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AN L& F
A= AR | ZAYE AlHlE 7] e} A v}
(A 2) HEA )
2012 8,100 4,187 1,234 1,314 6,735 1,625
2013 8,212 5,361 1,580 1,684 8,625 515
2014 8,259 4,548 1,341 1,426 7,315 1,382
2015 8,084 5,250 1,547 1,648 8,445 643
2016 8,936 4,739 1,397 1,487 7,623 1,313
2017 9,220 5,840 1,227 1,906 8,973 947
2018 9,395 5,443 1,191 1,478 8,297 1,680
2019 8,057 5,073 1,793 1,481 8,240 866
2020 7,140 4,327 1,612 1,570 7,312 252
2021 7,729 4,352 1,557 1,539 7,448 587
T AR E YES (HAF-ALZEF) o AT e ddH o= )
o] &0 AL Brlsang EX WA Lo ujd o] S47 A HYS A9
Fa dxe] vyPFS ‘0o Astate] FatsldS

APAG7LY) 715 @9 (functional unit)@ #A|E= A~ Azt
T8 7o dAFolA Ve dHE AMSETH(EHZIEEE Y, 1997).
of AToAMY 7le wfle Aol He #HYI=ES AeA 1=
(1000kg)e] vid, AeA] 1E2] guZozo] A2 Aet
NE 15 AWERY fPgoz HAAIY LI 7F 55

oA EAshE HEA 1202 AR ol& Aestd [& 3]
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75 e wy | AgAe duEoze | HeAe 25N 1F
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3) Al&=d A
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=49 =7 LCI DBE ¥
Brutoz 277l FH5HA]

A% % =R AFHE ARE @A ol§adth Aue

’
Hl
rlot
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A
N

§2 rx
o
K=}

oK
2
ol
2
o
°
H
=
—
Q
-

fll

T =4
vl H Fly ash disposal NETL, 2014V
g2 25-210-12 =7} LCI DB
A &8 TEae 1= AWe Marceau et al., 2006
=7} LCI DB
=% 12 o] 7harst==t =7} LCI DB
2) & O
Hekale] G4 b LCI DBe| 128 o4 AnaEd dn4Es
A A3 A5E 8o, st FFod RAEA R olfHeE HE E
2ol 95F AnsBAE AuAS SE@vn A4 %7 LCI DB
2% ol AmHEA A% Al AnHFEAF 1ES A3 lkmE o
s e FdMAEEE 24 TRFAE 363, A== 1615)9 1

1) NETL Life Cycle Inventory Data - Unit Process: Coal Fly Ash
Disposal. U.S. Department of Energy, National Energy, Technology National
Energy Technology Laboratory. Last Updated: April 2014 (version 01).
www.netl.doe.gov/LCA (http://www.netl.doe.gov/LCA)”
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o] A gtk B ATl M o4 ¢S FHOE HUAZ
Fgate 1he Edol lkm AUE o¥¥ W ARPHSEA

5] 25 E o] AHAGEZRA a1, lkm o5 7]F)

s 5 e # (kg)

Crude oil 9.29E-03
INPUT Resource

Natural gas 4.07E-04

Carbon dioxide(CO,) 2.84E-02

CFC-11 4.7T7TE-13

CFC-114 4.89E-13

CFC-12 1.03E-13

CFC-13 6.44E-14

Alr Dioxins(TCDD) 1.19E-15

Dust 5.73E+00

Halon-1301 8.89E-10

OUTPUT HCFC-22 1.12E-13
Methane 2. 710E-05

Nitrous oxide(N-0O) 2.89E-07

Heavy metals 2.79E-10

Methyl chloride 8.98E-09

Water PAHs 4.37E-08

Phenol 5.13E-08

TOC 3.75E-06

Waste Hazard9us waste 3.65E-04

Industrial waste 1.72E-03
of ATl MR & A AES fEiA AuIEddaz
B AWE A4 333 dv) 2 A 37k Ao it A E
Abetth A9 =, S, Add, B39, Agdew 7Es
or, A v 7 useddsziy AUE 4N 4, dnE A
> 2te] Hx AYE Tt Al dstdn. wF 3 Age (&
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5], 2021). 13 =
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A U E

, 1995;
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M| o] 90%7h W ETHE
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=7} LCI DBel
Al Fly ash@]

el 9lA 27] wji-o] w ko] Portland

k!

al
=

Cement Association®l] A

£

|

npelo 2 3lo] Al

ol &
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FA ot
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R

o

2) Marceau, Medgar L.; Nisbet, Michael A., and VanGeem, Martha G., Life

Cycle Inventory of Portland Cement Manufacture, SN2095b, Portland Cement

Association, Skokie, Illinois, USA, 2006, 69 pages.
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(% 7] EENE 15 AUES] ARAZERY AW 12 7 715)
-3k T 83 #* (kg)
INPUT Raw material | Fly ash 1.00E+03
Particulate matter, total 1.81E+02

Particulate matter, PM-10 2.28E+01

Particulate matter, PM-2.5 7.01E-03

CO; 7.13E+04

CH4 3.04E+00

CFC-11 5.86E-06

CFC-12 2.34E-05

Air CFC-13 7.88E-07

CFC-113 9.74E-07

CFC-114 4.63E-03

OUTPUT Dioxins(TCDD) 3.93E-07
Halon-1211 2.57E-03

Halon-1301 TATE-02

HCFC-21 1.30E-08

HCFC-22 1.13E-02

Methly Bromide 1.66E-15

Chlorides 5.22E-01

Sulfates 3.04E-01

Water Ammonia, ammonium 8.60E-04

Phosphorus 5.00E-06

Zinc 2.00E-05

Product IEAE 1% AHWE 7.69E+04

(2) "u & 25-210-1229] A&

Aul2e EdEA] AEY vLdd wet 2 FH7F v gkt
A HAF 25mmE AHE PE
7} 25 ody ARgHe dnE
25-210-127F AvH(gHH T, 1997). o]el & AF oA = sheEdd A
of ‘HuF’oze] AqFES W 25-210-12°2°] Af&Low
Atk = 7F LCI DBel A 42 ‘gln & 25-210-12" A4ke] A4 5
ARE AR 18 Fde 7Isoz2 oA AR H, 2 ATl
=

=49 gs TAHo=E [ 8l At

N
o

M 2 o
2

) ﬁr

1
oo Hr

o

ol
-

o
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[ 8] @) 25-210-12¢] ANRHHEA ARMAA 1E FY 712)
gt 5 3 s 9]
INPUT Raw material Fly ash 1.00E+03 kg
Carbon dioxide(COs3) 7.93E+03 ”
CFC-11 4.12E-08 »
CFC-114 4.22E-08 »
CFC-12 8.835E-09 ”
CFC-13 5.56E-09 ”
Dioxin 1.86E-13 "
Air Dioxin(TCDD) 1.09E-10 ”
Dust 1.41E+00 ”
Halon-1301 7.69E-05 ”
OUTPUT HCFC-22 9.67E-09 ”
Methane(CHy) 8.50E+00 ”
Nitrous oxide(N,O) 1.37E-02 ”
VOC 1.59E-01 ”
Benzene 499E-03 "
BOD 3.77E-02 »
Water COD 2.52E-01 »
PAH 3.78E-03 ”
Phenol 4.43E-03 "
TOC 3.24E-01 »
Product Remicon (25-210-12) 1.98E+01 m®
4) " g oA
Ul sgEEA LA s BAstE e F A AT Eo A
7F ol A= ok o] "HZIEEEE AdE ) oAE AVES
Wste 45 Fuade] ode YA Aa A A4E vhast
=2 <
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o] =& Fo=m did B oy HiAlE Wiy & =3
, mZled=4d T st e 54 4SS dHe=E
Row I FE7F Agte] WEA|V|E ZHU dWtHo R
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H7bE A8l 2 AFNAE wiy SAe o] vlAkA e miY AR EE
4 AR5 E o]&3AY. = 7F LCI DBoll&= A& wiyo] ojst A
EZ8A A57F SASA ol v =9 US. Department of Energy ol A]
%aEﬂ%mmMEmmyT%Mﬂ@yL%m&mﬂMﬂLﬂﬁ ALz
£ ol&stAem, HAAl 1= mH A FHEH} AdEE T 2 AT
&3 =

2o gS sz [3 9ld Aests

[ 9] WA Wge AAAREEN AR 1E Y 71F)

W3k T e & (kg)
INPUT Waste Fly ash, transported to disposal 1.00E+03
Air Fly ash dust(PM 10) 9.60E-02
Fly ash dust(PM 2.5) 1.80E-02
Silver 8.90E-04
Barium 5.07E-03
Cadmium 4.50E-04
Chromium 6.75E-03
OUTPUT Lead 1.22E-03
Water Mercury 2.00E-05
Arsenic 5.70E-04
Selenium 1.14E-03
Antimony 5.20E-03
Berylium 8.00E-04
Nickel 1.14E-02
Thalium 2.00E-04
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[3£ 10] A3E A7 A% 2 A9 A
T3 A & Az o5 Al Q] A
- AT wER O -
71593t | - 247t EFE (A7 & "/DMO) x o F&
-eE 9y 5d T O -
S < I A AA F= A
- A FARR W F x T2 R A
- GDP ti¥] 4 HIAF HF X y
- 4% R&D AF & =4 R&D HF x y
A - ¥d 58 =49 AF o -
- AN MEY A S x FA AR T
- A 1S014001 157194 x 227 e
- Qg % 2x 98 #d 53 &Y AF x o T
- ‘zero waste’ T2 HF 7|H F =257 =g
- =l A AH] M) @4 2
- GDPE9 " = =dAu x g
- M A R A x TAHF7F 2
- T8Ol EEHNEEE) O -
- olyA g &y Astd #HE/7HAA X TA Iy 2
Jp #H 7 )
sawa | ek (5 7] =2 A =%/ GDP) x o F&
- Hrls HAF o -
- A7 E HTAHEH O -
- HFAEE(HTAEE/H =LA E) x o F&
- ALF M s x "
- HIAREAA o T8 F x T2 R F-A)
- o EZFH(AaA, £2A4, H, T) om &
- 1919 TV E S FAH L 2
- 3l sEtEd wiEE x o T
- PMI10 ®j=H k% x oln] 21
PR - Particulate matter O -
. -l x Helgd 2
T - Eged x Aoy 2
- AHd st x TAHF7F 2
-7, BEY, FERY edEd iEE A R I el
(tFe] &4, F&, T5%, NOx, SOx, 5) vk 2§
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[ 11] AL A

EoF G

eE

H| 31

1-1.

2013 =34 A E A A3
7R FEA A (index.go.kr)
FAA G WA RE S YR LA
2019

2418 9], 2020

Deus et al., 2020

Manfredi et al., 2013

1-2.

Manfredi et al., 2013

2-1.

2013 A4 FA T 2 A3}
EU indicator
OECD 2014

2_2. b |

7R FA A (index.go.kr)
AE3 9, 2016
Smoal et al., 2017

1
o

M w
AU

o

3-1.

EU indicator
Smoal et al., 2017

372. =

ZA8 £, 2020

3-3.

AR 2L = 27] 27 2
A5z} 718k & 5 A £ (2020-2040)
o]d4] ¢, 2015

zA8 <], 2020

Lokesh et al., 2020

EU indicator

N
Ho
o
o,

b
Ay

4-1.

v A A (PM) vl = =

AEZ 9, 2016
Lokesh et al., 2020
Manfredi et al., 2013

4-2.

Azevedo et al., 2017
Chong et al., 2016
Lokesh et al., 2020
Veleva et al.,, 2017

4-3.

Chong et al., 2016
Lokesh et al., 2020
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g g Fo HAZIE A FAAA wEsts Edo] 7| F Wt
A= s detate A Ao AL F A e, A A 9
AA HFE BT ofvE2F Aded #d Auvt 4 5 Ak (EA &
2020). ARE F3l 71FRS] vA = JFS HUtgoEH FHH K5
o A A T4 S Ve gils FE ¢ AT

- olabsteta Stk (kg COz eq) 2 AebA A e oA HlE ¥
© TN 2A7FE wjE ol A2 AF(GWP)E A &8te] g e
IPCC 37} HaAdA = GWP202 GWP100& AlAlskal Q&=
AoEek 12021 =U7F SATEE MEE BHauA, B gl 773
o Aol GWP 100 AR&sta Slo] o] AFolA= o5 2833
U 8 247 GWP gt [E 12D YER T

- ojxtste s bR (kg COq eq) = Z(Z4A7FE F2 x GWP)

3) &4 IPCC A6xF B 7} B4 (2021)

_28_



¢+

A -2 3HA)

27.9
273

12] +8 2247129 A F2312] = (GWP100)

ST
It

[

A7}~
CO,
CH,4
N:O

ol

o
_&0
(L
iy

‘w‘
B

_Z_O

A 9]

T
T

7}

==

[€)

T Joru (3R AF3I], 1998),

Apel) 14

=y

w
N

gl

fuze)

Mo

A ]

7] &

B

==
"o

—Z
Q&

EE
_o/]

p==S

[

= o0F
CFCs

T

T

T

=5

==

belch.
_29_

2] &gl o

A

CFC-11(CFCDell i 3

2] 0]
SN

(Ozone depletion Potential, ODP)

1319l A4 g

A<
T
I
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=
s

=

|

el A o] tH(George, 2014).
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1 WMOQ’s Scientific Assessment of Ozone Depletion: 2010.
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[ 13] 2= 33]#]5(0DP)

AT ODP
CFC-11 1
CFC-12 0.82
CFC-13 1
CFC-113 0.85
CFC-114 0.58
Halon-1211 79
Halon-1301 15.9
HCFC-21 0.04
HCFC-22 0.04
Methyl Bromide 0.66
Methyl Chloride 0.11

7. %A

- AQe] w=@e] JolF AT R A% 5 AFE HotgoH
W Rope] V)% AnE FAE F UTHEC, 2018a). o ATFeNAE A
WA ARE % Jle A A% gAY T 55 4§ 55 A5
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Equivalent Quantity, TEQ)S &
- ZF AA] A FAHANA wEE = tho] 54l A

i, [ 14Pe] 54574

o] SA4e7rae A

- & SAS7HITEQ) = (o] S5 % x TEF)

T 3t

[3£ 14] Toxic Equivalency Factors(TEFs)

[¢]
2 A gate] qekAlel E3HE thol S A1/F e

= TEF T TEF
2,3,71,8-"TCDD 1 2,3,4,7,8-PeCDF 0.3
1,2,3,7,8-PeCDD1 1 1,2,3,4,7,8-HxCDF 0.1
1,2,3,4,7,8-HxCDD 0.1 1,2,3,6,7,8-HxCDF 0.1
1,2,3,6,7,8-HxCDD 0.1 1,2,3,7,8,9-HxCDF 0.1
1,2,3,7,8,9-HxCDD 0.1 2,3,4,6,7,8-HxCDF 0.1
1,2,3,4,6,7,8-HpCDD 0.01 1,2,3,4,6,7,8-HpCDF 0.01
1,2,3,4,6,7,8,9-OCDD 0.0003 1,2,3,4,7,89-HpCDF 0.01

2,3,71,8-"TCDF 0.1 1,2,3,4,6,7,8,9-OCDF 0.0003

1,2,3,7,8-PeCDF 0.03

lo,
e

ke
rol

5) U.S. EPA €l#o]#
(https://www.epa.gov/toxics—release-inventory —tri-program/tri-dioxin-and-dio

xin—compounds—and-teq—data—files—calendar oA 22.09.30 <1%)
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AS A= AR 3 5L tAE MR 2 AR
A= 97t A 9} AxZ7eA Y 3oz YEld 4 oA
2], 2018). [ 15]9] o] AFeolA &8 7t Ax 9 d99 7=
pea=s
[ 16] A1E 2 P99 715X
A% A%
7} 1% | 7R | 7HEA
1-1. 247t~ Fu & () 1/2 1/8
1. 71593 1/4
U 1-2. o =724 - | 12 1/8
s 2-1. A3k 7o) 53 S (+) 1/2 1/8
2-2. AEkA] &L #HA 7Y vF (+) 1/2 1/8
3-1. A EkA] WAy e (-) 1/3 1/12
1/4 | 3-2. detA] HFAH+F (-) 1/3 1/12
3-3. JekA] £330l E(NMEEE) (+) 1/3 1/12
4-1. VJAIHA(PM) wl& = (=) 1/3 1/12
1/4 | 4-2. tol &2/ e & (-) 1/3 1/12
4-3. Fa3& WE (-) 1/3 1/12
st 9 249 #G FHFHo w2 A3t Ayt e
2o 2 AAsE 4= )
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[ 18] A A= a4l 15 FHol mE d3A-37F 43
EISA=IFAWE | o2 25-21-
ety 15 A | 7 25-21-12 ol %)
29 g 29 A&
%/\17 2~ ¥ = gk
47k = 7.14E+04 8.18E+03 1.16E-03
(kg CO2 eq.)
Q&I EZ &
FA2A =T 1.21E+00 1.22E-03 6.05E-10
(kg CFC-1l1eq.)
PM © =2k
<= 2.47TE+02 4.24E+01 3.43E-01
(kg)
o] S/ vl &=k
el s 3.93E-07 1.09E-10 ATTE-17
(kg)

ol F7IY HEHAS M) LAY 25 ug de¥=z 7}
Ay A2 FdE AeAe] &S HE&ole dxd AYPAFI AuE
[ 19], [3 20], [% 210l g2 atArt.

[ 19] XE9= 135 AWMERZS] Q&8 dAAgA7 Aap(5 AL 82.05km)
edzts | eEvREd ] o) &A1/ &
§ _P J%_J%a PM % t}o] _ /5
TE Wl &= = Wl & = (ke) wl & =
(kg CO2 eq) | (kg CFC-lleq) & (kg)
o | ‘12 | 1234 8.81E+10 1.49E+06 2. 74E+08 4.85E-01
;‘;ﬁ ‘13 | 1,580 1.13E+11 1.91E+06 3.51E+08 6.21E-01
o 14| 134 9.57E+10 1.62E+06 2.98E+08 5.27E-01
g | ‘15 | 1,547 1.10E+11 1.87E+06 3.44E+08 6.08E-01
fﬁ ‘6 | 1,397 9.97E+10 1.69E+06 3.11E+08 5.49E-01
ZHE ‘17 | 1227 8.76E+10 1.49E+06 2.73E+08 4.82E-01
F 18 | 1,101 850E+10 1.44E+06 2.65E+08 4.68E-01
9| 19 | 1,793 1.28E+11 2.17E+06 3.99E+08 7.05E-01
o0 | 1612 1.15E+11 1.95E+06 3.58E+08 6.33E-01
Al 91 | 1557 L11E+11 1.89E+06 3.46E+08 6.12E-01
XEWHE 15 AHERZ A&E A2 a7t 98 S 2012
AR 2021d7FA1 9] 10703 Ht 1448 H Eolm, Mebx] 2 Aake] <F
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17.3%0]t}. o] we} o] HRo|A = AZF 850E+1071.28E+11 kg CO2
eq. Abole] =272 144E+0672.17E+06 kg CFC-11 eq. Alol9] 9.+
=4, 265E+0873.99E+08, kg Alole] PM¥ 4.68E-0177.05E-01 kg AF
olo] tro]&Al/3Fet Ed& wi=EsTE 20173 20180l AlWE A
€ AEE FUE A 2 474 1272 d =3 1191 H =e= T)
A Fe AeArE FdEHAeH, MR HAZd tE HF=
13.3%, 12.6%= e 10 1ol R Al gt ofo] 2017 ¥
2018l = 247t~ MiE, LS04 =, PM ¥lE%, dol&%
A/ vl Ao, e ol 1793 H 2o 2 H 1070

W F b wotd 201990l 1 A =3 b =4 ekt

O

==
K}

[ 20] #lv]& 25-210-12= ¢ &8 Hd3Adg7t 23 (&F A2 93.01km)

%@_7}3: i%%ﬂ%@ PM ] 2 t}o] %_/ﬂ/v@r%
T v} & 2 i = = (ke) v} & 2
(kg CO2 eq.) | (kg CFC-1leq.) (kg)
el ‘12 4,187 3.42E+10 5.12E+03 9.51E+07 457E-04
jéj ‘13 5,361 4.38E+10 6.55E+03 1.22E+08 5.86E-04
q | 14 4548 3.72E+10 5.56E+03 1.03E+08 4.97E-04
‘g} ‘15 5,250 4.29E+10 6.42E+03 1.19E+08 5.73E-04
ZH ‘16 4,379 3.87E+10 5.79E+03 1.08E+08 5.18E-04
% ‘17 5,340 4.77E+10 7.14E+03 1.33E+08 6.383E-04
| 18 5,443 4.45E+10 6.65E+03 1.24E+08 5.95E-04
E‘r ‘19 5,073 4.15E+10 6.20E+03 1.15E+08 5.54E-04
7 20 4,327 3.54E+10 5.29E+03 9.82E+07 4.73E-04
Gl 21 4,352 3.56E+10 5.32E+03 9.88E+07 4.75E-04

dul 2 25-210-122 9] A&E AR A7l 99 42 201295
B 20213 7bA1 9] 1070 Fat 4912 Eolw, Aukx] Aol <o
58.7%¢°]t}. ol we} o] AFRAAME= AT 342E+1074.77E+10 kg CO2
eq. Abole] 42712 512E+0377.14E+03 kg CFC-11 eq. Alol9] o.&3
=4, 951E+0771.33E+08, kg Atole] PM¥ 457E-0476.38E-04 kg At
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ol tholAl/Frd 225 wiEsklth 2017dl= v ALE d=
2 e AgAe] ¢fe] 5840 M E=om H 10Md T M Bk,
ole =47t wMiE, V= = PM WiE®, dolsAl/aE
= Ay E3 7R =7 JERs T

A 18 Fde VIeew 3 AAARF7 A, w2
25-210-12 A28’ dEv ‘TEIE 1F ANERS] Af&E F=o A
3 2A7tA WES vFS 115%, LG4 =T ¥5S 0.1%,

[ 21] Wie A8 7F 49 (&5 A8 1km)
§ —%@_7Lé g%u}_ﬂl 3 M ] t}o] %fd/%%
T vl & vl & & (k) W) &
(kg CO2 eq.) (kg CFC-11leq.) (kg)

o | ‘12 1,625 1.90E+03 9.83E-04 557E+05 7.74E-11
fE ‘13 515 6.02E+02 3.12E-04 1.77E+05 2.45E-11
; ‘14 1,382 1.62E+03 8.36E-04 ATAE+05 6.59E-11
g | 5 643 7.52E+02 3.89E-04 2.21E+05 3.06E-11
fﬁ ‘16 1,313 1.54E+03 7.95E-04 450E+05 6.26E-11
Zj ‘17 947 1.11E+03 5.73E-04 3.25E+05 451E-11
F | 18 1,680 1.96E+03 1.02E-03 5.76E+05 8.01E-11
9| ‘19 866 1.01E+03 5.24E-04 2.97E+05 4.13E-11
7 20 252 2.95E+02 1.52E-04 8.64E+04 1.20E-11
A2 587 6.86E+02 3.55E-04 2.01E+05 2.80E-11

e ARl 498 AeAE HT 1049 (201272021) Hik A A
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e FAE molA
o 10709 HolEE 47 BAstel AE-AE 2 FBPAt A

T dBnRAE T,

54 FHEHS Feda, £
3} BAHS A AE #FS At 7| 5HA3 J o FHet= 7 A x|
7hE A= 1/20]H, o] & HEgEte] 7] 3

[ 22] A= 7108l Goio] 100 AAE 24 A

1-1. =47t FEF (3915 kg CO; eq.)
A% | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

w2 2 122E | 1.56E | 1.33E | 153E | 1.33E | 1.35E | 1.29E | 1.69E | 1.50E | 1.46E
=0o° +11 +11 +11 +11 +11 +11 +11 +11 +11 +11

3k | 100 | 027 | 078 | 034 | 066 | 072 | 0.8 | 0.00 | 040 | 048

71%-7] -0.037 P7E | 0209 | R? | 0133 2?@ -0.113 %Z} 0.040

o
1-2. L&Y E4 FE%F (49, kg CFC-11 eq.)
Ax 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

w2 2 150E | 1.92E | 163E | 1.88E | 161E | 149E | 145E | 2.18E | 1.96E | 1.89E
= ec +06 +06 +06 +06 +06 +06 +06 +06 +06 +06

xesl | 093 | 035 | 075 | 041 | 066 | 094 | 1.00 | 0.00 | 030 | 0.39

7147 0042 Pat | 0zrr | R | ous | % | o1z | X | oon

[e)
=
F 1. 71543

AL 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

Hkeg 097 | 031 | 076 | 038 | 066 | 083 | 092 | 000 | 035 | 0.44

. [
71%-7] -0.039 P7E | 0279 | R® | 0143 %fgi -0.118 %Z} 0.039

o T
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[ 24] d=d A 999 1070 A<D &4 2

2-1. A 719 53 A (F9; )

2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

2 | us [ 104 | 138 79 [ 90 | 100 [ 102 [ 108 | 108 | 113
s | 061 | 042 | 1.00 | 000 | 019 | 036 | 039 | 049 | 049 | 058
7147 0,008 Pat | ossl | R* | 005 | % |00 | X | oo
2-2. A Q&8 #d 719 vT (F9); %)

A% | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
2 | 172 | 161 | 215 | 284 | 194 | 255 | 345 | 583 | 504 | 775
w23 | 002 | 000 | 009 | 020 | 005 | 0.15 | 030 | 070 | 056 | 100
7147 0.008 Pak | oo | R* | o7 | B | oo | BN | o
39 2 24

A% | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
EA

el | 031 | 021 | 054 | 000 | 012 | 025 | 034 | 059 | 052 | 0.79
A Bk

7147 0.046 Pak | o050 | R* | osss | B | ooo | | oom
1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20 o

0.10 _-0"7 m ~e-

0.00 — ®----0-" e

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

e -1 AAEE 7 53] )5 --e--2-2 HEA) ARE /1Y W E

) 9]
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AHded 719 598 MR 2-1, £7]%) 2016 AU A (%
F3k=0), 20140 Mg B (A RF=D. g4 AZE 71 HS(A
2-2, +71%5)2 2013l 7Hd A (A EFk=0), 202199 7HE oA &
1.

7= Ay AE 2-19 106d3F A AL dHolEH = AREe] EF°
ou g FAE 7HAA 2 2
0.098% <o F4

-
it

—‘—|—‘

HoAdxER AAA BFo] oF 06%p S 7ek= X ot 53] 20154
ol HE3 FAE HoAAF=HH, ol Il #H7IE AP Y rRe
gojel gEd Zor HBAg. Fxo] HVIE Y-S FASHEA T
H7lE AE Fo7 oy, BAA G mE A&v F7h Z2 U192
gk d3lg 2d7] wiE T olfFE =ul HYIE AP #HE AFAA T
7F AA S7bet A THFAIR, 2021). AMS] A A A B skEE H 7= Al
& Ao T AR wet AeA] ALE JA ¢ g wol ST
a2 S Ax 2-29 AHE B3 & F Uk

At g el &k A Eek Ax Aol AdATet Axet 4y 1t
o AuAFE Fote] [£ 25l AYstdon, AeA] #d 535 eE
UEbd A xE 2-13% AeA A A vlss vE A 2-2&
Aoz Foust JABAE A A ZAdr)

T Pearson correlation p-value

A3 2-1 vs AR 2-2 0.1112 0.7598
A3 2-1vs 99 2 0.6659 0.0356
A% 2-2vs 99 2 0.8154 0.0040

4 Gl @e A AR AFAWE wFske] Axstg o,
o] ol AAFEAE 14 AF A% gl wdErh AT 107132012
¥T20218)9) Ak gjelel ghe 2015Wel g i 20218 AH ko
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Ax 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

7k 8100 | 8212 | 8259 | 8084 | 8936 | 9220 | 9395 | 8557 | 7140 | 7729

xesh | 057 | 052 | 050 | 058 | 020 | 008 | 0.00 | 037 | 1.00 | 0.74

(o) (o)
7147 0.014 Pat | oew | R* | oom | B% | 0067 | F | 00w

3-2. A HF e (&9 H )

AL 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

s 1625 | 515 | 1382 | 643 | 1313 | 947 | 1680 | 866 252 587
*3st | 004 | 082 | 021 | 073 | 026 | 051 | 000 | 057 | 1.00 | 0.77

7] ) 1+ 2 _ 95%
27 0.047 Pk 0.244 R 0.165 B 0039 | Sy | 0132

3-3. AeA] ol EE(AHERE) (95 %)

A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

43 83.15 | 105. 88.6 | 1046 | 85.3 97.3 88.3 96.3 | 1024 | 964
X3k | 0.00 1.00 0.25 0.97 0.10 0.65 0.24 0.60 0.88 0.60
71%-7] 0.028 P7E | 0512 | R? | 0.0%6 95%:{; -0.067 %?ZE 0.123
d9 3 AEA =3 #g

Ax | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
7+ A

IS 0.20 0.78 0.32 0.76 0.19 0.41 0.08 0.51 0.96 0.70
2 =%k
71%-7] 0.030 P7E | 03% | R® | 0091 95%:{; -0.047 %?ZE 0.106
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p-value
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20189 b AI(AEF=0) 201996l 713 Bom(HAER=1), FHE
i & 2R3 4-3, 971%5) E=gk 2018l 7Hd A an(A 32 %k=0), 20191 9
714 BT EaE=1). 20199 Aekal el 7bd B a7k obdel
E BTPHD BE ARA P RS e Q9bd, A FEAA
$% Azt W AREY A EoRe] A Aol FUH AwAzt v
W A8 AgAe] mal 1 owgo] kol PM R thel $A/Fe wAH
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[ 27) A% FAH 25 Aol 1049 AL B4 A
4-1. PM ®= % (9] ke)
2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
| 370E | A73E | 402E | 463E | 419E | 406E | 389E | 514 | 457E | 445F
108 | +08 | 08 | +03 | 08 | +08 | +08 | +08 | +08 | +08
sk | 100 | 028 | 078 | 035 | 066 | 075 | 087 | 0.00 | 040 | 048
7147 0,037 Pak | 026 | R* | oux | B | oma | N | 00w
4-2. go| A5 mjE 7 (4915 k)
A% | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
-+ | ASSE | 621E | 5275 | 6.08E | 5.49E | 433E | 469E | 7.05E | 6.34F | 6.125
01 | -0l | -of | -0l | -0l | 0L | -0l | -0l | -0l | -0l
wsh | 093 | 035 | 075 | 041 | 066 | 094 | 1.00 | 000 | 030 | 039
7147 0,042 Pat | ozrr | R | ous | % | o1z | X | oon
4-3. suv5% WEF (49; kg)
Ax | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
w3t | 093 | 036 | 075 | 041 | 069 | 094 | 100 | 0.00 | 030 | 039
7147 0,042 Pat | 0zrr | R | ous | B | o1z | X | oon
151 e WEd
o | 288E [ 369E | 3.13E | 361E | 3.26F | 2.86E | 2.78E | 418E | 3.76E | 363E
B 04 | o4 | H04 | 04 | h04 | w04 | 04 | 04 | +04 | <04
sk | 093 | 035 | 075 | 041 | 066 | 094 | 100 | 000 | 030 | 039
4-3-2. FEH-BE EY
o | L63E [ 207E | L77E | 203E | L84E | L6IE | 157E | 236E | 2.11E | 2.04E
#7505 | 05 | +05 | +05 | +05 | +05 | 05 | +05 | +05 | +05
sk | 093 | 036 | 075 | 041 | 066 | 095 | 100 | 000 | 031 | 040
4-3-3. 1 9] S5 WEF
o | 762E [ 9.75E | 8.28E | 956E | 8.24E | 757E | 7.35E | L11E | 9.95E | 961E
S| o7 | k07 | +07 | 07 | +07 | +07 | 07 | +08 | +07 | +07
st | 093 | 035 | 075 | 041 | 076 | 094 | 100 | 000 | 030 | 039
99 4 w4 2=
A% | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
7+ A
Wl | 095 | 033 | 076 | 039 | 067 | 083 | 096 | 000 | 033 | 042
253
7147 0,040 Pak | ozm | R* | ous | B | or0 | X1 00w
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[ 30] A= A A5 1070d A AE &4 23

EEEE

dw | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | Wt
el 1| 097 | 031 | 076 | 038 | 066 | 083 | 092 | 000 | 035 | 044 | 056
71%7) ~0.039 PRt | 0219 | R | 0143 | B -0.118 RS | oo
993 2| 031 | 021 | 054 | 010 | 002 | 025 | 034 | 059 | 052 | 079 | 038
7197 0046 Pit | 0050 | R | 0383 | B 0.000 RS | 0os
9913|020 | 078 | 032 | 076 | 019 | 041 | 008 | 051 | 096 | 070 | 0.9
7147 0030 Pat | 0398 | R | 0001 | B -0.047 R | 00s
991 4| 095 | 033 | 076 | 039 | 067 | 088 | 096 | 000 | 033 | 042 | 057
71%7) ~0.040 PRt |0z | R | 0145 | B ~0.120 N8 | 0ot
AAEE A+ @

QI | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | AWt

2 | o061 | 041 | 060 | 041 | 041 | 059 | 058 | 028 | 054 | 059 | 054
7147) ~0.001 Pat | 0937 | R | 0001 | Y -0.032 R | 0030

OO0 00
O MW U1 1000 O
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T a4 ¥ 5% 72 10% #4 As &%
A gk 2ol (kg COy) 0 ~3.11E+04 ~6.23E+04 6.36E+05
A &gk vl & (%) 100 99.99998 99.99996 100.00043
(T3 &, %p) ) (-0.00002) (-0.00004) (+0.00043)
AFE 12 e 24
T a9l % 5% A 10% 72 As &5
A3 gk Aol (kg) 0 -1.61E-02 -3.22E-02 3.29E-01
A 3EZE ¥ & (%) 100 99.9999991 99.9999983 | 100.0000174
(=3 "<&, %p) ) (=0.0000009) | (-0.0000017) | (+0.0000174)

T Aol o4 | 5% e | 10% Fa | A% &4
A7 Aol kg) 0 -6.10E+06 -1.22E+07 1.24E+08
A ZEE HE(%) 100 98.63035 97.26070 127.96042
(T3 Hl&, %p) (0) (-1.36965) (-2.73930) (+27.96042)
AE 4-2 A= £4
T Aol o5 | 5% Ah | 1% @a | AT &%
A x5 2ol (kg) 0 -1.27E-09 -2.54E-09 2.59E-08
A ZFE HE(%) 100 99.9999998 99.9999996 100.0000042
(Z%F &, %p) (0) (=0.0000002) (=0.0000004) (+0.0000042)
AE 4-3 AZE B4
T Aol o5 | 5% gh | 1% @a | AR &%
A 323k 2ol (kg) 0 -3.50E-02 -6.99E-02 7.14E-01
A 3E3E HE(%) 100 99.99999993 99.99999987 100.00000135
(Z%F &, %p) 0) (=0.00000007) | (-0.00000013) | (+0.00000135)
A% 4-1 999 BE AR #ge &F g gt ©E Wit ofF
AATE ol= AMEY #uE AL A wlEH= =2 ol &
& AAoAM wEH = Sl Hlal €4 8] ol udE £4 A% &
S Ade wE 24 Wi Wt HF AR gtoll 2 b EHA S8k
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gu 2 A TN wEEH= PMOﬂ |31 A = =

© PMo] Bu+= A omdn. F5AY7F 5% 74 459 10% 3
2% A5 PM viE =S 22 1.36965%p, 2.73930%p =t PM wi=
F A SUoME AeAe dAAREEH ALE Ad FAH7A A
g2 &% AdE 7hed 3 Fol= Aol on7t 9l

R EEEe Ave [E 3Bl (E

A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

A49d &% | 1.00 | 027 | 078 | 034 | 066 | 0.72 | 0.85 | 0.00 | 0.40 | 0.48

5% ZHa 1.00 | 027 | 078 | 034 | 066 | 0.72 | 0.85 | 0.00 | 0.40 | 048

1.00 | 027 | 078 | 034 | 066 | 0.72 | 0.85 | 0.00 | 0.40 | 048

£
A= &% 1.00 | 027 | 078 | 034 | 066 | 072 | 085 | 0.00 | 040 | 048

A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

A9 % | 093 | 035 | 075 | 041 | 066 | 094 | 1.00 | 0.00 | 0.30 | 0.39

5% #ha 093 | 035 | 075 | 041 | 066 | 094 | 1.00 | 0.00 | 0.30 | 0.39

10% 74 | 093 | 035 | 075 | 041 | 066 | 094 | 1.00 | 0.00 | 0.30 | 0.39
% | 093 | 035 | 075 | 041 | 066 | 094 | 1.00 | 0.00 | 0.30 | 0.39

1
A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 3+

a9 % | 097 | 031 | 0.76 | 0.38 | 0.66 | 0.83 | 0.92 | 0.00 | 0.35 | 0.44 | 0.55

5% & 097 | 031 | 0.76 | 0.38 | 0.66 | 0.83 | 0.92 | 0.00 | 0.35 | 0.44 | 0.55

10% %4 | 097 | 031 | 0.76 | 0.38 | 0.66 | 0.83 | 0.92 | 0.00 | 0.35 | 0.44 | 0.55
% 1097 031|076 | 038 | 066 | 083 | 092 | 0.00 | 0.35 | 0.44 | 0.55
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[ 36] =& Adol W& 9 49 4 4 Wl Axe] £=3 g W3}
A7 4-1
A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
#9Yd &4 | 100 | 028 | 078 | 0.35 | 066 | 075 | 087 | 0.00 | 040 | 048
5% A& 1.00 | 029 | 078 | 0.36 | 066 | 0.76 | 0.88 | 0.00 | 0.40 | 0.48
10% k4~ 1.00 | 029 | 078 | 0.36 | 067 | 077 | 088 | 0.00 | 0.39 | 0.47
A & 1.00 | 023 | 076 | 030 | 064 | 061 | 076 | 0.00 | 044 | 051
A7 4-2
A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
A9 %5 | 093 | 035 | 075 | 041 | 066 | 094 | 1.00 | 0.00 | 0.30 | 0.39
5% 4 093 | 035 | 0.75 | 041 | 066 | 094 | 1.00 | 0.00 | 030 | 0.39
10% #4a 093 | 035 | 0.75 | 041 | 066 | 094 | 1.00 | 0.00 | 030 | 0.39
A & 093 | 035 | 0.75 | 041 | 066 | 094 | 1.00 | 0.00 | 030 | 0.39
A% 4-3
A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
Hgd 5| 093 | 036 | 075 | 041 | 069 | 094 | 1.00 | 0.00 | 0.30 | 0.39
5% 093 | 036 | 0.75 | 041 | 069 | 094 | 1.00 | 0.00 | 030 | 0.39
10% #4a 093 | 036 | 0.75 | 041 | 069 | 094 | 1.00 | 0.00 | 030 | 0.39
Aw & 093 | 036 | 0.75 | 041 | 069 | 094 | 1.00 | 0.00 | 030 | 0.39
49 4
AE 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | H
#gdE 5 1 095 | 033 | 076 | 039 | 067 | 0.88 | 0.96 | 0.00 | 0.33 | 042 | 0.57
5% A& 095 | 033 | 076 | 039 | 0.67 | 0.88 | 096 | 0.00 | 0.33 | 042 | 0.57
10% #4a | 095 | 033 | 0.76 | 0.39 | 0.67 | 0.88 | 0.96 | 0.00 | 0.33 | 042 | 0.57
Ax % 1095|031 | 075 | 037 | 066 | 0.83 | 092 | 0.00 | 0.35 | 043 | 0.56
Awoz RS £ 49 0139 H 201897479 A% 4-17)
A9 19 ol AR, 99 451 044 el Bitol 01 G
th A ghel it el A7E AdeBge] gag oustn, o
2 Ba 9% AU QR5H HeAl BelA Ao #Fol A%7
Hom olfolAA gttty HeT F 9
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A 5ol weh @kl A gS x5 A= [ 38]9)

[32 38] Avi® =l WE 99 33 99 3 W A%l 3 ¢k A3

A E 3-2
A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
BAU 004 | 082 | 021 | 073 | 026 | 051 | 000 | 057 | 1.00 | 0.77
5% 7= | 004 | 082 | 021 | 073 | 026 | 051 | 0.00 | 057 | 1.00 | 0.77
10% %= | 004 | 082 | 021 | 073 | 026 | 051 | 000 | 057 | 1.00 | 0.77
Awig 0 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
A% 3-3
A= 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
BAU 0.00 | 1.00 | 025 | 097 | 010 | 065 | 024 | 060 | 0.88 | 0.60
5% #= | 000 | 1.00 | 025 | 098 | 0.09 | 065 | 024 | 060 | 087 | 0.59
10% %= | 0.00 | 1.00 | 025 | 098 | 008 | 064 | 024 | 059 | 0.86 | 0.58
2Awfg 0 | 026 | 091 | 043 | 1.00 | 000 | 061 | 050 | 052 | 048 | 0.32
99 3
dAe 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | ¥
BAU 020 | 078 | 032 | 0.76 | 0.19 | 041 | 0.08 | 051 | 0.96 | 0.70 | 0.49
5% %= | 020 | 078 | 032 | 0.76 | 0.18 | 041 | 0.08 | 051 | 0.96 | 0.70 | 0.49
10% %= | 020 | 0.78 | 0.32 | 0.76 | 0.18 | 041 | 0.08 | 0.51 | 0.95 | 0.70 | 049
2Awfg 0 | 061 | 0.81 | 064 | 0.86 | 040 | 056 | 0.50 | 0.63 | 0.83 | 0.69 | 0.65
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e (2000). sHEAEL AFZAA WL FEIS 30

31-49.
2 A4, (2007). Al A7z Aol I A
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A Agees SAE EFARA A

. A PR 3885 =t 14(4), 53-58.
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HARA . (2018). X E=ts ek 8
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TR EEE Y.
= T
A=A, G5 & ol (2019). AetsteddiolA HAHE v =2
B fFEAdR 34 FY = 253), 179-188.
AN, A, $72 & AEY. (2013). AE AAL ALE A3 A
A A 34 2 HgH ARE FHE=E. BAL H 143),
79-114.
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Abstract

Life cycle assessment of
power plant ash management
in Korea using Resource

Circulation Indicators

Hyeon, Seungyeon

Environmental Management Major
Department of Environmnetal Planning

The Graduate School of Environmental Study

Seoul National University

Domestic waste generation 1S on a continuous Increase year
by vyear, and the increase in waste in the workplace emission
facility system 1is the highest. Among them, coal ash generated
from domestic thermal power plants reaches about 8.4 million
tons a year, accounting for most of the combustion residue.
Korea needs a coal ash management plan that can further

increase the circulation of resources as 1t 1s difficult to
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construct additional waste landfills due to its high population
density in a small land area and low acceptance of local
residents. With the recent increase in interest in proper waste
management and resource circulation, the government has
established the First Basic Plan for Resource Circulation
(2018-2027) in 2018 to realize a sustainable circulation system.

In this study, coal ash generated by coal-fired power plants
(Korea Southeast Power, Korea Southern Power, Korea
East-West Power, Korea Western Power, Korea Central Power)
from 2012 to 2021 was evaluated according to the recycling of
Portland Type 1 cement furnace, Recycling to Remicon
256-210-12, and the flow of coal ash. The second phase of the
study introduced indicators of four areas: climate change,
industry, waste circulation management, and hazard reduction,
and evaluated how much the entire process of treating coal ash
from thermal power plants can contribute to the resource
circulation and environment. Each indicator value was
standardized in the maximum-minimum method and then
processed with the same weight to obtain the final index value,
and the overall trend of resource circulation in the coal ash
management process was analyzed through regression analysis
of the last 10 vyears. After that, sensitivity analysis was
conducted to determine the effect of transportation distance and
direct landfill reduction on the surface value.

According to the results of the study. As a result of the
entire process evaluation based on the input of 1 ton of coal

ash (scattering), the annual greenhouse gas emissions,
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ozone—destructive substance emissions, PM emissions, and
dioxin/furan emissions were high in the order of "Recycling
25-210-12 Recycling,” "Portland Type 1 Cement.” This value
was reflected in the calculation of index values in areas 1 and
4. The entire process of treating coal ash was evaluated using
10 indicators in four areas: climate change, industry, coal ash
circulation management, and risk reduction. As a result of
10-year time series regression analysis, the industrial area (area
2) and the index 2-2 showed positive direction results, and no
trends appeared in the remaining indicators and areas. In
addition, as a result of a 10-year regression analysis of the
resource circulation index obtained by synthesizing the area
values, it was confirmed that the circulation of resources has
not improved in a positive direction in the process of coal ash
management over the past 10 vears. As a result of correlating
the 10-year data of the area and the index values in the area,
Area 2 did not have a meaningful correlation with any area,
Area 1 and Area 4 showed a very high positive correlation, and
Area 1 and Area 3, and Area 3 and Area 4 showed a high
negative correlation. As a result of sensitivity analysis, it was
found that the reduction of transportation distance has a great
sensitivity to PM emissions. In addition, it could be predicted
that the reduction of direct landfill volume would contribute to
the circulation of resources as much as possible by increasing
the index wvalues of the final disposal amount of coal ash and
the circulation utilization rate of coal ash.

In this study, it was possible to evaluate the degree of
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circulation by performing a specific evaluation on the coal ash
management path. In the past 10 years, the contribution of coal
ash as a resource has been in place as a whole, but it has
been confirmed that it can contribute to circulation by reducing
transportation distance and direct landfill. Considering the
results of the analysis of the indicators from various angles, it
1s expected that if the pros and cons of the coal ash
management path are identified and the areas that can be
improved are specifically found, it will take a step closer to a

resource circulation society.

Keywords : Coal Ash Management, Thermal Power Plant
Combustion Management, LCA, Resource Circulation, Resource
Circulation Indicators
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