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Abstract−Mercury concentration and speciation partitioning, including total mercury, elemental mercury and oxidized
mercury from a lignite-fired power plant under different operating conditions, was studied by Ontario hydro method
(OHM), two kinds of continuous mercury monitors (semi-continuous emission monitor (SCEM) and continuous mer-
cury monitor (CMM)), and the sorbent trap method. The effects of boiler load, fuel blending ratio, electrostatic pre-
cipitator, flue gas desulphurization, flue gas bypassing the FGD ratio, and mercury measuring methods on mercury
emission were analyzed. The results indicated that mercury data from OHM, SCEM and CMM presented a good con-
sistency throughout the entire testing period within ±20% acceptable range; however, the results from Appendix K
provided bigger discrepancies than the results of OHM and SCEM due to the interferences of higher selenium content
in the flue gas. The particulate-bound mercury removal efficiencies of ESP were determined to be 16-35%. The per-
centages of elemental mercury emitted from two lignite-fired power plants were in the higher ranges of 43.9-74.2%.
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INTRODUCTION

Mercury emission as a global air pollution problem is attracting
more and more attention world-wide. Of all the anthropogenic mer-
cury emissions, coal-fired electric utility boilers have been reported
as the largest single category, contributing about one third of total
anthropogenic mercury emissions [1-3]. The US EPA set the final
regulation on mercury emission from coal-fired power generation
on March 15, 2005 [4]. As specified in the rule, the mercury emis-
sion from utility boilers will have to be reduced to a final cap at 15
ton/year in 2018. Coal is a more important energy source in China
than it is in America. China also pays more attention to mercury
emissions and sponsors the projects relative to the mercury emis-
sion control [5].

During combustion, the mercury (Hg) in coal is volatilized and
converted to elemental mercury (Hg0) vapor in the high tempera-
ture regions of coal-fired boilers. As the flue gas is cooled, a series
of complex reactions begin to convert Hg0 to oxidized mercury (Hg2+)
compounds and/or Hg compounds (HgP) that are in a solid-phase
at flue gas cleaning temperatures or Hg that is adsorbed onto the
surface of other particles. This partitioning of Hg into Hg0, Hg2+,
and HgP is known as mercury speciation, which can have a consid-
erable influence on selection of mercury control and measuring meth-
ods [6]. Compared with Hg0, Hg2+ and Hgp are more effectively cap-
tured in conventional air pollution control devices (APCD) (such as
wet flue gas desulphurization, electrostatic precipitators, and fabric
filters, etc.) and are more apt to deposit locally or regionally. Mer-
cury emission control efficiencies for coal-fired boilers can be im-
proved by fuel blending, APCD configuration and its operating con-

ditions [7]. In this paper, mercury concentration and speciation
partitioning, including HgT (total Hg including Hg0, Hg2+ and HgP),
Hg0, and Hg2+ from two lignite-fired power plants under different
operating conditions, was studied by Ontario hydro method, semi-
continuous emission monitors, continuous mercury monitor and
the sorbent trap method. The effects of boiler load, fuel blending
ratio, ESP, FGD, flue gas bypassing the FGD ratio, and mercury
measuring methods on mercury emissions were analyzed.

EXPERIMENTAL

1. Utility Boiler APCD Configuration and Sampling Location
The details of the tested 2 boilers’ configuration are given in Table

1. The air pollution control devices’ configuration and sampling loca-
tion in power plant 2 are shown in Fig. 1. The analyses of tested
Taxes lignite and PRB bituminous coal are shown in Table 2. The
blending coals with 57/43 and 91/9 of Taxes lignite/PRB bituminous
coal were fired in power plant 1 and power plant 2, respectively.
2. Test Methods

Four kinds of Hg measurements were carried out during the test-
ing, which includes Ontario hydro method, PS Analytical Sir Gala-
had analyzer, Horiba Hg-continuous mercury monitor, and the sor-
bent trap method. Mercury in coal collected from feeders and ash
samples collected from the dust collector, ESP, and/or OHM filter
are analyzed with the Leco advanced mercury analyzer 254 (AMA
254). The AMA 254 is cold vapor atomic absorption (CVAA) in-
strument. The AMA 254 has a detection limit of 0.01 ng and a de-
tection range of 0.05-600 ng [8].
2-1. Ontario Hydro Method

The Ontario hydro Method is a standard method for measuring
and speciating mercury in flue gas [9]. OHM has two possible con-
figurations based on EPA Methods 5 and 17, out-of-stack filtration
and in-stack filtration, respectively [8]. A sample is withdrawn from
the flue gas stream isokinetically through the filtration system, which
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is followed by a series of impingers in an ice bath. Particulate-bound
mercury is collected on the filter; oxidized mercury is collected in
the first three impingers containing 1.0 N potassium chloride (KCl)
solution; elemental mercury is collected in one impinger contain-
ing a 5% nitric acid (HNO3) and 10% peroxide (H2O2) solution and
in three impingers containing a solution of 10% sulfuric acid (H2SO4)
and 4% potassium permanganate (KMnO4). An impinger contain-
ing silica gel collected any remaining moisture. The filter media
consisted of quartz fiber filters. An approximate 2-hour sampling
time was used, with a target sample volume of 1 to 2.5 standard
cubic meters. The OHM solutions were analyzed with a Leeman
Labs Hydra AA. The Hydra AA is a cold vapor atomic absorption
(CVAA) instrument dedicated to mercury analysis.

2-2. Semi-continuous Emissions Monitor
The semi-continuous emissions monitor (SCEM), which uses a

gold trap to collect mercury from the flue gas before analysis with
an atomic fluorescence detector, is manufactured by PS Analytical
[9]. The PS Analytical Sir Galahad analyzer consists of four major
components: (1) A probe, filter, and pump module; (2) Heated Teflon
sample lines, which are normally kept at >120 oC and are needed
to prevent losses of Hg along the sample lines, as well as to keep
the speciation the same as that in the stack, and to reduce conden-
sation of acid gases; (3) The stream selection and Hg conversion
system, which splits the incoming flue gas into two streams. One
stream passes through a KCl solution, which removes oxidized mer-
cury, thereby allowing only elemental mercury to reach the detec-
tor. The other stream passes through a stannous chloride (SnCl2)
solution, which reduces oxidized mercury to Hg0, thus facilitating
in the measurement of the total mercury. Both solutions also serve
the dual purpose of removing acidic gases that could damage the
gold detector; and (4) The analyzer and data processing system.
The SCEM system also has an Hg vapor generator capable of sup-
plying a constant stream of Hg vapor (about 14 l/min) for calibra-
tion purposes.
2-3. Horiba/NIC DM-6B Continuous Mercury Monitor

The Horiba/NIC DM-6B is essentially two DM-6 “dry” units
running in parallel. These two units are intended for separating the
mercury contained in the flue gas of coal-fired and municipal waste
incineration utilities into gaseous elemental mercury and oxidized
mercury, and then continuously measuring these two types of mer-
cury by using a dual absorption-cell system [10]. In the first unit,
the sampling gas is drawn from the stack and passes through a filter
to remove dust. The mercury compounds are then reduced to Hg0

by contacting with the solid-state reduction catalyst which is housed

Table 1. Information of onsite tested utility boilers

Power plant Boiler type Lignite/
PRB coal

Power capacity
(MWe) PM control device ESP inlet

temperature (oC) FGD Remark

Power plant 1 Front-wall fired PC 
boiler with low NOx 
burner

57/43 560 Cold-side ESP in parallel 
with baghouse=40/60

211 None NH3 injection 
before ESP

Power plant 2 Front-wall fired PC 
boiler with low NOx 
burner

91/9 860 Cold-side ESP 183 Wet 
FGD

Flue-gas 
bypass FGD

Fig. 1. APCD configuration and sampling locations in power plant
2.

Table 2. Proximate analyses and ultimate analyses of tested Coals

Coal
sample

Proximate analysis Ultimate analysis
Chloride
mg/kg

Mercury
mg/kg

Heating value
Qnet, d

MJ/kg

Ratio of lignite
to PRB
%

Mar

%
Vdaf

%
Ad

%
Cd

%
Hd

%
Sd

%
Nd

%
Od

%

Lignite 1 20.43 29.03 19.57 41.08 5.68 0.49 0.92 32.27 <100 0.18 15.97 57/43
PRB 1 08.16 35.09 08.80 54.85 6.04 0.37 0.57 29.38 <148 0.18 21.60
Lignite 2 16.98 29.27 21.80 43.44 5.23 0.56 0.93 28.04 <145 0.24 16.83 57/43
PRB 2 07.16 35.07 09.79 54.28 5.94 0.34 0.58 29.07 <134 0.08 21.62
Lignite 3 22.51 32.46 13.29 47.65 5.89 1.10 1.02 31.05 <102 0.13 19.60 91/90
PRB 3 07.19 41.67 10.00 61.95 4.90 0.61 1.11 21.43 <100 0.09 24.26
Lignite 4 16.64 33.15 18.83 48.62 5.30 1.61 1.02 24.62 <134 0.18 19.20 91/90
PRB 4 09.70 41.74 07.61 61.70 5.12 0.45 0.80 24.32 <101 0.06 24.04
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in the probe. The sample gas with the reduced elemental mercury
then passes through a chiller to remove the moisture (condensate is
continuously pumped back into the stack) and then it is transported
to the detector via Teflon tubing to be continuously measured by
CVAA. In the second unit, the sampling flue gas passes through a
chiller before contacting with the catalyst. By doing this, the oxi-
dized mercury is removed with the condensate, and a measurement
of the gaseous elemental mercury in the sampling gas stream is ob-
tained. A liquid crystal display shows the mercury concentration,
which is updated every second. The detector unit has outputs for
either an external computer and/or a data logger. The response time
is less than 1 minute, and the sensitivity is listed as 0.1µg/m3. The
advantages of Horiba CMM are that it is more portable, needs fewer
power requirements, costs less, and no requirement of gold trap or

argon. But due to the dry catalyst used, it has some disadvantages,
such as catalyst life and limitation, requirement of the addition of
HCl, and the selenium problem.
2-4. Sorbent Trap Method (40 CFR, Part 75, Appendix K/EPA Meth-
od 324)

Appendix K (or EPA method 324) is for the continuous sam-
pling of mercury emissions in combustion flue gas streams with
sorbent traps [11]. A schematic of a single trap sampling train, which
includes sorbent traps, a sampling probe, a heated umbilical vacuum
line, a moisture knockout, a vacuum pump, and a dry gas meter, is
shown in Fig. 2. Known volumes of flue gas are extracted from a
duct through single or paired sorbent traps with a nominal flow rate
of 0.2-0.6 l/min through each trap. Each trap is then acid leached
and the resulting leachate is analyzed by a cold vapor atomic fluores-

Fig. 2. A schematic of the sorbent trap sampling train.

Fig. 3. The correlations amongst the data trends by four measuring methods in power plant 1.
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cence spectrometer (CVAFS) or by a cold vapor atomic absorption
spectrometer (CVAA).

RESULTS AND DISCUSSION

1. The Effects of the Mercury Measurements on Mercury
Emission

The mercury emissions by four measurements of OHM, CMM,
SCEM, and Appendix K in power plant 1 and power plant 2 are
shown in Fig. 3 and Fig. 4, respectively. In power plant 1, the aver-
aged boiler load was 379 MWe with a standard deviation of 7 MWe,
the NH3 injection before the ESP inlet was about 4.08 kg/h, and
the blending ratio of Taxes Lignite and PRB bituminous coal was
57%/43%. In power plant 2, the averaged boiler load was 852
MWe with a standard deviation of 3 MWe, the percentage of flue
gas bypassing the FGD was 15-22%, and the blending ratio of Taxes
Lignite and PRB was 91%/9%. SO2 removal efficiency is larger
than 95% based on the measured SO2 concentrations at the inlet
and outlet of FGD. As the Figures show, the data from SCEM and
CMM show the same trends, which were consistent with the boiler
load trend. The data from two continuous mercury monitors (SCEM
and CMM) show a good consistency with OHM data during the
test. However, there are big discrepancies between the data from
Appendix K and that from methods of SCEM, CMM, and OHM.
Compared with the testing results in Fig. 3 and Fig. 4, the CMM
provided valid and representative HgT data and the little lower Hg0

data than that from the OHM and SCEM during most of the tested
time. All these indicated that (1) the mercury emission generation
in the flue gas was closely related to the release of the mercury con-
tent in coal caused by fuel consumption during the combustion pro-
cess; (2) the catalysts used in CMM Hg measurement and the car-
bon used in sorbent trap method became contaminated very easily
due to some of chemical compounds in the flue gas, namely, sele-
nium. So, the lifetime of the CMM catalysts and sorbent traps really
presents some challenges for long-term mercury monitoring.
2. The Effects of Mercury Measurements on Mercury Speci-
ation

Fig. 5 shows the result of mercury speciation at the stack from Hg

measurements of OHM, SCEM, CMM, and Appendix K in power
plant 1. The Hg data from CMM, Appendix K and SCEM testing
was used to compare with the OHM Hg data. As can be seen, the
percentage of elemental mercury was in the range of 43.9-58.6%
by different methods. The mercury data from OHM, SCEM and
CMM presented a good consistency throughout the entire testing
period within ±20% acceptable range. For example, the differences
in Hg0 and HgT between the OHM and the SCEM were −17.1%
and 12.3%, respectively; the differences between the OHM and CMM
in Hg0 and HgT were −5.5% and 20.0%, respectively. However, the
difference in HgT between OHM and Appendix K was 31.7%. The
cause of higher discrepancies between the HgT results of OHM and
Appendix K might be the fluctuation of boiler load as shown in Fig. 3.

The mercury speciation amongst OHM, SCEM and appendix
K at a stack in power plant 2 is shown in Fig. 6. The percentage of
elemental mercury was 71.9% and 74.2% by OHM and SCEM,
respectively. The differences in Hg0 and HgT between the OHM and
the SCEM were −3.5% and 3.6%, respectively. However, combined
with Fig. 5, the appendix K results were about 300-500% lower

Fig. 4. The correlations amongst the data trends by four measuring methods in power plant 2.

Fig. 5. Mercury speciation at stack by four-method measurements
in power plant 1.
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than the average of OHM and the other data from two continuous
mercury monitors. The possible reason is that some minor metals
(such as selenium) prevented the vapor phase mercury from being
captured by the carbon inside the traps, thus biasing the testing re-
sults. It is known that selenium species in the vapor phase would
poison some mercury treatment catalysts. This is quite common
because the carbon traps capture mercury with their active sites on
the surface area through gas-solid phase reactions. If these sites are
covered up by other chemical compounds, then there will be no
room left to absorb mercury.

The selenium analyses from the fuel and ash samples are shown
in Table 3, which indicates the selenium in the flue gas at power

plant 2 is higher than that at power plant 1. The scanning electron
microscope (SEM) picture taken from one of the Appendix K car-
bon traps in power plant 2 is shown in Fig. 7. As the figure shows,
many of the Se particles (white particles) were identified on the sur-
face of carbon particles. Therefore, the bias between the HgT results
might be due to the big discrepancies for selenium in the flue gas
at these two power plants. The results also indicate that the fuel blend-
ing could be a powerful tool to control any targeted chemical con-
tents in the fuel (such as mercury, selenium, etc.). As Table 1 and
Table 3 show, PRB coal generally contains lower mercury and sele-
nium content than Texas lignite; thus a proper fuel blending ratio
between the two fuels that produces required heat output could also
minimize unwanted air pollutant emission.

As for the CMM method, due to the possible selenium contami-
nation on the surface of its HgT and Hg0 conditioning catalysts, it is
observed that the catalysts had to be replaced every three to four
days. Besides, the Hg0 data sometimes could vary more than 50%
from the OHM data and the SCEM data.
3. The Effects of Boiler Configuration and Operating Condi-
tions on Mercury Removal Efficiency

Mercury removal efficiency is based on a combined functional-

Fig. 6. Mercury speciation at stack by OHM, SCEM, and Appen-
dix K in power plant 2.

Table 3. The selenium analyses from the fuel and ash samples (mg/
kg)

Power plant
No.

Se in
fuel

Se in
ash

Se in
slurry

Se in
flue gas

TX lignite/
PRB

Power plant 1 2.4 1.0 - 1.4 57%/43%
Power plant 2 4.4 0.6 0.1 3.7 91%/9%0

Fig. 7. Microstructure of the Appendix K carbon trap particles.

Fig. 8. Mercury speciation by the OHM method in two power plants.
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ity of temperature change across the air-preheater (APH), acid gas-
eous content (such as halogen), fly ash reactivity and surface area,
and other trace metal effects [12]. Normally, after the flue gas travels
through the APH, the mercury oxidization formation is complete
when the temperature decreases from the inlet at approximately 370
oC to the outlet at approximately 140 oC. As is well known, a lower
temperature at the APH outlet increases the chances for mercury
oxidization and formation of particulate-bound mercury. So, the
oxidized mercury binds in the fly ash and is captured by the ESP
or baghouse. Fig. 8 shows the mercury speciation at ESP, FGD, and
stack by the OHM method in two power plants. It is observed that
the particulate-bound mercury species in power plant 1 and power
plant 2 were 41.6% and 17.9%, respectively. As the flue gas flowed
across the ESP, the fly ash in the flue gas absorbed the particle-bound
mercury and yielded Hg control efficiencies of 35% in power plant
1 and 15% in power plant 2, respectively. The higher mercury re-
moval efficiency in power plant 1 is partly due to ammonia (NH3)
injection before the ESP inlet, which enhanced the fly ash conduc-
tivity and resulted in the mercury control efficiency due to increas-
ing the amount of particulate-bound mercury. The elemental mer-
cury species in vapor phase at the ESP inlet in power plant 1 and
power plant 2 were 47.5% and 49.6%, respectively. As Table2 shows,
the ESP inlet temperature of power plant 1 and power plant 2 were
211 oC and 183 oC, respectively. Due to the higher temperature en-
vironment at ESP inlet, mercury oxidization was inhibited and re-
sulted in the higher elemental mercury species in the flue gas.

Generally speaking, the post-combustion systems equipped with
a FGD would wash off more than 95.0% of SO2, and at the same
time capture more than 90% of oxidized mercury because both pol-
lutants are water soluble. By comparing the HgT across the FGD in
Fig. 8(b), the Hg2+ removal efficiency was about 60.0%, and around
28% of Hg2+ was emitted into the ambient atmosphere. This is due
to an average of 16% of the flue gas bypassing the FGD during the
testing. So, in order to obtain a higher mercury removal efficiency,
the ESP inlet temperature and the percentage of flue gas bypassing
the FGD should be decreased. All these will increase the percent-
age of oxidized mercury and the chance of flue gas being treated
through the FGD.

CONCLUSIONS

1. Four-method mercury measurement of OHM, SCEM, CMM,
and appendix K was carried out in two lignite-fired power plants.
Mercury emissions data from OHM, SCEM and CMM presented
a good consistency throughout the entire testing period within ±20%
acceptable range.

2. The data from Appendix K produced bigger discrepancies than

the results from the OHM and SCEM due to the selenium interfer-
ences. The lifetime of the CMM catalysts and sorbent traps presents
some challenges for long-term mercury monitoring.

3. At the same level of total mercury emission the elemental mer-
cury emissions at stack in two lignite-fired plants was in the higher
ranges of 43.9-74.2%.

4. The particulate-bound mercury removal efficiencies of ESP
were determined to be 16-35% in two lignite-fired power plants. The
wet flue gas desulphurization would capture more than 90% of oxi-
dized mercury.
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