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Abstract

The study evaluated methods to measure condensable fine particles in flue gases and measured particulate matter
by fuel and material to get precise concentrations and quantities. As a result of the method evaluation, it is required
to improve test methods for measuring Condensable Particulate Matter (CPM) emitted after the conventional
Filterable Particulate Matter (FPM) measurement process. Relative Standard Deviation (RSD) based on the evalu-
ated analysis process showed that RSD percentages of FPM and CPM were around 27.0~139.5%. As errors in the
process of CPM measurement and analysis can be caused while separating and dehydrating organic and inorganic
materials from condensed liquid samples, transporting samples, and titrating ammonium hydroxide in the sample, it
is required to comply with the exact test procedures. As for characteristics of FPM and CPM concentrations, CPM
had about 1.6~63 times higher concentrations than FPM, and CPM caused huge increase in PM mass concentra-
tions. Also, emission concentrations and quantities varied according to the characteristics of each fuel, the size of
emitting facilities, operational conditions of emitters, etc. PM in the flue gases mostly consisted of CPM (61~
99%), and the result of organic/inorganic component analysis revealed that organic dusts accounted for 30~88%.
High-efficiency prevention facilities also had high concentrations of CPM due to large amounts of NO,, and the
more fuels, the more inorganic dusts. As a result of comparison between emission coefficients by fuel and the EPA
AP-42, FPM had lower result values compared to that in the US materials, and CPM had higher values than FPM.
For the emission coefficients of the total PM (FPM + CPM) by industry, that of thermal power stations (bituminous
coal) was 71.64 g/ton, and cement manufacturing facility (blended fuels) 18.90 g/ton. In order to estimate emission
quantities and coefficients proper to the circumstances of air pollutant-emitting facilities in Korea, measurement
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data need to be calculated in stages by facility condition according to the CPM measurement method in the study.

About 80% of PM in flue gases are CPM, and a half of which are organic dusts that are mostly unknown yet. For

effective management and control of PM in flue gases, it is necessary to identify the current conditions through

quantitative and qualitative analysis of harmful organic substances, and have more interest in and conduct studies

on unknown materials’ measurements and behaviors.

Key words : Condensable PM (CPM), Filterable PM (FPM), Organic CPM, Inorganic CPM, Pilot plant boiler,
Cement manufacturing facility, Coal-fired power plant
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Fig. 1. Configuration of particulate matter.
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Table 1. Measurement methods of fine particles (PM,,, PM, ) in stack flue gas.

Source Method Title

PM size

Determination of PM,, emissions (exhaust gas recycle method, EGR)

U.S.EPA Method 201 (1990)

PM,, (Filterable PM, FPM)

Determination of PM,, and PM, 5 emissions from stationary sources

S.EPA Method 201A . i
us ethod 20 (constant sampling rate procedure, CSR) (2010, revised)

PM,,, PM, s (FPM)
Particle sizing

Dry impinger method for determining condensable particulate

U.S.EPA Method 202 emissions from stationary sources (2010, revised)

Condensable PM (CPM),
(<PM,5)

Measurement of PM, ; and PM,, emissions by dilution sampling

U.S.EPA CTM-039 (constant sampling rate procedure, CSR) (2004)

PM,,, PM, s (FPM + CPM)

SO Stationary source emissions - Determination of PM,/PM, s mass

ISO 23210:2009 concentration in flue gas - Measurement at low concentrations PM,,, PM, s (FPM)
’ by use of impactors
1SO Stationary source emissions - Determination of PM,/PM, 5 mass

ISO 13271:2012 concentratlf)n in 1"1ue gas - Measurement at higher concentrations
by use of virtual impactors

PM,,, PM, 5 (FPM)

ISO Stationary source emissions - Test method for determining PM, 5 and
I b PM,,, PM, s (FPM + CPM
SO 25597:2013 PM,, mass in stack gases using cyclone samplers and sample dilution 10> PMos CPM)
Particulate matter measurement - Dust measurement in flowing gases;
VDI 2066 . . . . . . ..
Germany particle size selective measurement by impaction method - Particle sizing (FPM)
Part 5 .
Cascade impactor (1994)
Particul -D in flowi
Gemany  YPI2066 L esurement o PMy and M, omissons atstionary.  EV-PMas (FPMD)
Y Part 10 gases ’ 10 23 ; Y Particle sizing

sources by impaction method (2004)

Determination of Size Distribution of Particulate Matter from

US.CARB  Method 501 Stationary Sources (1990, amended)

Particle sizing (FPM)

JISK Measuring methods for particle-size distribution of dust in flue gas . ..
Japan 0302 (1989) Particle sizing (FPM)
IS Z Determination of PM,/PM, 5 mass concentration in flue by use of
Japan 7152 virtual impactors (2013) PM,g, PM, 5 (FFM)
Fuel tank Boiler Cyclone (single) + BIF Stack
LNG, Light oil, B-C oil Sampling
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Table 2. General information of pilot plant.

HE712 3 SEATANA B4 47 505

Capacity Fuel Boiler type Control device Condition
0,:3~4%
1 ton/hr LNG, Light oil, B-C oil Overhead fire tube boiler Cyclone, B/F Load factor : 50~75%

Steam pressure : 4 kg/cm®

‘5\
O]

Raw materials
shredder

1

Natural Fuel | Alternative Fuel |

Limestone FlyAsh
Burr Sludge
Clay Foundry sand

Ironstone Slag

Fig. 4. Sampling system of cement manufacturing facility.
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Table 3. General information of the field scale plant.
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Plant Coal type Control device Condition
L 0,: 4~5%
Power plant Bituminous coal SCR, ESP, FGD Time: 3~5 hr
. - . . 0,: 12~14%
Cement manufacturing facility Bit. coal, SRF, RDF, RPF, Waste tires SCR, Cool tower, B/F Tinme' Thr
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<FPM sample> <CPM inorganic sample><CPM filter><CPM organicsample> |
1

Regulator

e Filter Holder
Use an ik rctamoter L
T (s

theough the system

Heated Probe
(Bow rate 14 ) b
e R niiese
/
Type S Pitot Tube:

Water Bath
(£30°C/85°F)

< Removing of SO,
component in CPM Dry Gas
orgcnic sample > arcosiis o

Fig. 6. Measurement and analysis in the field scale.
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Inorganic sample collection
(condensate recovery and

]

distilled water washmg 3 times)

Extraction using a separating
funnel with 30 ml hexane
(3 times)

Titration to pH 7.0 by

using 0.1IN NH,OH

Drying of inorganic sample
(105°C oven drying and under
30°C drying)

-

Drying and weighting

organic CPM sample

!

Extraction of CPM filter
(distilled water, hexane)

Organic sample
collection
(acetone and hexane
washing, 3 times)

Drying of organic
sample
(under 30°C)

of inorganic and

Fig. 7. CPM sample processing flow chart.

Table 4. Analysed results of exhaust gas for pilot scale.

Fuel type 0,(%) CO, (%) CO (ppm)* NO, (ppm)* SO, (ppm)*
LNG 39 9 20 67 0
Pilot scale Light oil 32 13.1 1 120 0
B-C oil 4.1 12.7 202 385
Power plant bit.
coal (controlled) 39 154 137 10 14
Field scale
Cement mixed
fuel (controlled) 12 o4 298 271 3
*Standard oxygen concentration of the liquid fuel is 4%.
B3 490]E F(mg) £ 9I% Q9T F1H AR 5 BFANY A A
4.% N2 FAm =R M+ 7INRmY ~ = U7] R fofste] SFEATF] o] FolHo}
HIHA] & (mg) g Aolth.

5.CPM %% (mg/m’) =% A|8 27 (mg)/g-2(m’)
574 A3t QAL ko] Hgkat A A E
ZHUAHEE (% RSD)E B7}Fskct.
olE% SHATAUA Y SHRYIHL SEF
A3, 85909 29 % FEA 5 1

71 A A 32 A A5 &

3. g7 Zut
3.1 HIEVA B
Hj &7~ 2 0,, CO,, CO, SO,, NO, o] sE2
o] YeliQict. Pilot scale®] d&E 0,2} CO,9
5= LNG 979 F$ 0,3.9%, CO, 9% L,
dzol AL 0,32%, CO, 13.1%%.om, B-CS da
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Table 5. Concentration and RSD of Pilot scale and Field scale PM component.

TOTAL conc. (mg/m’)

CPM conc. (mg/m3)

Fuel type
FPM CPM Inorganic Organic
NG Avg. 008(0.01~025)  5.03(0.74~2041)  059(0.03~1.84)  4.44(0.52~18.57)
rolled SD. 0.06 4.70 047 447
(uncontrolled) RSD (%) 82.99 93.54 80.37 100.82
Lieht oil Avg. 0.14(001~050)  2.61(0.78~585)  044(0.09~1.13)  2.17(0.66~5.19)
Pilot scale & lled SD. 0.20 2.09 045 191
(uncontrolled) RSD (%) 139.46 79.92 102.10 88.14
B.Coil Avg. 529(2.94~7.89) 825(192~1693) 4.44(028~1002) 3.81(0.61~691)
rolled SD. 223 678 503 2.39
(uncontrolled) RSD (%) 4221 8223 11321 62.68
. Avg. 065037~124)  647(471~9.18)  450(1.54~6.83)  1.97(0.78~3.17)
PO‘Y” plf“tlf ':D SD. 034 1.74 213 0.88
coal (controlle RSD (%) 52.51 26.96 4729 44.81
Field scale
Coment mixed fucl g\];g. 002(06001;0‘04) 11.68 (74.8657~22.68) 54101 .422515.48) 6.27(12.753;8.62)
(controlled) RSD (%) 62.74 39.98 88.84 32.70
9] A= 0,4.1%,C0, 127% %t} 0,9 == HA  ppmoZ & Fro] Uelgtt.
AR BERAAFER 4% ALY Afol7t §lglor,
A AazANA Aol APHUSES &+ % 3.2 HIE7IA = DO|MHX| 42 EH
ATH LNGE AMERS A ¢ vij&7tas] 7tAA e 8 E Hj&7FA F A HX] 9] FPM/CPM 5% 9 AJ&H]
A HdsZ= NO, = 67ppm, COE 20ppmo|x, EA SHA3] QIS d=d, FEEE 1 59
SO AR FA4Ho| Cot HZ o|FojA o], A4 I 8 % 17 99 Ut qlt. Field scaleQl 3y

T HAEA dtem AHE AHPE B NO&=
120 ppm, CO2} SO = =9 HAALE Q3 A<
AR gttt B-CH= kel 1% 985
ARgEEGI e, o] Ff-of NO,= 202 ppm, SO,&= 385
ppmoE o] &=¢ti, COE= 6 ppmeZ YElY CO,
NO,,SO,9| F=+= A=of wat Zo]7} JIslth

Field scale?] A|d¥ EFA(0,) FE= SFHTH
A A 6%0lm, AMEAZAILY] 9= 13%
Adl, & A9 sEHA LN F4F 0,9 Hat
FTEt 3.9%0m, FGD WAAA SotoA S74%
NO,, SO,9] 5=+ Z+Z} W 10ppm, 14 ppmo 2 1
ol RA etk 22y CO9 s+ Bt 137
ppm o2 Ve o™ 7k Eo] 27.6~627.8 ppmOE
AL Astded ole d4 3 F EEH da
oA 711E Ao g ARHTH AHNEAZAHAA F
A 0,9 BHtEEs 2% eH, AL koA
2243 COL NO, 9| B == 298 ppm, 277 ppm .2 3}
S HA AR £ gPo] UEer, SO, F=& 3

AAA L AL FPM 55X 0.65mg/m’, CPM 5=
647 mg/m’2 ERL} |k EPAS] wjE A4 A L}
9 AXE CPMY] %7} FPM =Rt} oF 2~634)
Az MR w2 ALE Hon, 1ago 4x
& AAAED A7IHZ7] D HIHE Qlste] FPM
9] F&7t uj¢ Wotew, CPMY] 5%+ EA Uet
o AHE AFAH9 AL FPM 5= 0.01 mg/m’,
CPM 5=+ 11.68 mg/m’s e} sHdbr Al o]
H3l CPM 5 =7t =4 Uetgtth

d8¥W CPM F #7] ¥ 77 A& 542 21 99
el it Pilot scale &7} o4 CPM & $-7]4
AR =2 LNG 9489 AL 444mgm’E §714
‘g0l 88%, light oild] A= {714 A& =7t
2.17mg/m’2 83%= AA|3H= Aoz eI, field
scale Al E3ARQ AMEARAIAL 6.27 mg/
m'Z 54%2 f714 Bl $AstHeH, B-C oil¢)]
ASE 381 mgm’E 46%, SHEEHA L] AT
AE 197 mgm’E 30%E 714 AERT 2714 4
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B-C oil

I
LNG Light oil
= FPM m FPM u FPM
" CPM = CPM = CPM
Power plant Cement
u FPM m FPM
w CPM = CPM
Fig. 8. Fraction of CPM and FPM by fuel type
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Table 6. Emission factor of PM by fuel type.

Emission Factor
Fuel type Unit
PM (FPM + CPM) PM (FPM) PM (CPM)

206.67 3.79 202.88 This study (uncontrolled)

3
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. . . 65.78 3.38 62.40 This study (uncontrolled)
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. 37147 143.83 227.64 This study (uncontrolled)
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ower plan 48625 14.51 47174 EPA AP-42 (controlled) gfton
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