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Abstract

This study investigated mercury emission at various combustion conditions and analyzed mercury species in flue
gas from coal combustion at a laboratory scale furnace in coal. The results of this study can be used to predict and
to assess mercury emission at coal boilers and power plants. The coal used in the plants generally contains about
0.02~0.28 mg of mercury per kg. Bituminous and anthracite coal used for the experiment contained 0.049 and
0.297 mg/kg of mercury, respectively. Mercury emissions during coal combustion at temperatures range of 600°C
to 1,400°C was measured and analysed using Ontario Hydro method; the speciation changes were also observed in
mercury emissions. The results showed higher fraction of elemental mercury than that of oxidised mercury at most
temperatures tested in this experiment. The fraction of elemental mercury was lower in combustion of anthracite
coal than in bituminous combustion. As expected, equilibrium calculations and real power plants data showed good
similarity. The distribution of particle size in flue gas had the higher peak in size above 2.5 um. However the peak
of mercury enrichment in dust was at 0.3 um, which could be easily emitted into atmosphere without filtration in
combustion system. When the CEA (Chemical equilibrium and Application) code was used for combustion equili-
brium calculation, Cl was found to be the important component effecting mercury oxidation, especially at the lower
temperatures under 900°C.
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Table 1. Mercury and calcium concentration in coal samples.

Hg conc. (mg/kg) Ca conc:
Coal type

Analysis 1 Analysis 2 Analysis 3 Average (mg/kg)
NCA 0.059 0.081 0.065 0.068 2166.4
Sanseo 0.074 0.061 N.D. 0.068 2311.6
Shinwha 0.040 N.D. 0.057 0.049 9889.0
B.A. 0.061 0.041 N.D. 0.051 212.6
Bituminous Rotosouth 0.037 0.081 0.067 0.062 2801.7
Fording 0.034 N.D. 0.044 0.039 1820.2
Indominco 0.024 N.D. N.D. 0.024 1780.2
Kuzbass 0.057 0.041 0.061 0.053 4171.8
Ensharm 0.012 N.D. N.D. 0.012 28334
K.P.C. 0.032 N.D. N.D. 0.032 1259.2

Anthracite 0.188 0.466 0.238 0.297

*Indonesia: Rotosouth, Indominco, K.P.C, Russia: Kuzbass, Canada: Fording
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Table 2. Chlorine concentration in coal sample.

Cl conc. (ppm)

Coal type Remarks
Analysis | Analysis 2 Analysis 3 Average
NCA 628 629 628 628
Sanseo 261 266 262 263
Shinwha 172 90.6 129 130
B.A 97.2 165 128 263
Bituminous Rotosouth 18.0 422 29.9 30.0
" Fording 133 85.4 94.4 104.3
Indominco 7.90 6.23 7.09 7.09
Kuzbass 15.3 169 16.4 16.2
Ensharm 617 554 612 594
K.P.C. 379 374 379 37.8
Anthracite 26.8 162 18.9 20.6
Chlorine conc.
SRM 1632¢! 1,074 1,079 1,076 1,075 in SRM 1632¢
1,139£0.041 ppm
!Standard Reference Material 1632¢: Trace Elements in Coal (bituminous)
A,
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Tdel HE 42 82 0.297 mg/kgell w3} 6ul
B £28 vt 18|31 Ca TS 24
7] 918t djAF Mgk acid digestion ¥ 1C (Ion Chro-
matography) 2. B-A& A3kt et W Ca ¢4
22 B.A. (2= Alepe] AL 212.6 mgkge g v}
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Fig. 1. Schematic diagram of lab-scale furnace.
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Table 3. Combustion conditions of coal using lab-scale furnace.

Air rate (L/min) Sampling
Coal type Temp. (°C) Time (min) Feeding (g)
Burning Dilution flow (Nm®) gle
600 - - 90 091 10.00
800 - - 90 0.93 10.00
NCA 900 70 10 80 1.21 14.64
1,200 50 10 80 1.17 14.64
1,400 50 10 80 1.16 14.64
Bituminous 600 - - 90 0.78 10.00
800 - - 90 0.72 10.00
Shinwha 900 50 10 80 1.12 3.63
1,200 50 10 80 1.23 3.63
1,400 50 10 80 1.10 3.63
Fordin 600 - - 90 0.80 10.00
& 800 - - 90 0.78 10.00
600 - - 90 0.89 10.00
800 - - 90 0.76 10.00
Anthracite 900 50 10 80 1.16 12.64
1,200 50 10 80 1.06 12.64
1,400 50 10 80 1.13 12.64
1. Rinse filter holder and connector with 0.1 N HNOs.
2. Add 5% ¥I, KMnO, to each impinger bottle until
purple color remains.
3. Rinse with 10% Y/, HNO,.
4, Rinse with a very small amount of 10% ¥/,
NH,OH - H,S0;, if brown residue remains. Rinse Bottles Sparingly with
5. Final rinse with 10% Y/, HNO;. - 0.1 N HNO,
- 10% ¥/, NH,OH - H,S0,
Rinse with 0.INHNO,  ~ O.INHNO;
HNOz/HZOZ ’ HZSO4/KMnO4 ‘
Rinse All U-Tubes with 0.1 N HNO,
Fig. 2. Ontario Hydro method (U.S. EPA, 1999).
shedch(ad 2. 7hagel Ses AR AA A AR FRAS el 9 e AR
Ontario Hydro Method2] €1 o] 100mLe] IN & A A4 2 3% Ev] ZoA)e] A
KCl 49 3702} 100 mLe] 10% H,0,-5% HNO, &4 £ stk =3 A4 EE 10% H,0,-5% HNO; &

1702} 100mLe] 4% KMnO,-10% H,SO, £} 37)=
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e BAF F9vk AR A7 23 & I NKClo
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HSO, 4919 43¢ ¥4 F o2 Yasdo
= Ashaile.

AskA|sh Als g 2hatel] sl WA eE A
sgom, AR BAAR S5t A sk
314 10% SnCl, (10% HCI) 8988 o] Hg®* 3e)
2 ARG 428 HPom Y J3AA Foh
o]= Al 21713543 5 (CVAAs: Cold Vapor
Atomic Absorption Spectroscopy) HA]Ql 4=2-3A 7]
7] (Mercury analyzer RA-915+4 RP-91, Lumex)& ¢]

Table 4. Resuits of mercury emission concentration from coal combustion at the drop-tube furnace.

23] g A4S W 2 52 FES ¥
Ftgon A 422] == EPA 7471 A Method
= $4ste] vehlgieh 2 ¥4 7179 Axae
Z 9Jsll NIST (National Institute of Standards and Te-
chnology) F221¢l SRM (Standard Refference Ma-
terial) 1632C& o]g-3}ed EA7]7]9] H&= 2 A
Ax 5 ZAE3 o SRM 1632Cq0] i-d 422 &
=¥ 0.0938 mg/kge)™, RAIIS+H(CVAAS)E o483t
BA A= 0.0859+0.003 mgkgo = vielyde} vlek
£o¢ 53 2FAA0=8)AH3t oz AAE LOD
(Litmit of Detection)gt-2 3.66 ng/L2 viepystet.

(unit : pg/Nm?)

Coal type Temp. (°C) Er:;isclon P;:irccil:;e Subtotal Vapo::gl: — Hg?*
600 0.60 (?:g(l)) (9()5;,5190) (506.31(1)) <f§.2990)
800 0.93 (2082]60) (70 1..697()) (702%3%) (20'}-17'9())
NCA 900 0.5 (203'.{439) (70(;221) (56?882) (1%?;48)
1,200 0.37 ( 306'413‘;) (603..263 1 (904?725) (2:(2);)
1,400 0.72 ( 10 g_153g) (80 1 .5492) (9()3.5256) (2:21)
Bituminous 600 0.69 (ggg) (901.-6230) (70;660) (207.‘{470)
800 0.55 (10 5?270) (;ﬁ)) (705660) (2()5.150)
Shinwha 900 049 (gigi) (9()5177) (607..3729) (.2()2.125 )
1,200 0.70 (g:gi) (907'.67%;) (904?;) (2:?12)
1,400 059 (8:(7)8) (90§_529 1 (804.555) ( 1()5?595)
- 600 0.96 ( ‘%ﬁ)) (502'_542» (508..2890) (f ! -2210)
800 0.66 0.15 03] o2 o
(22.90) (77.10) (57.40) (42.60)
600 157 (g:;g) (911'230) (60;3290) (307‘.583
800 3.06 (20 | _6970) (72§_319()) (7lé.8780> (20 f .5310)
Anthracite 900 0.5 ((l)g:) (9%.12) (3(2‘.-1890) (605.'3250)
1,200 0.53 (8j§2) («;)ééli;) (5()2.2681) (27'.235%
1,400 1.09 (?:(9)2) (915;?074) (25.71‘1 7 (306.3;3)

x( ): unit, % of mercury compound speciation
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bustion temperatures using the drop-tube furnace
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Fig. 4. Particle size distribution in flue gas from bituminous coal combustion at 1,200°C and 1,400°C.
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Fig. 5. Hg mass fraction of different size particles at 1,200°C and 1,400°C.

10 ppm Cl in Coal
1.2
1.0
§ o08f - — f e
g
5 0 —*Hg
S | —Hga
S 04 HeCh,
— HgO
0.2 s

0
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Temperature (K)

1,000 ppm Cl in Coal

1.2
10

g 08 (-

2 ! —*Hg

2 o4 /' T hea, [
0.2 _/ ___ggg a

0
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Temperature (K)

Fig. 6. Calculation results of Hg content with various Cl contents in NCA coal based on CEA Code.
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Fig. 7. Equilibrium mercury speciation in flue gas: tem-
perature of 50% HgCl, in gas a function of bit.
Coal chlorine content (air ratio 1.5).

2aje] AASAT 2 A% PM2.5~PM-100141 %
"Rl TE & FAel olFolxA gskort U7
FEEE 0.1~ 13um YoM FBEA vebdd
t} B3] d4 &% 1,200°C9 1,400°C 2% 0.3um
SN 71 £ S0l WAT AT o8 F 4
2.9] A4 FAA PM- 25~PM—IOE.C}—— PM-2.5
Nael A 4-29) wEe] A olFolAT g
& ek ol meelA At da A $ER ‘:Jx}x%l
ANAol AAHAA g1 AHez 7] Fo
2 9129 74 PM25 olale] At o] Fo=
CEEREEREDEL N ESERE R
9 A% Foz JAlY oege A Aom 9o
et

3.3 g4 R wE F2H
CEA (Chemical Equilibrium and Application) code
shitzel Jshetd Aes =dz deeln 33
seps 24e ashe el ke o
Al2 Gibbs AF-g-ell ]2 2} Helmholtz ¢y =] 2] 3
3} 71y exe) o) Ad" Y9 matrix
0]2-3lc} (Gordon and Mebride, 1994). ¢F 2,0007)
14ke) zhatEdel] df3t 998 54 databaseE 7]
Hloz o] ==z 7812 aerodynamics$®} thermody-
namics H-ofell A AHL-E 2 QU 1™ 62
S5t NCAY 944 ol w2 529 speciation
e Hymez AAg Aol el NCA-
)3t CEA code®] A 4-& 28] Y4 x5 W 5
& el AR 7l zARe Adsc

P rlr

o]

3

seold A% 9

Tt 2 WEEd 97 247

>
z

Mgt ) daghgeFe]l AR vlEo] 10ppmd
e} 100u] @2 1,000 ppmd Hf, A2
(HgCly) el 50% 3AE= &%7} 7T00KelA] 900K =
Z718e ol Mut W dadtee] we A AR
oo n9 HZgo] AW, v IRelM Popdo
2 AREE 4 £ AU 2 AN HET 2=
W9 3 800°C o]5}e] 2xolr: Alshp-23t Y4
0] AF Aw9) FHelo| 7Pt (2 3). 44
=gyl 2 NCA AEle}l A% Shinwha &}Ff}i‘:]- =
=2 A9 BES HolE & = 9leh
2} 900°C o] Aol 49 ofdfo] Zadrt &
sle] TN ﬂ*’““_i A 3] vt
B 20 fasLoz WIS o Qo
o]2 Z3gksh, 900 c&c} 2o enoNE di B
=7}t }“’ﬂ"‘l’*"] Ao e FEe, 440 =
7 S a5 Ao % %‘r°l Agsd. 2=
I oA EEdME dapore] Al v A
iAol €& st 2] ArbdielA]
1,200°C o]Ato 2 Mehs dAslnz fdas] J3Fol
Rez Zldgd. 18y a7tz 34 7
o] W& LmoA dishes AL, A0 ] A
oz FA Jehd 4 it

Aet | Qa0 el whg
2 259 94 Fxo wet =435d 13 754 7
ol o= glAagEel “‘W“—.i 50%2] Absp2-o]
od
&

=2 e

Seo A8E A=

e 2571 Sk QL8 ehl T e
F3 2k8.¢) Senior ez al. 2000y N = o]e} A}
g el
€ 2T o, AA Mt s sdM e As A
P& ohA|%t CEA code® B3 Mut W A4
Ah A] 529 Abslo] mHH oz 2gae A
& & A °IE ZMEJ “H °&‘_4: =7 429

wez3 olek ool Ame) 4 2%

2 mlo
tor
K3
ok
ot
o
i
g 2
rlr
k:o
0{
5
£
frs
fe
+
30,
H

Ax R Aol WG NEAEE 2D
A3k AR $SRHFE FAF(FF 0049 me/kg)
o Hls) Fdwk(FF 0.297 mgkg)el 6] A= FE

J. KOSAE Vol. 24, No. 2(2008)



248 WhpA - o}FY - AAE - oY -

T

A BAFH M ) Yo ¥4
A et § dygh FALL 50 ppm ofs}el

o= vhehieh fA5ke] A4 600 ppm 29| T
£ 948 TR AT BT 5 A A

& Al da 258 42 & EE NCA Aghe) A
$ 0.55~0.96 pg/Nm®, 418k2] 7 0.55~0.70 pg/
Nm?®, Fording2 0.66~0.96 ug/Nm>2] H$]2 Hej3
Aot T2y Fdeke] A9 0.53~3.06 ug/Nm’e =2
fragtng 2 oz vehge ol Fdw 2}
Aol TR 2] Fraddio 2 Zel 7
st Aoz gbdc) el di A Wizt F £
3}8}2 (speciation) 2] FEHI= AulF oz A3pg

fRooff sal ok

230} YipLo] $AEACL Faske] Ag, 4
ehx} 2 Felpe] Byt vlw Al fdgtel |

s oha B ARE BelFgnh 2ot o4
dubd o g Yipdo] AMskp2uT 9-9jo] glgl
t}h ool 227} FolRaF 20 ¥ I ow
s {7 BAEH AR 7] Al Aoz Aok
welr] 20 Abslga A4 Lol U A
o] Q)= Aoz oz} wFl lab-scaledl| X 2] G4
A zAEE Qas-oat Azl Hlge] A
A EA A R AA Al e} A Aabe et
ok 1,200°C o] AdellA] 13}, NCA, Fdrte] 74
DA 20 52.61~94.75% B2 AH3H42-2 525
~4739% $F0 2 Vel o] WA 40] HER]A]
A ko] Y420 (58.7~68.8%)F A2 (31.2
~41.3%)2] v&3} Aol g4 zpe)7h YA,
Ap20] A Aol AL =3}

Hek @z A s WA 93 rEr
PM-2.5~PM-10 ¥H$jol A& 5.4 um, PM-2.5 ©]3}e]
A= 0.1 =3 0.2umell A A8 o] 3l E H 3l
o} "ol 4~2-9] A9 PM-2.5~PM-10 H X =
A2l A G3L PM-25 o 3H(53] 0.3 um)el A
peak modeE 3JAJsledv)l Met W 4% d4 &

ko 719ke W] CEA codeS g3 A3, J4ess

l GolAE 50%2] Abstg-o] WA d= =7}
BT, 2 A ) el 9 A 42
o) s}l oz watm ol A¢ dsky
o} o] & Zhte o, 4 TRt 20 *&EM] 3

27|88 A A24A A2

INEE
B a7 $A7IeR s A A T2
=z 4—?‘%‘51‘31331 BK2I A}g19] Aol ZHAME =
Hyd
10 Fd

AR 001) H71RABAN, HE 8.

EPRI (2004) Atmospheric Mercury Research Update final
report, CA: 1005500.

Gordon, S. and B.J. MeBride (1994) Computer program for
calculation of complex chemical equulibrium com-
positions and applications 1. Analysis., NASA Ref-
erence Publication 1311.

Lee, S.J., Y.C. Seo, H.N. Jang, K.S. Park, J.I. Back, H.S. An,
and K.C. Song (2006) Speciation and mass distri-
bution of mercury in a bituminous coal-fired power
plants, Atmospheric Environment, 40, 2215-2224.

Meij, R., L. Vredenbregt, and H. Winkel (2002) The fate and
behavior of mercury in coal-fired power plants, Air
& Waste Management Association, 52, 912-917.

Senior, C.L., A.F. Sarofim, T. Zeng, J.J. Helble, and R. Ma-
mani-Paco (2000) Gas-phase transformations of
mercury in coal-fired power plants, Fuel Processing
Technology, 63, 197-213.

U.S. EPA (1994) Method 7471A, Mercury in Solid or Semi-
solid Waste.

U.S. EPA (1997) Mercury Study Report to Congress, Volume
11, EPA-452/R-97-004.

U.S. EPA (1999) Ontario Hydro Method (ASTM D6784-02).

U.S. EPA (2002) Test Eschka Method, Standard Test Method
for Chlorine in Coal.



