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How Much Can the Natural Gas—based Combined Heat and Power
Reduce Secondary PM, 5 Formation?
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Abstract: Particulate matter has recently emerged as the most important environmental
issue in Korea. In this regard, government policy has focused on reducing the emissions of
PMys, i.e., particulate matter less than 2.5 um in diameter, owing to the significant hazard it
poses to human health. In particular, secondary PM;s formations are considered more
harmful than primary PM,s emissions in the power generation and heating sectors.
Therefore, this study seeks to examine the extent to which a natural-gas—-based (NG-based)
combined heat and power (CHP) or co-generation plant, which produces heat and electricity
simultaneously, can reduce secondary PMy s formation. We focused on an alternative facility
that produces heat in individual boilers for housing and an alternative facility of the Korea
Electric Power Corporation that produces electricity as a fossil fuel-based power mix. The
results show that the NG-based CHP plant reduced secondary PM;s formation by 565 tons
in 2018. This is because the NG-based CHP plant was equipped with emission-reduction
facilities, unlike individual boilers, and its high energy efficiency led to reduced emissions of
air pollutants. As of 2018, secondary PM,s formation amounts to 34,901 million won per
year. These results are in line with the government’s policy of expanding NG-based CHP
plants and imply that they can be useful as a means of reducing PMzs.

Key Words: Particulate Matter, PMy5, Secondary PMys Formation, Combined Heat and
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(H1) 2 22 SUS1E(SOx) ! HALSE(NOX)2| HiEAHIS
Bl FIBE(E0x) | EAMEIE(NOX)
SIEHRTAL FA| UHY 7|FET 138(g/MWh) 177(g/MWh)
SRS RIXE R|Q| SR TATAL LY 7|FF 209.6(g/MWh) | 268.8(g/MWh)
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(B 2) i B2 SLH3IE(SOx) R HAMSE(NOX)2| HiEH S

Tz = SUBHE(SOx) | HALEE(NOX) HX|(Dust)
LNG(H) kg/ZENm’ 0.01 3.70 0.03
LNG(&Z) kg/ZNm 0.01 6.04 0.03
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(I8 2) tHxIAdH|2] 7] | HHZS 2 LAl =2 AL
EQl SOx, NOx 2Rt M PMys
oz e e
O Ly
JjHEeE _ _
@ iy | O 42 o MEAs | |O HEp
=0 O HYae
L] | |O s s I
kgpras) | o mmy | (O W o B

= *Jsﬂ%(sox) ol zMMJ%(NOXH
ALFL (H 5)8 Lol *JZJ%E}‘ FAHE(SOx) 9 A AASHE(NOx) Y
A7ERS 247F 1,170,757 kg 2 2,041,530 kg & 3514 3,212,287 kgoll
Tk

Sttt A3ES 27 99.2% 9 87.0%° Bt &2 ol H7Eo]

(B 4) QYA JHHE A HUHT|Q| oK AL
EYSEy AR o
£l MOITIA CHAY| e 7 I ECCET ==<
=t sevls  [THAGE] | g [ o M
AHSHIEAA) | (F7], B) (g, 0
[E 2af
ol ZQNA;TO 980,965 - 225,932 - -
HX| AF22F
O"(QT'OE*)%O 1009413 | 1286986 | 232660 | 1,519,655 | 510,242
Z) OflLAX|E AR HEO| KA SA(1.029TOE=LNG(ENM) S &85610] AFSHACH
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(®1.8) | @0 | 0=B+C)
SABI2(SOx) 1,170,757
(ko) 9,810 1,178,308| 2,259 1,180,567 (99.2%)
HAMSE(NOX) 2,041,530
(ko) 306,392 1,511,308 | 836,614 |2,347,922 (87.0%)
_ 3,212,287
=1y y !
2t 7(kg) 316,202 2,689,615 | 838,874 |3,5628,489 (91.0%)
%) 25 10| HNE 4 BUBE olofict

OJAl F4FeHE(SOx) B AR (NOY)9] Adezie TAshs 23t
873 PMysS] A ’5‘} Aottt 11 Aik= (& ool AAEA A
O FASHE(SOx) 7190 2T B DA (NOx) 7191 EAF2 42
403,911 kg 9 161,228 kg@ & & A7 565,139 keolth. HAZFA
QLA T QA FAE(SOx) R A2A4HHE(NOx) 7191 22+ 34
PM,52] 2AF0] 95.3%4 At A2 Sr2e F2olt

ool

(2 6) EaETA, HEE Y, HILTT|Q| 2% 4 PM, 52| Sl

CHAAH]
- A AV A — . 2R 48 PMas MZE
TE B A(A) CHAE7| | 7HEE U A (D-A)
(7],B) | (&,C) | (D=B+C)

SMEHE(SOx) 403,911
7191 SrA2Hkg) 3,384 406,516 779 407,296 (99.2%)
EAISE(NOX) 161,228
7191 HA2Hkg) 24,205 119,393 | 66,040 | 185,433 (87.0%)

= 565,139

5t s

2 A(kg) 27,589 525,909 | 66,819 | 592,729 (95.3%)

F) 23 M0l MAIE 22 XMUES 2A0jFttt

upAsro 2 2%} A4 PMyse] Aol ABSHs AH8la el shet
912 APgeLIA} ek B AT7O BAE PMyso] $AHI8- AT A
o] ofjzt AEo| T FeHHel Ao 2Aste] HelrlA AFHLAe]
234 A PMys] AZRFS APESHE Zlolth WebA] PMys] SIS S
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A A
Sgotol A1 DAL 23 A Phs A
| 6 4 Aolth. ole} Batsto] AAAT AES AHE Past 9

TFoR ~(2018)% T H AGFEES] uAHA A
A Y5, AR e SeE SEEE=
Forth. Kim et al.(20180) ZAIAIHC] PMys AZE o] tigh
A& 34351t} Lvovsky et al.200002 19934 71& A4l 674
A PMip L2 1%t 3sfin|-8-2 4=t 474 ¥4 H&= 1,923 4t
2o, 4749 B8 414MrE 2 HIIskqinh SHAIRE o] = A BE
DI 2 e EE 288 S EUTh 71E s E dide
E PMs o &) #iE9] SR8 4% A IS

o] ATHE=EA Y - HrHAT Y, 2013 FHA
A4, 2018). SHATE S UEE o=

sfe]of] thigt AFATE g AR BAT WES T SlojA -8
Ao1A AgtAoltt.,

SHH Parry et al.(2014)= 22 =7fol| tisf v|AHAE 233t 7]
dEd0 SR8 AF BIste] 1 A9E AASHY. 97]ole &
YUTE o= o PMys o &) HiEo] U8 84
At} 53] wErwdt Zo] 2 7|EofA TSt PM, 52 UG
I g2 =252 7 EAA 7oA BAYShE PMysS] S RIES T
sto] 2%t AT Ao RN EAATS] Adde FHsHAL 5FY
ok ok&E ST =7k AFEE, 714 B 7% oAE AEste] w7HE
= 23k PM,so] 3HE FEE AlFstal Stk

webA S AT (2019004 = BF APAE 9 F5FE ALY
EFgA RARE 35h= Hl lolA PMso] SHHIE e s B8 o+ A
L5 Parry et al.2014)9] AZ23E HAsHA 2432 gt 66,352(H /kgr
AAsHEA tha BaAQl HS 8] Ex9 71 HAglo] o] g A

i) Hm
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< AT SEEA vE = 1/30 ¢ 13 PMysE
=01l Qe A= FA Sltt. 53] M2All mEE AoA 71
< DAEAIE WEe A AR AAdAZE obdEt 78 HadE=
=& HAoA Hi&ste daatslE(NOx)el A4
Al M2 Al 788 B 360099 o F 36%°] sfigst= 1307
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AeAle oA 7o B8 A7k

S 9l 5 2 drkas Aoy
1

(o]
l:l AN
o1, ol FHS B 0 B oA Sged e Ade
(]

i
UL
l-‘>~l -
o,
rkS

e Gl Rk
AR 77 % FHEACIA gefEolor & JhaL v A (bridge

oz A HEAE 4L AT ow % wae g
G setio] EYFRAOI HPTAL /|4 ojzow

Zo] AskA| Z2 71%5o0] 7Kse7] WRolch
gersterol] Bls) L7k Azt



203

3

=

HATIA SHLTO| 2R} M PM2s ML &

A g FTAH2019)0] T
50%]

1

L

3k

o

]

T
“

EPA(2015) ¥
2ATA A7

of tfi=

8
A

]

2 gol

m

oj7lell =849

Jl

El

1

22

5}

9

1

=

Seitetol
A /IR_}

oA 2017¢

3]

I A7NE

fex]
=

3

93

(0]

A3A AR 71 2A

-
.

2(2019)
Aol 2] 9] ¥R H]ES 20409714 30%2

)

=
i

o

St Qltk. PM,59] A3t

5

1=]
RN

T

| ASA
1)

o

e

oY A3 H2019)°]] 2™, 2018WS 7|Fo &2 T

o} £
A=)
=

12%1]

9

}

QoA Hedrla g

o] 9.6%E @
27+ A7 PMys Al

(@]

~
oj
olp
R
oF

g

T
o

] 22 B4 PMys A%

=
T

3 ATEA 9 ook 7HRiTt
V. Z2 H AARE

\

oA 2 AT 19

o

o

Bl

__OT
o
ﬂAlO
_z_l
mjm
=



204 » A X283 13

20179 &FEo] 7He $9A A A% FHAEAA9] 2018H A
A2 ATk AREIES 245K o olH Hoje AR LA
2E 0|85t glon, Ao wslAel 2AE FHI ATl A

83177} Si9ict. PM:se] B8 wejsA st 277 okt

U2 ARSI Etke Bl FHZo| SASSIFelA SEluEE WY
o7 sl A= AR5 & B A LoAL BEsH] RS S
Fzsp/ ok ATy, Jey, Shed PHES BHY ARES Y
glo] AL T&slo 2 A7 2L FAst A sk o]d Ho
A B =Re 3AHe ojojuut ohjet A7Ael ool shxicky wek
g,

£ R AW QEPLUS SFSA Sz B390) Gako] 27
874 PMys9] Agdold TolAM vraade SRlsti. =8
PM, 5] Ajgo] AA7kA Qe g9 7 $8% 52
e e G
PM: 59| Aol oAl 297t e& & il
AaH Ag3tet ¢ % Ut o Yot A
= AollA 22 A4 PMys A

mlo
of
o
K
r

o)
o,
b
rlr
019“.',
40(1
R
re
N
N
[>
ne
&
¥ o
m%
)
()
{1
>,
e
10
iu
ofl
ox,
e 7
4%
e}
>
r\:l
19
2

o L
=orroonok ok
L
NG
-/ ["o
o= g
oX, iy

iy
g
N\
=)
é
_l_4
H—l
1o
1o
i
N
N
)
SR
o
=
R
“Q
N
N,
it
o
n

s AgaIE A 0}71 Hﬁi —E—"i%% A5t

HAEE U] oo g “7‘43}‘514

Ao AW/ A7 w4 & A2YL AHTs}

& 5= dAsH HJ%‘?}QE

< 73R} ofgltt. weEkA & Aol A AARE &

AE AR sk F&HAFOA {83 &82 ¢
y

AL A PMys AR RTINS 94 2= 45k HiA

N
1o
me
o
oX
2
_0|L
(e e
2 fe

B R (1
)
o
2,
Y
fo
-
0

Am
ol
ne.
=
<
>
17
S,
H
i
o
B
)
B
L“

=

4%
10
e

S &
e

Y

ok g

INS)

e ox 1

¥ o X
o
lo
AN

W f
o,



205
jAro 7 Al

=

A

Al

-

HAUTIA BHELHO| 221 4 PMys MBI £
7

Selute}

=

=

g, o] 1=
7} Qe 2ok et o] s

WA o Uobt skl A

]_

LA

o

ol

or
ot

[e)

stof ot

a5

=
=

_q] Aé‘T

3|

34

] Z
go=

=

=

H2 g gAt st wact i HYHE o]t F
Ik A, =

o9l Ha grjol wet ofj e 2]k

on

o
A
70

K
)
LZ._.U Tor
of T

i0d

REE
= o4 o

=Rlo] gt

OF:

OHAA] A Ee] v

==
. TAAAA AT, 31(1), pp.347-367, DOL: 10.22558/jieb.2018.02.31.1.347.
SRLEEREED

7}, 2703), pp.322-333.

(o)

=
27339

(o]

T

3}743]9], 2019, F=27}7]
Ay, Mg =74

[e]

T

277



206 « 2ZE™ X268 HM13

H

UeATEH, 2015, 7] L AR MEAS 201249 7] 0B HEF 7)E),
QA 2YBATEY,
A1 G0l 9L, 2015, “BAHS nAEA F 23 B4 7% Bt A

77
T THATAATER 5, 24(1), PP.146~160.

A4 - LE3E 2018, ‘71 A HAORE QIS 27] AFLE F40] HY 4, 844
;. 26(4), pp.45-69, DOL: 10.15301/jepa.2018.26.4.45.

AL PS5 - AFs] - AEAG -4 -, 2007, “AE5F7|EA L G

7 AH] grPA19] Bt TeF A, T A F5h, 16(1), pp.22-31.
71SE B A AP+, 2020.1.1, BHE - Al817S.
UAE-HEA-F5E, 2015, “FRoUA] QETLAS] 28 AFH] 24 - Agk
SHEIAAY g FHOE " T xF5ty, 24(4), pp.223-231.
A BAAAYE, 2019, TAI3R} AR 7] 2 A F(2019-2040)s, MIF AHABAAALE
Aot 550 - A - J&E - Arte], 2017, “@HTLHL o]83t Ao AAY
9] 247t~ #=A3” TJournal of Climate Change Researchs, 8(3),
pp.213-220, DOL: 10.15531/KSCCR.2017.8.3.213.
ot &3, 2019, "S-yl AHA] Bk S0l s By A% k=t 7|3
738}85)A] 5, 35(2), pp.249-264.
olET AL, 2018, =¥ AR H LA L 7HsF Tl TE Y- FHA G X1
AR 5= Zaay 247 2L - 833 A A, 27(2), pp.315-337, DOL:
10.15266/KEREA.2018.27.2.315.
o|=2]-73, 2019, “BIAHA7} A7l vX|= FaF” (HE,, 6, pp.42-48.
A9z AR, 1990, ‘W71 BARH 2 A A Htie] gapREAo] gk A+
"=t 71 8 3] A4, 6(1), pp.51-56.
SIS, 2009, 20099 AU EFFA RAL BILA: ATk ALY SR AH
A, A& S AT,
, 2010, 720104 &= o[ HIEFF/J RA} HILA: 3H=E 300MWH IGCC A
SENE 71&/IIAY ., A& S ATl
, 2019, 720199 A22} 3719 - 87713 AHY A HIEF3 A AL 24
3o R =y, Al =g AT
U A B, 2019, 72019 HANUAAIAHH (2018 AA)s, 4k FHgouA]
T FA A AL
A BAL 20192,720189 A EA L, U TS FA H JHAIA.
, 2019b,720199 A&7V GEIA,, U =834 7184 HeF
718
S RAIAY AT, 2018, "LHE oA ANFEE AA FA 2L A,
FFZEIA), AT 71 A

%



HOTIA SHFHAUMO| 2K} W PMys MZEH 55 » 207

A A EGEAY, 2019, A FAA A H AT A] S EF] wE Fet
0] At W A=ALQ) B2 A, £ TFAGEETAL

=g A - gt TR, 2013, FEEOE H71 29 A At Syl Heekd A
A W71E JFRA, (BHEILA: 2013-14), A& =34 - 97t

S H, 2016, IR I Bt nAEA], ZA] D7, IS EEE EUAL
, 2018.11.15., “&9] 3~6¥ =% AehldA 7Hesd, &9 2UAHA AR
AN HEAbg,

2019, MNHEA] HE A Z v HA] BGlolE B HAL,, AIE: FHE

Afifi, S. N., M. G. Hassan, and A. F. Zobaa, 2012, “How market regulatory framework
and policy affected the CHP development in meeting 2010 targets in the
UK,” Energy Sources, Part B: Fconomics, Planning, and Policy, 7(4), pp.331
-338, DOI: 10.1080/15567240903502552.

Agrell, P. J. and P. Bogetoft, 2005, “Economic and environmental efficiency of
district heating plants,” Znergy Policy, 33(10), pp.1351-1362, DOI: 10.1016/
j.enpol.2003.12.011.

Altieri, K. E. and S. L. Keen, 2019, “Public health benefits of reducing exposure to
ambient fine particulate matter in South Africa,” Science of The Total
Environment, 684(20), pp.610-620, DOI: 10.1016/j.scitotenv.2019.05.355.

Beith, R., 2011, Smal/ and micro combined heat and power (CHP) systems: Advanced
design, performance, materials and application, Cambridge: Woodhead
Publishing Ltd.

Bianchi, M., L. Branshini, A. D. Pascale, and A. Peretto, 2014, “Application of
environmental performance of CHP systems with local and global
approaches,” Applied Energy, 130, pp.774-782, DOI: 10.1016/j.apenergy.
2014.04.017.

Guerra, S. A, S. R. Olsen, and J. J. Anderson, 2014, “Evaluation of the SO, and NOx
offset ratio method to account for secondary PM; 5 formation,” Journal of
the Air & Waste Management Association, 64(3), pp.265-271, DOL
10.1080/10962247.2013.852636.

Kim, H.J., J. H. Kim, and S. H. Yoo, 2018a, “Do people place more value on natural
gas than coal for power generation to abate particulate matters emissions?
Evidence from South Korea,” Sustainability, 10, 1740, DOI: 10.3390/
su10061740.

Kim, J. H., H. J. Kim, and S. H. Yoo, 2018b, “The public value of reducing the PM,s

concentration in South Korean urban area,” Sustainability, 10, 1144, DOL:



208 « 2ZE™ H28H HM13

10.3390/5u10041144.
Kim, G. E., H. J. Lee, and S. H. Yoo, 2018¢, “Willingness to pay for substituting coal

with natural gas-based combined heat and power in South Korea: A view
from air pollutants emissions mitigation,” Sustainability, 10, 1554, DOI:

10.3390/su10051554.
Li, T., R. Hy, C. Zi, Q. Li, S. Huang, and Z. Zhu et al., 2018, “Fine particulate matter
(PMzs): The culprit for chronic lung diseases in China,” Medicine, 4(3),

pp.176-186, DOI: 10.1016/j.cdtm.2018.07.002.
Lvovsky, K., G. Hughes, D. Maddison, B. Ostro, and D. Pearce, 2000, Environmental
costs of fossil fuels — A rapid assessment method with application to six

cities, Washington DC. USA: The World Bank.
Maldague, P. E., 1984, “Combined heat and power (CHP) vs separate heat and power
(SHP) generation for primary energy conservation,” Heat Recovery

Systems, 4(5), pp.337-340, DOIL: 10.1016/0198-7593(84)90048-1.
Noussan, M, M. Jarre, R. Roberto, and D. Russolillo, 2018, “Combined vs separate heat
and power production - Primary energy comparison in high renewable share

contexts,” Applied Energy; 213, pp.1-10, DOL: 10.1016/j.apenergy.2018.01.026.
Parry, I, D. Heine, E. Lis, and S. Li, 2014, Getting energy prices right : From principle

to practice, Washington DC. USA: International Monetary Fund.

United Nations Environment Programme (UNEP), 2015, “District energy in cities:
Unlocking the potential of energy efficiency and renewable energy,”

http://europa.eu/capacity4dev, [2019.9.26]
United States Department of Energy and Environmental Protection Agency (US DOE
and EPA), 2012, “Combined heat and power: A clean energy solution,”

http://www.doe.gov, [2019.9.26]
United States Environmental Protection Agency (US EPA), 2015, “Fuel and carbon
dioxide emissions savings calculation methodology for combined heat and

power systems,” http://www.epa.gov, [2019.9.20]



HOTIA SHBAMO| 27 W PMys &M 55 » 209

AL =2 i dtaAF v Y AJATYOZ A 2] Foln F QT4 Eok= o
Y213 4A 9 Z4, BAR5Ee] 742 H 7t 5otk (sylim@kdhe. co.kr).

aF3|: 151—}5]'7]EEH ]ﬁzlﬂ‘ﬁtﬂﬂol oA ska} vtakaty A&}k FolH,
F9 T Hof= oy 115?} ZAA D FH So]thihkim0508@seoultech.ac.kr).

958 ALUISHL 71449 AAAH deraigold A ShAeklE HS s A A
o7 lthet ofui x| gt el ol A g sl e A4 Folct, .8 T HoRe of
VXA D A, SR, $1%F 43, 71473A1e SolcHshyoo@seoulech ac k)

£ 1 220204 01€ 30¢
A AL 20204 02 154
HyY: 2

[TH=gY: 20204 032 16Y

N



