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" A CFPP located in Rochester, NY was closed over 4-month period in early 2008.
" The ambient Hg concentrations significantly decreased after the CFPP closure.
" PMF results show Hg apportioned to the CFPP factor significantly decreased.
" CPF results show the greatest Hg reduction was with winds pointing toward the CFPP.
" These changes were clearly attributable to the closure of the CFPP.
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a b s t r a c t

In the spring of 2008, a 260 MWe coal-fired power plant (CFPP) located in Rochester, New York was
closed over a 4 month period. Using a 2-years data record, the impacts of the shutdown of the CFPP on
nearby ambient concentrations of three Hg species were quantified. The arithmetic average ambient con-
centrations of gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and particulate mer-
cury (PBM) during December 2007–November 2009 were 1.6 ng m�3, 5.1 pg m�3, and 8.9 pg m�3,
respectively. The median concentrations of GEM, GOM, and PBM significantly decreased by 12%, 73%,
and 50% after the CFPP closed (Mann–Whitney test, p < 0.001). Positive Matrix Factorization (EPA PMF
v4.1) identified six factors including O3-rich, traffic, gas phase oxidation, wood combustion, nucleation,
and CFPP. When the CFPP was closed, median concentrations of GEM, GOM, and PBM apportioned to
the CFPP factor significantly decreased by 25%, 74%, and 67%, respectively, compared to those measured
when the CFPP was still in operation (Mann–Whitney test, p < 0.001). Conditional probability function
(CPF) analysis showed the greatest reduction in all three Hg species was associated with northwesterly
winds pointing toward the CFPP. These changes were clearly attributable to the closure of the CFPP.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) has been labeled as a Persistent Bioaccumulated
Toxic (PBT) chemical by the US EPA since 1997 (US EPA, 1997).
Hg is found in various compartments of an ecosystem including
sediments where it is often in the form of methylated Hg2+ (Gilmour
et al., 1992; Engstrom, 2007). There are three operationally defined
forms of Hg in the atmosphere, including gaseous elemental mer-
cury (GEM), gaseous oxidized mercury (GOM), and particulate
mercury (PBM) (Schroeder and Munthe, 1998). GEM is relative sta-
ble with an atmospheric residence time of 0.5–2 years because of
its low reactivity and limited water solubility (Schroeder and Mun-
the, 1998). Vegetation uptake, dry deposition, and homogeneous/
heterogeneous oxidation reactions are considered as significant
sinks of GEM in the atmosphere (Schroeder and Munthe, 1998;
Ericksen et al., 2003; Lin et al., 2006, 2007; Gustin, 2011). GOM
consists of HgO, HgS, HgCl2, HgBr2, HgSO4, Hg(OH)2, and Hg(NO3)2

(Seigneur et al., 1994; Lindberg and Stratton, 1998; Schroeder and
Munthe, 1998; Feng et al., 2004). GOM and PBM can be rapidly
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removed by precipitation and dry deposition. Their atmospheric
residence times range from days to weeks (Schroeder and Munthe,
1998; Zhang et al., 2009; Gustin, 2011).

Hg is emitted from both natural and anthropogenic sources. The
combustion of coal in coal-fired power plants (CFPPs) represents
the most important anthropogenic source of mercury released to
the global atmosphere annually accounting for about
810 Mg year�1, with an important contribution from Asian coun-
tries (nearly 50% of the total) (Pirrone et al., 2010). Source profiles
including Hg forms, which are necessary to better understand Hg
sources are not well documented, in-part because of limited
long-term Hg measurements (Keeler et al., 2006; Lynam and Kee-
ler, 2006; Liu et al., 2007; Huang et al., 2010; Gratz and Keeler,
2011). Previously Positive Matrix Factorization (PMF), Unmix,
Quantitative Transport Bias Analysis (QTBA) have been used to
identify Hg-related factors that influence Hg wet deposition
(Keeler et al., 2006; Gratz and Keeler, 2011). Principle Component
Analysis (PCA) also has been applied to explore the variations of
atmospheric Hg concentration (Lynam and Keeler, 2006; Liu
et al., 2007; Huang et al., 2010). These studies all reported an
important coal combustion source that is related to S (or SO2)
and Hg. Results from these studies suggest that coal combustion
is a common and significant Hg emission source in the Eastern US.

Between January and April 2008, a CFPP located in Rochester,
New York was gradually shut down (Wang et al., 2011a). In this
study, the impacts of the shutdown of the CFPP on local ambient
Hg concentrations were quantified as a part of an extensive project
evaluating Rochester air quality using a 2-years data record (Huang
et al., 2010; Wang et al., 2011b).
2. Experimental

2.1. Sampling site

Measurements were performed in Rochester, New York, from
December 2007 to November 2009. According to 2009 estimates,
the population in Rochester is 207294 (US Census Bureau, http://
www.census.gov/), making it the third largest city in New York
State. The New York State Department of Environmental Conserva-
tion (NYS DEC) maintains a monitoring site in Rochester, NY
Fig. 1. Map of the locations of the sampling site, the major road
(43�080460 0N, 77�320540 0W, Elevation = 137 m, US EPA site code
36-055-1007). This site is northeast and adjacent to the
intersection (�300 m to the south of the site) of two major high-
ways (I-490 and I-590). The 2005–2009 average annual average
daily traffic (AADT) counts were 112291 and 112549 on I-490
and I-590, respectively. The percentages of buses and heavy-duty
diesel vehicles (HDDVs) in the traffic on I-490 and I-590 were
21% and 14%, respectively (Wang et al., 2012).

A coal-fired power plant (estimated emissions �42 kg-
Hg year�1) (US EPA, 2010) was located on the shores of Lake Ontario,
�12 km north of Rochester downtown area. This CFPP, built in 1948,
was one of the state’s oldest power plants. It included four coal-
fueled power generating units with a total capacity of 260 MWe. A
coal-fired steam generator plant (estimated emissions <5 kg-
Hg year�1) (US EPA, 2010) at Kodak Park is located in north-central
Rochester. Its production and emissions substantially decreased
during recent years. Huang et al. (2011) and Wang et al. (2011b,c) re-
ported Hg emissions from winter residential wood combustion,
which was mainly located to the south of the monitoring site.
Fig. 1 shows the locations of the major roadways, the CFPP, the Ko-
dak plant, and the monitoring site in Rochester, NY. The prevailing
wind direction was southwesterly. A detailed description of the local
meteorology was given by Wang et al. (2011c).
2.2. Instrumentation and data description

A Tekran speciation system (1130/1135/2537A, Tekran Instru-
ments Corp., Ontario, Canada) was used for Hg measurements.
An impactor was utilized in the inlet to remove particle larger than
2.5 lm. GOM and PBM were collected on a KCl-coated denuder fol-
lowed by a quartz filter, respectively, in 2-h sampling intervals at
10 L min�1 and sequentially desorbed (1-h). GEM concentrations
were recorded every 5 min during each sampling period. In the
desorption cycle, GOM and PBM were desorbed from their collec-
tion surface and converted to GEM, and qualified by the analyzer.
A detailed description of this system was presented by Landis
et al. (2002) and Choi et al. (2008), and the standard operation pro-
cedure of the Atmospheric Mercury Network (http://
www.nadp.sws.uiuc.edu/amn/). The detection limit of GOM and
PBM (3r of flush blanks) were 0.46 pg m�3 and 1.10 pg m�3,
ways, and the Hg emission sources in Rochester, New York.
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respectively (Huang et al., 2010). The detection limit of GEM re-
ported by the instrument manufacturer is 0.1 ng m�3 (Tekran�,
2001). The uncertainty of GEM, GOM, and PBM using this method
was summarized by Gustin and Jaffe (2010) as �20%, �40%, and
�70%, respectively. The GOM concentrations can be influenced
by the ambient air ozone concentrations (Lyman et al., 2010). How-
ever, this method is still the accepted method for real time atmo-
spheric Hg monitoring.

The number size distribution concentrations of particles with
diameter between 10 nm and 500 nm were measured with a time
resolution of 5 min using a scanning mobility particle sizer (SMPS),
consisting of a differential mobility analyzer (DMA, model 3071,
TSI Inc.), a 85Kr aerosol neutralizer (model 3077, TSI Inc.) and a con-
densation particle counter (CPC, model 3010, TSI Inc.). Data pro-
cessing, such as inversion of the raw size distributions and
multiple charge correction, was performed using the TSI Aerosol
Instrument Manager software (AIM, version 8.1). The number con-
centrations were classified and calculated as a function of three
size ranges, 10–50 nm, 50–100 nm, and 100–500 nm.

Continuous mass concentrations of PM2.5 were measured using
a 50 �C tapered element oscillating microbalance (TEOM, R&P
1400a) operated by NYS DEC. The gaseous pollutants (CO, SO2

and O3) were continuously measured using standard State and Lo-
cal Air Monitoring Stations (SLAMSs) Federal Reference Method/
Federal Equivalent Method (FRM/FEM) gas monitors (Wang et al.,
2011b). Measurements of black carbon (BC) concentrations were
made using a two-wavelength aethalometer (370 and 880 nm,
Model AE-21, Magee Scientific, California, USA) with a time resolu-
tion of 5 min. The loading effect on the aethalometer data was cor-
rected using the algorithm developed by Virkkula et al. (2007).
Delta-C (BC370nm � BC880nm), which can serve as an indicator of
wood combustion particles (Allen et al., 2004; Wang et al.,
2011d), was also calculated and included in further data analysis.
All instruments aspirated the ambient air from a height of �5 m
above the ground level. Average number concentrations of 10–
50 nm, 50–100 nm and 100–500 nm particles, PM2.5 mass concen-
trations, concentrations of CO, SO2, O3, BC, and Delta-C were calcu-
lated during every 3-h period to match Hg measurements for
further source apportionment modeling.

2.3. Positive Matrix Factorization (PMF) and conditional probability
function (CPF)

PMF is a multivariate factor analysis took that decomposes a
matrix of data into two matrices – factor contributions and pro-
files. It has been comprehensively described by Paatero (1997).
EPA PMF v4.1 was used in this study. This method is described in
greater detail by Norris et al. (2008, 2010). GEM, GOM, and PBM
mass concentrations, number concentrations of 10–50 nm, 50–
100 nm and 100–500 nm particles, PM2.5 mass concentrations,
concentrations of CO, SO2, O3, BC and Delta-C were included in
the input matrix. The input data matrix includes 4344 rows and
12 columns. Species measured below detection limits (DLs) were
replaced by 1/2 DL and assigned an uncertainty equal to 5/6 DL.
All missing data were replaced by the geometric mean concentra-
tion (Polissar et al., 1998). The data measurement uncertainties
and the uncertainties inputted into PMF v4.1 were estimated using
the algorithm described by Kasumba et al. (2009). The signal to
noise ratios ranged between 2.3 and 7.9 indicating all 12 species
were appropriate for modeling.

The sources impacts from various wind directions can be ana-
lyzed by CPF. The method description is given by Kim et al.
(2003). The sources are likely to be located in directions that have
high conditional probability values. In this study, calm wind (wind
speed less than 1.0 m s�1) were excluded from the analysis because
of the isotropic behavior of wind vane under calm winds. Wind
sectors of 30� were used starting at 0�. A threshold criterion of
the 75th percentile was selected. CFP analysis was performed using
the resolved source concentration data (Wang et al., 2011a).

2.4. Gas–particle partitioning coefficient calculation

The gas–particle partitioning coefficient (Kp) of Hg (II) was cal-
culated using the following equation (Rutter and Schauer,
2007a,b):

Kp ¼
PBM=PM2:5

GOM
ð1Þ

where PBM and GOM are PBM and GOM concentrations (pg m�3),
and PM2.5 represents fine particle mass concentrations (lg m�3).
The data was filtered by wind direction (between 310� and 330�
where the CFPP was located), and were compared between four
time periods: December 2007–April 2008 (CFPP in operation), April
2008–November 2008, December 2008–April 2009, April 2009–
November 2009.
3. Results and discussion

3.1. Temporal profiles of Hg

During the entire sampling period, the arithmetic average con-
centrations of GEM, GOM, and PBM were 1.6 ng m�3, 5.1 pg m�3,
and 8.9 pg m�3, respectively, and the median concentrations of
GEM, GOM, and PBM were 1.5 ng m�3, 1.9 pg m�3, and 5.2 pg m�3,
respectively. The arithmetic average GEM concentrations during
winter 2007 and fall 2009 were slightly higher compared to other
periods (Fig. 2). The seasonally averaged GOM concentrations ran-
ged from 1.8 to 15.5 pg m�3. The highest seasonally averaged con-
centration was observed during spring (March–May), while the
lowest was found in winter (December–February). The seasonally
averaged PBM concentrations ranged from 3.8 to 28.2 pg m�3 with
the highest in winter and lowest in summer (June–August). Greater
PBM concentrations in winter compared to other seasons may have
resulted from increased emissions from fuel combustion, particu-
larly wood for space heating (Friedli et al., 2003; Huang et al.,
2011), poorer atmospheric mixing conditions, and increased sorp-
tion of semivolatile compounds including GOM at lower tempera-
tures (Matsunaga et al., 2003; Rutter and Schauer, 2007a). This
seasonal variation is consistent with previous studies (Liu et al.,
2007, 2010; Engle et al., 2010; Huang et al., 2012).

The four-boiler CFPP approximately 12 km northwest of the
monitoring site was retired during January–April 2008. The first
and second boilers closed on 01/31/2008 and 02/14/2008, respec-
tively. The third boiler was shut down on 04/23/2008 and the
fourth unit was terminated on 04/01/2008 (Huang et al., 2010). A
summary of GEM, GOM, and PBM concentrations measured during
December 2007–April 2008 (CFPP in operation) and during Decem-
ber 2008–April 2009 (CFPP closure) is presented in Table 1. The
ambient median concentrations of GEM, GOM, and PBM in Roches-
ter, NY significantly decreased by 12%, 73%, and 50%, respectively,
after the shutdown of the CFPP (Mann–Whitney test, p < 0.001).

3.2. Comparison with prior studies

Atmospheric Hg concentrations are substantially elevated in the
areas where a CFPP is operating (Table 2). In East St. Louis, IL, the
concentrations of all three Hg species were 2–5 magnitudes higher
than those measured at a background site (Manolopoulos et al.,
2007). Tan et al. (2000) and Feng et al. (2003) reported high Hg
concentrations in Guizhou, China due to nearby coal combustion.
High GEM concentrations in Taichung, Taiwan were reported to



Fig. 2. Seasonal variation of GEM (ng m�3), GOM (pg m�3), and PBM (pg m�3) in Rochester, NY, during the sampling period starting from December 2007 to November 2009.
The upper and lower boundaries of the box indicate the 75th and 25th percentiles. The whiskers above and below the box show the 90th and 10th percentiles. The dots above
and below the box represent the 95th and 5th percentiles. The red dash line represents the arithmetic average value. Spring (March–May), summer (June–August), fall
(September–November), winter (December–February).

Table 1
Summary of GEM, GOM, and PBM concentrations.

Species Period

12/2007 – 04/2008 (CFPP in operation) 12/2008 – 04/2009 (CFPP closure)

GEM (ng m�3) Arithmetic average (1SDa) 1.8 (0.3) 1.5 (0.2)
Median 1.7 1.5

GOM (pg m�3) Arithmetic average (1SD) 9.9 (17.0) 3.9 (7.7)
Median 5.1 1.4

PBM (pg m�3) Arithmetic average (1SD) 21.8 (24.0) 9.2 (7.3)
Median 14.5 7.3

a SD: standard deviation.
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be from ground level point sources, which include a CFPP, a smel-
ter, and some municipal solid waste incinerators (Huang et al.,
2012). The Hg concentrations measured in this study were lower
than those typically found at other urban locations where the sam-
pling site was in the vicinity of large CFPP. It is probably because
the predominant wind direction was southwesterly, which limited
the impact of local industrial activities that were located northwest
of the sampling site and the annual Hg emission from the CFPP
(42 kg year�1, US EPA, 2010) was distinctly less than those emitted
from the other CFPPs investigated in the prior studies.

3.3. PMF results

A range of factor numbers from 4 to 8 was examined. Six factors
were identified based on the scaled residuals distributions and the
interpretability of the resulting profiles (Wang et al., 2011a). The
scaled residuals were approximately symmetrically distributed be-
tween �3 and +3. The Q (robust) and Q (true) values were 7998
and 7996, respectively. The final FPEAK (rotational parameter)
value was 0.05. The six factors were identified as O3-rich, traffic,
gas phase oxidation, wood combustion, nucleation, and the CFPP.
The percent contributions of each factor to the measured 12 pollu-
tants are shown in Fig. 3. The temporal variations of all six factor
contributions are shown in Fig. S1. The O3-rich factor was domi-
nated by O3 and GEM, while traffic included BC and 100–500 nm
particles. A substantial number input of 10–100 nm particles was
found in the nucleation factor. Delta-C and PBM are two indicators
for wood combustion (Huang et al., 2011; Wang et al., 2011d), and
factor 4 contributed 98% and 48%, respectively, of these species.
Thus, this factor is classified as wood combustion, which was dom-
inant in the winter and least important in the summer. Factor 6
contributed 50% PBM and 80% SO2, respectively, which is defined
as the CFPP. The gas phase oxidation factor contributed 85% GOM
and 23% O3, and this factor was primarily found in the summer.

Fig. 4 shows the seasonal variations of the CFPP factor contribu-
tions to GEM, GOM, and PBM. The factor profiles and contributions
were scaled to the measured concentrations of each Hg species.
GEM dominated the total Hg concentrations. The December



Table 2
Summary of atmospheric Hg concentrations (presented in range or arithmetic average ±1SD) in the nearby area of CFPP.

Location Description GEM (ng m�3) GOM (pg m�3) PBM (pg m�3) Reference

East St. Louis, IL 6 CFPP with numerous other point sources within 100 km 50–200 5000–35000 Manolopoulos et al. (2007)
Guizhou, China – 7.39 – – Tan et al. (2000)
Guiyang, China 1 CFPP and 1 cement plant within 20 km 9.0 ± 4.2 800 ± 40 Feng et al. (2003)
Taichung, Taiwan 1 CFPP with numerous other point sources within 50 km 6.1 ± 3.9 330 ± 150 71 ± 46 Huang et al. (2012)
Puerto, Rico Background site 1.4 ± 0.1 1.5 ± 1.6 1.2 ± 1.4 Engle et al. (2010)
Rochester, NY 1 CFPP within 15 km 1.6 ± 0.3 5.1 ± 10.2 8.9 ± 13.5 This study

Fig. 3. The contribution percentage of each factor to the pollutants concentrations.
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2008–April 2009 median GEM, GOM, and PBM concentrations
apportioned to the CFPP factor decreased significantly by 25%,
74%, and 67%, respectively compared to those during December
2007–April 2008 when the CFPP was still in partial operation
(Mann–Whitney test, p < 0.001). This trend was consistent with
the CFPP SO2 contribution that showed a 64% decrease between
2007 and 2008 (Wang et al., 2011a). These changes were attributed
to the shutdown of the CFPP and also reductions in the Kodak
industrial activity.

3.4. CPF results

Fig. 5 shows the comparison of the directionalities of the CFPP
factor contributions to the GEM, GOM, and PBM measured during
December 2007–April 2008 (CFPP in operation) and December
2008–April 2009 (CFPP closure). In general, the CFPP contributions
to the GEM, GOM, and PBM when the wind was from the north-
west were greater (but not statistically significant, Student’s t test,
p > 0.1) compared to other wind directions. The greatest reduction
in the CFPP contributions between the CFPP in operation and the
CFPP closure was observed for northwesterly winds, which is con-
sistent with the effects of the closure of the CFPP. After the CFPP
was closed, higher contributions of all three Hg species were gen-
erally observed when the wind was from the southwest compared
to other directions. It appears that CFPPs in western New York and
the Ohio River Valley also influence ambient Hg concentrations in
the Upstate New York region (Wang et al., 2011a).

3.5. Gas–particle partitioning coefficient of Hg (II)

Rutter and Schauer (2007a,b) concluded that the gas–particle
partitioning coefficient (Kp) of Hg (II) strongly depends on the par-
ticle composition and the ambient air temperature. Kp of Hg (II) on
ammonium sulfate was reported in the range of 1–10 m3 lg�1

(0.2 m3 lg�1 for filter measurements) (Rutter and Schauer,
2007b). In this study, the arithmetic average Kp of Hg (II) was
1.1 m3 lg�1 and increased to 1.5 m3 lg�1 during December
2008–April 2009 when the CFPP was already closed (see Table 3).



Fig. 4. Seasonal variations of contributions of the CFPP factor to GEM, GOM, and PBM. The upper and lower boundaries of the box indicate the 75th and 25th percentiles. The
whiskers above and below the box show the 90th and 10th percentiles. The dots above and below the box represent the 95th and 5th percentiles. The red dash line represents
the arithmetic mean value. Spring (March–May), summer (June–August), fall (September–November), winter (December–February).

Fig. 5. Comparison of the directionalities of the CFPP factor contributions to the GEM, GOM, and PBM. The black solid line represents December 2007–April 2008 data (CFPP in
operation). The red dash line represents December 2008–April 2009 data (CFPP closure).

Table 3
Summary of the Kp of Hg (II). The slope and intercept represent the constant in the equation of Log (K�1

p ) = slope � 1/T + intercept.

Time period Slope Intercept r2 Kp (m3 lg�1)

Overall �1300 ± 120 5.0 ± 0.4 0.11, p < 0.01 1.1 ± 4.0
December 2007–April 2008 �1400 ± 330 5.7 ± 1.2 0.09, p < 0.01 0.5 ± 0.5
December 2008–April 2009 �3500 ± 260 13 ± 1.0 0.35, p < 0.01 1.5 ± 6.7
April 2008–December 2008 �1100 ± 280 4.3 ± 1.0 0.06, p < 0.01 1.2 ± 1.3
April 2009–December 2009 �2000 ± 490 7.4 ± 1.7 0.07, p < 0.01 1.2 ± 4.0
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It should be noted that the measurements in this study were done
using the Tekran system rather than separate filter samples. The
limitations of Tekran instruments were previously reported
(Lyman et al., 2010). The arithmetic average Kp of Hg (II) was
67% lower when the CFPP was in operation than as it was closed
probably due to a change of ambient aerosol composition due to
the closure of the CFPP.

The linear relationship between Kp and the ambient tempera-
ture is summarized in Table 3. The slope during the whole sam-
pling period was �1300 ± 120, which is lower than the number



366 Y. Wang et al. / Chemosphere 92 (2013) 360–367
found in North America (Amos et al., 2012). The Kp during these
2 years was inconstant with the lowest value of �3500 ± 260 dur-
ing December 2008–April 2009 and the highest value of
�1100 ± 280 during April 2008 and December 2008. The average
slopes between April 2008–December 2008 and April 2009–
December 2009 were substantially different (�1100 vs. �2000),
which suggests the impact of other factors on Kp after the CFPP
closed.

4. Conclusion

In Rochester, New York, the ambient concentrations of Hg spe-
cies (especially PBM) were influenced by a local CFPP based on a
comparison of results obtained when the CFPP was in operation
and after it was closed. Key results are: (1) Statistically significant
reductions in the ambient concentrations of GEM, GOM, and PBM
were observed. (2) Median GEM, GOM, and PBM concentrations
apportioned to the CFPP factor all decreased significantly after
the CFPP was closed. (3) The greatest reduction in the CFPP contri-
butions was found for northwesterly winds when the sampling site
was downwind of the CFPP. (4) The substantial change of the gas–
particle partitioning coefficient of Hg2+ was observed.
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