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Abstract — Emission of heavy metals as hazardous air pollutants has been focused with tightening regulatory limits
due to their hazardousness. Measurements and characteristic investigations of heavy metals emitted from a commercial
power plant burning anthracite coal have been carried out. The plant consists of a circulating fluidized bed combustor, a
cyclone, a boiler and an electrostatic precipitator(ESP) in series. Dust and gaseous samples were collected to measure
main heavy metals including gaseous mercury before ESP and at stack. Dust emissions as total particulate matter
(TPM), PM-10 and PM-2.5 at inlet of ESP were very high with 23,274, 9,555 and 7,790 mg/Sm>, respectively, as
expected, which is much higher than those from pulverized coal power plants. However TPM at stack was less than 0.16
mg/Sm’, due to high dust removal efficiency by ESP. Similarly heavy metals emission showed high collection effi-
ciency across ESP. From particle size distribution and metal enrichment in sizes, several metal concentrations could be
correlated with particle size showing more enrichment in smaller particles. Mercury unlike other solid metals behaved
differently by emitting as gaseous state due to high volatility. Removal of mercury was quite less than other metals due
to it's volatility, which was 68% only. Across ESP, speciation change of mercury from elemental to oxidized was clearly
shown so that elemental mercury was half of total mercury at stack unlike other coal power plants which equipped wet a
scrubber.
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EAlel Q17 s 3, AdAlde] nEskE A AREE
g, A Fo| gEER F7FEe] wet sedaldS glolAe
QF H= A SAll RS Edteke felldlvedE=ds
HiEehs 1 esddos A Aopet. wehk Aeksle Al de|
A &= JAVS 24 (particulate matters, PM)Oll= S550] 1]
2 2stE o] Qitk YiAY B4 T YA A ol v
ol AAm v T3 S 557] A WA= WhE PM-
10(371998H4 27 o] 10 micrometers® tF 25> A &)}
PM-2.5(57198M 270] 2.5 micrometersE T 21> A =2)
o} 22 mAIIA; H 2w|A] JRke] A9 HXE Zlso] AT W
43 AHJo] A RS 5 QT A4 SN YA =
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FElo] = ACHEYA 2 T ARV slRE Agke] T
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9 QAP 5 AEE S5HE dotrgion 53] 529
Z SAS U8 Aol & F gl AR AR A=

foir 1|

o rlo

2.4 H

2-1. & oy A2
A Bdels Sueld At Fdvs ARE AR

ol
-

ampling
Point

Fig. 1. APCDs configuration and sampling points.
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ton/hr(200 MW)O | &85 Q13)) A3 M7 FAvS =3 A
7% S 3 55 Bdefolth wiEs s Ak =4 Al
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9 37197 (pre-heater)z gk $-of WHE AAH 27]2] 17]
AR71E Tl 150 m 1AES B8 wigdnh 59 A8
7] 7719 Aek} Sdtex] SA8glom wizks 5= WA
AP Ato] 130°C oftoln] f552 A7133%17] Ado] 23 mys,
] 15 myse]h. ti7] e dA AL 7] Hx17]o] AeA
A A4S B3] NOE SJAlghtt. e Aeks] o] A
WS B, fly ash] ¢ A dolE AR Z (siloel] A8E F
E 52 Ae-gEv vl (bottom ash)y= A3k AFef= W
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& e}, S8 2403 140 7 TEEh ik A
] A7F ARk AREEES 601,950 tono] ™ HHATES 1,213,992 MWH/
otk Fig. 10 A3 dPdrde] WRA A7 S4AHS Y

22, =AM S SIS AR SR2| AlE AF H 24 Ui
FW A (total particulate matter, TPM)2] 573 2 242 US EPA

107} PM-2.59] WiEss} MilEs= A =49 =2 s 5
sl 913 thek] S5 U524 7](cascade impactor)=4] EPASA
A}k A8 (Method 201 A-Determination of PM-10 Emissions)
[71°]l 213+8E Andersen Instruments*}] Mark 111 particle sizing stack
samplers AHE-5FSIT).

2-3. 23RS MFEAEH

F2E79uPS EPA Ontario Hydro Method[8]2}F EPA Method
101 A[9]5 AF&-3F3Ith. Ontario Hydro(standard test method for
elemental, oxidized, particle-bound, and total mercury in flue gases
generated from coal-fired stationary sources) #'H->- % 8719 A
7} AREE =T, 1st~3thellA] IN KCl S50 2 A2 (Hg? S
AL, 4tk HNO,H,0, TS AHgalo] $0,2) F8t
ArF2H")S S35k, WA Sst~7th LA A KMnO,-
H,S0, S92 Aag-2H" S S573te] wi717kx 3§ 52313
=9] 3}8lE o] 71551tk EPA 101A(Determination of Particulate
and gaseous mercury emission from sewage sludge incinerators)™
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Table 1. Sampling and analysis method

Pollutants Sampling method Analytical method
Total Particulate matter ~ US EPA M-5

PM-10, PM-2.5 US EPA M-201A

Heavy metals US EPA M-5, EPA M-3050B

(Cd, Pb, Cr, Cu, Ni, Zn, As)US EPA M-201A (ICP-MS)

Gaseous mercury EPA Ontaio Hydro ~ Cold Vapor Atomic
and particle bond Method, EPA Method Absorption
mercury 101 A Spectroscopy

SEvet 71 AT A EH T AR F a9 ABA 7T AL
Hr, 1st~3th YAA] 4% KMnO,-10%H,S0, S5olx 7E
FogletE-S F45H vk EPA 101 A WS O =e3)gt
E29] 3pekE Lo BErlssltls Aolt). Table 19 & 7ol A}
S8 A8 AF 9 B S T oE skt

3. 44 3 oF

7 SFERAAIEE FR1EE '] 5738 Table 2
S GFE]

X3 T
12,N 02 and O 1.7%°13]t}.
22 4.5, 3R (volatile)> 8.9, 17 B~ (fixed carbon)= 54.8, A
(ash)®] 739 32.2%= Yebdct. it Faek A g9] A9 whds
2 Bt 4,673 kealkg?] ATE B3 oH FH42] 749 F€](Cu),

Table 2 Properties of anthracite coal
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0.16 mg/Sm’= LERsE oM o]efgh Avh= QAP Exol| vish
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Analysis, e 89 Cr 459 Ao 5HT ol Aol SHE F55 5 Hedl A%

W% Ash 122 c ) Class IIE 2757] wizol] g4 ti7] e @UAAE S Fost &
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C 644 Analysis, Ni 1234 w 7}2d sleg o 2 ERECE Ph, Cd, Zn2] 79 Class 12
Elemental H 12 mg/kg Pb 2011 o] Adds] W HEo] WA SJsiA A= diE o
Analysis, 0 1.7 Zn 2726 ERSATE. Ni, Cr Class [0 2 575 0] VAR vi&E gl of
Wt% N 0.5 Mn 8840 Yet vl 3ol 9le AloR AlREnh t7] A
5 o4 Mg 98036 g dmkeli o] F34% 3 St Wl >oll>AE>UAon 4

Table 3. Heavy metals in TPM emission from tested CFBC (ug/Sm>)

Facility m;‘;ﬁﬁi fggﬁ;ber T?:};;’;;'}g@ cd Pb Cr Cu Ni Zn As
Inlet APCD #1 20543.08 13.04 1497.16 1068.42 1268.41 1155.97 817.29 278.61
Inlet APCD #2 23237.97 9.91 1452.38 631.99 1317.32 740.65 697.03 322.17
Inlet APCD #3 27920.26 9.80 1464.01 594.30 1499.72 656.29 695.96 387.19
Inlet APCD #4 24037.73 ND 1525.22 509.42 1509.88 437.35 603.28 297.52
Inlet APCD #5 25559.07 6.29 1563.62 521.19 1552.65 474.22 616.66 318.82
CFBC Inlet APCD #6 27232.09 6.98 1597.25 591.14 1657.32 548.21 653.15 328.00
Inlet APCD #7 12011.53 ND 809.32 283.72 869.34 245.03 385.97 150.07
Inlet APCD #8 16340.09 ND 1030.8 320.56 1104.40 284.17 414.83 173.33
Inlet APCD #9 19864.07 5.75 1215.82 338.14 1056.37 313.62 420.52 230.87
Avg, 23274.45 5.75 1350.62 539.88 1315.04 539.50 589.41 276.29
Stack #1 0.16 ND ND ND 3.24 1.80 ND ND
RE (%) 99.99 100 100 100 99.75 99.67 100 100

The value in bracket is the oxygen concentration in %; ND=Not Detected; CFBC: Circulating Fluidized Bed Combustor

sjstgat

H48H HM2= 20104 42



TS AR SE5 e 271
Table 4. Heavy metals in PM-10 emission from tested CFBC (ug/Sm>)
s Sampling point, PM-10 conc. (6) .
Facility mesurement number (mg/Sm’) cd Pb Cr Cu Ni As
Inlet APCD #1 562.23 2.72 843.17 559.29 648.48 507.35 110.58
Inlet APCD #2 12931.12 4.36 1154.70 603.16 909.67 502.15 160.02
CFBC Inlet APCD #3 15172.55 7.45 1604.49 1819.94 1265.23 929.03 225.76
Avg. 9555.30 4.84 1,200.79 994.13 941.13 646.18 165.45
Stack #1 ND 0.37 1.77 4.53 2.40 1.73 2.71
RE (%) 100.00 92.36 99.85 99.54 99.74 99.73 98.36
SIHEH SO £ B ROV ABeldE AY il Uk W el 1 zstol 2 5] Q17 ) o]
SaEo] dEol HA oA v we %Eé vkeblet, &5k o] o Fo a4 L (volatility)o] k. -5 AL]F TS

a]zf]— THEE & AT (volatilityy O iAol ke gk

Bk ul40) 29 W B o vl e

3-3. PM-10 ¥ 53 HIESM
B AFolA = IR FEE T O R HlEEE TR o}
Yz} QIERAo] o]Fo] H O Table 4+ PM-109] 5% 2 PM-
109 23He S50 F5E YER B0tk #355 AnAl
oA WlEE = PM-102] F1F FEE 9,555.30 pg/Sm30]U% A7)
AX7)1E FaA AAEE PM-102] AATZELS 92.36~99.85% ¢l
742& QLT & Rl rARR] B s s damt
EAoR thE nlitek A4 WAl del vls) A YeRdt
E{J Aojggo] Au g R 23 AT TSl avE
o2 AojE L et Tk FE7E] gt Zjols HolwA] 2zke]
o] Qs 7EEE, vlA, W A9 AlAEEe] Bl v B
2S5 B g7 o dWR Al Ao du g=0] 2z}t
1,200.79, 994.13 pg/Sm’C. % 7P =2 ghs vehllon Jl=F
o] 4.84 pg/Sm’O. % 7 A2 ke vehilh, FwAel e
=% T 59 ARH ' w5t 7HE oM StERY F
T2 7P we AE 4 5 Sloh ti7| @A A el A e &
o5 T TEE WaAs>TE YA ATIER FOE B
TS Holom wEA e R AESH] A>T > > A>T}
EF o= Ueith S5 MiEEE a5 50T vl
W) Wil e T s ALY AR A3 Bola 9l

At

34. UZE F3& 5=

WA 474 B Tu52 55 S (enrichment)E o] $13)
A tha] FE JERAE O]J%‘PO% AHE Azl sl TPM,
PM-10, 10~2.5, 2.5~0.5, 0.5 micron "|5FS] 17 Y= F73sh &
7} QAR FEES A AT, Tl a5 3 7
Z}o] F4:2] #57 (boiling pointyS FAFSIS] 21 ©]5 Table 5°ﬂ

FREEE ¥ RS W] W OREE U] Fejz i

2 4= glE Aotk 729 FEHE oF 367 °CE Aadg oA
ot 7ol FelR skl wck I ER 3L wizks
F 79 WEEAEE ATET| flete] &2 T AL O
7| AL o] Ak} Skella] AA] o}@‘E‘r

TuEe s 5ol oJsiA Aeke] FHE R Ay
852 %“ﬁl ol =& Fhs e AlS] $REE 30% Y=E v
et & iAoM) a5 s AR a4 w9 vl
o H2 o‘t(posmve)rl HAAIE BRIk correlation coefficient
(1=0.94). ZLe{uf =2 Bl Hlane} 2 g 55 Fo] A
ol QAR ﬁéﬂmf:} 7}20] FEE EF T} Table 5ol vhehed
ZAY ARbA R 54 FE2 TPMEL PM-10, 5 Vﬂ‘ﬂ%}fﬂl
E50] t] Wol H= AS B 4 ek =t UWI%IZH M
of W} F5EE sidlelr] 28l g or S 5 14—r
o] B 7 /)8 IF o= vhe  Qlrk A WA, Hhﬂ* we e
e 7R FhEE H]*A A FEE=H, Cd: 765°C, As: 613 °C)
PM-10 F-2ollX 9] sFE7) 7P 52 222 T modeE HO|
= Zog g, Eﬁt& B2 RS 7 U8 259 A8
PM-10 H-Zel|A 9] 352 5559} vl 22§17 #91(0.5 micron
o]—a—})oﬂzqt Z7+71(2.5~0.5 micron)?] 17 WY qwT} =&
£ Ho] o]F T =(double mode)s HOol:= A& & 4= Qlth
1~ FTAe] A7AEe] 944 Wglel W A T4 T v=
9} Exlo] o|FEES Kol ATANE Bl AY fAe A3
£ A EHEA EIE 5 gl FolsiTh2,12].

w7k Z8] Aol Fad w55l st A5F ] 71
wo] gir}. ¥ Aol m=3 7M7) S ol tisiA %’J?é%i
Tud SHEE Ao V& AFE v R HizkAl)
WA & Tasd sHEC gk WiAYSe] tigt A7E fJEiA §
22 Q17 e Fus TR AAIAE ZAFIATH10]. 973
of M FE& FEE tel] Hal $A e ool digh a4
F5ol 115 F3to] Fig. 20 VERi g, AR R FE

Lebict. BT oknr] S Tk A2 AHgslel EAaIg.
Table S. Enrichment of heavy metals in different particle sizes in combustion flue gas at inlet of APCDs (mg/kg)
Metals Boiling point (°C) Coal conc. TPM PM-10 10~2.5 pm 2.5~0.5 pm <0.5 um
Cd 765 0.24 0.20 1.20 0.43 0.31 0.45
Pb 1740 20.11 53.10 262.90 130.83 56.96 75.15
Cr 2672 4.59 21.10 268.60 72.39 52.95 143.31
Cu 2567 27.18 51.90 212.10 100.95 45.11 66.08
Ni 2732 12.34 21.00 160.80 60.52 29.12 71.18
As 613 2.97 10.70 26.20 19.65 6.52 0.00
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Fig. 2. Relationships between particle size and metal concentrations at anthracite coal power plant.

Log(W) = k,Log(3-) +k, M
P

where, W =concentration of species i in particulate matter, mg/kg
D,=representative particle diameter, pm
k, and k,=experimentally decided characteristics value

ARl oA 55 MIAUES AR (D)oll e F=(W)el
e}t WAl gk, Afgkel whet i2ke] F717F WakA] gh=thal 7t
AR filmo.Z 717g)st o], A5A] 9k = 2k(Continuum film
diffusion) Wi~(1/Dy) = A¥s & 5 glow] o] 7je7]=
20]ct. WhA, A=k o] qixke] A71¢k IAZE Sl A Ak
2 2k (free molecular film diffusion) W~(1/D,)% A=
 9lor 7127] 18 RRITHI2]. Table 6o et A7
FFEES] A 712717 19l ke AE & ¢ ok 2 A
of W= FF=F0] A9 2 wAte] gk whEhate] Al ¢
Z iAYUSUS & & doH & 3579 Aeels 4
o] AuiARl HiAUZO] g 7HA] wiAUZ| gk Zlo] ot
B viAYFo] Aol A8E= AS & 5 vk 718717 4
& YA L T ARFH 718715 2] Fohs
T A W A el vieAlel] got gled=
& HRlth offl A5 Folo] WY SH5FES AY d o
Eote] Y wiE AdS wHd = QIS 53] wkEAd
(semi-volitile)2] 545 ZH= w2 -9 vl YAtel] B} 550

o

ﬁo}i
iR

¢

Table 6. Characteristic value from experiment

. Interception Range of R?
S Slope(k
pecies ope(k;) (k) from o
Cd 0.80(0.67~0.92) -0.16 0.69 1.00
Ni 0.39(0.19~0.60) 1.75 0.81 0.98

3-5. $20 HiE Y FEE

U ek SEAAE ddoz AR 2 Ao 23815t
& WEEA ZAPd = Fig 300 AlAIEHSH Fig. 30 UERY
Q= RAAHY F28 A (He™), AaFeH), AV e
(Hg) o2 Ax FAolA wiEect, Fgh sfeikbda 72 vl
AR AR, ESP AdelA 9] vlEs%=E 7.28 pg/Sm*~10.25
pg/SmPO 2 Ht 8.75 ug/Sm*e HYERISIOH ESPE At F
Z stackolM Q] MIEFEE 2.75 pg/Sm’S UEhjo] ESPE At
T FEIRES] AR AAENSS & 5 AT 283 238
Faol thek U7 L @EAAA Y] AATES 68% FEZ UA ¢l
FE o T TEEC tigt AA RS vjE gds] B2 A
< AAT 4 Sl o)) AFEOIME o]} fAlSE HEE B
RTH13,14]. 722] ¢ 2 FaAel QaiA] viErts Sl 7¢
20 FejE FxHA drh F4o] o]Folx il FuEel
¢ 54 (boiling point)°] 43| 7] wlEel ko] ez
HiEEo] G =4S Aloleh] s ti7) el AelA]
A AAE ] H& AAFLES Kol HhH =29] A9 F=Ho]
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51.1%

inlet ESP Stack
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Fig. 3. Speciation of mercury across APCDs at anthracite coal power
plant.
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AdolA] 22 8850 REES Avinnl A25-2(He), A
s Hg), YAFEHY) £o10m 71171E Eohet
WA HelS 7h8hal Abekeo) S71ehe A3E Bk ol €
25-E(HgP] 7o) 2P @ Sl el AbshEol
Abskro g gk Zlow Algent webs ddelA oF 84%
HEE Holdl dadg2o] ESPE AWA &S FaliA viEy
T Y sl H BAETE AT EE 5%l 9
XW(HgP)OE'—_ HiEE Y 44%7F a2 H) O R, 51%7) A3}
SFoHOR WETT) o]} e Aake Auiste) Wl
MERE SesletEe] WiESAe) tiet olde) ATdseke f
AYSE ABES Hol1 11:]- 16,17]. kA AF3 AAY o35k
o 3815 5 YAFes 4710715 FHA AL APss 4
44J0o] Q= AElE 9] 788 SANAALT e WA S
B AL s s R o S ok AN AT ohakaa
o A% SAGE) | 2PN DE 2 A ]
ol 59 A EEO) 4 oW |2 vhEEE A3
‘:'_1_7]_ lr_O 74 0 o]_ 11;]. [L]-E]—/H A)x],(-“)ﬁEl /HX]E %OH
Aol AAE *L‘Eo} T2 AAGEL 719 F ul ol
OF Fohd o7 yhdwo] o]o] HAE AIRKE Iz Q. nt
Ao ALl th7] LGUAA L] AATELS WAAES]
3, Arte] 54, wi7kae] Sl whet gekd ¢ Qe g1

T AATH 18]

r

>.
)

4.4 E
Q1914 wiE el gk HAPs E22] ulj&o] F23t o]frZ tlF
2 Adhs SRHTES ] A eA wlE
= 5 9 A2 24 MiE5EE setsl] flE) A5 W
]9 H“" AABIAT #3527 QAR Hde]
A B E W29 FEE 23274 mg/Sm’, PM-102] 5=
9,555 mg/Sm>, PM-2.52] 7,790 mg/Sm*% LJEFST}, o) thE o
Blo] M 9 flek dh AR E 22 wlES HAANE o)
712 @AduE B8l 99.9% ool AAEES Kol AFelA
=19 FEE 0.16 mg/SmPE WS S BYtt =HA] & =
w5 S AUEE G ddelx e Fas T
TFEoE Wegtgsold>aEs>uyA >H] /\>7]-E
= B30 Ao A9 i+ Zliol Azl HR
At w2 FEE EP’”‘:]' PM-10 & 5% &2 44
AT FaEY A5 TPMeABET} U 55E0] 5S¢ 7 AU
ok wEbA W2 97 ¥ FH452 55 S (enrichment)g A&
A e A T AF AR|eA B Olz‘j‘:/l AvE dF =
Lol GRIE 7 QIsith. FF=R2] A Aol wE sEHE A
FHAE Aol & Ul o] Fall A 24k R =EAt
o] ARl & WAUEES & 5 AeH HE 557 A
ol A L] Aald Ll mIAYEe] g 7] WAUF =5
® Zlo] ofe} B4k MlALFo] FAlel A8E o] AT o]
BEHo] ot
T2] Agollis w7k EFelA ot 7o R EAsh
AES Bl HiEE ] B w5l nls) B4 vk AT (68%)
= Btk wgh =8 slekge] WMshs AAReM A Al 2

i

o7 =2 dek
<23

!
0;

o
§

;

u]

O:

QI8 flalo] = A OLE ESPE ALbrA Atk
A Al b el el AL 3ee] o) se
£ Bgitk. ol 54 3H7} G B Mgt anlie] A Aag
2o] Al Fake B AnE ok $-29] F7h AAS BL
2 3k A% 44 Aol 3AF B Aot Fsge & k.

z A

B Qe S AT A Fhobalol 9734 et
s50] wel 9 Selttele] v el B FEE A7)
Qgtow FaEglon, BR21 A A% TAF=R

ARB7|=

D : representative particle diameter[pum]

k; and k, : experimentally decided characteristics value[—]

: concentration of species i in particulate matter[mg/kg]
RE : removal efficiency[%]
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