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ABSTRACT

A o] AR FHAS A, A EA, EXARSS] sl 59 22 19H 5L U7] T 2471~(GHGs,
greenhouse gases) =5 A&HOF JFIIAIA AT 7|FH71E FEEATh $IvEre] A9 A 309 Ale] Hi &
57} 1.4°C 753taom, IARse] ddo= A9s talr] f1al 2016 1149 3Y PSS HlTsit. ol f&y
Aol E3Ql 4is) o] il AT Bye® S 2°C ofl, 71t 1.5°C o= SAs] 93] 2050d714] COo, &
HIES 002 ThEolof a1, o]& 3l vl Y vz 3 HA| 9 ALRS] bl 24 @ =Ho| AFH A Q=
Aot} BAFHS 5] Hsliie 3 MAIZ GHGs HIES £0]a, FHRZ di7]4dA Co, S &3] 3l
AR 7FsET Tt Abgioke] AL AlRRlE sk Alo) 7P Fagt AR e HT ok 25t ABSKrEYS &
H AFRolo M= R&7FA (sustainability), B4 (resilience), =284 (green growth) 53} 22 A8 Q7o) 283}
o, =23} (green remediation), A1 A ZH(natural attenuation), BHi~XF#%(carbon capture and sequestration), X|FE
59 7IEo] Z7IGAR o] Ha A7) Hof $iTt. o)t 71E ITES ©AFH20508] B $J3 1=l ojof
shH, F7Fo R A # Q97| eanE A, EYY] IS 13 Agd EXolE Vs, FEEIE 5o I ¢
Zlehdke] sty AdEn) B =Roe eAaEH20502] 7St Wy 3, o8 GAlsl] $I3F AsrEY B
ok Halvle ¢ A=ATE ANEIHT-
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AHRipple et al., 2021). o3+ 715970l th-&-5kaxt
AR=T ETo] B Fofale SRS 1954 T
=o] S 3L, AFEs) ofA tiv] At ko] A
S 2°CHT} oRfE fr[8lal o Hoprt 1.5°CE A
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o717 9131 20201 109 28 2050 ERAZEE el @
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2 A9 AgTFsd Alar, ©ah FF T A3
5 1 7Rk 2 AASISIT). olefgt vkAEE BIxo|
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2. Xp¢gd 247129 o|al

214719 g vl sl eAsihE SR ol
2F8lEk(CO,), WIEH(CHY), Likslek(Co), Sslrlar
9(COS) 5ol om olst 2471~ F COyF A+
wslel] 7P & vles Akl ol CH N,09]
AL At ZxjEo] coell Hls =XV Feot v
I AFARREe] coell vIEl #7] wiZoltt. 5715 A
Qe A 2dsts FEAIE HEAR ARI7IY 24
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Aot vitke} &7 2 AT dF= Co,
T e £ 9 w0 A3 5 ol
olE A v Fedoltar gt g, siA skt
A CO, FFYE 53 g4 e
= ol AA &FS B3 vid oF

F5=3kar wiE3ek(IPCC, 2007). A+
Aoz A= = CO, HIEF] 42.84%7} s
7] nZof|x] s}, )2 83k XA FFdeEE 4
& 2 55 35028.56%) B T8 = Hal(28.56%)
7} 21 (Denman et al., 2007; US DOE., 2008), 3}
AbERE2 ko]l A ETH0.03%)(U.S.  Geological
Survey, 2014; Gerlach, 2011)(Fig. 1).

CO, A714d Wi & 7P & 3w sy o
oz A7 CO, MiEH] 42.84%E A8k &
3l COyt vit} sEHolA th7] Fo2 wiEs et vid
°F 3,300 E9] COy} viEHtH(Denman et al., 2007;
US DOE., 2008). 2] 74 EZo] gt 7S T3l
vt} th7] AlelE ofsdhk=dl COvt 1% 3™ CO,
= PR olFsly] wiEel vitke COE WE3]
Skl I gt hA, AlET BES 38 74
A wlEEe] 28.56%F AR COx= At &
o] Q3 UAIE Yiketr] 8l ARgsE Blet W

HAREEA o] BAFOA wid ¢F 2,2009 E9 CO,

T

L ur Ho i

50

42.84%

40

28.56% 28.56%

0.03%

= Ocean-atmosphere exchange
= Plant and animal respiration

Soil respiration and decomposition
= Volcanic eruptions

Fig. 1. The Earth's oceans, soil, plants, animals and volcanoes
are all natural sources of carbon dioxide emissions (IPCC, 2007).

Table 1. Concentrations, atmospheric lifetime, and global warming potential of greenhouse gases (Univ of Michigan, 2021)

Pre-industrial

Concentration in 2019

Atmospheric lifetime  100-year Global Warming

Compound concentration (ppmv) (ppmv) (years) Potential (GWP)
Carbon dioxide (CO,) 280 411 5-1000 1
Methane (CHy) 0.715 1.877 12 28
Nitrous oxide (N,O) 0.27 0.332 121 265
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7} wlE¥" H(Denman et al., 2007; US DOE. 2008).
257 TES TFS ARSI dUAE Ak, ol=
o5 2 AR e 7 E50 J8EE FFshe )
AFSEITE o] AL MRS AlgSle I, Thld 2 A
I 2 JIAE BElsIAA FUIAE AR 5 e
NURE YEIANE FAEE B3 oS A=
gt} CoY & UE F23 A FFYe BEY 559
3=, ol AEY 559 385 AR HlES 2K
gt} Ae] B Al B A7 Ale 35S ARSS)
o] AURAIZ WAEH aFole & F718S Rallshe
a2 (decomposer)7t Stk ©] F 3 EF FHER
COE W3 olgst EY f7iAle #id <F 2,2009]
E9] COE vlE3H}H(Denman et al, 2007; US DOE.,
2008). AFeHFNA dolu= BEe 582 EY 5o
2 et 2AE i, e}, v 2 BEY 552
F7IEGS U, 9, 55 5)2 39 355 53 A
o a3t RS THEEEA COE ST

I8l AR COE AT ARG E A Y

Atmosphere
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uptake :
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Soil carbon decomposition

Soil
(2300)

Fossil pool
(10,000)

ST - B - DA - 015 Wl - FEA

=9 F 003%= Ak St FEE 2 5 F
Uk sk T AE o 22 SLellA mim), sHkA),
WEshed 7P &5 st Tke
7], CO, B oikslEjid] st &5o= Q) mlamirt
A7e] WEH A2k FHlAA olelgt 7kE St
Al = T 52 ke 7] o2 wEE v
W s FES Bl oF 19 53TE BollA 29 6%
E9 o7t wlE®HU.S. Geological Survey, 2014;
Gerlach, 2011). 7[E} AA7|4e] vlgHd CO, HiEo]
R T U], o] TS sl e TS o}
gt CO, 87] ¥ AR7Ide coyt EYH drleoe=
wiIE= 4 AckBumside et al, 2013; Ham et al, 2017).
o|ZM, Burnside et al.(2013)0] ZAFeH 7R Y9] ¢
TS B M rEEY O 58 wE v B
COyt H=Ese Ao 434 ot uie] A9E B
kL EAlskeT] olelg gk AR A Ho=REH
HiZEE 2HA7]€e] Cooll theh #ilo] Basit
o9} e HAF RN BAe] wiEd} gk QIF
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entissions.
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Fig. 2. Global carbon cycle in Gt(gigatons) per year (The carbon cycle, https://earthobservatory.nasa.gov/features/CarbonCycle [accessed

22.11.06]).
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o] 3} dARol AAE Bl wiEs =
star ot ey ESHAIE QIZF o Q1% g
HiZo] A7) A 8 #3S Fux=e|ar Q). 4
E°] Fig. 28 BEH, A771 7 Q9 71E9] ©a
BAGA w8, A7 ARE Q18] F7HHQ1 o, Hi
Zo] dojg o AT & Qe v©r EFAFAE HAF
3 o} AR ARE A3 F 9 GtCly(gigatons of
carbon per yeary’} BiEo] Hil, o]F °F 3GtCHE F
el o3l a7go] =H, oF 2 GtCly= BdelA S5t
= Rog dHA ot aEla ok 4GiCh7h Bi7) 2ol
s AEANE el 7IS97IE AlEshe A
2 gA Ak

AFAZR] A £8e] S AAF R d¥HE ol
UATE w3 Aghol] AR T3S o FA "ok A
7198 Cox= RIzte] AR E HIY ke COxel
1081 sl olot. QIF7F AR 10829 1 8%
CONF HiESH off HerfEo] IES ARs=r=
oS M F YA QIfIF o AgE ool wA
HjEo] 28t 78 e gA RS Alme]r] widl
ARk FAPE HaL Qdvk &, IRk Z117] gl o
3 JAYHeZ COo, HWiIES F/IIARE COE 53
o] AR g FY B S8 =Y e
7] wiitoltt. olE ol t7] T Coyt vitkE &5
< ol AP Age, A[ZR] 7o 2 vinERE
o EAE AAS FHEow HEYEH 10,0008 A=
o Za3sltH(Moseman, 2022). AF1FQ] BA F29]
COE &3k olgst =9 &= wiFo At A7)
B2 I7te] MiES CO° thE-e ko= E d Bt

O

—L

TSy

[

ok Jalle 3 A=A 28 43

7] Foll Fol A& Aot} o= AF7F T 247k~
&S FHsltets rRERo|t). waEbA] 1Rl o|$t
CO, t7] &7 71531 olsishr] Slslixe #1719
CO, HIEH &l tsir® A= Sle olali7t Bashy
Hdigk 45t o FrE Fall g 1S 5XE A9
oF 3 Flo|t}. AAZHA] L& AAF Q1914w
EAo(Table 2)9F 2t}

A5 &5l o8t Co, 7] 37} A48} 73]
QIS A Felslar A3 A 15 g Al
571 SiME 17199 CO, viEH {5 digh of3)
7} B5Fot)h A viEYS E0)AY 99 TEHS
PIATe AT el gk Ao Tk
Hjgfol] =g = QS Bolnt. olF uMlsh] SlsiA
= USE, Z7PE, AEE viEEs 7hst o A
o=z grglol & Aolt}. o}y AAV|E wiE
2 wsle dSo] gA ¢7] wiFe] AA7|dE T A
A F= g, =, e 5ol disl [AAIZ) 2uUE
o] s Ao FET}

5= vhd oF 51 Gto] 2AVIAE 7] o= HlE
3lal o, oA FTHHoE wiEHE COE AS42
2 AASA o ke Al Wl A AFEeE 4
245t AvE 2 5 JK(Tutolo et al., 2021). AE
2, WA ARSIHANE G QA 5 214
AZRE wlEse 94 7199 co, A Vs A
AR 1) ZHE COE ATl T3t #7tst

Table 2. Natural and artificial carbon sources and sinks (modified from Nielbock, M., 2018)

Carbon sources

Carbon sinks

- Ocean-atmosphere exchange
- Plant and animal respiration

Natural - Volcanoes

- Non-volcanic geogenic CO,

- Natural fires

- Fossil fuel production and combustion

- Deforestation by fire clearing

- Waste incineration

- Gas hydrates

- Waters (Groundwater)

- Livestock

- Rice farming

- Manure management

- Waste management

- Industrial manufacturing

Artificial

- Soil respiration and decomposition (Organic decay)

- Oceans and lakes

- Vegetation by photosynthesis
- Precipitation

- Soil peat formation

- Reforestation

- CO, Utilization/Use methods

- CO, capture and storage (CCS) methods
- Mineral carbonation methods
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= COo, 23 ¥ AR~ ]%(COZ capture and storage,
CCS), 2) AKdFAs == A58l 948 53wt
05 B3 A= J/]‘g%ﬂ'@j’ 71%(Mineral carbona-
tion), 3)ZE CO 5 Weh&d} 1A JE|= HSAA

Koz g8sk= 7|&(Utilization/Use) 5°] A3t}

3.1. Bt2 ZE U HE(CCS)

el Ak} 715slol et AELE HeJA (PCCelM=
CCSE 4 2 oux] B FFYUe=HE COE +
g, A X2 5, dI2RE AR FYsie 3
I 3tk CCs e 7P ASE 57
= ];L o3l 1520C2 ﬂldoP— 1}
= A H7RAARE A
7] 93k FeAto 7 8= S Qr}t. dEH 2 I=AH
59 B AGFom 88F
AZF 40 THE 1Y COE Tl BaE ASke
AL ¥ sk k. Li2 ke FllME Co,

=S st

Tl ARE FESe SARITE B8 Y
# €02l ARE Aol Agehs A9 Qor, A Al

A iR CCs ZAES hREL A3
(enhanced oil recovery) B0 2 2 3
71E AAA CCS AV A 1357140l Be
(Global CCS Institute, 2022).

S RSrEGRECRIME BAERS ol dATEA]
= ¥l Ao, COo, AT AFE g FARA IR
AdE Co, FEUA Tl gt 7iEEs dA x&gst

AL Aok = Ces APzl vigk £42
g X oF 73 9 RE HriEa %«E}(Kwon
2021). Wb AFEES A F Ue ASF 7]
s7do] Fasitt tlEo] AAgelx =|zlo] AYE
T e s BT SI% =g 9 HeE
davt ek 53] COE FAold et AASl A
ek Lot wlellM A2 et otk sfieelx=
A8t AT A FolA ddisrsell Cos Adske 2t
7P Bo] 8L glon, tiREe SRS 34
I AR E8E AT (Aminu et al., 2017). A5l
COy}t U= FExH $2 =7 = 3h, ghito] &
d=]o] pH7L WolA|al BEe| 835 X8 "ot ]
FgelA] 22} FEC] o] Yo x o, g5 W
3} 3| Stk (Akono et al., 2019). ©]9} FAHH
A% Sle 997 stk A%t 1Ea CoE A
ol FHUsHl HH ol ZJAFA Felrt Hof <FA

8L 3 3)(Straitigraphic Trapping), A& T= S

SfaL OlU‘r
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8 EGTF - G5 - B

o)} - il - F4

== FHF E¥](Residual Trapping), 3= 83l=0ll
w2 83 EZE(Solubility Trapping) = E4HE 3E 3
e B3 FE XY Mineral Trappingys 53l 442

I JoP’(Benson and Cole, 2008; Park, 2016). 121},
AR AgY F2 YRR CCS TEAEE COS §3F
Aol FUskL CoyF ARR ofFsle 2t WAlE]
gt S/ x50z EFIY GQUHH(Cap Rock)©]
e osithE S 7R 9 r/]-(Snaebj('5msd(')ttir et
al., 2020). CCS ZZ2AEV} 71 Qe BHES F5
AU cCS ZRAEE 1%851] 93 Vel 2
F2olot.

3.2. ZAEEHS]
S Agsly] 9t FESIS Ve AT 243}
=Y 7 Ue 7FsE 7HIAL Stk co, BERIS
Ca, MgZ ¥l 541818 e FE3 CO, 7]
o] gHits) vhe-5 Fall GoshE o g 9 kY ekt
< I8k JJr"t& g o] Co=E HiEskeE =
2A FAE Q‘r:@}?f‘ T UE 7IEE AAAL ¢
CBEERS) 7S FA ARPREE e Ao
JRES &85k TR RS 4 AckFig 3).
PAEAES o)8sk= V&Y AF F4ATEY Cos
Pdsi=tl Adep 24 A9 s A4 = 3
Ou} CCS9 AlE HhoZ FRAREE AL SHO@E}.
GRS E83l= CO, =TI} Ve 3]
712 A7 DAl HEED et T2 1A A F
185 ANES 7= APsilot, HT 14,
YES FTAHOZ ARARAEE: HEIE, AHE, H
& &, dAAE o83t FEERE Ve A7t
o] o]Fo]x|3l Ut}(Han et al, 2011). HL THE 118
H7EQ] FAHNE &85 FETRIE A7 =Ed
W ksl rotl =& whibsl vESAJ(95% oo =
COE 32w 1Y F Ue 7Feds BT
(Wang et al., 2021). ¢} 75~ A7F 120059 ©]’d<]
COE 183l = e AHdRAHEo] MAskal Sl=)
olgfgt AYFAES AL FERNIE 7Is XNk
ek Al F A S BA SHE A% U
A D Rk B AR o] F3AA # AHeEEo
ATHHan et al., 2011; Park, 2016). °J& &3] W=
A Se] - CCS ol9]Y vzt ukbrleEMY F
84, Ul A 7= FEERsl A3t o Ak
ey H“ﬁ 9 SFEERES o] 8o, DA, 3}
A, AW AANE E3+ 87 2aky] F=o] =g
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Fig. 3. Conceptual diagram of various types of mineral carbonation for CO, sequestration [From Power et al. (2013)]. Note that ultramafic
wastes, mafic or ultramafic aquifer, and ultramafic rock may be replaceable with (considered as) serpentinite tailings, serpentinite-hosted

aquifer, and serpentinized peridotite, respectively.

gk o] Qo 7 A8l rhssithal Jrksidth 1
Hu, CO, FEEISL 79 J83lE fleixe BAY
ZU7t Saks]ofor sl=d] dsEde] o AlEE
ANUAIS} =1 WREEE ZXXNE F e Tis S
gk A&2Q1 Aol ezttt
Aol HAPES S8k Ay, £9¢

WA b (@] A e 2udd el FALS F
& AgE = o, ol COo, BEIE sl ti7)
2 HiE glo] BAE I7HoE AT vk A
2 RRHEY H A9 F3hE e ATE ol8e A
Z FESh= ATl o3l HiEE S Eolal S T
FS S s AlFSANE AP TR g d%
7k AFE oM tiitre 7S A o]FoixRA] &
31 Ak(Snabjornsdottir et al., 2020). CO, #771&0]
AA| A87Fs3l7] Hsixde wid izl @A) Azt
=] HA 1%, F 05G22 AAT F Qlojof FiT}
CO, IR AAE a7t ehlsle o] s S5A14
T JARE A Gt EE TS a7 Aeshd
W COyt A&A )AL A CO, F55 F8 ui7hA]

4 9 Co, Y

o) ATl wEH #F-9o] W Agte] FojXIvhH
A7t Gt TFEANE s FE eilsrt odE 5 3
S-S HoJFE(Tutolo et al., 2021).

S T AESHE FEES} 71eAol sl vkt
A7E FHEAEE AFESY Y] APES
Calcite, Dolomite, Siderite 5°]C}. LimestoneS X35+
bkt ¥3kE CO= & 18,000,000 GICEXN A
A FEO 40% oVds AAERE ZoE dEA low
ERIRE] e fains ARESE E3F Co, A
9] 7Fs4dS AASITK(Salek et al., 2013). QR3] as
(ureolysis)®] TS 083 CaCO; BE3h= Luk=Q)
FEehlsl 71ed) 2] AAolA CaCo; BEFHS 2
WEo 24 A% 28449 FEWsER] HEHoE oA
)3 UTh(Krajewska, 2018). QAR EAS 0|83} A%
E3} 7l TRksE AARYolR] fof, 53] ARE ¥, A
d 9 37 Boplld EYa Tefo] 133} = kg3l
A7) st 2 BYUS 95 AE ANIES 2 AESH
B oz AE 4= 9ty 3 EE, A &

J. Soil Groundwater Environ. Vol. 28(S), p. 40~54, 2023



46 HEH - & - D5 - AW - o)t - wle) - F8Y

3t A BE 54 25, A g 9 A 84
Ca'e] w5 2 A3l A, Y 3|5 S SIS
A AgAa 7t =S 9a, A Co, A
EAZ AREE S th(Krajewska, 2018). ©] 2%
2+ 89 wAYE(Sulfate reducing bacteria, SRB)| <]
3 dolomite F43Y, A3 wAE(Iron reducing bacteria,
IRB)l| &gt ABESP 59 A7) =L glom, o]
e 7es AHEE 49, Co, FYol AFEsE Hgh

nAE TR 2 A riAle 9 55 dvEe A

o 12 fo ox

Q\L
o

= T85IH.
3.3. XBe R7|EA ME sEHE 38t B A2l HE}
E%F B (soil carbony= EY Ul 34 32 o=
EABl= 7571 Fele] eaZE 7RI B Alde
2, Eges 54EY Hi7 EYl fidE B
& Wl Ealge A 55
v @i FE S !
2005). 53] A&7 7189 27] 23l &S A=
< sk il dFE :
smdER e Rt= glde] AEsk 24 Eal7t of
Rtk webd ol AEaiae] e ueb )
e Folu 57t S Ao BEHRTIES e
<45 um?] Z71E 7R E 8ERVIE, 53 um2mme] =

N

15 7HKe 92 f71%, FH2, 28la dEsig &
B2 78S . 5 f18S ¢ dojd
BaEm, AP f718S = A, Feae 5 apd
|= 28Fch ey whiEs) 5 Gl
a7t & A et

EollM f718S FASHTE AlEleg ax
W] BaElo] co, FelE HeEn U=
CORY 24837} 238ut & CH, ez A%
AtHMazzola et al., 2022). WEbA ESk)A f71ekar}
FgslElolA COM CHE 3R] xE 3h= Ao
B &S e fIgk 4] Aot} BT E
o] BN HslElE 7Rk (1) EY IR FolA &
a7t 2 =7 eke B2 g, (2) iR rAEe] §7]
E29] I HIZA Ak, 3) A7IEREFESR A
ole] JeAgoz FF3 4 UTkSix et al, 2002). A
HAe] 712l sfdale Blo] AR} HT FHaL
U= HlolexEkal & 4 Tk Ulg-2 o)% et #
Z). 7 AR} Al iR 717k A2 DS Ao
AoH, f71EFEFEHole AFAE FAsI] EalAt

g A AHE B AL, o] B Ealell

N

N

H

_

o] 209 gk Ut frlE-dE-asole AdAel
A g e stekdste aaakEel o8 #

o ) B3] e ge) HeleluA7} Basict. dei

DafeollA] dolomite®] EF812] 2%1-2- =80l Aol A] SO,*7} Ca?* E= Mg'ol] wil-§- 7338} o] 274318 58 Wh8-<4-= AP (kinetic barrier)
22 Qlal w4 =7 A gk}, et Sake 3 vt o} (SRB) B 4 3} == 74 oFol Sk & a2l <) Sk 3t
o2 qlat B3E(sulfide) 344 S B3l HheS 2 A S S5 4 9lvt. 7] 7ol wh=m SRB7| B2}l 9] dolomite A4 2o
T 3o} AL wlj o Al E] Bl A FAEA -2 317 o) A Ca-dolomite 343 & =53} (Van Lith et al., 2003; Warthmann et al.,
2000). <=5 SRB o] Ca-dolomite®} Mg-calcite H A& frEgl=d], o]:= ehitsd 3 AJAJo] SRBAHE = 5202 W7 v
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Fig. 4. Paradigm shift in soil and groundwater remediation technology (Hou and O'Connor, 2020; ITRC, 2021).
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Table 3. Comparison of three types of geothermal heat exchange systems

Type Closed loop type Standing column well (SCW)  Aquifer thermal energy storage (ATES)
(N P anm " Ll o’
L o’ = pun” 3 1
A
Schematic . o ——N :
diagram water table T heat
g s pump
gravel- ':,\- 5 —=
- - T 8 [ATES system]
o
' - t
L G H b cold hot
Kim et al. (2014) Kim et al. (2014)
Drilling depth of 100-150 m <250m 20-100 m
geothermal pillar
C:(I;i‘znti;;femr 23 RT 25 RT 30-50 RT
]g)er pillar & (general value) (in case of 500m drilling) (depending on an aquifer condition)

- Low energy required for pumping

- Relatively easy to install

- Wide site area required

- Energy efficiency decreasing with
time

Cons and pros

- Excellent heating performance

- Smaller site area required

- Possible problems of lowered
groundwater level due to
insufficient groundwater supply
during long-term operation

- Excellent heating and cooling
performance

- Less groundwater depletion problem
due to re-injection of heat exchange
water

- Low cost of installation due to lower
drilling depth
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