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Concentration of Filterable and Condensable PM from Coal,
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Abstract This study investigated the emission characteristics of filterable particulate matter (FPM) and condensable
particulate matter (CPM) emitted from coal, oil, and LNG-fired power plants. FPM and CPM were measured in two power plants
for each fuel type. FPM was measured using a cascade impactor (KSI 23210) in particle size categories of PMya;, > PM;o, PM3 540,
and PM, 5, CPM was measured using a dry impinger (U.S EPA method 202) that separates inorganic and organic components. The
average FPM concentration of coal, oil, and LNG-fired power plants were 1.86 mg/m?* (@0, 6%), 3.05 mg/m3 (@0, 4%), and 0.05
mg/m? (@0, 15%), respectively. The lowest FPM concentration was measured in LNG-fired gas turbines. This indicates that the
emission limits at heavy oil-fired power plants are higher than those at coal-fired power plants and each power plant must
adhere to the set emission limits. The particle size of FPM emitted from power plants varied depending on the fuel type. While
the ratio of fine particles (FPM, s/FPM) was approximately 0.95 for plants fueled by coal or heavy oil, it was approximately 0.36 for
LNG-fired gas turbines. This difference can be attributed to the presence of electrostatic precipitator and wet-scrubber in coal
and heavy oil-fired power plants, which remove a majority of large particles. In contrast, most of the particles generated in LNG-
fired gas turbines are emitted as is due to the absence of particle collectors, since LNG-fired gas turbines have lower FPM
concentrations. The average CPM concentration of coal, heavy oil-fired power plants and LNG-fired gas turbines were 2.55 mg/
m3 (@0, 6%), 14.20 mg/m? (@0, 4%), and 0.50 mg/m> (@0, 15%), respectively. The CPM concentrations were higher than the
FPM concentrations. By fuel type, coal, heavy oil, and LNG-fired power plant shewed CPM concentration that were 1.4, 4.6, and
10.6 times higher FPM concentrations. CPM in emissions from coal and heavy oil-fired power plants exhibited significantly
higher inorganic fractions, approximately 7 and 88 times higher, respectively, while LNG-fired gas turbines had a similar ratio of
inorganic and organic components. The FPM and CPM emission factors (controlled) for coal-fired power plants were 0.0172 kg/
ton and 0.0228 kg/ton, respectively, consistent with other research. The FPM and CPM emission factors (controlled) for heavy oil-
fired power plants were 0.0362 kg/kL and 0.1682 kg/kL, respectively with the FPM emission factor being inconsistent with that of
other research findings. Lastly, the FPM and CPM emission factor (uncontrolled) for LNG-fired gas turbines were 0.00256 kg/km?
and 0.01773 kg/km?, respectively, which is lower than that of the AP-42 data but consistent with more recent research data. The
emission characteristics of FPM from power plants vary according to emission facility regulations such as emission limits and
maximum permissible levels. The emission characteristics of CPM are influenced by factors such as exhaust gas temperature and
precursors, including water-soluble SO,, NH; gas and volatile organic compounds. However, a correlation equation between
various exhaust gas conditions and CPM has not been proposed yet. Therefore, further research is necessary to investigate the
concentration, chemical components, and exhaust gas conditions of CPM.
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LA &

7] Fo] HR= YA Ay wiEE= 13
(Primary) A WZ]|e} tff7] FollA of2] =25}l
2 gkgo] oal] A= 24} (Secondary) A8/ HA]
2 B3It (Hinds and Zhu, 2022; Zheng et al., 2017).
TERE 12 A 2= o1 (Filterable) T2 €} vl 7]
7EAO] 2Rt E2 AAAEAA HiEEHE S717t
7] oA FEHA Y%= -85/ (Condens-
able) WA= T, oyt SHHAHUAE &S
o] ZH 2] (Total Particualte Matter; TPM)2} 517 =
3t (Park and Lee, 2021; Feng et al., 2018; Yu et al.,
2018; Gong et al., 2016).

1987'd u]=} tf7]°d 27 7]<E (National Ambient Air
Quality Standard) &5 PM,,°0] A=, o]& &
2lst7] $1%k oA o] shub= o] digt PM;, Hi
£5]1-871%0] AUt HiEdollA PM,, S5
A 254 HiEEE 7171 7] SolA S5=9
A e deEs 552 (A, a2A) o] PMy,°
TR A ARolghs A AAsHHA 541
o] T8/45 mestqlaL, o] Sl disiA = A
TEA 19919 Y24 (impinger cooling method)
o] A WA =AW “US. EPA Method 202”7} #
2 A|9FE] )3 (Corio and Sherwell, 2000), ©]% 5]4
37} (dilution cooling method)= ©]-83t S544H
S (US. EPA CTM-039, ISO 25597: 2013)&
= AF=| AT} (Feng et al., 2018; England et al., 2007).

FEyEhE 199149, ti7]127471%l PM, 0] A4
&o] 1995 AFE H-8-613 01, PM, 5= 2011'A¢] 4]
A= 2015358 #-85tal k. Hi7] 2] mAR
A FEE a7 19 HisdEE Jete] A
HHA 254 HIEE= PM,,, PM, 5% oftet &
/3R]0 tiet B ZobAAl FUek (Park and
Lee, 2021; Lee et al., 2017).

1> d
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A
NP ALAES THO= HlE Y55 (inventory)
54N wiEAE DBSoh= A-50] XaE
%9 ™ (Morino et al., 2018; England et al., 2007, 2000;
Corio and Sherwell, 2000; Kogure et al., 1997), #< &
o] M2|o 5 nElo] Fer S =o)7] 93t HiEY
A2 RS AEsloh= A7 ZBE AT (Morino et
al., 2022; Kagawa and Ishizaka, 2014). S=rolA= 4
ol AL S TR SR STt A
oS Aokl Q1T (Song et al., 2020; Wang et al.,
2020, 2018; Yang et al., 2015, 2014; Li et al., 2017a, b).
=T $7= Park and Lee (2021)2] A@A o] Agt
A4 gAY =4, Yu et al. (2018)9] AFA Q] 714
4 B A =4, Gong et al. (2016)2] Pilot scale B
dejel AeAA AT AHE A Z2A oA 9] 27
50l qieth A b ofaH A ot S54RIt
H £2 =2 #EEe A S54UA Y] A4E
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R= A SF, LNGE d8E ARSI 9= 3H
AR 7] @ B2 E AR 2F s
ol A S5t
Aet S5-5 A=2 AMSohe aFE Al A
B X Z0l 5 17%2] (SCR), A 715 %171 (ESP), vl AE3}
B2 (FGD)7} Hi7] @ WA A = AR =of glom,

LNG 7FA~EH1 SCREF A 2] & of Qlth. ERL, Hjd™

2.2 A2 xHF| 2 2AdrH
S =Mz ZALe 79 17} 7o) US. EPA Method

202 (Dry impinger method for determining condens-
able particulate emissions from stationary sources) %
Mo oAz SH o) AH8SH= probe TEH
SEYTA SRS ddsle H=E el

o, A 27tA7F 5718 B3k, 2719] impingerS:

A= A3 A0 qFA] O] S48 (Wet Limestone  SI9F § A|m7tA %EE 30°C m]uko 2 o] &
Scrubber)Q1d, AEHAA AL AR wZolA] A ZHUAE Beo] mystork
34 4Rl W7k AR WAl % $EHUA AR AL B 4F neE s
AL Bk AE MY Sele] hOE YT (99.999%) ol-§te] s0,2 R E AHE 4 gl 7
= U575 A o|TH(NIER, 2022). A&l AL A|AsH] ¢80 14 L/min &2 1At &5
S g A 8% AL TR SA7IE 2F purgestRITth TR @Ol A St F-H7] Alm
F 255k 52 & 10 UERHL £ AAA HAeete] FTAIA A5 7A A=
Table 1. Description of measurement facilities.
Fuel Combustion type Capacity APCDs Load* Operation year
Bitumi | Pulverized | 500 MWh SCR-ESP-FGD** 69.4% 2000
ftuminous coa uiverized coa 1,000 MWh SCR-ESP-FGD** 92.6% 2017
Heavy ol _ 100 MWh SCR-ESP-FGD** 83.9% 2007
4 100 MWh SCR-ESP-FGD** 84.2% 2007
NG Gas turbine 318 MWh LNB, SCR 69.1% 2014
(Combined cycle) 318 MWh LNB, SCR 93.2% 2014

*at the time of measurement
**Wet-scrubber
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Fig. 1. (a) Schematic of condensable particulate matter sampling train. (b) Nitrogen purge train configuration (Pressure

purge) for sampling train cleaning.
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3Tk (Yu et al.,, 2018; Gong et al., 2016).
F-57] AEEAS WA, oA A4 purge’t
i mplnger/] 2o A|5s ofA|E, dIARS o]
71 e 3ot SRTE ol8ote] F
o 3ol B3 HIEE TH O Alme A
S e E HAACIH HellA ot A -
st FAE A5k, o] BHE FEW ¥
1~2827F ZZopA| A7 oA 777
th. o] S F 33 H}Eﬂ}
=79] 3ol A L2
o] eHeh {71 *é
O FF 4l d4hkS o] 8ot o}
22 FE2348 AXYH(Yu et al, 2018; Gong et al.,
2016).

oA IR AL & 29k Fo] F 7HA] Hle W
Al (PMyo) 2k HIAIE 2719 (>PM,g, PM, 5.1, PMy5)
= Aol AAMdwA] e e S8 FHA
(PMya) FEE 715082 A7 F3E= cascade impac-
tor2 A3t ST o] H|& FF2 835 TH(Kim et
al., 2021; Yu et al., 2021).
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AHAE AR 24A7F T T2 5 TlAAolE
A FFAZ Fof| BAE —iﬂééﬂi‘ﬂ diA]A o] E] 9
AEEE 45+5%, 255 20+2°CE §-A]5H9th

Alme] AF e 25l *éil% 0431 el Sl
A A AAsER o, Als AFH7E 22 deEls &
/1A AFAAEE Leste] gz et 7k
QAEZRL 7 Ato] AJ7to]| A5 o, ZF HEA A
AE= 339 olF SASIAH. A= AFA7IE 2017

Table 2. Measuring equipments.

595 E 2018 119714 o]t).

= A" (A), T (B),
shelurdA ] v
52} o)

LNG (C)°o]t}. 13 29} 301]
TEE oI HA], -SF4dWA], SO, NO
717k A 255 Ve Th

AIIHA] B s AREE A=, F7 LNG
ol thsll Z+z} 1.86 mg/m?* (@0, 6%), 3.05 mg/m* (@0,
4%), 0.05 mg/m® (@0, 15%)°]9, gt WA
9 HiEFLIt FRAA THAAEES 5 WA vl
H =7 0] 1‘: _C_)_E r_q.o]-g 041;]-
o2 TAAR] Aeds
= 57} A AR FHALolA LAY st=
2| FEETH 22 Zo0R daA glov FHA
% Hj=5]-8-5;, 517

EETHE B i =Y Al S8l wiET1E
o] A

Al gt

3 71—2 1:]-]7]2(1& H]—X]/\]/H
Fog Amdct 2 A o 24
587152 24713 7120 gt

X

1o

o,

>

=
oo &

= Z+7} 12 mg/m®, 10 mg/
m* (@0, 6%)°1™, F-FA4 THIAES B-1, B2E

20 mg/m (@0, 4%)°]t}.

Item Method Instruments
CPM U.S. EPA 202* Dry impinger set (M-202, KNJ, Korea)
FPM (PMotal) ES01301.1 PM sampler (KNJ-5, KNJ, Korea)
FPM (> PM;yq, PMy5.10, PMy35) KS11S0O 23210 2-stage cascade impactor (Stage-X MS, X Ear Pro, Italy)
SO,, NO,, O,, Temp. ES 01204 CleanSYS (Stack Tele-monitoring system)

*FPM modified
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Table. 3. Concentration of FPM, CPM, SO,, NO, and exhaust gas temperature for Coal, Heavy oil, and LNG-fired power plants.

Coal (@0, 6%) Heavy oil (@0, 4%) LNG (@0, 15%)
n -
Mean STD Mean STD Mean STD
- PMiotal 6 1.86 0.48 3.05 0.26 0.047 0.01
(mg/m3) PM;o 6 1.81 0.45 3.03 0.26 0.023 0.009
PM, 5 6 1.69 0.41 297 0.25 0.016 0.006
CPM Inorganic 6 2.24 1.16 14.04 117 0.26 0.10
(mg/m?) Organic 6 0.31 0.15 0.16 0.03 024 0.09
SO, (ppm) 9% 21.8 84 143 83 - -
NO, (ppm) 9 242 12.1 51.3 33 7.3 2.6
Temp. (°C) 96 88.7 1.9 130.6 21.2 85.4 39
Moisture (%) 6 10.4 0.9 9.5 0.6 9.4 0.1
16
© >PM10
© PM2.5 ~ 10

PM2.5 700

12 600
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100
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Al A2 B-1 B-2

Fig. 2. Concentration of FPM (PM, 5, PM, 510> PM;,), CPM (Inorganic, Organic) from Coal (A), Heavy oil (B) and LNG-fired
power plants (C).

wEha] FEOA HEEE CHEE] = WE 14.20 mg/m® (@0, 4%), 0.50 mg/m® (@0, 15%) 0.2 =
5l87]=el et el Aor wotEw, HiEs] Aok B9 -SSR MTEHQ] S0, BitE
B7IET iEEE s A W2 olf= Mg == A, Sad4 SHAEE 247} 21.8 ppm (@0,
587159 30% o= RA HiESHH 7] E TS 6%), 14.3 ppm (@0, 4%) 2.2 = E oW, NO, B
o] HAE= JIAEBEA L7} Q7] wfZolet Afm T sl Al 38, LING g4 SHA A 2zt
(Kim and Lee, 2013). 24.2 ppm (@0, 6%), 51.3 ppm (@0, 4%), 7.3 ppm (@0,

-‘?—719} F7) QRS R SEAAUA Y Bt sEE  15%) 02 Z24E 9k S0, NO, 5E= et 299
Aeh 8, LNGO| tHall 22} 2.55 mg/m® (@0, 6%), A BFAAAo] LNG 7FAEHIRLE =9ktt 8771~
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Fig. 3. Concentration of SO,, NO, from Coal, Heavy oil and
LNG-fired power plants.

2o A, F4, LNG 94 HHAA
88.7°C, 130.6°C, 85.4°CE Z{AA HrAA o] oF
40°C & =4 S =3It

S5 HA 9] B/ SO, NO,, NH;, &
AR71eRE 22 AAEdEo] 557 A8
£ ZofA A== Ao R A GO (Feng et
al., 2018; Yu et al., 2018; Yang et al., 2014; Corio and
Sherwell, 2000), 2 A5 Z23% SO, NO, 5&7} =
2 Agh SHda IHA 0] LNG 7HAERIED =
Al ek

Aeta} FRAs A 9] 7950, TR AR
A4 A Aol B =31oH, NO, sk 9 877k~
o 1 25 9] o7t FHAA LHAIA

L) E‘.
UeRgon, s54duA] T Sda T
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1—7({ /k] A oﬂ /\1 Ayl
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2 25k RalA 354
w17 49 Al ASeHA sterd 4 glolek 4,
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ofol] Wh2 S A WAREe] AL B o
Aok A o} gick £ A7) Aat A7
o iz, wj7)7kast o] 9 £ Aolr} 2 27
oA SHHNA SEr} S 2 L S gglot,
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Fig. 4. FPM concentration ratio by particle size for Coal,
Heavy oil and LNG-fired power plants.

7 LNG A4 LA A 22 1.4, 4.6, 10.6H]
e FA WiEE= Ao R S 7)E A5 2
e} vl wstH At s HAE T LNG 7FAE R
o] A ATet= FAFHAIEE SH-A4L AL
Aol §EHA T & A APt 52 Ao
2 eI} (Corio and Sherwell, 2000; Song et al.,
2020; Wang et al., 2020; Gong et al., 2016). 13 S
A AN SSAHAZE =7 SHE Al
ol Al= HetolAl A4 o] €QlE mhoted 4= glalrt.
T3 2 54 drelA SR -2 Ak

%%?‘ii il l”oﬂf‘ 71 42el 7] R
Z

ru
MUN-

:|o

94 Hl&o] Bl Z4H U 5
WA Lol 7] Aol ira} UH%
A==, 1*?3_1—1101 SO,, NO, =
1']0]-;(] —‘Eoﬂ/q = r,q :ﬂg

Ar «

N

@iieS $84UA PUATIA Nu: 50,

5 ¥ ((NH,),80,, NH,HSO,),

A48 (NHNO) 5 oa*g she o 27 Flefeks
=24

SHIAIZ NH,;, 845
o] /\]'%‘Q_E}(Heck and Farrauto, 2002).
AT T8 SEEES PM, s, PMys 1o
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o
A
o

>PM, 02 FESt] 7 40 YT Aet
FA4 FHAET LNG 72BN AolskA
Epgteh, ARt} a4 WA A= PM, 59 H
&0°] oF 0.952 SAE =, o= t7]1ed TAIA
Ar A7HJR79F AT 7L A= o] 27]7}
2 AR 2 AAHL = AR AbmE ™ (Yu
et al., 2021), LNG 7}AEH19] PM, ., PM,, H] &2 ZF
Z¥ 9F (.36, 0.52 2 U|A|HZ| H| 0] L& Ao ufet
cﬂhtﬂ LNG 7]./\];13101]/\1 HP}\HO]-L— EHX] l"—E—
o, FZF|7} A= o] U] grot LAY
B Az ddiz siEEE 71E A9t A S
A=) QT (Kim et al., 2021).

Emission factor (kg/ton, kg/kL, kg/km?)
= Concentration (mg/ Sm%)
X amount of flue gas (Sm’/hr) x 10™°
/amount of fuel feeding (ton/hr, kL/hr, 10° m*/hr)
1)

(controlled,
SCR, ESP, Wet-scrubber) 2] Hﬂgﬂlf,\— H 2] (TPM)
0.0400 kg/ton, A1 THIH=] 0.0172 kg/ton, 5573 Ddx]

I_i
AEON

3.2 MX| iS40 H|m 0.0228 kg/ton 2.2 AFEE QT Ijo] T E A+
N7 e dEd wEAsE A 12 7640, AjFA 1 (Gong et al., 2016)9H= FALSHA UrE}M_Ur,
(Bottom-up) "o & 7] L FEH WIEFS A AP-29 HiEAGFET BA AHEE .
g du 22 Y ARE @A B2Ql 840] ol w9 Aetds WA viE A (Hf
TH(NAIR, 2022). 3, HiESAES A4S o o E6871% 728} S22, NO, HiEF = 414
%5 gut ohjet MiEAISE el olg o 57 AT AR AR, 710 d FAAY 5 e
£ HlEAIS A= (US. EPA AP-42)8} H|Wsh= Zio] 4 To& ul=oflA ti7| e d=4d siEAsE 23
Table 4. Average fuel usage during sampling periods at facilities.
Coal (ton/hr) Heavy oil (kL/hr) LNG (km?/hr)
Fuel
A-1 A-2 B-1 B-2 C1 C-2
Usage 77 189 15 17 211 265
Table 5. Particulate matter emission factors for Coal, Heavy oil and LNG-fired power plants.
Fuel TPM FPM CPM Unit Reference
4.00% 1072 1.72%1072 2.28x 1072 This study (controlled SCR, ESP, FGD)
Coal 7.17x1072 6.55%x 1073 6.51%1072 kg/ton Gong et al. (controlled SCR, ESP, FGD)
6.00x 107" 4.00x107 2.00% 107" AP-42 (controlled FGD, ESP)
2.04x107" 3.62%x1072 1.68x 107 This study (controlled SCR, ESP, FGD)
Heavy oil 3.71x107" 144x107" 2.28%107" kg/kL Gong et al. (controlled Cyclone)
1.85%x 107" 5.67%1073 1.80x 10" AP-42 (controlled FGD, ESP)
G 2.03%1072 2.56x 1073 1.77 %1072 This study (controlled LNB, SCR)
LN . 2.07x107"* 3.79%x 1073* 2.03x 107" kg/km? Gong et al. (uncontrolled)
gas turbine 4 5 >
1.22X10 3.04x10 9.12x10 AP-42 (controlled SCR)

*LNG combustion boiler
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T A71R1 1990 d 2} viEE ot A5 e
7] g o2 Ata

ER 500 MW AEhela AL 54 A9l
Fokeo] oF 70% = ZA7]18%1719] vl A (Speci-
fic collection area)©] 7] A A A7 E-&0] ZobdS A
© 2 WAE]H (Cooper and Alley, 2002), 1,000 MW 4
s AL & 1o UEhd ZAE A d=
7F 71 FAEAEY] 44 9 2 as
Ske o= wotenh S Aekda Ao |
2] AATES 9.9% o1FoR B
et al,, 2021), H]=rofl A A aH gt S5/ 2) o] HiEA
a5 2Mdsto] Ap-420] T wjo] WK Al
AREEL 99.2%5 A8l QIEH(US. EPA, 2009).

SHAL EHAAY] A FAGA FH (con-
trolled, SCR, ESP, Wet-scrubber)2] W] vj&Al5+=
ZA] 0.2044 kg/kL, ATIHA] 0.0362 kg/kL, 55
/dH 7] 0.168 kg/kLE AFEE| AT HHA L] Hf7] 2
A FAFA7E GARE AP-429] HiEA 49} H] w5
Hi, ARz e Aol e e, 35444
AR Ao & e,
ol daAA, Hi71eF BAFA AALE 5o
Zfo] i ozt A-gt= HiEd A (HA] HiEs]8
715, A& 5 mg/m® (@0, 6%) , 37 20 mg/m* (@0,
4%))°t= ilo] gle Aow AtgEed, =9 =
SAlE Sda BAAE Y HlEs]-8 7=l et
& AT HSRt oA Sl AEd
Aol o JAste] viEAle= ol2et 9
Hore 7.0 2 AR E T} (https://www.epa.gov/catc/
ractbactlaerclearinghouse-rblc-basic-information).

LNG 7F2EHl 2] #iEA4 2 3¢ A
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