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ABSTRACT

Though geologic storage of CO, (GS) is considered as an attractive technological option to enormously reduce greenhouse
gases emission into the atmosphere, many concerns on potential environmental and health risks associated with CO,
leakage have been raised. In particular, groundwater contamination due to the brine displacement by a pressure build-up
and the acidification by leaked CO, is paid a special attention. Therefore, integrated regulatory frameworks have been
established by law in many countries to secure the permanent containment of injected CO,. Regulatory frameworks deal
with entire processes of GS, including site selection, monitoring and post-closure environmental management. This review
paper provides a summary of regulatory frameworks in USA (U.S. EPA Geologic Sequestration Rule) and EU (Geologic
CO, Sequestration Directive). The regulatory framework to properly address environmental issues should be established
for the deployment of CCS projects in Korea.
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Table 1. Potential risks of geologic CO, storage (after EPA’s 7/15/08 Proposed Rulemaking)

Risks

Consequences and effects

Carbonic acid

Co-contaminants
Underground source of
drinking water (USDW)

Salinization

Movement out of the storage reservoir

Formed when CO, comes into the contact with water, acidifying it.
Acid causes naturally occurring metals (e.g., As) to remobilize into
and contaminate the water

Hydrogen sulfide and nitrous oxides in the CO, stream will endanger
drinking water if high volumes of CO, are injected

Fluids injected in large quantities can potentially force salty water to
flow into USDWs

Injected CO; at high pressure can induce or open existing factures
which can increase movement through cap rock, out of the storage
reservoir, and into USDWs

Human health Lo
impairment

Released CO; at high concentration can cause asphyxiation, increased breathing rate, vision and hearing

Terrestrial effect
Ecosystem

Aquatic

1) Exposure to CO, can cause chronic and acute health effects in
terrestrial mammals and birds

2) Changes resulting from CO, concentrations may adversely impact
both plant and soil dwelling organisms

1) Impedes fish respiration

2) Causes decrease in pH to lethal levels

3) Reduce calcification in shelled organisms

4) Adversely affects photosynthesis of some aquatic organism

Geomechanical /

. - Reactivate dormant faults
geophysical seismic events

Improperly operated injection of CO, may cause earthquakes
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et al., 2005; van der Zwaan and Gerlagh, 2009). 5%
= olaslekay) AAsE £33 71ZE ) eEgEF o= A
Zol AALA] Ferhd CcCs Aol E9rt FeE 5
SIc}. A% Aol Asfale] A4 AlolEmRE TEH of
At eE SEERE )] 8] pHE Wl A1 v
Aol TE FF%oN} 7E LABAE SUALOTA
&8 7Fs® Askre] 542 o842 4 ckDamen
et al., 2003; Ronald, 2003; Benson et al., 2004; Burton
and Bryant, 2009, Water Research Foundation, 2009;
Kharaka et al., 2010; Lu et al., 2010). ©|]= CCS 7]
=o] A1) 84 FHAE FFS 7AA Ht o]
Aefekne] TEe TR YA g, g
oz 79 2 ¥HYL B¢ ARE@ID A 3
o) AT oE, Y W Aol 012 B 2
A S 719, 71y FH WEE 58 =, AR
A T B B2 BB TR, b Sl T 5
Aol wieof o3t v, EFFAA G (cap rock)2]
= O F AT Table 1
o oliEs T Al MAR & Qe B 9B

geIsiint.

Teue Al A AT B A Wl
el e olsfeio) 2710 A

T o YElE AFEHEAE etk 9
ol G WAL G AAEE FUIE Aol 6
T B3], A7set 9 A7) wuEY B,
< MMV (Measurement, Monitoring and Verification)
T= MMVA(Monitoring, Mitigation, Verification and
Accounting) S Fall APdE oIS AsE
s3] st A ¥ Azs Brllel Besid
(White and Johnson, 2009; Fessenden et al., 2010).
ofe AR A AT AL Bl BH.
2 a7sw, o8 Ba) kil gEEolof Fitt. o}
7, AFARE A BAAG BA AINRE A 5
A B AP B S e FE 9P B
A= A rE TFed R AR Sl A AR - A
F Wk 4349 B 87 B A 2 7R 5
Holl oA 34l aejalEte] EtKBurton et al., 2009).

ol

3. OIAMBIERS XIBME B Fe 27h wH

gigt
ul=r EU, 7iYt}, &5 5 A== on] 199013

J. Soil & Groundwater Env. Vol. 17(6), p. 9~22, 2012



12 2o . §AE . 3

R o

N

e CCSel olitsieka 75 TS FHskal 7l
W AR ete] SRkl vk ol F7elME 7]
& HES AEsI Aol 8217 WA nuIES Tjefslal,
7IRE WES U B BeksAY =AER1 MES AFgst
w=gaial k. ojiksteia AFAEE AUHE Al
& 7R QIAHAL Q7] v, J83tE fleixe &
g ARH 7 T WA - AR ko] &
T-EthBachu, 2008; Burton et al., 2009; Condor et al.,
2011). IEAIME 2008337 2010372 =471} &
Halo] @A ow kg titi oisheA A
g 1A - A 7REE vAE AS gl Qi
v]=# EUIAE oliislerd: AFA Al Qb=
542 Bk flete, SREHIAG I 2 AF
1IR3} dits 3 A ARE npge g 1] Aol
Al Y olFol] ol2= el HHEE s7ket &Pl
A3 HES Alokstal Utk(Forbes et al., 2009). AlAl
FHoje] Mgk F=702A CCSoll gk Flo] w9 =&
SFoME At A B 2ATEE Al B HE
2006(The
Storage Act 2006y ‘At A HHFBEA7RE A7)
2008(Offshore Petroleum Amendment (Greenhouse Gas
Storage) Bill 2008)S 7|RkO.2 3l &F LAY 2
AWl AFA] B A D AR A2ES T
S 9l o] kel olksiek: AE Aol HhE 9]

Offshore Petroleum and Greenhouse Gas

B a7 22, AFAE VY AZ) SHEE 99 A,
79 D BEYe] B A, TES MRS A B

FS cHelar /1 Aslre] RS FAIs] WAslof
2 74 (Transposition of 2009/31CE)C.Z &3] A|
AlBtaL itk H=UE 2008d BHE] CCsell g Rk
THIBIL flom, 5 e} HANE FAoE A

)

o)
g
it
jﬁl
ol
R
32
oy
[\

S
i
i
of»
o

o

20 2
= F ZRMIAE olitsieka I 8 74
d 7led g, olklslea A AlIE, Y E 5
A = A Boks g St 53], 5ol
A7) oK 2009 29HE FY
$193] (Environmental Committee)S FAICZ UF
F2]3](Public Consultation)s FFF0ZH | thze] o]
o 3ol =gstar ok wES, Attt Ay
19999 AAHE FHutt 3R 5 (Canadian

A=)

ool o e
o
(o]

]
A

ol A

fr

J. Soil & Groundwater Env. Vol. 17(6), p. 9~22, 2012

EE R DR

Environmental Protection Act)®ll ug}, 183 vgE=
A= FAFH Mining Law)@} #7432 (Environmental
Management Law)el] me} olilslebsi XFA7 Z2AE
S5 rAskaL ok

ole] HIgl, FUjeXe oiksietA AeAd B
H OHRAA A T ] B 2 A et T

| AFah, AS)A - AR Qe P olgeS
132 dck Avb, B4 FAEE AgRegSs 27 vt
stod APARde] A 331 FHo] Yol itk
, W - e BAjel BBl CCSs FRS Snke
Ago] mepsle, sko g AgAdo] HEAE= 7ol A
AR 9 TR A 9] viEE HEn)

2 oAM= "= EPAS] ‘EPA-UIC Rule’®} EU2]
‘CCS Directive’ol] thate] 8.oF He|gitt. o5 HfollA
L AFAGe) 37 9% BIE A 0L ANS
e, Folnrks Bl kel T Fad 93e &
& 7Ps® Askre) $49 mEol ok,

oAy o

AN

3.1. 0| EPAQ| UICK|5t ¢ 22]) 78

Hlgollx= oilsteta ASAET wdse] Fol3)9h
ALFE ol thdet W rAlEe] =olEo] =),
ol olikeleAe] S ES, 7YY e R AR ol
Sl ASh= o]x}AQ1 Qe d)S afste] AsAEe]
273 el Haskelr] 943k Aolvt. v= EPAVF
20109 12€ vFAg olilsleka ASAdS 9% B9
HE 97t Ast 7 2] T2 649 74 (Federal
Requirements under the Underground Injection Control
(UIC) Program for Carbon Dioxide Geologic Sequestration
(GS) Wells; Class VI Rule) (75 F 77230y A}=ol|A
FHEE e olitshea: 9 B A Ao EA] &
FAF, @Ak, deiRker ] e FAfel tisie] A
e I 2o AsAE Al 2 A el 7]
9] kA -84 (Safe Drinking Water Act; SDWA)’
o A= J= At FY A Z= 13 (Underground
Injection Control(UIC) Program)’ |t} o|4xksleks X5
A HEE WS AEA F71sted APgsiitt. EPA
= H -85 H(SDWA YN wet olikshekd: A8t 9
o tigk B dgks Zketh E 82 2011d 99 7Y
ol A8l Ut} & HHFIM = olshea: ASAE
S 3 FUA (injection wells)®] 718 E&IX], X], +
o 5), WIEY, 79 F ¥4 Bl 5o hste] 745
3 gl 2P R F¥, 2En A% I95 FR

(enhanced oil recovery; EOR)S E3o & F8%= o]



opisheta ATAEe] 874 Bl E A vImT FHAT W - A= @R AR 13

Table 2. Classification of underground injection wells (after US EPA, 40 C.F.R. §144.6)

Class Description

(1) Wells used by generators of hazardous waste or owners or operators of hazardous waste management facilities to inject haz-
ardous waste beneath the lowermost formation containing, within one-quarter mile of the well bore, an underground source of
drinking water.

Class I (2) Other industrial and municipal disposal wells which inject fluids beneath the lowermost formation containing, within one quar-
ter mile of the well bore, an underground source of drinking water.

(3) Radioactive waste disposal wells which inject fluids below the lowermost formation containing an underground source of
drinking water within one quarter mile of the wellbore.

(1) Wells which inject fluids which are brought to the surface in connection with natural gas storage operations, or conventional oil
or natural gas production and may be commingled with waste waters from gas plants which are an integral part of production

Class 11 operations, unless those waters are classified as a hazardous waste at the time of injection.

(2) Wells which inject fluids for enhanced recovery of oil or natural gas.

(3) Wells which inject fluids for storage of hydrocarbons which are liquid at standard temperature and pressure.

Wells which inject for extraction of minerals including:
(1) Mining of sulfur by the Frasch process;
Class I1I (2) In-situ production of uranium or other metals; this category includes only in-situ production from ore bodies which have not
been conventionally mined. Solution mining of conventional mines such as stopes leaching is included in Class V;
(3) Solution mining of salts or potash.

(1) Wells used by generators of hazardous waste or of radioactive waste, by owners or operators of hazardous waste management
facilities, or by owners or operators of radioactive waste disposal sites to dispose of hazardous waste or radioactive waste into a
formation which within one-quarter (1/4) mile of the well contains an underground source of drinking water.

(2) Wells used by generators of hazardous waste or of radioactive waste, by owners or operators of hazardous waste management
Class IV facilities, or by owners or operators of radioactive waste disposal sites to dispose of hazardous waste or radioactive waste above a
formation which within one-quarter (1/4) mile of the well contains an underground source of drinking water.

(3) Wells used by generators of hazardous waste or owners or operators of hazardous waste management facilities to dispose of
hazardous waste, which cannot be classified under paragraph (a) (1) or (d) (1) and (2) of this section (e.g., wells used to dispose of
hazardous waste into or above a formation which contains an aquifer which has been exempted pursuant to 40 C.F.R. § 146.04).

Class V Wells not included in Class I, II, III, or IV, such as storm water drainage wells and septic system leach fields.

(CI\I;E\SN;/IWell used to inject carbon dioxide (CO,) for the purpose of long-term storage.
2ksleba A gisite oEA] get $ Class VI7} “o|AB8lekA |5#74 2] (The proposed
3.1, ¥ B A 2 geologic sequestration rule) S E31q *5 AIRFEATH
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gt it o] WollMe -89 74 7IES AA3H e Ak Y =2 3K R HE &4
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&
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Table 3.Comparison of CCS regulatory frameworks in US (EPA) and EU

US EPA (UIC-Class VI Rule)

EU (CCS Directive)

Area of review: the region surrounding the geologic

Storage site: a defined volume area within a geological

sequestration project where USDWs may be endangered by formation used for the geological storage of CO, and

the injection activity.

associated surface and injection facilities

Corrective action: the use of director-approved methods to Storage complex: the storage site and surrounding

l;:fl.;tilgzns ensure that wells within the area of review do not serve as geological dqmain which can have an effect on overall
conduits for the movement of fluids into underground source storage integrity and security; that is, secondary containment
of drinking water (USDW). formation
CO, stream: a flow of substance that results from CO,
capture processes
CO, stream means carbon dioxide that has been capture from CO, stream must consist overwhelmingly of carbon dioxide,
CO, stream an emission source associated substances derived from the and must contain no waste or other matter added for the
o source materials and the capture process, and any substances purposes of disposal.
composition . S
added to the stream to enable or improve the injection
process.
The geologic system must be comprised of (a) an injection The site characterization permit (issued prior to the storage
zone of sufficient areal extent, thickness, porosity and  permit) includes a four-step process for site selection. The
permeability to receive total anticipated volume of CO,(b) a data collection requirements (Step 1) includes collection of
Sitting confining zone.(s) that is free of trax?smiss.ive faults O.f site-speci.ﬁc data, in'cluding reservoir engineering (i.n«?lud.ing
requirements fractures sufficient areal extent and integrity to contain  volumetric calculations of pore volume for CO, injection

injection to proposed maximum pressure and volumes

injected CO, stream and displaced formation fluids and allow and ultimate storage capacity, pressure and temperature

conditions, pressure volume behavior as a function of

without initiating or propagating fractures in the confining formation injectivity, cumulative injection rate and time)

zone(s)

(Annex I)
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US EPA (UIC-Class VI Rule)

EU (CCS Directive)

Surface casing must extend through base of lowermost
USDW to the surface; one long string casing must extend to
injection zone and cemented to surface in one or more stage
(§146.86)

Cement
requirements

No requirement on well construction or cement
requirements

“Except during simulation, the owner or operator must
ensure that injection pressure does not exceed 90 percent of

Injection the fracture pressure of the injection zone” (§146.88)

Preamble states that U.S. EPA is seeking comments on this.

Fracture pressure is mentioned as a data collection
requirements; no restriction set (Annex I, Step 1)

Purpose:

“Testing and monitoring of geologic sequestration sites refers
to a suite of activities that are used to detect any fluid
migration or risk factors that may lead to fluid migration,
which potentially could endanger underground sources of
drinking water (USDWs).”

Purpose:

(a) the comparison of the actual and modeled behavior of the
CO, (and the naturally occurring formation water) in the
storage site; (b) the detection of any significant irregularities,
any mitigation & leakage of CO, and any significant adverse
effects on the surrounding environment (drinking water,
human population); (c) the assessment of the effectiveness
of any corrective measures taken; (d) updating the
assessment of the safety and integrity of the storage complex

Monitoring tools: “The testing and monitoring plan must be
submitted with the permit application, for Director approval,
and must include a description of how the owner or operator
will meet the requirements of this section.” (§146.88)
NOTE: U.S. EPA rule does require minimum monitoring and
gives some specificity with respect to corrosion monitoring
in the well.

Monitoring tools: Choice of monitoring technology shall be
based on best practice available at the time of design. The
directive provides three technology selection options that
shall be considered and used as appropriate.

Monitoring Monitoring and data collection: Reporting requirements

outlines in §146.91 include reporting the characteristics of
CO;, stream, injection pressure, flow rate, volume and annular
pressure (monthly averages), volume of CO, injected, as well

as other criteria.

Monitoring and data collection: Parameters to be monitored
are identified so as to fulfill the purposes of monitoring.
However, plan shall in any case include continuous or
intermittent monitoring of following items: Fugitive
emissions of CO, at injection facility; CO, volumetric flow
at injection well heads; CO, pressure and temperature at
injection well heads (to determine mass flow); Chemical
analysis of injected material; Reservoir temperature and
pressure (to determine CO, phase behavior and states).

Monitoring duration: “The owner or operator shall continue
to conduct monitoring as specified in the director-approved
post-injection site care and site closure plan for at least 50
years following the cessation of injection. At the Director’s
discretion, the monitoring will continue until the geologic
sequestration project no longer poses an endangerment to
USDWSs” An exemption may be granted by the director
(§146.93).

Monitoring duration: “Post-closure monitoring shall be
based on the information collected and modeled during the
implementation of the monitoring plan” It shall serve in
particular to provide information required for transfer of
responsibility. This is to document that the stored CO, will
be completely contained for the indefinite future (Annex II;
Atticle 18)

§146.84 outline the criteria for the area of review and
Risk analysis corrective action. This section it mentions that the model
and contingency must “consider potential migration through faults fractures,
plans and artificial penetrations.” An emergency and remedial

response plan is also required as outlined in §146.94

Security, sensitivity and hazard characterization are outlined
as requirements. Specifically, the risk assessment should
include an exposure assessment, an effects assessment, and
a risk characterization (Annex I, Step 4).

Post-injection site care means appropriate monitoring and
other actions (including corrective action) needed following
cessation of injection to assure that USDWs are not
endangered as required under §146.93.

Post-closure

‘Post-closure’ means the period after the closure of a storage
site, including the period after the transfer of responsibility
to the competent authority (Chapter 1, line 19)

N2 7HEag]el Class VI <

b A5AEY] A e dgsta o Ae F
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