3 of PM measured by
the Method 201A/5.1. It should be noted the difference may have
come from uncertainties in particle effective density and con-
densable PM captured by the Method 201A/5.1. The SMPS-derived



Fig. 6. PM2.5 measured using SMPS, Methods 201A/5.1.
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using Method 201A/5.1 from the AAC laboratory.
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mass emission factor (200 mg/m3 ¼ 1.07E-04 lb/MMBtu) was
comparable to the dilution sampling data of England (2004) (See
their Tables 3 and 4) which were taken from several tests con-
ducted on gas turbines equipped with SCR and oxidation catalysts.
The impinger based data (677 mg/m3 ¼ 3.63E-04 lb/MMBtu and
654 mg/m3 ¼ 3.51E-04 lb/MMBtu) appear to agree with the
impinger-based data summarized by Tamura (2013) in their Figs. 4-
1. These values are much lower than those emission factors in AP-
42 (EPA, 2015), which are still commonly used.

Ionic analyses were performed for seven anions (sulfate, chlo-
ride, fluoride, nitrite, nitrate, bromide, and phosphate) and six
cations (ammonium, calcium, lithium, magnesium, potassium, and
sodium) for the impinger catch solutions to examine chemical
composition of condensable inorganic PM.

Sulfate was the largest fraction of the condensable inorganic
PM2.5 (averaging around 47%, Fig. 7), ammonium accounted for 12%,
and sodium accounted for 4.4%. Chloride, nitrate, fluoride, bromide,
potassium, calcium, lithium, and magnesiumwere present in small
quantities. The remaining portion of the condensable inorganic PM
(29%) could not be identified. The large contributions of ammonium
and sulfate to the total PM2.5 indicate that control of these two
species could significantly reduce PM2.5 emissions from NGT power
plants. Further analysis gives insight to the nature of PM. The stack
SO3 concentration (0.017 ppmv) is equivalent to ~90 mg/m3 as either
H2SO4(H2O)2 or (NH4)2SO4 as SO3 reacts with H2O and converts to
H2SO4 very quickly at these stack temperatures and moisture
concentrations. This is about twice of the solid PM measured with
Method 201A/5.1 suggesting half of the SO3 was captured onto the
filter while the rest ended up in the impingers. The proportion of
ammonium and sulfate in the impinge catch shown in Fig. 7 sug-
gests ammonium sulfate. Stack SO2 concentration is equivalent to
about 330 mg/m3 as ammonium sulfate. Adding SO3 in the impinger
catch leads to total 370 mg/m3 ammonium sulfate. This suggests
that much of the inorganic condensable PMmeasuredwithMethod
201A/5.1 could be explained by capture of SO2 and conversion to
ammonium sulfate within the impinger.

The water in the exhaust was also analyzed to determine
whether water injected into the system affected PM. Water
condensed in the impingers included the injected water, the water
formed when natural gas was burned, and a small amount (about
0.1%) of dilution water from the aqueous ammonia. On average, the
injected water accounted for 22% of the total water in the com-
bustion products. Anion analysis of the injection water indicated
concentrations of sulfate, chloride, and total nitrogen (i.e. nitrites
and nitrates) were 0.099, 0.068, and 0.30 ppm respectively. No
fluoride, bromide, or phosphate was found.

Total organic carbon (TOC) was measured from the impinger
catch solution using a GE Sievers 900 portable TOC analyzer. TOC
was obtained by subtracting total inorganic carbon (TIC) from total
carbon. TOC averaged 5.4 ppm while TIC was much lower, aver-
aging 0.18 ppm.

The result from Method 201A/202 showed a similar trend to
those from theMethod 201A/5.1. Detailed comparison of the results
by the two methods are beyond the scope of this paper. Readers
who are interested in this comparison should see our report (FERCo
Table 1
Summary of PM2.5 emissions measurements using Method 201A/5.1.

PM Avg, gr/dscf (mg/m3) Stdev RMS

Solid>2.5 mm 2.30E-05 (52.63) 1.40E-05 60.1
Solid<2.5 mm 2.10E-05 (48.06) 1.00E-05 50.0
Condensible inorganic<2.5 mm 2.51E-04 (574.37) 4.60E-05 18.5
Condensible organic<2.5 mm 2.40E-05 (54.92) 1.40E-05 58.7
Total <2.5 mm 2.96E-04 (677.35) 5.80E-05 19.5
et al., 2014). Total PM2.5 emissions measured using Methods 201A/
202 were 20% lower than those measured using Methods 201A/5.1.
For both methods, the condensable inorganic fraction was by far
the largest fraction of the PM2.5.

3.3. Gaseous emissions

We monitored O2, CO2, NOx and CO in the NGT exhaust (Sum-
mary data shown in Table 2). Measurements were taken from a
stationary point in the stack throughout the PM2.5 testing. The data
shows that O2 levels were generally between 13.0 and 13.1%, except
during the two test days with the greatest number of turbine load
changes on which it increased to 13.3%. As expected, CO2 levels
tracked O2 levels. NOx emissions averaged 2.1 ppmc (ppmc ¼ ppm,
dry corrected to 15% O2). CO emissions averaged 1.0 ppmc, with
daily averages varying from 0.7 to 1.3 ppmc.

Ammonia (NH3) slip tests were performed to determine
whether the turbine was injecting the correct amount of NH3 into
the SCR unit. Measurements were made at each of the 12 sample
Uncertainty at 99% C.L. Uncertainty, % LOD Percent of total PM

1.60E-05 70.4 4.20E-05
1.20E-05 58.6 3.10E-05 7.1
5.40E-05 21.7 1.39E-04 84.8
1.70E-05 68.8 4.20E-05 8.1
6.80E-05 22.8 1.73E-04



Table 2
Summary of gaseous emissions, ammonia slip measurements, & SO2/SO3 (Daily data can be seen in the supplementary file).

O2, %
dry

CO2, %
dry

NOx, ppm dry CO, ppm dry NH3, ppm flue gas SO2, ppm dry SO3, ppm dry SO3/SOx

ratio, %
Moisture
fraction

NOx, ppm @ 15% O2 CO, ppm @ 15% O2 NH3, ppm @15% O2 SO2, ppm dry @ 15% O2 SO3 ppm dry @ 15% O2

13.11 4.44 2.74 1.35 4.8 0.060 0.017 23 0.108
2.07 1.02 3.6 0.045 0.013
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points, and samples were taken for 5 min at each point. NH3 slip
measured in the stack averaged 4.8 ppm, or 3.6 ppmc, in compli-
ance with permit conditions. NH3 slip for a GT SCR system with a
5 ppm slip end of life guarantee (like the one in the Walnut Creek
facility) will be near zero (i.e., less than 0.1 ppm) at start-up, if the
system was properly designed and the AIG (ammonia injection
grid) has been tuned. The averagemeasured slip of 3.6 ppmc would
be expected at over 80% of the catalyst's life (i.e., greater than
80,000 operating hours). NH3 slip higher than usual for a new
combined cycle SCR system was possibly due to a NH3 slip imbal-
ance entering the catalyst, some flue gas bypassing the catalyst, or
low catalyst volume.

SOx were measured because of their ability to form sulfuric acid
in the atmosphere. The SOx triplicate tests were performed (one per
day) on three days with target run times of 8 h. All of the SOx were
created by the oxidation of sulfur compounds present in the natural
gas when it was burned. Measured SO2 emissions averaged
0.060 ppm. When corrected to 15% O2, SO2 emissions averaged
0.045 ppmc. Measured SO3 emissions averaged 0.017 ppm at the
stack. SO3 emissions averaged 0.013 ppmc. SO3 accounted for an
average of 23% of the total SOx emissions. SO2 is a dominant species
under both fuel lean and even fuel rich combustion conditions. SO3
concentrations are usually higher than equilibrium calculations
(due to slow reaction to reduce SO3 to SO2), and are usually in the
range of few percentages of SOx emissions (Glassman and Yetter,
2007). A report by GE (Pavri and Moore, 2001) shows about 95%
of SOx is SO2. While some of the SO3 was formed in the combustion
process, it is likely that more was formed as the SO2 (a product of
combustion) passed across the oxidizing CO and SCR catalysts. If we
assume that all of the 0.060 ppm SOx (at STP T ¼ 298 K) measured
in the exhaust was converted from sulfur in the fuel then there is
about 0.34 grain/100scf of sulfur in the fuel, this is within the
average range of sulfur concentrations for California pipeline nat-
ural gas (0.25e1 grain/100scf).
4. Discussion and conclusion

NGTs currently supply over half of the electricity used in Cali-
fornia and this percentage has been increasing due to a decrease of
hydroelectric and nuclear power generation. This study furthers
our understanding of particle size distributions and the nature of
particles at different modes for this NGT and results may not apply
to all NGTs.

After turbine exhaust was diluted sevenfold with filtered air,
particle concentrations in the 10e300 nm size range were
approximately two orders of magnitude higher than those in the
ambient air and those in the 2e3 nm size range were up to four
orders of magnitude higher. The ambient air PM mass calculated
from the SMPS data was in the range of the AQI PM mass reported
that day for the region. Ambient air particle concentrations were
slightly higher than average urban Southern California levels due to
the test site being located next to a train yard and near a major
highway. The loading of PM2.5 in the exhaust, measured using
Method 201A/5.1, was 0.000296 grain/dscf (677 mg/m3). Of the total
PM2.5: 8.1% was condensable organic PM, 84.8% was condensable
inorganic PM, and 7.1%was solid PM, and PMmass calculated by the
SMPS data was within a factor of three compared to the mass re-
ported by Method 201A/5.1.

This study found that the exhaust from the turbine contained
higher concentrations of nanoparticles than they were present in
ambient air. Further research to determine the nature and volatility
of the (sub-10 nm) ultrafine particles observed in this study is
essential to understand their potential harm to human health.
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