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Abstract. Comprehensive field measurements are needed Introduction

to understand the mercury emissions from Chinese power

plants and to improve the accuracy of emission invento-Mercury (Hg) is one of the most important environmental
ries. Characterization of mercury emissions and their behaveontaminants that has aroused a global concern due to its
ior were measured in six typical coal-fired power plants in toxicity, long range transport, persistence and bioaccumula-
China. During the tests, the flue gas was sampled simultion in the environment. Coal combustion is believed to be
taneously at inlet and outlet of Selective Catalytic Reductionthe main source of mercury emissions to the atmosphere, ac-
(SCR), electrostatic precipitators (ESP), and flue gas desulfucounting for 60%, or even more, of the total mercury emis-
rization (FGD) using the Ontario Hydro Method (OHM). The sjons (Pacyna et al., 2006). Streets et al. (2009) suggested
pulverized coal, bottom ash, fly ash and gypsum were als@hat the change of global anthropogenic Hg emissions may
sampled in the field. Mercury concentrations in coal burnedrange anywhere from4% to +96% by 2050, depending on

in the measured power plants ranged from 17 to 385 pg/kgfuture implementation of best available technology (BAT) in
The mercury mass balances for the six power plants Varie@oaLfired utilities and energy demand.
from 87 to 116% of the input coal mercury for the whole sys-

tem. The total mercury concentrations in the fllue gas from0_5 mg/kg). At the high temperatures in combustion zone
boilers were at the range of 1.92-27.15 yi/mhich were of boilers, combustion releases the Hg in coal into the ex-

significantly related to the mercury contents in burned coal.haust gas as elemental mercury PHgThis vapor may then
The mercury speciation in flue gas right after the boiler is in- be oxidized by HCI, S@ and fly ash in flue gas due to
fluenced by the contents of halogen, mercury, and ash in th?nermo—chemical processes (Meij et al., 2002; Niksa et al.,
burned coal. The average mercury removal efficiencies of2004. Lee et al., 2006: Park et al., 2008). Oxidized mer-
ESP, ESP plus wet FGD, and ESP plus dry FGD-FF systemg,, . (2+) is soluble and has a tendency to associate with
were 24%, 73% and 66%, respectively, which were SIm'larthe particles in flue gas to form particulate-bound mercury
to the average removal efficiencies of pollution control de- Hg,). Therefore, emissions of g, may be efficiently
. . . pJ L] 1

vice systems in other countries such as US, Japan and S()“E'.tbntrolled by typical air pollution control devices (APCD),
Korea. The SCR system oxidized 16% elemental mercuryy oy a5 electrostatic precipitators (ESP), fabric filter (FF),

and reduced about 32% of total mercury. Elemental Mercurypnd flue gas desulfurization (FGD) systems (US EPA, 1997,

acco_unting for 66-94% of total mercury, was the domi,nar,‘IZOOOb, 2002a). However, because the relative proportions of
species emitted to the atmosphere. The mercury em|55|op|gz+’ Hg, and H& can vary widely, the corresponding re-

factor was also calculated for each power plant. ductions in total mercury achieved by APCD vary (Pavlish
et al., 2003; Srivastava et al., 2006; Lee et al., 2008; Cao et
al., 2008a). For example, the removal efficiency of Hg from
the flue gas by a combination of cold side ESP and wet FGD

Correspondence tdS. X. Wang range from 24 to 70%. Emission speciation is an important
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Mercury is present in coal in trace amounts (0.01-
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of mercury because Hg, Hg, and Hd have very different  cury partitioning and emissions from Chinese power plants,
physico-chemical characteristics and, consequently, differenéspecially those with ESPs plus FGD.
atmospheric lifetimes. In this paper, we present a comprehensive analysis of on-

As the largest coal producer and consumer in the world site measurements for mercury emission and behavior in six
China releases amounts of Hg that have been increasin@hinese coal-fired power plants. The Ontario Hydro Method
rapidly in recent years and are getting more and more attenwas used to sample the mercury in flue gases, at the inlet of
tion (Wu et al., 2006; Pirrone et al., 2009). Wu et al. (2006) the APCDs and at the stack, in order to understand the change
estimated mercury emissions from coal-fired power plants inn chemical forms of mercury. The fate of Hg in coal-fired
China have been growing at an annual growth rate of 5.9%power plants, including its removal by APCDs was quanti-
during 1995-2003, much higher than the average growth ratéied by collecting and analyzing gaseous samples as well as
of all coal consumption sectors. By 2007, the coal consump-solid samples such as coal, fly ash, bottom ash, gypsum (by-
tion by power generation in China increased to 1.49 billion product from FGD), and effluents. The assessment of mer-
tons, indicating an even higher annual growth rate duringcury emission and total mercury mass balance was estimated
2004-2007. from the gathered sample data.

However, mercury emissions for China have large un-
certainties because comprehensive field tests to characterize
Hg emissions from coal-fired power stations are only avail-
able for the developed countries such as The Netherland
(Meij and Winkel, 2006), United States (US EPA, 2002b)
and Japan (Yokoyama et al., 2000; Ito et al., 2006). Duegpgite tests were carried out in six typical coal-fired power
to the paucity of information on Hg emission rates, SPeCia-p|ants across China, covering the most common unit types
tion profiles from Chinese utility boilers and the capture of i, tarms of boiler variety, coal quality, and emission control
Hg in Chinese air pollution control devices, the uncertainty yavice. As shown in Table 1, all the tested units are pulver-
of total Hg emissions was estimated to be approximatelyj;¢q coal hoilers ranging from 100 to 600 MW. Among these
—40%/+70% for coal-fired power plants in China (Streets pits  three of them burn bituminous coal, two burn lignite
et al, 2005; Wu et al., 2009). There are even higher un-.q, and one burns anthracite coal. Al tested units have ESP
certainties for the speciation profiles. Therefore there hag, pgp systems for removing particles in flue gases. Five of six
been increasing needs to characterize the Hg emissions frofcted units install wet EGD while plant 5 uses CFB-FGD, a
coal-fired power plants in China (Niksa and Fujiwara, 2009;type of dry FGD, to control SPemissions. Plant 6 installs
Clack, 2009). Selective Catalytic Reduction system (SCR) to controkNO

Up to now, mercury emission tests have been conducted yissions. During the test period, all of the power units were
only for a few power plants in China (Chen et al., 2007; operating under normal conditions.

Zhang et al., 2008; Tang et al., 2007). Chen et al. (2007)

and Zhang et al. (2008) reported Hg speciation data based op.2  Sampling and analysis methods

flue gas monitoring with the Ontario Hydro protocol from

6 plants at the inlets and outlets to the particle collectionThe APCD configuration and all the sampling locations in
devices. They found that the average mercury removal efpower plants are shown in Fig. 1. The Ontario Hydro Method
ficiency of the ESP systems was 11%, and that of the FHASTM, 2002) was performing onsite tests for total mercury
systems was 52%, much lower than the average removal efand speciation profile at inlet/outlet of SCR (if applicable),
ficiencies of pollution control devices in US plants. The testsESP, and FGD. The samples were withdrawn from the flue
also indicated that share of Pgs. total Hg in Chinese boil- gas stream isokinetically through a probeffilter system main-
ers is much higher than that found in US boilers. For exam-taining the flue gas at 12@, which is followed by a series
ple, the share of HYjis 26% on average for the outlet of ESPs of impingers in an ice bath. The particulate-bound mercury
tested in the US, while such ratio increases to 56% on averis collected on the quartz fiber filter. The Hyis collected
age for Chinese boilers, which may be mainly because thén the first three impingers with 1.0 mol/L potassium chloride
compositions of Chinese coals differ from those of US coals.(KCI) solution and H§ is collected in subsequent impingers,
At the end of 2008, about 48% of Chinese coal-fired powerof which one impinger containing a 5% nitric acid (HMO
plants were equipped with FGD. Considering that FGDs areand 10% peroxide (;02) solution and three impingers with
going to be installed in all new units (according to the 11th a solution of 10% sulfuric acid $$04) and 4% potassium
five-year plan), the application rate of FGDs will reach up permanganate (KMn£), as shown in Fig. 2.

to 60% in 2010 and will keep increasing during 2010-2020 Liquid and solid samples were collected in the field and
(Zhao et al., 2008). However, the test data for Hg emissionsanalyzed in accordance with US EPA 7470A for liquid sam-
from coal-fired power plants with ESPs plus FGD are scarceples and 7473 for solid samples. The impinger solutions are
in China. Therefore, more field tests are needed on moreecovered and analyzed with Cold Vapor Atomic Absorption
Chinese power plants to understand the full details of mer-Spectrophotometry (CVAAS) type mercury analyzer with a

Experimental methods

3.1 Power plants tested
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Table 1. Information of the onsite tested utility boilers.
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Power plant  Installed capacity (Mw) Location Boiler type  Air pollution control devices (APCDs) Coal type Coal consumption (kt/yr)
Plant 1 200 Guizhou PC boiler ESP+WFGD Bituminous 894
Plant 2 600 Guizhou PC boiler ESP+WFGD Bituminous 1672
Plant 3 300 Guizhou PC boiler ESP+WFGD Anthracite 836
Plant 4 600 Guangdong PC boiler ESP+WFGD Lignite 1280
Plant 5 100 Shanxi PC boiler ESP+CFB-FGD+FF Bituminous 363
Plant 6 165 Beijing PC boiler SCR+ESP+WFGD Lignite 452
Notes: PC boiler — pulverized-coal boiler
ESP — electrostatic precipitator
FF — fabric filter
FGD - flue gas desulfurization
WFGD —wet FGD
CFB-FGD — circulating fluidized bed FGD
SCR - selective catalytic reduction
Table 2. Proximate and ultimate analysis of tested coals.
Coal sample Proximate analysis Ultimate Analysis
Mua  Ag Vdaf FCy4 Q Cy Hy Ny (o} Sy Cl F Br Hg
% % % % MJkg % % % % % ma/kg mg/kg mg/kg  pg/kg
Plant 1 1.70 3249 1530 57.18 21.17 5935 241 0.92 0.80 4.03-46) 21525 55£19 233t12 (6)
Plant 2 1.27 3437 25.06 49.18 19.60 57.27 3.06 095 3.21 1.14 £1PH(4) 15655 34+:17  142+38 (3)
Plant 3 1.74 31.06 1231 6045 2051 59.82 222 092 202 3.96 +3AR) 235+26 55+22  174+19 (6)
Plant 4 7.60 2134 3599 5035 21.73 6218 346 0.76 11.70 0.56 +1B3() N.A. N.A. 3510 (5)
Plant 5 125 36.32 24.11 4833 2051 5239 288 0.79 5.22 2.40 +68.81) 149-43 63t6 385+113 (5)
Plant 6 6.11 7.42 3470 60.46 22.82 7552 413 0.84 11.65 0.44 +£8BQ) 11432 4247 1745 (7)

Note: the numbers in brackets are number of samples analyzed; the numbers of samples for analysis of F and Br are same as that for analysis of Cl content.

detection limit of 0.005 pg/m The samples of coal, fly ash, cury species had occurred and the sample collection was not

bottom ash and gypsum were analyzed with Direct Mercurysuccessful.

Analyzer (Milestone DMA-80, ltaly) with a detection limit The removal efficiencies of APCDs can be calculated ei-

of 0.05 pg/g. ther by the mercury concentration in flue gas at inlet/outlet

of APCDs or by the mass balance. The removal efficiency

based on the mercury concentration in flue gas at inlet/outlet

of APCDs and that based on the mass balancing were com-

All' sampling tests and analysis were carried out in triplicate pared and their differences were less than 20%.

or more to obtain parallel results and reduce uncertainties.

The parallel tests were found to be reproducible. Differences

of tests in each sampling site are within a range@0%, 3 Results and discussion

which is acceptable for onsite tests. Most of the differences

came from the fluctuation of flue gas because of the time3.1 Properties of feed-coal

difference of sampling. The error in the analytical procedure

is less than 5%. The data obtained from tests at the sam&he six selected plants are located in different parts of China,

conditions were averaged to get the final results. and thus the coal collected from each plant has different
Each of the seven impingers in the sampling train of On-qualities. Differences in coals quality may lead to a differ-

tario Hydro Method was recovered and analyzed separatelyent behavior of mercury species in the flue gas. The results

Thereby the success of the sample collection can be evalf proximate and ultimate analysis of feed-coals were pre-

uated. For example, if the first KCI impinger collected sented in Table 2. The contents of mercury, chlorine (Cl) and

over 85% of the H§" and the last one collected less than ash in coal have significant impacts on Hg speciation. The

5%, we could have a reasonable degree of confidence thahercury content in these coals varies from 17 to 385 pg/kg,

the H™ had been successfully collected. Otherwise wewhich agrees with mercury contents of 10-570 pg/kg in Chi-

would hypothesize that a considerable breakthrough of mernese coals found by other researchers (USGS, 2004; Zheng

2.3 Quality assurance and quality control (QA/QC)
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Fig. 2. Ontario Hydro Method for measuring mercury speciation in flue gas.

et al., 2007a, b). The chlorine content in feed-coal varies3.2 Mercury concentration and speciation in flue gas
from 63-318 mg/kg, which is much lower than the average

value of US coals, 628 mg/kg (Ren et al., 2006). The ashTable 3 gives the concentrations of total Hg,°Hgg?" and
content of tested coals varies from 7.42 to 36.32% and sulHg, across APCDs in 6 power plants. All the data are nor-
fur content ranges from 0.44 to 4.03%. The ash and sulfumalized to dry flue gas in standard conditions.

content of coals used in plant 1-5 is much higher than that in )

US coals. To identify the impacts of bromine (Br) and fluo- 3-2-1 Mercury release from coal combustion

rine (F) on Hg emissions, we also analyzed the content of Br. L .
and F in tested coals. The results indicate that the fluorine i The total mercury conceniration in flue gas at inlet of ESP

. at inlet of SCR for plant 6) varies over a large range, from
I f 114 to0 2 k f 4 N i
gg%ga;li\ges rom to 235mg/kg and bromine from 3 to1.92 to 27.15 pg/f There is significant correlation between

the mercury content of coal and the total mercury concentra-
tion in flue gas released from the tested boilers (as shown
in Fig. 3), with a correlation coefficient of 0.98 for bitu-
minous and lignite coal-fired boilers. The anthracite coal-
burning unit emitted higher concentration of total mercury

Atmos. Chem. Phys., 10, 118B192 2010 www.atmos-chem-phys.net/10/1183/2010/
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Table 3. Concentrations of different mercury species in flue gas at each sampling location.

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5 Plant 6
Before SCR  Total Hg 1.920.05
(Hg/nP) Hg2t 0.15+0.04
Hg® 1.55+0.12
Hgp 0.22+0.02
Before ESP  TotalHg 20.#42.17 15.06:1.99 27.150.46 3.130.13 26.932.33 1.89:-0.13
(Hg/nP) Hg2t 11.42£0.74 4.64:0.83 22.220.35 0.420.11 23.731.83 0.4@:0.10
HgP 6.00+0.66 7.05:0.32 2.1#0.32 2.48:0.26 2.780.40 1.02:0.07
Hgp 3.36t£0.17 3.340.53 2.82:0.36 0.23:0.04 0.42:0.10 0.420.02
After ESP TotalHg 13.261.89 8.0&1.15 24.35:0.64 2.94:0.11 21.96-4.13 1.44-0.04
(Hg/nP) Hg?* 8.92£1.24  3.990.39 17.980.58 0.42:0.06 18.36:3.64 0.44:0.03
Hg0 4.2740.74 4.08:0.63 6.44£0.55 2.5@0.14 3.58:0.57 1.0@:0.03
Hgp 0.01£0.00 0.0@0.00 0.0@0.00 0.02:0.00 0.02:0.00 0.0@:0.00
After FGD TotalHg 6.6%1.24 4.53:0.68 5.06:0.43 2.2#0.19 1.22£0.12
(ng/m?) Hg?* 1.66:0.64  0.84:0.20  0.45%0.09  0.14:0.03 0.13:0.02
HgP 5.03+£1.05 3.7@:0.40 4.610.46 2.130.20 1.08:0.11
Hgp 0.00+0.00 0.0@0.00 0.0@0.00 0.0@:0.00 0.0@:0.00
After FF Total Hg 9.16:1.69
(Hg/n?) Hg?" 3.04:0.64
HgP 6.114+1.09
Hgp 0.01£0.00
35.00 the Hf and Hg™" in the gas phase condenses on or is ad-
-y Anthracite coal sqrbed by_ fly as_h particles. According to Table 3, the speci-
= g ation profile varies a lot among the tested plants. Generally
£ 2500 - the share of HYto total Hg in flue gas released from lignite
§ coal-burning boilers (80% on average) is significantly higher
S & 2000 - than that from the bituminous coal-fired boilers (30% on av-
;‘E T 4 erage). By contrast, the share of Hgto total Hg in flue
° = gas released from lignite coal-burning boilers is significantly
£ 10.00 - lower than that from the bituminous coal-fired boilers. The
= share of Hg to total Hg varies from 2 to 22%, which is sig-
] 5.00 o
& & Cotrelslion coctEdiont =008 nificantly onver than that from US tests.. . _
0.00 Halogen in coal can be a key factor influencing Hg speci-

100 200 300 400 500

Mercury content of coal (ng/kg)

Fig. 3. Correlation between mercury content of coal and total mer-
cury concentration in flue gas released from boilers.

than the bituminous and lignite coal-fired boilers, which is in
line with a previous study in Korea (Park et al., 2008). Fur-

ation. We collected data from over twenty onsite tests and
analyzed the effect of chlorine content in coal on mercury
speciation in the flue gas released from the boilers, as shown
in Fig. 4a. We found that, with three sample points excluded,
the correlation coefficient reached 0.75, indicating that chlo-
rine content of coal may have significant effect on distribu-
tion of different mercury species. This is in line with previ-
ous studies (Yang et al., 2007; Chen et al., 2007). The follow
reactions show the mechanism of mercury changing from el-
emental form to oxidized form with the presence of halogens

ther study is necessary to investigate the mechanism of HgC| and Br). In the reactions, M stands for metal and X stands

release from anthracite.

During combustion, most of the Hg in coal is first released
in Hg® form. With the existence of Cl, Br, and particles in
flue gas, part of the Hyis oxidized into Hg™ either by gas

for halogen.

phase oxidation or catalytic oxidation (Galbreath and Zygar-

licke, 2000). As the flue gas temperature decreases, part dfig(s) — Hg(g)

www.atmos-chem-phys.net/10/1183/2010/

MX (s) —> MX(Q) (R1)
MX (9) — M(9) +X(9) (R2)
(R3)
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0 - ¢ In Eq. (1),y is the total amount of adsorptio&; andb are
constantsp is the partial pressure of the adsorbate. Mercury
is a trace element in flue gas, which meaps<1. Accord-
ingly, Eq. (1) can be rewritten as Eq. (2):

40 -
30, @
20
y=Kbp (2

1w ¢ Correlation coefficient =0.83
0

Percentage of Hg?" in flue gas (%)

For a certain amount of adsorbent, more mercury leads to
higher mercury partial pressure, and higher partial pressure
(b) Bromine content of coal (mg/kg) leads to larger amount of adsorption. In other words, the
higher ratio of mercury content to ash content of coal (M/A
ratio) contributes to higher adsorption rate, i.e. the, lggr-
centage in flue gas. The correlation between M/A ratio and
Hg, percentage was tested in Fig. 5. We found that the cor-
relation coefficient was 0.79 when we removed two excep-
tional sample points. The exception might have something

to do with the temperature, which is another sensitive vari-
Ho(@ +2X(@ — HoXx(9 (R4) able in the adsorption process.

30 35 40 45 50 55 60 65 70

Fig. 4. Correlation between halogen content of coal and th%ﬂ-lg
percentage in flue gas released from boilea) chlorine; (b)
bromine.

The three exceptional sample points in Fig. 4a are proba3.2.2 Mercury behavior across APCDs
bly because of the bromine content of coal. There is evidence
that bromine species are capable of enhancing the conversidaSP is the most commonly used APCD in coal-fired power
of Hg® to Hg?t (Liu et al., 2007; Cao et al., 2008b; Niksa plants. In China, more than 90% of total installed power
et al.,, 2009). We found there was significant correlation capacity has ESPs. Particulate-bound mercury is simultane-
between the H§ percentage in flue gas released from the ously removed when the particles are captured by ESP. ESPs
tested boilers and the bromine content of coal (see Fig. 4b)¢can capture nearly all Hg as shown in Table 3. Although
with a correlation coefficient of 0.83. The bromine content gas phase mercury is barely removed by ESPs, it does trans-
of coal eventually determines the Hgpercentage in the flue  form continuously across the ducts and devices. Oxidized
gas more than chlorine. mercury with positive charge, on the other hand, will move
The particulate concentration in flue gas is largely affectedforward along with the flue gas. Therefore, Hgs unlikely
by the ash content in coal burned. Particles tend to be théo be adsorbed onto particles to transform to,Hgowever,
adsorbents in flue gas. Mercury adsorption onto the particsome of the Hf will be adsorbed or oxidized into Hgor
ulates in flue gas can be considered as mono-molecule-layéig®" when cooling to 400C, which explains the fact that
adsorption. Therefore, Langmuir's adsorption isotherm for-total gaseous mercury decreased when going through ESP

mula (see Eq. 1) can be applied in this case. in some tests (plant 1, 2 and 5). The concentration of total
gaseous mercury at outlet of ESP was 18-30% lower than
Kbp that at inlet of ESP for plant 1, 2 and 5. Another process tak-

YT 1t (1) ing place inside ESP is the transformation of2¥go HgP.

Atmos. Chem. Phys., 10, 118B192 2010 www.atmos-chem-phys.net/10/1183/2010/
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If no Hg?™ was supposed to be adsorbed to particles, then
all the Hg* reduction occurred across the ESP because all
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Hg?*+ was transformed into Hg The balance between Rt
and H@ was broken when some of the Hwas adsorbed 50
onto the particles and removed by ESP. To build up a new g 40

it.
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balance, some Hg converts into H§. The rate is kinet- 30 - =
ically controlled and the concentration of Hgplayed im- N
portant role, as shown in Fig. 6. As a result, the share of = '*° ! -
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Hg? at outlet of ESP was 46% on average, which was much Plant] Plant? Plant3 Plant4 PlantS Plni6  U.S.
higher than that at outlet of ESPs tested in the United States
(26% on average). Fig. 8. Comparison of mercury removal efficiencies.
Wet FGD is also widely used in Chinese coal-fired power
plants. Due to the solubility of Hg in water, 67-98% of
Hg?* was absorbed in the scrubber solution and retained irwhen flue gas goes through CFB-FGD and then be captured
the FGD gypsum. Higher concentration of Hgin the flue by FF system. Due to the high percentage of Hi flue gas
gas led to higher removal efficiency in wet FGD (see Fig. 7).after ESP, the removal efficiency of CFB-FGD+FF for¥g
The reduction of H§ in flue gas across wet FGD was less is over 80%.
than 30%. Final emission from stack to the atmosphere varied from
Plant 6 is the only tested plant installing SCR. Accord- 1.22 to 9.60 ug/rfy and was dominated by MgFor the boil-
ing to Table 3, the three mercury species were redistributedrs with wet FGD systems, the share of®Hg total Hg in
across SCR. The oxidability of flue gas was enhanced in SCRtack gas to the atmosphere was 75-94%. For the boiler with
due to the existence of the catalyst. The catalyst can acceleESP+CFB-FGD+FF system, the share oPHig total Hg in
ate Reaction (5): stack gas to the atmosphere was 67%.

60 -

ercury removal efficiens

Bit. Bit. Bit.
S.

Japan S.Korea

catalyst

Hg+0, 2% 3.3 Mercury removal efficiencies of APCDs

Hg® (R5)

Part of the H§ was thus transformed to K. The share In this study, the average mercury removal efficiencies of the
of Hg2* in flue gas increased from 8% before SCR to 21% ESP» ESP+WFGD, and ESP+CFB-FGD+FF systems were

after SCR. On the contrast, the share ofltgflue gas de- 24%, 73% and 66%, respectively, as shown in Fig. 8. The

creased from 81% before SCR to 54% after SCR. Ammoniaremoval efficiencies of ESP for tested power plants, includ-

injection before SCR might have positive effect on the ad-'""9 the results from UOS’ Japan and South Korea, ‘_’?”ed_ sig-
sorption of mercury onto the particulate matter. That couIdnlflcantly from 6 to 52%. The mercury r_emo_val efﬁmenc_les
be the reason why the Hgconcentration increased. More of ESP+WFGD were around 70% for bituminous coal-fired

tests are needed to confirm the effects of SCR and its catd?®We' plants. The Hg removal efficiency for anthracite coal-
lysts on mercury speciation urning unit is higher than that for bituminous coal. The lig-

Plant 5 is the only plant with CFB-FGD plus FF system nite coal-burning plants have lowest Hg removal efficiencies.
The sticky Hg" in flue gas tends to adsorb on the particles
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Table 4. Mercury contents in solid samples.

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5 Plant 6
Feed coal (ug/kg) 23B12(6) 142+:38(3) 174t19(6) 35:10(5) 385:113(5) 1&5(7)
Bottom ash (ug/kg) 21(6) 16+4(4) +3(3) 3H1(3) 3+1(6) 1+£0(7)
Fly ash (ug/kg) 29%59(5)  245:34(5) 160:19(4) 10k2(6) 134+36(4) 24+-3(6)
Gypsum (ug/kg) 368108(3) 5618(3) 309t12(6) 9G:7(4) 38+4(5)
Fine ash (pg/kg) 2945132(3)

Note: the numbers in brackets are number of samples analyzed.

Table 5. Mass balance and emission factors of the tested coal-fired power plants.

Plant1 Plant2 Plant3 Plant4 Plant5 Plant6

Hg in (g/d) 570.7 757.6 479.6 1386 799.2 26.4
Feed coal 570.7 757.6 479.6 138.6 799.2 26.4
Hg out (g/d) 5543 7734 556.7 1200 816.8 275
Bottom ash 0.2 7.3 0.1 0.1 0.2 0.0
Fly ash 1949 3325 101.0 54 88.6 6.5
Gypsum 200.9 237.1 351.8 27.5 35
Fine ash 464.3
Stack gas 158.3 196.5 103.7 87.0 263.7 175
Hg out/in (%) 97.1 102.1 116.1 86.5 102.2 104.3
Emission factor (mg Hg/t coal) 75 43 32 25 131 11
The overall mercury removal efficiency was in a loga- 100% -

rithmic correlation with the total mercury concentration in

the flue gas after the boiler (Fig. 9). Shape of the correla-
tion curve was determined by the chlorine content, bromine
content, and M/A ratio of the coal. The combination of

SCR+ESP+WFGD has relatively higher mercury removal
efficiency than ESP+WFGD due to the oxidizing effect of

SCR. Combination of ESP+CFB-FGD+FF has a relatively
lower efficiency than ESP+WFGD, which indicates stronger
co-benefit of mercury abatement from wet FGD than from
dry FGD system.

80% - )
SCRAESPYWFGD . ® G TR
60%

- ESP+WFGD

40% - ESP+CFB-FGD+FF

20% -

0% -+ : : ‘ : : ‘
000 500 1000 1500 2000 2500  30.00

Overall mercury removal efficiency

Total mercury concentration in the flue gas after boiler

3.4 Mercury mass balance in coal-fired power plants
y b b (ng/m?)

Table 4 shows _the Ho _Concentratlons of solid apd II.qUId Sarn-Fig. 9. Overall mercury removal efficiencies of tested power plants.

ples collected in the field. The Hg concentration in bottom

ash ranged from 1 to 16 pg/kg. The concentration of Hg in fly

ash from the ESP hopper varied from 10 to 295 ug/kg. Thereed-coals. All the results were within the acceptable error

Hg content of gypsum (by-product from wet FGD) ranged range 0f20%.

from 38 to 561 ug/kg. In addition, the Hg in fine ash from  The mass balance results indicate the fate of mercury

FF was 2945 pg/kg. All of the collected data have been used,cross APCDs in power plants. Figure 10 is the summarized

for the calculation of mercury mass balance in the coal-flreddiagram with mass distribution of mercury in the coal-fired

power plants. . power plants. Only a very small park{%) of Hg in coal
The mercury balance was estimated based on the resulgas retained in bottom ash. About 5-43% of Hg is collected

of Hg analysis in above sessions. Table 5 gives the detal}% the ESP fly ash hopper. About 13—-63% of the Hg in coal is

of the daily average mass balance calculations for all the sixgptured in gypsum of wet FGD and 19—72% of Hg is emit-
plants. For all the six power plants, the mercury balancese( to the atmosphere.

recovery rates ranged from 87 to 116% of the mercury in
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firmed significant amount of Hg removal by ESP and FGD
systems. The average mercury removal efficiencies of the
ESP, ESP+WFGD, and ESP+CFB-FGD+FF systems were
24%, 73% and 66%, respectively. And 19-72% of Hg in
flue gas was emitted to the atmosphere through stack, which
was dominated by Hy
For a better reliable understanding of the mercury behavior
| from a coal-fired power plant and other combustion facilities,
20% | :\\\ I long-term experiment plan and continuously monitoring of

10% | ‘””" i the flue gas are necessary.
b (1]

Mass distribution

Plant 1 Plant2 Plant3 Plant4 Plant5 Plant6
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