TECHNICAL ISO/TR
REPORT 27923

First edition
2022-01

Carbon dioxide capture,
transportation and geological
storage — Injection pperations,
infrastructure and-monitoring

Captage, transport et stockage géologique du dioxyde de catbone —
Opérations d'injection, infrastructure et surveillance

Reference number
ISO/TR 27923:2022(E)

© IS0 2022


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

COPYRIGHT PROTECTED DOCUMENT

© 1S0 2022

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting on
the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address below
or ISO’s member body in the country of the requester.

ISO copyright office

CP 401  Ch. de Blandonnet 8

CH-1214 Vernier, Geneva

Phone: +41 22 749 01 11

Email: copyright@iso.org

Website: www.iso.org

Published in Switzerland

ii © 1S0 2022 - All rights reserved


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

Contents Page
FOT@WOT ... vii
IIMETOUICTION . ....ooc s viii
1 SCOPI@ ... 1
2 NOIIMATIVE FEFEI@IICES ... 1
3 Terms and defiMITIONS ... 1
4 Symbols and abbreviated terms..
5 Legal framewWoOrK ... o
51 LT ) =Y O S
5.2
5.3 The European Union
5.3.1 General
5.4
5.5
5.6
5.7
5.8 JAPAIN st At
59
6 Well design
6.1
6.2
6.2.1
6.2.2
6.2.3
6.2.4
6.2.5-\Fubing and completion assembIIes ...
6.276~"Wellhead and Christmas tree...
6.3 _€OyInjection wWells ...
6:3.1 Well design and construction......
6.3.2 Well completion........es
6.3.3 CO,-EOR injection well construction
6.3.4 Research injection well construction
L2 ral | ] 1aad 3
U.J.J GUIITIIICIvidrostalc lllJC\,LlUll ....................................................................................................................................
6.4 Monitoring well construction
6.4, 1T GEINETAL ..o
6.4.2 Perforated monitoring Well ...
6.4.3 Induction logging monitoring well (Plastic casing: Nagaoka, Cranfield)
6.5 DIESCUSSION .
7 Surface infrastructure concepts (non-well)
7.1 DeSign and MatITals ... e
711 GEIETAL o
7.1.2 Material selection..
7.1.3 Carbon steel......
7.1.4 Stainless steel......
T 15 ATLOYS oo

© 1S0 2022 - All rights reserved iii


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

7.2 Equipment........oees
7.2.1 Tie-in to CO, injection well...................
7.2.2 Pressurization to supercritical phase.
7.2.3  DERNYATATION e
T.24  VALVES ..ot
7.2.5 Measurement
7.2.6 Leak detection
7.2.7  VBIEIIIE oot
7.3 Considerations for storage incidental to CO,-EOR
7.3. 1 General ...,
1.3 20 LIQUIGS oo
7.3.3 CO, stream production and recycling ... b
7.3.4 Operating pressure regime
7.3.5 Recycle COMPIESSION ...l o e
7.3.6 Interstage co0ling & SEPATALION ... e e
7.3.7 Dehydration ...
7.3.8 BOOSter pUmMPS ...
7.3.9 Impact of CO, production - asphaltenes
7.3.10 Impact of recycle stream composition on metering and operating pressures......|39
74 Maintenance and remediation. ... st 39
7.5 ONSNOTE CASE STUAIES ... g e 39
7.6 OffShOre Case STUAIES. ... Tt 40
CQ, storage site injection OPerations ... N 41
8.1 General. ...
8.1.1 Objectives
8.1.2  Scope of OPEratioNS ... e
8.7 Design of CO, injection OPerations ... 5ttt
8.2.1 General components of operationsidesign.
8.2.2 Storage complex design PaAramIEtEIS. ...
8.2.3 Storage project MOAEIlINE .., £ e
8.2.4 Case StUdY - AQUISTOTE ..ol
8.2.5 Contractual agreementimpacts on injection design parameters..............c........] 44
8.3 Operations and MaiNteNaANCE PIAT ...t 45
8.3.1 General - Definition-of the main operational conditions ... 45
8.3.2 Operational pretocols and maintenance schedules ...
8.3.3 Recording mafragement of Change . ...
8.3.4  COMMUIMTAEION PIAT..ooocciiiiii s
8.3.5 Nomination process for CO, delivery and receipt
8.3.6  SAfelYIPIAN. .o
8.4 [njection,0perations.........
8.4.1 lnitial (Start-up) ...
8.4.2 ) Shutdowns ...,
8.4.3 Start-up following shutdowns
8.5 Data acquisition, monitoring and teSTING ...
8.5.1 General
8.5.2 Surface equipment and injection line data. ...
8.5.3  WellDOre MONITOTINE ..ot
8.5.4 Well surveillance...........cocccrr.
8.6  Well intervention (workovers)
8.7 Considerations for storage using enhanced oil recovery (CO,-EOR)
Storing CO, in PetroleUm F@SEIVOIT'S ...ttt
9.1 GEBTIET AL e
9.2 Reservoir screening..........
9.2.1 Storage complex integrity
9.2.2 Project transition type...............
9.2.3  Ge0logical data. ...
9.2.4 Historical production and reservoir performance

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

9.3

9.4
9.5

ISO/TR 27923:2022(E)

9.2.5 Hydrocarbon compositional analysis (PVT)..
9.2.6  CO, storage CapaCity ...,
9.2.7 Reservoir pressure history..............
0.2.8  AQUIfer CONSIAETATIONS ..o
9.2.9  WaAter @XETACTION oot
Surface production and injection facilities
9.3.1  CO, diStribUtION SYSTOIML ..ot
9.3.2  Production faCIlITIES ...ttt
Production and injection wellbores (subsurface infrastructure)
Operating CONSIAETAtIONS. ...

9.6
9.7

9.8

10 Monitoring

10.1
10.2
10.3

10.4

10.5

11 D@ COMIMUESSIOMUIIG ... 55ttt

9.5.1 Operations management PIAN. ...
9.5.2 Measurement calibration ... o
9.5.3 Well interventions
11 10 01 L) 0¥ OSSN o SN
TranSition t0 STOTAGZE ... e
9.7.1 Reservoir considerations..................

9.7.2 Legal/regulatory considerations
9.7.3 Financial considerations............cc.....

{00 10733 0 R i S

Monitoring objectives
Monitoring plan deSIZI ... MW
10.3.1 Geological Storage vs. CO,-EOR storage projects..
10.3.2 Land vs. marine storage project.. s
10.3.3 Monitoring vs. Project STAZE ... i e ieeees
MONItoring METtOAS . ... A e
10.4.1 Wellbore monitoring
10.4.2 Surface-based MONILOTINE ...
CASE STUAILS ... (v
10.5.1 CCS pilot projects (<100 kt) ...
10.5.2 Industrial-scale.€CS projects..........
10.5.3 CO,-EOR projedts with monitoring

0 0 O € 5 ) 1 O OO
11.2  Activities.. s
11.3  Closure-ortermination plan
11.4 Identification of jurisdictions and relevant framework ...
115 UNHEEE SEATES oot
11.5:1 EPA regulations for closure and post-injection site care
11.5.2 Class Il well plugging regulations ...
11.5.3 Class VI well plugging regulations ...
11.5.4 Class VI PISC
11.6 The European Union
He61+Eestre—rrerr——eeeeeeee—e——————————————
11.6.2 Postclosure.....
11.6.3 Transfer of liability...
11.7  Germany ...
11.8 France....c...
119 Norway........
TTLT0  CAMAAA e
TLLTT JAPAI s
11.12 Discussion of closure at selected projects......
111220 et ssees et ssnss s sssesssssssssssnsens
[llinois Basin Decatur Project........
110222 e seeessses st snss s ss s ssessasesens
KCEBEZATN oo

© IS0 2022 - All rights reserved v


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

0 00 7700 T
STBIPIIET . 84
3 0 7
103 177] 4 7 SO 84
Annex A (informative) Case studies Project OVEIVIW ... 85
BIDLHOGTAPIY ... 110

vi © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

Carbon capture and storage (CCS) is a key technology to reduce CO, emissions to the atmosphere and
contribute to the abatement of global warming. To have a significant impact it needs to be deployed
globally. ISO 27914 on geological storage of carbon dioxide presents the elements necessary to define
performance expectations for onshore and offshore geological storage of carbon dioxide with an aim

to establish investor and other stakeholder confidence, regulatory support, and public credibil

ity

to encourage deployment of CCS around the globe. ISO 27916 on CO,-EOR presents the elements for

confirming and quantifying associated storage of CO, during the production of hydrocarbons,

to

— | £ 4=l . Ya¥a¥
encouraglum CasTU USTOT alTtiT OPOgeIC CO5:

The application of these International Standards by project developers for planning, designy a

nd

operation|will be assisted by information based on existing operational practices and infrastructujral

requirem¢nts for both onshore and offshore geological storage projects. This documentssupports {
implementation of ISO 27914 and ISO 27916 by providing information from selected)existing (
projects that are operated under a variety of geological settings.

he
CS
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Carbon dioxide capture, transportation and geological
storage — Injection operations, infrastructure and
monitoring

1 _Scope

Thiis document covers:

—| A description of the existing legal frameworks and associated laws and directives, covering current
and planned projects.

—| Specific information about CO, injection facilities based on existing and- planned prdjects that
include storage of CO, in both saline aquifers and CO,-EOR as relevant{This informatiop includes
aspects of materials used, surface infrastructure, well design consjderations, concepts arjound well
placement strategies, considerations for downhole monitoring toel-deployment, well completions,
and well and infrastructure maintenance and remediation practices.

—| Descriptions of current practices regarding operating prejects including monitoring, spfety, and
reporting activities associated with both surface and downhole components of the projegts.

—| Discussion on operational aspects of storing CO, in.hydrocarbon reservoirs including depleting gas
fields and reusing facilities.

—| A description of monitoring requirements.and methods including measurements to| establish
baselines.

—| A description of existing and emerging.tools, accuracy, and expectations for quantificatign.

—| A description of regulatory regwirements for operating and decommissioning CO,-EOR with
associated storage and CCS projects around the world.

—| A description of decommissioning activities and timelines associated with end-of-project].

2 | Normative references

Thlere are no normative references in this document.

3 | TermS. and definitions

For the purposes of this document, the following terms and definitions apply.

[SOand TEC maintain terminology databases Ior use In standardization at the rolilowing addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

31
abandonment
process and procedures used to permanently end the operation of a well

Note 1 to entry: Well abandonment is designed to eliminate the physical hazard of the well (the hole in the

ground), eliminate a pathway for migration of contamination, and prevent changes in the hydrogeologic system,
such as the changes in hydraulic head and the mixing of formation fluids between hydraulically distinct strata.

©1S0 2022 - All rights reserved 1
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[SOURCE:
3.2

[SO 27914:2017, 3.1]

acceptable risk
risk borne by the project operator and others having regard to legal obligations and management

policies

Note 1 to entry: A tolerable risk is a risk of significant level considered as temporarily or conditionally acceptable.
It is tolerated in order to facilitate a gradual response (e.g. monitoring of risk treatment) until the risk has been

reduced.

[SOURCE:
3.3

anthropggenic carbon dioxide

anthropg
carbon di
process (
emitted t

Note 1 to 4

writing ouf

[SOURCE:

3.4
area of r¢
geograph
which a sf
developm

Note 1 to g
and water

[SOURCE:

3.5
associate
CO, store

productiop operation

Note1toe
EOR opera

[SOURCE:

3.6
authority

ISO 27917:2017, 3.4.7]

genic CO,

oxide that is initially produced as a by-product of a combustion, chemicdl, or separat
ncluding separation of hydrocarbon-bearing fluids or gases) where it would otherwise
the atmosphere (excluding the recycling of non-anthropogenic CO,)

ntry: The chemical symbol “CO,” is synonymous with “carbon dioxide”.Aceordingly, the two ways
“carbon dioxide” and “CO,” are used interchangeably in this document:

ISO 27916:2019, 3.1]

view
cal area(s) of a storage project (3.76), or part of it, designated for assessment of the extent
orage project, or part of it, could affect life and liuman health, the environment, competit
ent of other resources, or infrastructure

surface within which assessments will be ¢cénducted as may be required by regulatory authorities.

1SO 27917:2017, 3.3.10]

d storage
l in association with CO,~EOR that occurs as an inherent result of a dedicated hydrocarh

ntry: The requirements of ISO 27916 are intended to ensure that CO, stored in association with a C
ion is stored asceffectively as CO, stored in a geologic storage operation that complies with ISO 279

ISO 27916:2019, 3.2]

on
be

of

to
ve

ntry: The delineation of an area of review defines the outer perimeters on the land surface or sealed

on

0,-
14.

governmeg

ntal entity or entities with legal power to regulate or permit CO,-EOR, to regulate storg

ge

of CO, in a CCS project or in association with a CO,-EOR operation, or to regulate quantification of the
storage of CO, in a CCS project or in association with a CO,-EOR operation

[SOURCE:

3.7
baseline

[SO 27916:2019, 3.3, modified to add “a CCS project or in” and delete “competent”]

reference basis for comparison against which project status or performance is monitored or measured

[SOURCE:

IS0 27917:2017, 3.3.2]
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3.8
carbon dioxide capture and storage

cC

)

:2022(E)

process consisting of the separation of CO, from industrial and energy-related sources (or capture
directly from the atmosphere), transportation and injection into a geological formation, resulting in
long-term isolation from the atmosphere

Note 1 to entry: CCS is often referred to as Carbon Capture and Storage. This terminology is not encouraged
because it is inaccurate: the objective is the capture of carbon dioxide and not the capture of carbon. Tree
plantation is another form of carbon capture that does not describe precisely the physical process of removing

Co

from industrial emission sources

No
sin
org

No
an

No
oth

S

3.9
ca
CC
co

sy
No
[S

3.1
ca
Co

pr
No
[Sq

3.1
ca
co

EOR complex, underground equipment, wells, surface or above seabed equipment, activities

ne
su

Le 2 to entry: The term "sequestration” is also used alternatively to "storage". The term "storage’1
ce “sequestration” is more generic and can also refer to biological processes (absorption 6f carbo
anisms).

fe 3 to entry: Long-term means the minimum period necessary for geological storage of CO, to be
effective and environmentally safe climate change mitigation option.
er natural resources.

URCE: ISO 27917:2017, 3.1.1, modified to add " (or capture directly from the atmosphere)"

rbon dioxide capture and storage project
S project

nsists of one or more connected CO, capture systems,transportation systems, and geologid
tems

Le 1 to entry: Each system (capture, transportatjon, or storage) might be operated by independent
URCE: ISO 27914:2017, 3.56]

0

rbon dioxide enhanced oil recovery

Z'EOR

pcess designed to produce hydrocarbons CO, from a reservoir using the injection of CO,

Le 1 to entry: The process'of/CO, enhanced oil recovery is explained in detail in ISO 27916:2019.
URCE: ISO 27916:20109, 3.4]

1

rbon dioxidé.enhanced oil recovery project

,-EOR project

Cessarly to an enhanced oil recovery operation, including any necessary or required ¢
psurface rights regulated by the authority

5 preferred
n by living

ronsidered

fe 4 to entry: CCS should also ensure long-term isolation of CO, from oceans, lakes, potable water siipplies and

al storage

perators.

hind rights
urface or

[SOURCE: IS0 27916:2019, 3.5]

3.12

carbon dioxide injection well

CO, injection well

well used to inject CO, into a project reservoir

[SOURCE: ISO 27916:2019, 3.6]

©lI
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3.13

carbon dioxide plume
CO, plume
region within geologic strata where injected CO, is present in free phase

[SOURCE:
3.14

[SO 27914:2017, 3.6, modified to add “injected”]

carbon dioxide stream
CO, stream

stream c

Note 1 to 4
to improve
detection.

[SOURCE:

3.15
carbon d

CO, stream composition
comprehensive description of the CO, stream contents that lists the fractiomof each component

Note 1 to
commonly

3.16
casing

pipe matgrial placed inside a drilled hole to prevent the ;surrounding strata from collapsing into f{

hole

Note 1 to

injection Wells are:

a) surfade casing, i.e. the outermost casing that éxtends from the surface to the base of the lowermost protec

groun

b) intermpediate casing is one or more strings of casing installed between the surface and long-string casing
varioys design reasons;

c) long-s
[SOURCE:
3.17

closure pleriod

period be

site closufe

[SOURCE:
3.18

nsisting gverwhelmingaly of carhon dioxide.
=] topivg

ntry: The CO, stream typically includes impurities and may include substances added to the stre
the injection process or performance of hydrocarbon recovery operation and/or to facilitate

[SO 27916:2019, 3.7, modified to add “the injection process or”]

oxide stream composition
entry: The CO, stream composition is usually subject to regulatory discretion and approval. I

documented on a volumetric basis but may also be documented\as a mass fraction.

entry: There are many acceptable variationsion casing design but typical types of casing in m

{water (3.58);

tring casing, which exténds from the surface to the bottom of the well.

[SO 27914:2017,3.8, modified to delete “to or through protected groundwater”]

ween theCessation of CO, injection and the demonstration of compliance with the criteria

Am
102

he

ost

ted

for

for

1S627917:2017 31 7]

communication plan
document describing when, what and how to communicate with project stakeholders

Note 1 to entry: A communication plan may provide information relating to issues such as monitoring and
verification, environmental impacts, risk treatment.

[SOURCE:

ISO 27917:2017, 3.5.4]
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3.19

containment

status of CO, being confined within the storage complex (3.74) or EOR complex (3.30) by an effective
trap or combination of traps

[SOURCE: I1SO 27916:2019, 3.8, modified to add "storage complex or"]

3.20

containment assurance

demonstrating that the features and geologic structure of the CO, storage project or CO,-EOR project
are ar‘]nqnafn o prnvir‘]n caFa’ ]nng_fnrm containment of (‘ﬂy andthatthe (‘ﬂL flood is npnrafn ina way

to pssure containment of the CO, in the EOR complex

[SQURCE: ISO 27916:2019, 3.9, modified to add “the CO, storage project or”]

3.21

cofrective action
action taken to correct material irregularities or to contain breaches in orderto prevent or{minimize
damage to, or release of CO, from, a storage complex (3.74) or EOR complex\(3.30)

Nofe 1 to entry: Corrective actions are implemented after an irregularifyhas occurred to help jprevent or
mihimize damage.

[SOURCE: I1SO 27914:2017, 3.12, modified to add "or EOR complex"]

3.22

decommission
take an engineered system or component out of,service, render it inoperative, dismpantle and
defontaminate it

[SQURCE: ISO 27914:2017, 3.13]

3.23

demulsifiers or emulsion breakers
specialty chemicals used to break emulsions (that is, to separate the two phases), for exampl¢, water in
oil
Nofe 1 to entry: They are commenly used in the processing of crude oil, which is typically produced [along with
sighificant quantities of salin€ water.

Note 2 to entry: The type‘of demulsifier selected depends on the type of emulsion, either oil-in-watef or water-
in-pil.

Note 3 to entry:Demulsifiers are used in the chemical analysis of oil and synthetic muds and to treaf produced
hydlrocarbons.

3.24
depse‘phase CO,
CO, iits liquid or supercritical phases

Note 1 to entry: Compression and transport of dense phase CO, are commonly achieved using compressors and
pumps.

Note 2 to entry: Because liquid CO, is also considered dense phase, not all dense phase CO, is supercritical.

[SOURCE: ISO 27917:2017, 3.2.2, modified Note 1 to entry to add "compressors and" and delete
"Compression and transport at lower densities are commonly achieved with turbo-compressors." Note
2 to entry - "Not all supercritical CO2 is in a dense phase and" has been modified to "Because liquid CO2
is also considered dense phase" - Note 3 to entry has been deleted.]

© IS0 2022 - All rights reserved 5


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

3.25

detection threshold

smallest value of a property of a substance that can be reliably detected by a specified method of
measurement in a specified context

[SOURCE: ISO 27917:2017, 3.3.3, modified to change “limit” to “threshold”]

3.26
element of concern
valued element or objective for which risk (3.60) is evaluated and managed

[SOURCE:|ISO 27914:2017, 3.14]

3.27
emergengy response plan
systematif procedures that clearly detail what is to be done, how, when, and by whomcbefore, during
and after the time an emergency occurs

»n o«

Note 1 to ¢ntry: In some jurisdictions, it can be called “emergency and remedial respanse plan”, “contingency

plan”, etc.

Note 2 to ¢ntry: Emergency response plans often also cite preparations to be completed before an emergency
occurs.

[SOURCE:|ISO 27917:2017, 3.4.12]

3.28
emissionk
CO, streapn releases to the atmosphere over a specified period of time

3.29
environnpental impact
change, which may be adverse or beneficial, to thé environment, wholly or partially resulting from (CS
project acfivities

[SOURCE:|ISO 27917:2017, 3.4.13]

3.30
EOR complex
project reservoir (3.57) trap (3.84), and such additional surrounding volume in the subsurface|as
defined by the operator within'which injected CO, will remain contained long-term

[SOURCE:|ISO 27916:2049,-3.10, modified from "in safe, long-term containment” to "contained long-
term"]

3.31
event
material qcclirrence or change in a particular set of circumstances

[SOURCE: ISO 27914:2017, 3.16]

3.32
geological storage
long-term containment (3.19) of CO, streams in subsurface geological formations

Note 1 to entry: Long-term means the minimum period necessary for CO, geological storage to be considered an
effective and environmentally safe climate change mitigation option.

Note 2 to entry: The term “sequestration” has been used by a number of countries and organizations instead of
“storage” (e.g. the international “Carbon Sequestration Leadership Forum”). The two terms are considered to be
synonymous, and only “storage” is used in this document.

[SOURCE: ISO 27914:2017, 3.17, modified to delete Note 3 to entry]

6 © IS0 2022 - All rights reserved
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3.33

greenhouse gas

GHG

gaseous constituent of the atmosphere, natural or anthropogenic, that absorbs and emits radiation
at specific wavelengths within the spectrum of infrared radiation emitted by the Earth's surface, the
atmosphere, and clouds

Note 1 to entry: The most common greenhouse gases are carbon dioxide (CO,), methane (CH,), nitrous oxide
(N,0), hydrofluorocarbons (HFCs), nitrogen trifluoride (NF3) perfluorocarbons (PFCs) and sulphur hexafluoride

(SFg). Emissions from these gases are reported under the UNFCCC and aggregated into carbon dioxide equivalents
(Cﬂé -p) using factors called g]nhq] warming pnfpnfialc (C\/\/Dc)

[SOURCE: 1SO 14064-2:2019, 3.1.1]

nop- CO, substances that are part of the CO, stream that may be derived from/the source materials or
the¢ capture process, or added as a result of commingling for transportationsorfeleased or fdrmed as a
regult of sub-surface storage and/or leakage of CO,

Nofe 1 to entry: As a subset of impurities, contaminants are non- CO, subistances whose presence|in the CO,
stream is generally unwanted.

Nofe 2 to entry: As a subset of impurities, additives are substancés added to the stream for the purposes of
madnaging its physical or chemical behaviour (e.g. hydrate and corrosion inhibitors), for or from intergction with
eqliipment (e.g. lubricants), and to track its distribution in the subsurface after injection (geochemical tracers).

[SOURCE: 1SO 27917:2017, 3.2.12]

[SQURCE: ISO 27914:2017, 3.19]

3.36

Joule-Thomson effect
thé¢rmodynamic process that'occurs when a fluid expands from high pressure to low pgessure at
copstant enthalpy such,as across a valve

Note 1 to entry: Under the right conditions, this can cause cooling of the fluid.

3.37

legk

legkage

unjntended release of CO, out of a pre-defined containment

NoteDto entry: Containments can include both surface containers (e.g. compressors, pipelines, trycks, ships,
trains) and subsurface containments (e.g. storage complex).

[SOURCE: ISO 27917:2017, 3.2.14]

3.38
leakage pathway
geological or artificial conduit for leakage of CO, out of the storage complex or EOR complex

[SOURCE: ISO 27916:2019, 3.13, modified to add “storage complex or”]
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3.39

likelihood

chance of something happening, expressed qualitatively or quantitatively and described using general
terms or mathematically, e.g. by specifying a probability or frequency of occurrence over a given period

[SOURCE: ISO 27914:2017, 3.22]

3.40
liner
casing (3.16) string that does not extend to the surface

[SOURCE:|ISO 27916:2019, 3.23]

3.41
loss
emissions, leakage, intended releases, and transfers of the CO, stream to outside of thelCCS projgct
defined bpundary

Note 1 to dntry: The terms “emissions”, “leakage” and “losses” are all used in this documeftto refer to CO, that
would be fleducted from quantities captured, transported or stored, but the terms. hdave distinct meanings.
The term ‘demissions” refers to CO, entering the atmosphere. The term “leakage” yefers to CO, emitted but also
includes CQ, that escapes containment without entering the atmosphere, such as‘C0, that escapes a geological
storage complex without moving into the atmosphere. The term “loss” is evenybroader and would include| in
addition tg emissions and leakage, CO, that is transferred out of a CCS projectfor some other use, which might or
might not fesult in emission to the atmosphere.

Note 2 to eptry: The term “loss” as used in this document is to be distingltished from the term “loss” as sometimes
used in cgnjunction with CO,-EOR operations to mean injected_CO, that is not returned to the surface [for
recycling, j.e. is “lost” to the geological formation, necessitating.pu¥chase of more CO, for injection.

[SOURCE:|ISO 27916:2019, 3.14]

3.42
make-up
purchasegd CO,

CO, newly received from offsite

3.43
management of change
procedurg¢ used when making a ehange to the process equipment or operating procedures to detail
changes hade and to document steps taken to inform and train operating personnel and relevant
stakeholders on process changes

[SOURCE:|ISO 27914:2017, 3.24]

3.44
measurement
determingtioh.of quantities using physical devices

Note 1 to entry: Examples of measurements are temperature, flow, concentrations, length, distance, etc.
Measurement may be direct (e.g. length with a meter) or indirect. Indirect measurements may require two steps,
firstly sampling and then analysis. Indirect measures may also use a model to convert the measurement of a
given quantity into the measurement of another one, e.g. from velocity to flow rate, taking into account the pipe
and fluid characteristics.

3.45

mechanical integrity

mechanical condition of a well, such that engineered components maintain their original dimensions
and functions, solid geological materials are kept out of the wellbore, and fluids including CO, are
prevented from uncontrolled flow into, out of, along, or across the wellbore, cement sheath, annulus,
casing (3.16), tubing (3.86), and/or packers (3.52)

[SOURCE: ISO 27914:2017, 3.25]
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3.46

mechanical integrity test

MIT

test performed on a well to confirm that it maintains internal or external mechanical integrity (3.45)

Note 1 to entry: MITs are a means of measuring the adequacy of the construction of a well and a way to detect
problems within the well system.

[SOURCE: ISO 27914:2017, 3.26]

3.47
mitigation
linpitation or reduction of actual or potential undesirable effects of a particular event or,prio¢¢ss

[SOURCE: ISO 27917:2017, 3.4.10]

3.48
monitoring
conhtinuous or repeated checking, supervising, critically observing, megasuring or deternjining the
stdtus of a system to identify change from a baseline or variance from anexpected performance level

Note 1 to entry: In case of geological storage, monitoring is not restricted\to the technical infrastrufture of an
operator, it also includes the wider surroundings of the surface and/or subsurface storage site.

[SQURCE: ISO 27917:2017, 3.3.1]

3.49

nomination process
pigeline transportation process whereby a shipperenters a “nomination” to put a specified quantity of
ga$ into the pipeline at an entry point, and the sameé’nomination states where and by whom the gas will
be[removed from the pipeline at the delivery point

3.50
operator
pefson or entity that is legally responsible for the CCS project or the CO,-EOR project

[SQURCE: ISO 27917:2017, 3.5.2, modified to add “person or” and “or the CO,-EOR project”]

3.51
overburden
geoplogical material overlying an area or geological formation of interest in the subsurface

[SOURCE: 1SO 27914+2017, 3.29]

3.52

packer
megchanical device that seals the outside of tubing (3.86) to the inside of casing (3.16) or the joutside of
casingto the drilled geological formation, isolating an annular space

[SOURCE: ISO 27914:2017, 3.30, modified to add “or the outside of casing to the drilled geological
formation”]

3.53
post-closure period
period that begins after the demonstration of compliance with the criteria for site closure

Note 1 to entry: In some countries, demonstration of compliance may need approval from a third party.

[SOURCE: ISO 27917:2017, 3.1.8]
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3.54
pressure

limit

pre-defined extrema of pressure for safe and effective operation of components of a CCS project

[SOURCE:

3.55
primacy

ISO 27917:2017, 3.2.13]

primary enforcement responsibility

authority

for a US state to implement the UIC Program

Note 1 to eptry: To receive primacy, a US state, territory or tribe must demonstrate that its Class VI UIC Progr
is at least ps stringent as the federal standards; the state, territory or tribal UIC requirements may be m
stringent than the federal requirements. (For Class II UIC Program primacy, states must demonstratethat th
programs fre effective in preventing pollution of USDWs.) A state may obtain primacy for all or part of the |
Program, d.g. for specific classes of injection wells.

3.56

primary $eal
continuoys geological unit (known in reservoir engineering as caprock and in hydrogeology as aquit3

or aquicl
migration|

[SOURCE:

3.57
project r¢
geologic 1
quantities

[SOURCE:

e) above a storage unit (3.78) that is part of a storage complex (3.74)-and effectively restri
of fluids out of the storage unit and leakage (3.37) out of the storageé complex

ISO 27914:2017, 3.32]

pServoir
eservoir into which CO, is injected for production-of*hydrocarbons in paying or commerq

ISO 27916:2019, 3.19]

3.58

water fou
human co|
or regulat

protecte:E:groundwater

[SOURCE:

3.59
remediat
process o

[SOURCE:

3.60
risk

d beneath the water table in fully-saturated soils and geologic formations that is used
sumption, agricultural, or industrial uses or is protected from contamination by legislat
ion

ISO 27914:2017, 3.37]
ion
correcting a failure or impacts on affected elements of concern

ISO 279172017, 3.4.11]

pre
eir
JIC

rd
Cts

ial

for
on

effect of

mneertainty on project nhjpr“rivpc [pg an pprfnrm;mrp metrics for an element nf concd

Lrn

(3.26), expressed in terms of the severity of consequences (negative impacts) of an event (3.31) and the
associated likelihood (3.39) of their occurrence

Note 1 to entry: An effect is a deviation from the expected and can be either positive or negative.

Note 2 to entry: Objectives can have different aspects (such as financial, health and safety, and environmental
goals) and can apply at different levels (such as strategic, organization-wide, project, product and process).

[SOURCE:

10

[SO 27917:2017, 3.4.1]
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3.61
risk analysis
process for understanding the nature and level of risk (3.60)

[SOURCE: ISO 27914:2017, 3.40]

3.62
risk assessment
overall process of risk identification (3.66), risk analysis (3.61), and risk evaluation (3.64)

[SOURCE: ISO 27914:2017, 3.41]

:2022(E)

3.63
rigk control
mgasure whose purpose is to reduce a specific risk (3.60) or avoid escalation of risk

[SQURCE: ISO 27914:2017, 3.42]

3.64

rigk evaluation

process of comparing the results of a risk analysis (3.61) with risk evaluation criteria (3.65) to
whether the risk (3.60), its magnitude, or both are acceptable or treatment is required to redu

[SQURCE: ISO 27914: 2017, 3.43]

3.65
rifk evaluation criteria
tems of reference against which the significance of risk*(3.60) is evaluated

[SOURCE: 1SO 27914:2017, 3.44]

3.66
rigk identification
process of finding, recognizing, and des¢ribing risk (3.60)

[SOURCE: 1SO 27914:2017, 3.45]

3.7

ridk management plan

scheme specifying the-approach, management components, and resources to be appli
mgnagement of risk seenarios (3.68)

[SOURCE: 1SO 2791472017, 3.46]

3.8

rigk scenario

combinatien or a chain of circumstances through which a threat (3.81) can cause an even
ocgur and through which the consequences of an event can have a negative impact on e
comcern (3.26)

letermine
re the risk

bd to the

(3.31) to
ements of

[SOURCE: ISO 27914:2017, 3.48]

3.69
risk treatment
process to reduce a specified risk (3.60) through implementation of risk controls (3.63)

Note 1 to entry: Risk treatments could reduce the likelihood or impact severity of a risk.

[SOURCE: ISO 27917:2017, 3.4.4, modified to add Note 1 to entry]
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3.70

safe, long-term

period necessary for storage to be considered environmentally safe by the scheme under which the
quantification is being implemented

Note 1 to entry: Long-term means the minimum period necessary for CO, geological storage to be considered an
effective and environmentally-safe, climate change mitigation option.

[SOURCE: ISO 27916:2019, 3.21]

3.71

site characterization
detailed gvaluation of one or more candidate sites for CO, storage identified in the screenihg'qnd
selection ptage of a CO, storage project (3.76) to confirm and refine storage complex (3.74)(integr]ty,
storage cdpacity, and injectivity (3.35) estimates and provide basic data for initial predictiyéymodelling
of fluid flow, geochemical reactions, geomechanical effects, risk assessment (3.62), and” monitorjng
(3.48) and validation (3.89) program design

[SOURCE:|ISO 27914:2017, 3.51]

3.72
site closure
end of thg closure period (3.17), which occurs when the project operator (3.50) has demonstrated
compliande with criteria for site closure

[SOURCE:|ISO 27914:2017, 3.52]

3.73
stakeholder(s)
individual, group of individuals, or organization whosetinterests are or could be affected by a stordge
project (3]76)

Note 1 to|entry: Stakeholders can include decision-makers, employees, shareholders, academia, insurafpce
companies} banks, community residents, suppliers;-customers, non-governmental organizations, governmeits,
regulators|labour unions, and other individuals\ot'groups.

[SOURCE:|ISO 27914:2017, 3.36, modified]

3.74
storage cpmplex
subsurface geological systentextending vertically to comprise storage units, and identified seals, 4nd
extending laterally to the defined limits of the CO, storage project

Note 1 to eptry: Limits dre-defined by natural geological boundaries, regulation or legal rights.

Note 2 to ¢ntry: Some jurisdictions could allow boundaries to be redefined if CO, moves outside the origipal
boundary yet stilachieves safe, long-term containment.

[SOURCE:|ISO 27914:2017, 3.54, modified to add Note 2 to entry]

3.75

storage facility

area on the ground surface or, in offshore cases, in the sea or on the sea bed, defined by the operator
and/or regulatory agency, where CO, injection facilities are developed and operational activities
[including monitoring (3.48)] take place

Note 1 to entry: In many instances, the storage facility and the area of review (3.4) may be coextensive. Because
the areas have different derivations — the area of review being based on potential impacts and the storage
facility being based on operational activities — there is a potential for the areas to be different for a specific
project. Therefore, each term is used in this document to reflect its specific derivation and application.

[SOURCE: ISO 27914:2017, 3.55]
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3.76

storage project

physical and temporal extent of activities associated with a project for the geological storage (3.32) of
CO, that includes site selection and characterization, baseline (3.7) data collection, permitting, design
and construction of site facilities (site pipelines, compressors, etc.), well drilling, receipt of CO, at the
storage site (3.77) and CO, injection during the active injection phase, and site closure (3.72) (including
well and facilities abandonment)

Note 1 to entry: It also includes testing and monitoring (3.48) during all project phases.

[S(\HD(‘F‘- 1S0 27914:2017 3 ':F\]

3.7
stgrage site
sitp that comprises the storage facility (3.75), storage project (3.76) wells, and the stgrage complex (3.74)

[SQURCE: ISO 27914:2017, 3.58]

3.78
storage unit
geplogical stratum (or strata) into which CO, is injected for the purpgseof storage

[SOURCE: 1SO 27914:2017, 3.59]

3.79
supercritical CO,
CQL, at pressures and temperatures above both the critical'pressure and critical temperature

[SQURCE: ISO 27917:2017, 3.2.1]

3.80

teymination
process beginning with the cessation of qiantification of associated storage, and ending with both the
temination of hydrocarbon productionifrom the project reservoir, and the plugging and abahdonment
of pvells unless otherwise required by.the authority

[SQURCE: ISO 27916:2019, 3.22}

3.81

threat
elgment that alone ordinycombination with other elements has the potential to cause damage qr produce
a negative impact

[SQURCE: 1S0.27914:2017, 3.60]

3.82
threshaold
limitvalue, which can be a function of time, space or other variables, beyond which an actiorlx or frame

Of oférenceoic trigaored
Ferererr LA Yo bkt

[SOURCE: ISO 27917:2017, 3.3.4]

3.83

transfer of responsibility

transfer of all rights, responsibilities, and liabilities associated with a storage site (3.77) to a post-
closure steward

[SOURCE: 1SO 27914:2017, 3.63]
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3.84
trap

any feature or mechanism that alone or in combination provides safe, long-term containment below
a low-permeability confining geologic layer (cap rock or seal), including in the pore spaces of the
EOR complex (physical, stratigraphic, or structural trapping); by capillary pressure from the water
in the pore spaces between the rock (residual trapping); by dissolution in the in situ formation fluids
(solubility); by hydrodynamic trapping; by adsorption onto organic matter; or by reacting in geologic
formations to produce minerals (geochemical trapping)

[SOURCE:

ISO 27916:2019, 3.23]

3.85
treater
vessel usd

Note1toe

and are soetimes called heater treaters or emulsion treaters.

Note 2 to {
horizontal

3.86
tubing
tubular st

conduit for fluids

[SOURCE:

3.87

unaccept
risk of a i}
authority

[SOURCE:
3.88

uncertainty (of measurement)

paramete
could reas

[SOURCE:

3.89
validatio
confirmat]

[SOURCE:

d to treat oil-water emulsions, so the oil can be accepted by the pipeline or transport

htry: Treaters use heat, gravity segregation, chemical additives, or electric current tg break emulsi

ones.

ring normally run inside the injection or production casing{(3.16) that acts as the prim3

ISO 27914:2017, 3.62]

able risk
ature and level that is regarded as unacceptable by the project operator and others or by
whose approval is required for the projectto proceed

[SO 27917:2017, 3.4.8]

I associated with the resultypf a measurement that characterizes the dispersion of values t}
onably be attributed to(the measurement property

ISO 27917:2017, 3.847]

n
ion that thelsystem under consideration meets in all respects the specification of that syst

1S0,27917:2017, 3.3.6]

3.90

ntry: Residence time in treaters varies, with residence generally shorter in#ertical treaters than i

ns

Iry

an

hat

1

PIM

venting

intended release of a gas into the atmosphere from pre-defined containment

3.91
verificati

on

confirmation by examination and provision of objective evidence that specified criteria are met

Note 1 to entry: Verification examines what has happened in the past. The objective of verification is to
express a conclusion designed to enhance the degree of confidence in the declared outcomes of the CCS project
quantification as evaluated against agreed criteria.

[SOURCE:

14

ISO 27917:2017, 3.3.5]
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well
wellbore

ISO/TR 27923

:2022(E)

holes created into the ground in which are emplaced combinations of tubing, casing and cement to be
used for conveying fluids

Note 1 to entry: In this document “well” is used to refer generally to the entire well (including wellhead, valves,
etc.) whereas “wellbore” refers to the downhole portion of the well.

4 _Symbols and abbreviated terms

3D
Al
AH

= v =

AQ
APl

B
BSEM
BT|C
C

CC

CC

CCF Directive

Three dimensional

Archer Daniels Midland Company
American Electric Power

Area of review

American Petroleum Institute

Best practice manual

Borehole to surface electromagnetic
Buttress thread casing
Cement-bond log

Continuous CO, injection

Carbon dioxide capturetand storage

Directive 2009/31/EC of the European Parliament and of the Council of 23 4
on the geological'storage of carbon dioxide

\pril 2009

CF US Code of Federal Regulations

C Carbgmydioxide

COL-EOR (€0»*Enhanced oil recovery

CS CSA Group (formerly Canadian Standards Association)
CSEM Controlled source electromagnetic
DAS Distributed acoustic sensing

DOE or USDOE  US Department of Energy

DTS Distributed temperature sensing
EEA European Economic Area

ELD Environmental Liability Directive
EOS Equations of state

EPA or USEPA US Environmental Protection Agency

© IS0 2022 - All rights reserved
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ETS Directive Directive 2003/87/EC

FRP Fiber reinforced plastic

FWKO Free water knockout

GPS Global positioning system

H,S Hydrogen sulfide

HCl Hydrochloric acid

[EAGHG International Energy Association Greenhouse Gas Programme
InSAR Interferometric synthetic aperture radar

KCl Potassium chloride

KSpG Carbon dioxide storage law

LACT Lease automatic custody transfer

LNG Liquefied natural gas

MD Measured depth. The length of the wellbore

MMscf Million standard cubic feet

MMV Monitoring, measurement and verification

N, Nitrogen

NACE National Association of Corrosion Engineers

NETL US DOE National Energy Technology Laboratory

NOx Nitrogen oxide(s)

0, Oxygen

PISC Post injection-site care

ppg Poundsper gallon

PVT Reldtion between pressure, specific volume, temperature
RA Risk assessment

ROV Remotely operated vehicle

SCADA Supervisory control and data acquisition

SDWA Safe Drinking Water Act

SECARB Southeast Regional Carbon Sequestration Partnership
SWP Southwest Partnership on Carbon Sequestration

TD Total depth

UIC Underground injection control
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USDW Underground source of drinking water
Vshale The volume of shale in a given volume of rock
VSP Vertical seismic profiles

WAG Water alternating gas

5 Legal framework

5.1 General
In

std

this clause, some general introduction and observations on regulatory frameworKs'felev
rage operations and the case studies selected for this document are highlighted.

ant to CO,

Fo

op
fra

 most jurisdictions, CO,-EOR operations are subject to the regulatory framework for petroleum
brations whereas other types of geological storage are regulated separately under dedifated CCS
meworks. For some jurisdictions, such as the United States, this distinction has consequiences for
the activities required by the operator and the legal liability to which the operator is subjecf. In other
junjisdictions, as in many countries in the European Union, the distinction is not of the same significance.
Thie EU regulatory framework contains identical requirements for storage of CO,, regardless of the
primary intended purpose of the CO, injection (i.e. CO,-EOR ox.€CS).

Sul

Jay
the

 Canada,
cument as

bclauses 5.2 to 5.9 present the regulatory frameworks forthe US, Germany, France, Norwa|
an, and Australia. These jurisdictions are chosen as.case studies and presented in this do
by have different legal traditions and maturity levebregarding CO, injection and storage.

United States has a well-developed regulatory framework for CO, storage onshore, both gssociated

stqrage during CO,-EOR and non-associated”geological storage. However, there is curn
regulatory framework to regulate such activities offshore in federal waters. In state waters

rently no
the same

regulations that govern onshore operations are generally applicable. Further, the distinction between

Clgss II and Class VI permits for storagé associated with CO,-EOR and geological storage, res
regults in some differences regarding post-injection responsibilities and liability for the
Some of these issues are subject to federal regulation and others are subject to state req
anfl permitting. Regulatory frameworks in other countries with a federal governmental stru
expample Canada and Australia) also distinguish between federal and state/province regu
the¢ content and maturity of the federal and state/province regulations vary. For the Europ
anfl the UK, the framewerk for CO, storage is applicable for 31 countries and covers both onl
offishore operations-for'CCS and CO,-EOR. Despite some distinct differences among the mem|

pectively,
operator.
lirements
cture (for
ation and
ban Union
shore and
ber states’

frameworks, the(default responsibilities and liabilities for the operators storing CO, are [the same.

Mganwhile, théa'egulatory framework for CO, storage in Japan is still developing.

United States

General

5.2.1

Onshore underground injection projects in the US are regulated through the Underground Injection
Control (UIC) program adopted by the US Environmental Protection Agency (EPA) in the 1980s under
the federal Safe Drinking Water Act (SDWA). The UIC program is directed at protecting underground
sources of drinking water (USDWs) from underground injection activities that would endanger human
health through contamination. At present, very few wells are injecting CO, solely for the purpose of
geological storage as compared with a much larger number of wells injecting CO, for the purpose of
EOR. The permitting, operation, and closing of oil and gas related injection wells is governed by a vast
body of contracts, industry practice, mineral property ownership and leasing, judicial decisions, as well
as statutory law and regulation, in addition to the provisions of the UIC Program. Wells used exclusively
for the storage of CO, are not subject to the pre-existing framework for CO, injection wells, which
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presupposes linkage of the activity to the extraction of a valuable economic commodity, resulting in
the UIC Program being the predominant framework for the injection of CO, solely for storage purposes.

Under the SDWA, responsibility for regulating well permitting, operation, and closure is divided
between the state and federal governments. The federal UIC program establishes minimum standards
or requirements for regulation of certain types of injection wells, while allowing states to assume
primary authority (called “primacy”) for implementation and enforcement of the program, while EPA
retains oversight to ensure compliance with the minimum standards.

5.2.2 UIC Class II and Class VI

The UIC grogram originally divided fluid injection wells into five different classes, depending@nthe
activity aipd the nature of the injectate. Class Il wells are used to inject fluids associated with production
of oil or rfatural gas. Thus, Class II wells include principally (a) disposal wells for injecting pfoduged
water and oilfield wastes; (b) wells used to inject brine, freshwater, steam, polymers, or catbon dioxjde
to enhanck oil recovery; or (c) wells used for underground storage of liquid hydrocarbons:

In 2010, HPA added a Class VI program for wells used for injection of CO, for the purpose of geologiral
storage. The Class VI rules provide well design and permitting requirements for the injection of CO, for
storage ir] saline formations. Adapting the existing UIC regulatory framewerk/to address the unique
buoyant gnd corrosive nature of CO, injectate, the Class VI rule sets minimum technical criteria for
permitting, geologic site characterization, delineating an area of review) (AOR), corrective action |on
existing wellbores, financial assurance, well construction, operatign, mechanical integrity testipg,
monitoring, well plugging, post-injection site care (PISC), and site elosure. Following issuance of the
Class VI rjule in 2010, the EPA issued multiple non-binding guidance documents providing additional
informatipn to assist those operating under the rule (https://Wwww.epa.gov./uic/final-class-vi-guidaice
-documernits).

At the timg of publication, the regulatory bodies of essentially all of the oil and gas producing states hgve
obtained primacy for administration of Class II injectien wells. Initially, EPA directly administered the
Class VI well program in every state, and has issued permits for six Class VI wells since 2010 including
provision$ governing post-injection site care andclosure (see 11.5.4), although only two of these w¢lls
have ever|been operated. More recently, individual states are requesting and obtaining primacy for the
UIC Class [VI well program.

5.3 The¢ European Union

5.3.1 General

The European Union (EU)Z¢onsists of 27 member states, and three other European Economic Area
(EEA) states (Iceland, Liechtenstein and Norway) that collaborate with the EU. The UK also adopted the
EU approdch before Ieaving the Union.

The member states of the EU and to a large extent the EEA states are obliged to implement all legdlly
binding directives and regulations and adopt all measures of national law necessary to do so. For both
regulatiofs?and directives, the EU can pass legislation that sets minimum standards, which do Iot
preclude member states from setting more stringent standards and enables member states to maintain
more stringent regulatory provisions than those prescribed, if these are otherwise compatible with EU
law.

Below, the two most relevant EU legal instruments for CCS and CO,-EOR, which are relevant for 31
countries, are summarized.

5.3.2 The EU CCS Directive

The EU CCS Directive (EU Directive 2009/31/EC) was adopted in 2009 to provide for environmentally
safe deployment of CCS. Specifically, it aims to ensure that there is no significant risk of leakage of CO,
or damage to public health or the environment, and to prevent any adverse effects on the security of the
CO, transport network or storage sites. As per the CCS Directive’s definition, enhanced hydrocarbon
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recovery (EHR) - including CO,-EOR - is not in itself included in the scope of this directive. However,
where combined with geological storage of CO,, the provisions apply accordingly.

Pursuant to the CCS Directive, CCS activities are subject to permit requirements which include having
separate exploration and storage permits issued pursuant to the ETS Directive. The CCS Directive
harmonizes administrative procedures for the whole cycle of carbon capture, transport and storage
across member states, however leaving each member state with the freedom to decide how site
operators are to prove their ability to safely operate and monitor a storage site up to the point of closure
and later transfer of responsibility to the competent authority.

Th
an
teg

cfnrngn pnrmif containsinformationaboutthe npnrafnr’ locationand delimitationofthes orage site

l administrative information about the permit itself. As well, the permit requires a large Amount of
hnical data comprising characterization of the storage site, identification of CO, stream eomposition,
an|approved monitoring plan, a plan for corrective measures to prevent significany irregularities,
a proposed plan for corrective measures in case of leakage and significant irregularities, [reporting
crIiLeria, criteria for closure, and an approved provisional post-closure plan. Prioptegranting the permit,
the application with supporting material, as well as information of the designated authoritigs planned
defision relating to the permit, are sent to the European Commission for, feview. State regulators are
obligated to ensure that the operator is “financially sound and technically competent to ogerate and
control the site”.

berational
Fation the
itoring of

The CCS Directive contains a number of detailed requirements te-be implemented for the o
phpse, leaving room for member states to decide on the details and to take into conside
commercial and operational specifications. As an example;the CCS Directive requires mor
the injection facilities, the storage complex and the surrouriding environment based on what is set out
in [the operator’s monitoring plan. The purpose is todetect significant irregularities, migijation and
legkage of CO, and significant adverse effects on thessurrounding environment. In case of leakage or
significant irregularities, the operator is obligated:te immediately notify the designated authgrities and
to [take necessary corrective measures. In casetthe operator fails to take the appropriate measures,
the¢ designated authorities need to initiate such measures themselves, recovering the costy from the
opgrator. Consequently, the CCS Directive requires the operator to establish and maintain a njechanism
for] financial security prior to start of injection and throughout the operational phase. The CCY Directive
dops not provide the details on how, this financial security should documented. It is up to the Member
Stdqtes to decide what type of instrament is desired.

5.3.3 The EnvironmentalLiability Directive

EU
ba

's Environmental Liability Directive (ELD) establishes the framework for environmentg
sed on the polluter,pays principle, to prevent and remedy environmental damage. W

1 liability,
'here CCS

op
all

pr

erations result iny,damage to the local environment, the CCS Directive relies upon th
pcation of liability. This framework thus applies in parallel with the requirements to monit
bvent and implément corrective measures pursuant to the CCS Directive and ensures that

e ELD for
o, report,
lamage to

th¢ environment beyond the storage site is not neglected.

Unlder«the ELD, liability for both preventive and remedial action is assigned to the operator|who is in
conttel of the activity which causes or threatens to cause the environmental damage. That resgonsibility
remrrdat ' ' ; riod until
responsibility is transferred to the Competent authority. More details regarding closure, post-closure
and transfer of liability are provided in Clause 11.

5.4 Germany

In 2012, Germany passed a law entitled the ‘Demonstration and application of technologies for the
separation, transport and permanent storage of carbon dioxide’ (or ‘KSpG’). The KSpG represents an
almost direct implementation of the EU CCS Directive containing the prerequisites for examining the
subsurface for its suitability for CO, storage and for the planning approval of a CO, storage facility. The
planning approval is subject to strict environmental requirements and is only adopted if these are met.
The operator needs to demonstrate that the CO, storage does not adversely affect the general interest,
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its long-term safety is guaranteed, that no danger to humans and/or the environment will be caused
and that the necessary precautions will be taken.

The KSpG limits the annual storage quantity of CO, both with regard to each CO, storage facility as well
as the total amount in Germany. Not more than 1,3 Mt of CO, is stored per storage facility, nor more than
4 Mt nationwide. The KSpG further requires that requests for permits for investigation, construction
and operation of a CO, storage facility must be submitted by 31 December 2016. No applications came
in prior to the deadline.

5.5 France

France stprted the transposition of EU CCS Directive in 2010 and Decree 2011-1411 completed-the
transposition into French national law. Whereas the scope of the CCS Directive excludes R&D pilpts
with a stqrage capacity below 100 kt, French law regulates these operations. Pursuant toythé Frernch
Environmiental Code, the quantity of CO, injected for testing purposes should not exceed the quantjity
strictly rdquired for the characterization of the formation and cannot exceed 100 kt/Pursuant to the
decree 20[12-384, geological storage of CO, facilities must comply with specific regulations regardjng
the protegtion of the environment.

5.6 Norway

5.6.1 General

The currgnt Norwegian regulatory regime for CO, storage is baséd on implementation of the EU (JCS
Directive [and the EU ETS Directive. CCS activities in Norway)(Sleipner project) preceded Norway'’s
implemenjtation of the CCS Directive by almost 20 years.

The compktent authorities have implemented the CCS Ditective through three regulations. The Stordge
Regulatiohs were adopted under the Continental Shelf Act (“CSA”). Amendments were also made|to
the original Petroleum Act and Regulations and Pollution Regulations. Petroleum related CO, stordge
activities,| including CO,-EOR, are regulated pursuant to the petroleum framework, whereas n¢n-
petroleunm related CO, storage activities areaegulated pursuant to the new Storage Regulations. The
operator 4lso needs a permit pursuant to the-Greenhouse Gas Trading Act.

5.6.2 The permitting regime for-CCS activities

During thg lifetime of a project,.there are several required permits and operator obligations for either
petroleum related or industrial’CO, storage in compliance with the CCS Directive. Also, in order|to
develop a ptorage site, the Planfor Development and Operation stands out as being of special importance,
containing consideratiens Trelating to for example economic, commercial, resource managemgdnt,
technical,|safety and_efivironmental aspects, as well as preliminary plans for decommissioning. The
plan is nqt a permitper se, however it is subject to the approval of the Ministry of Petroleum gnd
Energy. The Pollution Control Act and the subordinate Regulation are applicable for any injection| of
CO,. Further,thé operator needs a “permit for injection and storage” from the Norwegian Environment
Agency. Th€permit is mainly aimed at ensuring the environmental aspects of CCS projects are securgd,
i.e. monitOTIME, TEPOTtITIE A COTTECLIVE MEaSUTES-

5.6.3 Financial security

Norway has implemented its own regulations for financial security in which the Competent authority
is provided with flexibility and discretion based on a case-by-case basis assessment regarding how the
operator is able to fulfil this requirement. The use of parent company guarantees has a long tradition
in the Norwegian petroleum industry. In both the Sleipner and Snghvit CCS projects, a parent company
guarantee was provided by the operator and approved by the Ministry of Petroleum and Energy.
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5.6.4 Monitoring

The operator issues a plan for monitoring and this plan is to be updated every five years. The Storage
Regulations specify the kind of monitoring required during operations and after closure. The
monitoring objectives fall into three main categories:

— Conformance monitoring: ensuring that the behaviour of CO, in the reservoir is understood.
— Containment monitoring: ensuring that CO, stays within the storage unit.

— Contingency monitoring: assessing effect of contingency measures in the case of leakage.

5.7 Canada

In Canada, governing authority is divided between the federal government and thg ten provipces, each
haying primary authority within defined limits and with some areas of dual authotity (Krupa, 2018).
Jutjisdiction over the environment is shared. CO,-extraction activities such as EOR fall under provincial
authority because the provinces have primary authority over local works, property rights, grqundwater
protection and nonrenewable resources. The authority of the federal government with respgct to CCS
stgms from its responsibility for matters of national concern as well ds international cooperation and
agreements (e.g. international agreements on GHG emissions). The federal and provincial goyernments
haye worked together and in cooperation with other nations and-international organizationg to foster
the¢ development of specific CCS projects and activities related t6.CCS operations, such as Saskatchewan’s
Boundary Dam project and monitoring activities at Weybufn;Midale. All Canadian jurisdictions have
enyironmental, safety and resource conservation regulations that could apply to the cpmponent
systems of CCS projects (capture, transport, and storage)'through the issuance of licenses or permits as
appropriate. Most aspects of CCS projects, including storage related issues, are covered by tHe existing
provincial regulations for oil and gas production and mining. Component systems also requir¢ a federal
or provincial environmental assessment to evaluate potential impacts and the need for mitigation.

Alkerta has built the regulation of CCS into its framework for exploitation of fossil fuels, under which
it has historically regulated EOR and acid-<gas injection. The province amended its Mines and Minerals
Act (hydrocarbons being considered.aimineral in legislation) and Energy Resource Conservation Act in
20[10 with the Carbon Capture and-Storage Statutes Amendment Act to address long-term CQ, storage
liapility, underground property rights (land tenure and pore space), and financial respondibility for
popt-closure monitoring, mainténance, and remediation. The concept of pore space was not previously
idgntified in legislation. However, the legislation further clarifies that no expropriation of titlg occurred
asfa result of the legislation; rather the legislation provides clarity that the Crown (or freehpld owner
of mines and minerals) ‘has and will continue to have title of the pore space as well as the miperals and
wdter contained inthe‘pore space. The legislation also clarified the right to explore and dev¢lop those
larjds for the purpase of CO, sequestration (storage). In addition to the existing oil and gas r¢gulations
which cover many‘aspects of CO, storage projects, the Carbon Capture and Storage Funding Aft, Carbon
Capture and-Storage Funding Regulation, Carbon Capture and Storage Amendment Act, and Carbon
Sequestration Tenure Regulation are also in place.

In British Columbia, amendments to the Petroleum and Natural Gas Act and the Oil and Gas|Activities
Acbwere passed with the purpase of enabling CCS under existing regulations for natural gas sfiorage and
acid gas disposal (Krupa, 2018). The legislation authorizes storage and disposal of CO, as a “prescribed
substance” in naturally occurring underground reservoirs and also addresses capture, transport,
storage, ownership and liability issues relating to CCS.

In Saskatchewan, many aspects of CCS projects also fall under the oil and gas and mining regulations
of the established Oil and Gas Conservation Act, which regulates the storage of other substances in
addition to oil and gas storage. Some of the main pieces of legislation governing the CCS related activities
in Saskatchewan include The Crown Minerals Act, The Oil and Gas Conservation Act and its regulations,
The Management and Reduction of Greenhouse Gases Act and its regulations, as well as amendments to
these regulations.
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5.8 Japan

The foundation for the Japanese regulatory framework for CO, storage operations offshore is the London
Protocol and especially its CO, Waste Assessment Guidelines. These guidelines form the backbone of Act
on Prevention of Marine Pollution and Maritime Disaster (2007 amendments) that were implemented
to support the deployment of CO, storage demonstration projects in Japan. The amendments were
followed up by a guideline “For Safe Operation of a CCS Demonstration Project” in 2009.

The current Japanese framework for CO, storage requires an operator to obtain a permit prior to
operatlons The permit is granted by the ]apanese Mlnlstry of Env1ronment and needs to be renewed

7 ssiess to
the Japangse Mlnlstry of Env1ronment Several documents are required to apply for a permlt including
a project plan, a monitoring plan, a site selection report, an environmental impact assessmerit\yépprt
and documents to demonstrate financial and technical capabilities. The Ministry will evaluate this
documentation to decide whether the CO, to be stored meets official requirements,@nd that the
operator’qd pre-assessment demonstrates that only minor influence and changes to the.surrounding sea
area results in the case of potential leakage, and that the monitoring plan adequately takes into accoynt
leakage dgtection and a recovery plan to minimize the influence on the marine ehyironment. The (0O,
injectate must be captured by a method using chemical reaction between amines'and CO,, with a O,
concentrann of 99 % or more (98 % or more if captured for hydrogen production for oil refining) gnd
have no waste or other matter added.

The guidgline “For Safe Operation of a CCS Demonstration Project”{focuses on site characterizatjon
to define pre-operational baseline conditions, detailed modelling-of.the storage system including the
reservoir,| simulations to predict the behaviour of the CO, plume; and water injection tests. Dur|ng
operationf monitoring of both the storage site and the overlyingsea area is required including inject{on
volume, tgmperature and pressure, CO, location and extent,@hanges in geological properties, seawater
chemistryf and marine organisms.

5.9 Australia

Australia [has comprehensive legal and regulatory regimes for storage of CO, offshore under the
Australian Federal and Victorian jurisdictions-and onshore frameworks in Queensland, South Australia,
and Victoria (Gibbs, 2018). Western Australia lacks a generic framework but has specific legislation for
the Gorggn LNG Project’s storage of GO, under Barrow Island. Regulation of CCS in Federal offsh¢re
waters, Victorian offshore watersqand onshore in South Australia has been accomplished throygh
modificatjons to the regulations foroil and gas exploration and production, whereas Queensland gnd
Victoria hpve developed separate regulatory frameworks for the onshore geological storage of CO,. The
frameworks commonly require obtaining a GHG tenure first to undertake exploration for acceptaple
geological storage resery6ins (including injection testing) and second to inject CO, for storage in the
covered reservoirs. Detailed risk management plans are required to be submitted in the form of w¢rk
plans. For example, the Victorian onshore regulations require a demonstration that even the testing
during exploratiaf_will not present an unacceptable risk to public health or the environment of a
risk-of contaminating or sterilizing other resources in the area permitted for exploratipn.
Similar demonstrations are required to support approvals for storage injection operations. Affer
storage ir|jeCtion operations cease, project operators apply to surrender their tenures by making rigk-
based demonstrations that they have complied with all legal requirements, that the wells have been
plugged or secured, that the stored CO, is conforming to predicted behaviour, that risks have been
reduced to as low as reasonably practical, and that stored CO, will not present a risk to human health
or the environment. After closure, the relevant State or Federal government assumes responsibility
for monitoring and verification of the stored CO, at the project operator’s cost. Regulators have
considerable discretion to impose more requirements backed by their authority to suspend or cancel
storage operations and to withhold closure approval, subject to normal administrative requirements of
reasonableness and procedures for review (Gibbs, 2018). The regulations impose detailed monitoring,
verification, and reporting requirements beginning with establishing baselines and continuing through
the life of the project, including after injection ceases. A variety of enforcement tools are available for
regulators to ensure appropriate risk-based compliance. Regulators have authority to intervene and
require actions to avoid, remedy, or mitigate a “serious situation,” including ceasing injection (Gibbs,
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2018). In addition, regulators require “removal of property, plugging or closing wells, conservation and
protection of natural resources, and making good any damage to the seabed or subsoil” (Gibbs, 2018).

6 Well design

6.1 General

Wells play a key role in CCS projects. They act as conduits for injection and house technology for
monitoring purposes. In the simplest terms, wells are a nested series of casing (pipe) and cement
indtalled In a hole In the earth. Perforations are shot through the casing and cement into rh¢ injection
zohe to allow the well to access the injection formation. Figure 1 presents a general well)seljematic to
pre¢sent the basic components of a well. Since wells represent a possible leakage pathwayfor CO, out of
the storage unit, because they penetrate the confining system to reach the storage formation, |care must
bejtaken in their design and construction.

The design, construction and completion of wells is dictated by their purpose, age, depth, rate of
injection and regulatory regime. Further, the drilling program is designed{€o achieve the saffe drilling
to fthe targeted formation while also facilitating the acquisition of key geologic and reservoir data and
enfl use of the well. For example, an additional casing string is required'if abnormally pressuied (either
mych higher or lower) horizons are penetrated prior to reaching the final total depth of the well. Drilling
practices also play a role. For example, lower weight on bit, and its.resulting longer drilling time, yields
a dtraighter hole with drill bit selection perhaps improving-those slower drilling times. Higher mud
cirfculation rates and pressures improve drilling rates but{pesult in more washout and poorer quality
ceenting. Regulatory requirements, such as groundwater protection, require deeper surface casing
sefting depths than would otherwise be required for blewout prevention or lost circulation cpntrol.

Thie well completion is the final installation of piping (tubing string) and associated equipment such as
pafker assemblies that will convey the injection:6f the CO, stream from surface to the storage{zone. The
completion tubulars will isolate the injection stream from the casing strings, thereby protgcting the
intlegrity of the casing from the surface tocthe injection zone. Once again, the design of the cpmpletion
stifing will be fit-for-purpose for the specific well’s objective. For example, a commercial inje[ction well
hap a simple tubing assembly and injection packer set above the storage zone while a monitpring well
completion includes an array of instrumentation like fibre-optic cables.

As| CO, storage is a relativeljtiew technology and additional study has been conducted|to assess
th¢ ability and security of the CO, injected and stored, wells are drilled for research pyrposes in
adyance of commercial projects. Research wells have a variety of objectives and are designed to test
diffferent aspects of geology, seal characterization, regional hydrology and injection zone gpality and
characterization. As-aresult, the design of the drilling program and well construction attributes for
regearch wells are not necessarily considered as a best practice for commercial wells.

6.2 Components

6.2.1 “Conductor casing

Conductor casing (see Figure 1) is a short section of casing pipe that is used to initiate the drilling of the
well. Often it will comprise a single joint of casing placed at surface to facilitate the return of drilling
mud during drilling of the surface hole. In some cases, it is set prior to the drilling rig arriving on the
drilling location.

6.2.2 Surface casing

Surface casing (see Figure 1) is the first primary string of pipe cemented into the drill hole to provide
integrity to the wellbore. In the early oil and gas industry, surface casing was primarily used to mount
blowout preventors and provide pressure containment while drilling of the main hole. This meant
that the setting depth of the surface casing was dependent upon the anticipated pressures that would
be encountered while drilling the main hole and the ability to contain those pressures based upon
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the parting pressure at the surface casing shoe setting depth. The casing pipe itself needed to have
sufficient collapse or internal yield burst strength to contain the anticipated pressures. Over time,
surface casing became the means of protecting potable water zones and, as a result, surface casing
depths are now set deeper than previous practices to protect those potable water zones. Surface casing
strings are cemented to surface.
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Figure 1 — General well schematic showing the basic components of a well

6.2.3 Main section casing

Drilling of the main section of hole is protected by at least one string of casing often referred to as
the long string or production casing. If additional strings of casings are required it is referred to as
the intermediate casing or first, second, etc., casing string. To facilitate drilling the well, intermediate
casing strings are used where pressures above or below the intermediate setting depth possibly create
unsafe drilling conditions and/or mud weights which are either too great (resulting in fracturing of the
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formation, or differential sticking) or too low (resulting in formation fluid influx and possibility of a
blowout).

In the past, main hole casing strings were cemented to ensure isolation of porous formations and
therefore may not have been cemented to surface. Modern day drilling practices for CO, storage are to
cement the main string to surface to provide coverage over all formations penetrated. In cases where
the hydrostatic head of the cement column exceed the formation fracture pressure, stage tools are used
to cement the upper portion of the main hole.

The casing pipe itself must be of sufficient strength (internal yield pressure, tensile strength and

co ]apcn prnccnrc\) to facilitate p]ar‘nmnnf ofthe pipn’ r‘]ri"ing ofthe remainder afthe well (ifr ecessary)
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1 containing the formations pressures expected. In the case of CO, storage, the casing stre
suitable for the anticipated maximum storage pressure. The metallurgy of the casing/mn
dified for those portions of the well that are exposed to CO,, for example some ppera
kel-based alloy or 13Cr-L80 pipe over the storage zone.

4 Liner

lers (see Figure 1) are sections of casing that are set inside the last\casing string, but §
extend back to surface. The strings are landed in the last casing'string with hanger a
emblies and may or may not be cemented in place. Liners are\typically used where t
ending the pipe to surface would be cost prohibitive or where Cementing of the pipe is not
ers are not typically used in CO, storage applications.

.5 Tubing and completion assemblies

ce the well has been drilled and cased, the wellboreds secure and will contain the formation
1 fluids. To facilitate injection of CO,, a tubing (see Figure 1) and completion assembly is

T

casing at the injection zone may be perforated with wireline conveyed perforating gy

the completion string is installed or with tubing conveyed perforating guns as part of the c
stijing. The completion string isolates the(asing from the injected CO, and provides a secu
for| the transport of the CO, to the injection zone. As a result, the metallurgy of the tubing ma
completion assemblies are typicallymore corrosion resistant or corrosion resistant coatings alre applied
to protect the tubing and completien equipment. Tubing connections in CO, injection applicg
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en have seals, either Teflon‘er ‘other CO, resistant material, to prevent CO, from leakin
chanical thread connectigns.

.6 Wellhead and Christmas tree

The wellhead and.Chiristmas tree assembly (see Figure 1) are the surface equipment installed ¢
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tonnect the well'to surface pipelines and for hanging the tubing string inside the well. The

e is essentially the valves installed on the wellhead to contain the wellbore fluids and pre
facilitate.running of wireline equipment into the well. The gauges for monitoring surfacg
bssurestare installed on the Christmas tree and other pressure gauges for monitoring tH
ingsahnulus and casing/surface casing annulus are also installed on the wellhead equip
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terial selection for the wellheads and Christmas tree equipment may be specialty alloys

but often

are internally coated steel. Valves will also have specialty trim materials (internals) for corrosion
protection.

6.3 CO, Injection wells

Injection wells for both CCS and CO,-EOR projects have included wells used for injecting smaller
masses of CO, for research purposes (kt-scale) and larger masses (Mt-scale) for commercial-projects.
The earliest CO, injection wells were constructed as part of CO,-EOR projects, such as SACROC and
Seminole floods in the Permian Basin, and Joffre and Weyburn-Midale in the Western Canadian
Sedimentary Basin. Many research-scale CCS projects started earlier than commercial-scale projects
and have longer history of injection and include, for example, the AEP Mountaineer, Ketzin, Illinois Basin
Decatur Project, Lacq, Tomakomai and Nagaoka projects. Commercial-scale projects for CCS include,
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for example, Sleipner, Illinois Industrial CCS Project (IL-ICCS), Quest and numerous CO,-EOR Projects
within North America.

6.3.1 Well design and construction

Well construction for CO, injection wells is site specific for the geologic conditions and applicable
government regulations. Additional consideration may be given to the corrosive nature of CO, through
the installation of sections of specialty casing (i.e. Nickel-based alloy or 13Cr-L80) over the primary seal
and injection zone. This interval would correspond to the injection packer setting depth and perforated
interval where the casing would be most exposed to corrosion.

In additiopn to specialty materials, efforts to mitigate corrosion can also be applied through material
selection, [chemical additives, and regular monitoring. When corrosion has an impact, replacemént of
well components may be necessary, which adds expense and down-time to injection projects..Cérrosjon
mitigation impacts well design and operation in the following ways.

— CO, rpsistant cement - selection of a cement which resists chemical, and subséquent mechanigal
degradation of the cement. Typically, cement is circulated to surface to provide-full coverage oyer
the well, with specialty cements placed over and proximal to the injection-zone. A baseline cement
log run prior to completion will provide a reference to subsequent integritylogging (see 8.5.4.3)

or lined injection tubulars are typically used in portions of-the well that are exposed|to
wateil. In the case of injection wells that also inject water, this would constitute the entire string

— The aphnular space filled with diesel or corrosion inhibited freshiwater provides additional corrosjon
proteftion to both casing and injection tubulars.

6.3.2 ell completion

The well gompletion will provide the conduit for thefransport of the CO, stream to the injection zope.
Depending upon the corrosive nature of the CO, stream, specialty tubulars may or may not be needpd.
Dehydrat¢d CO,-streams are not necessarily corresive and therefore the material selection is dependgnt
on-site spgcific conditions. Other equipment©on the completion string, such as packer assemblies gnd
profiles nmpay often be coated or made of specialty alloys. Injection packers, whether permanent|or
retrievable, typically have packer element materials that are resistant to CO, and the swelling effefts
that may pose issues with seal integrityand tool operability.

Since the [injection tubulars and packer assemblies protect the casing strings, the injection packer is
placed as flose as practical to.the/injection zone perforations and in intervals with strong casing cement
bond.

The decigion to install ‘permanent packers, with the appropriate stinger assembly on the tubjng
string, or [retrievablé packer assemblies is another site-specific decision. With either approach, should
replacemgnt portions of the tubing string need to be replaced, it is important to be able to place a plug
in the paqker such that the tubing string can be removed from the well without having to pump kill
fluids intq the\injection zone.

Lastly, the design of the tubing string will also be dependent upon the injection rates required for the
project. Restrictions in the completion string (i.e. profile nipples or injection stinger ID) will reduce the
injection capacity. The well’s casing ID will dictate the size of injection tubulars and packer assemblies,
therefore flow modelling is required prior to the drilling of the well such that the total system
configuration will provide the injection capacity needed.

6.3.3 CO,-EOR injection well construction

CO,-EOR wells represent the most mature class of wells used to inject CO, as CO,-EOR has been employed
commercially for approximately 50 years. Wells can vary from being converted oil production wells
with conventional well construction and materials to fit-for-purpose CO, injection wells constructed
with special materials and cements. Wells at SACROC and Weyburn oilfields provide some examples of
construction practices.
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SACROC

The Scurry Area Canyon Reef Operators Committee (SACROC) unit was the first CO,-EOR project in
the US, with injection operations started in 1972. The field has both vertical and horizontal wells.
Vertical wells are typically completed at approximately 2 100 m using a 140 mm (5 1/2 inch) or
178 mm (7 inch) long-string casings with 219 mm (8 5/8 inch) and 244 mm (9 5/8 inch) surface casing,
respectively. The surface casing is cemented to surface using Class C Portland cement. The long-string
casing is generally cemented several thousand feet up from TD, leaving portions of the long-string
annulus uncemented within the surface casing. Sometimes, the long-string cement job does not extend
into the surface casing, which also leaves a portion of the wellbore uncemented. These production well

copstructiomscenarios are commom withimthefretdamd mamnyof the €65 mjectiomwettstrthe SACROC

fie]d are converted production wells.
Weyburn

Sirpilar to SACROC, the well construction design for Weyburn wells has evolvedyover time| The field
wds initially developed using vertical wells, cased and perforated over the producing zone. Qver time,
producing wells were converted to water injection wells for secondary (waterflood) recovery. During
th¢ 1990’s, to improve sweep efficiency, horizontal wells with open hole.completions (undased over
injpction zone) were drilled and successfully improved the field’s productivity. To facilitate CO, flood,
deflicated horizontal CO, injection wells were drilled, most with duaNaterals to target specifid reservoir
zohes. To allow the use of dual laterals, the casing was set abovethe producing zone. Later the design
changed to set the casing in the injection zone itself. Other variations of CO, injection wells were used
indluding recompletion of existing vertical water injection wells, but these were prone to wel| integrity
issjues and replaced with horizontal injection wells with thé casing landed in the injection zdne (Majer
et pl., 2018).

—

6.3.4 Research injection well construction

Repearch injection wells represent the first s¢¥ of injection wells developed specifically to [nject CO,
intjo saline formations for storage. The construction of these wells is very similar to that used for oil and
ga} production or CO,-EOR.

QO

Nagaoka

Thie Nagaoka project CO, injection well was constructed in 2003. It was constructed using mild steel
(Grade J-55) casing, with buttress thread and coupling (BTC) casing on the 244 mm (9|5/8 inch)
536 kg/m surface string,'aiid 8 round thread (RD-Long) on the 140 mm (5 1/2 inch) 23,1 kig/m long-
stijing casing. Both casing strings were cemented using common oilfield Class A well cement. The
injection tubing in thé-well was a 60 mm (2 3/8 inch) 6,8 kg/m chrome string (13Cr-L80) for|improved
corrosion resistance:

Ketzin

in P008.It was constructed using a 632 mm (24 7/8 inch) 186,8 kg/m St 37 steel stand pipe|(welded),
a 473’ mm (18 5/8 inch) 130 kg/m X56 steel conductor string, a 340 mm (13 3/8 inch) 81,1 kg/m K-55
surface casing, a 244 mm (9 5/8 inch) 54 kg/m K-55 steel intermediate string (all three strings with
BTC connection), and a 140 mm (5 1/2 inch) 30 kg/m 13Cr80 production string. All casings reached
from the top of the well down to their respective depths, and the longest was the 140 mm (5 1/2 inch)
production string ending at 755 m. The cement selected in all casing cementations was standard class-G
cement with fresh water and no additives, with the exception of the plug cementation of the 140 mm (5
1/2 inch) casing for which a specially designed CO,-resistant class-G salt cement was used (Prevedel et
al., 2009).

TIP Ketzifrproject CO, injection well was constructed and completed in 2007 with injection cojmmencing

Mountaineer Project

1) 1linch=25,4 mm
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The American Electric Power (AEP)-1 CO, injection well was drilled as a stratigraphic test well in 2002
and 2003. It was later completed as an injector in 2009. AEP-1 was constructed with a 508 mm (20 inch)
140 kg/m H-40 steel surface casing set at 79 m, a 244 mm (9 5/8 inch) 60 kg/m L-80 steel intermediate
casing set at 1 191 m, a 178 mm (7 inch) 34 kg/m P-110 steel intermediate casing set at 1 918 m, and
a 114 mm (4 1/2 inch) 17,3 kg/m N-80 long-string casing set at 2 803 m. The well was plugged back to
2 608 m. The surface casing had a BTC thread, the 244 mm (9 5/8 inch) intermediate casing had an 8 rd
short-thread connection (STC) connection, the 178 mm (7 inch) intermediate casing used an 8 rd long-
thread connection (LTC) connection, and the long-string casing also employed an 8 rd LTC connection.
The surface casing was cemented from its setting depth to surface with Class A cement. The 244 mm
(9 5/8 inch) intermediate casing was cemented with a 50/50 pozzolan mix lead slurry and a Class A
tail slurry. The 178 mm (7 inch] intermediate casing was cemented from with cement consisting df a
65/35 pozzolan mix lead slurry and a Class A tail slurry. The long-string was cemented in two Stages,
with the gtage collar positioned at 1 657 m. The first stage was a C-poz cement slurry. The second stage
consisted|of a 65/35 poz mix lead slurry and a Class A tail slurry. Cement bond logs revealed p¢or
cement qyality, with zones of missing cement and a micro-annulus attributed to a high-pressure afid
job, and gas intrusion across the long-string casing (described in Duguid et al., 2018).

Tomdkomai

In the Topnakomai Project, two CO, injection wells were constructed in 2034.and completed in 20[L5.
They wer¢ drilled from an onshore site targeting the Takinoue Formation.and'the Moebetsu Formatjon
offshore reservoirs, respectively. They were constructed using an 800 mmconductor casing set at 10{m,
a 508 mm (20 inch) surface casing, 340 mm (13 3/8 inch) intermedidte casing, a 244 mm (9 5/8 in¢h)
production casing and 178 mm (7 inch) liner. The surface and intermiediate casing strings were stgel.
The prod\rction casing was CO, corrosion resistance steel (TN1}0CR13S) with a TSH-W563/TSH-BJue
threads. The intermediate and production casings were cemefited with CO, resistant cement.

The injectfion well for the Takinoue Formation had a maximium inclination of 72° with a measured depth
of 5 800 np, vertical depth of 2 753 m and horizontal reach of 4 346 m. The injection interval of the well
for the Takinoue Formation was completed with slottéd liners achieving a length of 1 134 m.

The injection well for the Moebetsu Formation.was an extended reach drilling (ERD) well with a
maximumn] inclination of 83° It had a measuted depth of 3 650 m, vertical depth of 1 188 m gnd
horizonta] reach of 3 025 m. The injectioninterval of the injection well for the Moebetsu Formation was
1 194 m in length and completed by perforated liners covered by sand control screens. The perforated
liners and sand control screens help minimize sand flow back into the well.

6.3.5 C¢mmercial-scale injection

Commercjal-scale CO, injeetion wells for storage are still uncommon. There are two permitted injectjon
wells in the United StateSthat are part of the Decatur, Illinois projects at ADM'’s facility, three inject]on
wells at the Shell Questproject in central Alberta, Canada, one at the Aquistore (Boundary Dam) projgect
in Estevaf, Saskatchéwan, Canada, and one each at Sleipner and Snovit in the Norwegian North Sea.
These wells represent the beginning of commercial CCS and their design and construction may provjde
insight to[futureprojects.

Illinois:Basin Decatur Drn}nt‘f (InnD)

CCS#1 well planning began in 2008. The injection well was initially permitted as a Class I nonhazardous
injection well because U.S. EPA Class VI CO, injection well regulations had not been finalized. However,
the well was constructed to the draft Class VI standards. After the final UIC Class VI regulation was
adopted, the permit was converted to Class VI status. The well was constructed with a 508 mm (20
inch) surface casing set at a depth of 110 m. A 445 mm (17 1/2 inch) open hole was drilled to 1 391 m
where circulation was completely lost. Traditional lost circulation methods failed to regain circulation.
Five cement plugs were placed, and circulation was reestablished; the intermediate hole was drilled
to 1 627 m where a 340 mm (13 3/8 inch) casing was set. The casing was cemented to surface in two
stages. After the intermediate casing was set, a 311 mm (12 1/4 inch) hole was drilled to TD (2 204 m).
After reaching TD the well was logged and tested extensively.
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A 244 mm (9 5/8 inch) long-string casing was set and cemented to surface in one stage. The casing had
244 mm (9 5/8 inch) 70 kg/m 13Cr-L80 from TD up to 1 608 m, where 244 mm (9 5/8 inch) 60 kg/m
N-80 was used to the surface. The long string was cemented using a 1 898 kg/m3 (15,84 ppg) CO,
resistant cement from TD back to around 1 500 m. A 1 498 kg/ m3 (12,5 ppg) pozzolan cement was
placed from 1 500 m to the surface. Cement simulators were employed during the design phase to set
centralizer placement and model mud removal. Following completion, the well was logged using an
ultrasonic radial cement evaluation tool and a cement bond logging too, which showed good integrity
despite the presence of a micro-annulus (Duguid, 2018).

Shell Quest Project

Thlree injection wells have been drilled and placed on CO, injection. The basic well design jncludes a
cohductor pipe set at 20 m, the 406 mm surface hole section was cased with 340 mm, #07 kig/m, L-80
IRP LTC R3 seamless and set at approximately 445 m and cemented to surface with Glass |G cement.
Thie intermediate holes section was drilled with a 311,1 mm bit and the intermediate casfing string
consisting of 245 mm, 60 kg/m L-80 IRP LTC R3 seamless was cemented to surfave (using a|stage tool
sef at approximately 835 m with Class G cement. The main hole was drilled|with a 216 mm bit and
cased with 178 mm, 39 kg/m, L-80 LTC R3 seamless (surface to above the injection zone) and 178 mm,
34| kg/m, 25Cr-125 seamless set over the injection zone to TD, all cemented to surface with Class G
cement.

Aquistore (Boundary Dam) Project

Th
20

e Aquistore CO, storage project drilled and completed ong injection well and an observatjon well in
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cemented with a lightweight cement blend plus 2 % ¢€alcium chloride. The production casing
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12, bottoming at depths of 3 324 m and 3 400 m, respectively. The injection well (PTRC I
PM) was constructed with a 508 mm conductor to 36,1 depth, pressure cemented to su
face casing extended to 620 m, with 340 mm outer, diameter L-80 casing, 107 kg/m, BTC

B 324 m, with 194 mm 0D, 50 kg/m, L-80 casing except over the interval of 2 150m to 3 20
kg/m Q-125 was used. Joint types varied from top to bottom to accommodate the vary
rdware installed in the well. A stage tool'was set at 2 143 m and the well was cemented
panding cement followed by a CO, resistant cement placed from TD to 2 825 m depth.
ge tool to surface a lightweight lead-Céement blend was followed by Class G cement with god
curface reported.

} Monitoring well construction

.1 General

nitoring wells_®orrow heavily from conventional wells and CO, injection wells in
1struction. Monitoring wells are often drilled and cemented using the same technologie
ecific monitering objectives will guide construction design and materials. Differences bet
ection afid 'monitoring wells are largely the technology that is employed including pre
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terms of
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temperature sensors, fibre-optic lines, sampling lines, electrodes, and other equipment.

6.4.2

Perforated monitoring well

The Illinois Basin Decatur Project had one fluid sampling well that penetrated the storage reservoir,
which also allowed sample collection from zones overlying the reservoir. The well, VW#1, was
constructed in a similar manner to the project’s injection well (CCS#1). VW#1 was constructed using
340 mm (13 3/8 inch) surface casing, 244 mm (9 5/8 inch) intermediate casing, and a 140 mm (5 1/2
inch) long-string casing. Like CCS#1 construction, loss of circulation occurred in the Potsosi Formation,
which was sealed with two plugs when encountered. The 311 mm (12 1/4 inch) intermediate hole was
drilled to 1 623 m. the 244 mm (9 5/8 inch) intermediate casing was run to 1 623 m and cemented
to surface in two stages. A 216 mm (8 1/2 inch) open hole was then drilled to a TD of 2 216m. After
logging, the 140 mm (5 1/2 inch) casing was run into the well. The casing string consisted of 140 mm (5
1/2 inch) 25 kg/m 13Cr-L80 casing from TD to 1 541 m and 140 mm (5 1/2 inch) 25 kg/m N-80 casing
from 1 541 m to surface.
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The cement slurry design was adapted from CCS#1 and eliminated the hollow microspheres and added
an expansion agent. A computer simulation of the drilled hole trajectory was used to guide centralizer
placement. The displacing fluid was changed from fresh water to an 1 054 kg/m3 (8,8 ppg) NaCl brine.
The well was cemented in a single stage with 4,8 m3 mud flush, 65/35 cement-pozzolan lead mixed
at 1 498 kg/m3 (12,5 ppg) and of CO, resistant cement mixed at 1 895 kg/m3 (15,82 ppg). Cased hole
logging results showed almost total cement coverage across all the open hole section and no micro-

annulus p

resent.

Completion of VW#1 included installation of a multilevel monitoring and sampling system that
continuously monitored pressure and temperature in and above the storage reservoir. The stainless-

steel co
isolated f
from each

seven yeafs and was replaced by a new system that samples from three discrete intervals; two in {

storage re
Cranf

Two mon
oilfield nd
These we

being approximately 61 m away from CFU31F-1 and CFU31F-3 being approximately 90 m away fr

CFU31F-1

Each mon
string cas

surface afd intermediate strings of each well were of conventional design. The long-string section

each well
section h
electrical
systems W

both wells.

These we

imaging tools. After the project was completed the wells were re-logged using similar tools an
sidewall doring tool was employed to collect samples of the casing and cement (Duguid et al., 201

The time-
moving al

6.4.3 Induction logging-moenitoring well (Plastic casing: Nagaoka, Cranfield)

The Naga
induction

in Figure [2. The_injection well is denoted as IW-1 and three observation wells are shown as OBS-2

0OBS-4.Th

monitoringwells of which two wells, OBS-2 (952,2 m to 1 210,5 m, Total FRP length 258,3 m) and OB

(10442t

‘om other sampling ports by redundant packers. Fluid samples were additionally colect
port at determined time intervals for geochemical analyses. This system was usedfop ab

servoir and one above.
ield

toring wells, CFU31F-2 and CFU31F-3, were constructed on the periphery of the Cranfi
ar Natchez, Mississippi in 2008 to access the D and E sands of the)Tuscaloosa formati
Is are down dip from injection well CFU31F-1 and are arranged-in a line with CFU31

itoring well was constructed with multiple monitoring{technologies attached to the lo
ing. The specific construction details of each well are\provided in (Duguid et al., 2016). T

was made up of N-80 grade steel casing and Bluebox-2500 fiberglass casing. The steel cas
d temperature and pressure sensors mountéd on the outside, the fiberglass section h

resistivity tomography electrodes in, above, and below the storage reservoir. Fiberop
fere mounted to the outside of the casingand extended from the reservoir to the surface

Is were logged after constructieniin 2009 using cement bond logging tools and ultraso

apse study revealed all cores had at least some carbonization and indicated that the CO, W
png the control lines behind the casing.

ka project installed three monitoring wells named OBS-2, OBS-3 and OBS-4 designed to all
resistivity logging for monitoring purposes. The location of these monitoring wells is sho}

e fibepreinforced plastic (FRP) casing portion was set through the target reservoir in all thj
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logging using ultrasonic and cement bond logging tools was carried out in both wells, indicating that
the cement bond is good across the FRP interval.

Permanent pressure gauges were also placed in IW-1 and OBS-4.
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Ketzin C)O

Thie three wells drille @he Ketzin projectin 2007 were equipped in the storage reservoir wijith coated
caging segments wi the 140 mm (5 1/2 inch) production casing string to allow the appl|ication of
permanent dow electrodes. The coated casing segments were positioned as follows in

1. | Ktzi 20 ection well) from 595 m to 735 m depth,
2. Ktz@ (monitoring well) from 595 m to 735 m depth, and

3. @ 202 (monitoring well) from 590 m to 730 m depth.

The stainless-steel casing was internally coated by an epoxy resin layer and externally by a two-layer
coating made of an epoxy resin matrix and a Ryton (polyphenylene) membrane. This electrically
insulated region of the borehole completion allowed electrical resistivity tomography in the near-
wellbore area, as well as in-hole measurements as a kind of permanent CO, saturation log.

6.5 Discussion

All wells described were successful for their specific application. As the application changed from CO,-
EOR to commercial storage, well designs changed, including both the casing and cement. Some of the
CO, wells discussed in Clause 6 had been the subject of significant well integrity studies. These studies
looked at the well materials and construction execution to identify possible well integrity issues and
mitigations.
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Changes to casing design consisted of the selection of more corrosion resistant materials and
proprietary threads to address leakage of CO, from the casing. The change from mild steel to 13Cr-
L80 steel provides additional protection from corrosion. However, 13Cr-L80 requires special handling
during installation and adds significant cost to the well. One way to reduce this cost is to employ 13Cr-
L.80 casing across the storage zone and caprock with mild steel continuing to the surface as was done at
the Illinois Basin Decatur Project wells.

Cementing programs were also changed in response to exposure to wet CO, and carbonic acid. In
conventional cements, the calcium hydroxide and calcium silicate are susceptible carbonation. In
cements with hlgh amounts of calcium hydroxide, like conventlonal well cements, can be severely
altered b Ins
(siliceous aterial) and Portland cement. The addition of the pozzolans changes the hydration chemistry
of the cement; it reduces or eliminates the calcium hydroxide phase. This provides a levelof” CD,-
resistancg¢ because calcium hydroxide is most susceptible to carbonation. CCS#1 and VW#1: employed
a highly éngineered proprietary slurry that controlled both the hydration chemistry to” eliminate
calcium hydroxide and the matrix permeability to slow fluid transport reducing the avdilability of frgsh
carbonic 4cid if the cement comes in contact with any.

Several of the wells detailed in Clause 6 had been the subject of well integrity studies as part| of
the projedt or as parts of related projects. Many of the wells detailed in Clause 6 were logged using
conventiophal cement bond logging tools and radial mapping tools. The “use of two tools provides
multiple rhetrics to assess the integrity of the cement job. In the case of the Nagaoka monitoring wglls
the varialjle density measurement provided some assurance of compétent cement in the FRP sect]on
where thg ultrasonic image could not provide information.

AEP1, CCY#1, VW#1, and the Cranfield wells provide informatien-'that provide valuable insight into well
constructjon. The cementing issues identified during the AEP#1 and CCS#1 show that more than jpst
CO, compptibility is important. The inflation of the externdl tasing packer and the hydration propertjes
of the cenjent may have combined to affect the cement job after successful returns to surface. This was
possibly fhirther exacerbated by high pressures applied to the well after cementing. The cement slufry
for CCS#1|was affected by the mixing equipment before it was even pumped down the well. The smog¢th
13Cr-L80|casing and the temperature difference between the bottom hole static temperature gnd
cementing circulating temperature may have_contributed to the development of a micro-annulus. The
constructjon of VW#1 built on the lessons(learned from the construction of CCS#1 and did not exhibit a
micro-anylus in the log results.

Monitorirlg wells have deployed many different technologies depending on the needs of the projgct.
These incjude temperature gauges; pressure gauges, fibreoptic lines, sampling lines, sampling pofts,
and electijical resistivity hardware. Many of these technologies are on the outside of the casing and dan
present lepkage pathways if'not properly installed and cemented.

The Cranffield wells proxide examples of construction and monitoring choices that affected the integrjity
of the wells. The control lines were visible in all if the image logs that were run. The analyses of the
cement sefctions with the sidewall cores showed carbonation at every zone collected. The sidewall c¢re
that cut through-the control line and sampling port exhibited severe carbonation. It is likely that O,
was able tomove up the samplmg lme and the other control lines. In addltlon the f1berglass section was
severely dffe 2
objectives of the wells were met and that the monltorlng was successful. Furthermore the monltorlng
wells did not allow any detectable amounts of CO, to leave the reservoir. However, the Cranfield project
was relatively short compared to a commercial-scale project and similarly complicated wells on a
long-term project may have affected the project negatively. The complicated external geometry of the
control and sampling lines affected the placement of the cement. The overall lesson is that complicated
geometry and material choices need to be reviewed and simplified to the extent possible.

Each of the well integrity analyses point to places for learning that can be applied to future projects.
In general, each of the problems identified could be summed up to problems with design, execution,
and operations. The overall lesson is that careful detailed design and planning need to be followed by
thorough execution and operation.
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7 Surface infrastructure concepts (non-well)
7.1 Design and materials

7.1.1 General

Clause 7 describes technical situations of surface facilities from the CO, custody transfer meter to the
injection wellhead, which would include such equipment as compressors, booster pumps, dehydrators,
metering and distribution manifolds.

CO, capture systems or CO, transportation infrastructure are not included here (note that €9, pipelines
sometimes exist, not only between the capture section and the pressurization section, but alsp between
th¢ pressurization section and the injection wells).

A fypical process flow of CO, storage is shown in Figure 3. The non-well infrastructure for O,-EOR is
algo included in Clause 7, which is described in 7.3.
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Figure 3 — CO, storage facilities refer to the surface infrastructure from the point of receipt to
the injection wells

NOTE This schematic shows'the case of pipeline transportation.

7.1.2 Material selection

Mdterial selectioneeds to consider the composition, including impurities, of the CO, stpeam. For
example, insuffi¢ient dehydration could result in the formation of carbonic acid and hydrages. Other
typical impugities include O,, N,, NOy and SOy. If there is H,S in the CO, stream (so called|the “sour
conditions’y,engineers need to consider making use of alternative materials that resist conrosion. In
mgqst cases,"impurities, including H,0, are removed in the capture process as the CO, streal{ needs to

be|dehydrated before transport and injection into the wells. Also note that the CO, supply coptract will
specify the impurities allowed in the CO, stream. These contracts are out of scope of this dochment.

There are many guidelines, rules and standards for material selection. CCS operators and major
engineering firms often have their own standards for design and construction based on their
experiences.

7.1.3 Carbon steel

Because of its availability and cost performance, carbon steel is most often used in CCS facilities where
no corrosive constituents are present in the CO, stream. If CO, stream is dehydrated sufficiently, the CO,
stream is not corrosive because carbonic acid does not form without water. Dehydration is discussed in
6.3.2,7.2.3,and 7.3.7.
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Generally, operating pressures are maintained such that the CO, is transported as a liquid or
supercritical fluid to avoid turbulence of two-phase flow. Operating pressures will dictate the grade of
steel and wall thickness necessary, which impacts overall piping costs.

7.1.4 Stainless steel

The use of stainless steel is considered to protect against erosion and corrosion under wet conditions.
Stainless steel is also used where it is predicted that the CO, stream temperature is too low for normal
carbon steel to meet mechanical strength. Because stainless steel is more expensive, operators
generally try to limit its use.

7.1.5 Alloys

Under sp¢cial circumstances, where even stainless steel is not suitable, expensive alloy$*¢ontaining
nickel, titanium, or other metals are used.

7.2 Equipment

7.2.1 Tje-in to CO, injection well

A specifigation change (or specification break) usually exists at the tie-in point between a flow line
and an injection well. For example, in the United States, the injectidd wellhead is subject to the UIC
Program (see 5.2), whereas the flowline tied into the well is subjectite’pipeline codes (see Bibliography:
Regulatorly Framework). Around the tie-in point, care needs tobe taken regarding changes in flange
materials|joints, inside diameters, etc.

7.2.2 Pressurization to supercritical phase

CO, is prepsurized to inject into the injection wells to\0Vercome the reservoir pressure but not to excqged
the formation fracture pressure of the storage zone or seal. Pressure and temperature conditiond at
the dischgrge of the pressurization equipmentare back calculated from such restrictions predicted|by
reservoir gtudies.

Interlock fpystems or other safeguarding needs to be installed on the pressurization equipment in case
of any abrformal conditions.

The major method of CO, pressurization is by compressors because the captured CO, is supplied|as
gas flow gn almost all operating’projects. If CO, is transported by ship in a liquid form, it is able to|be
pressurized by pumps.

7.2.3 Depghydration

CO, gas is dehydrated to protect against not only plugging by hydrate at high pressure and lpw
temperaturecofiditions but also corrosion by carbonic acid. The following are typical methods|to
remove \A:Fater content from the CO, stream:

— Absorption by absorbents (i.e. triethylene glycol).
— Molecular sieve.
— Refrigeration.

The maximum amount of water content is determined in the design phase in accordance with site
specific facility and subsurface requirements and potentially local regulations or requirements.

7.2.4 Valves

Valves are used throughout the supply system and their sizing and design are important to minimize
flow restrictions. In addition to pressure losses, flow restrictions could create a Joule-Thomson effect
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leading to lower temperature of the CO, stream that might result in dry ice formation and cooling below
the tolerance for that grade of steel. Valve design and sizing are able to mitigate this effect.

7.2.5 Measurement

There are various types of meters currently being used. Coriolis meters measure the mass flow rate
of a stream by measuring oscillation in meter piping. Orifice flow meters measure volumetric flow
rates from differential pressure and temperature. Wedge meters similarly use differential pressure to
measure flow but uses a wedge-shaped restriction rather than an orifice plate to create the pressure
restriction. Differential flow meters require the use of equations of state based on the composition of
th¢ flow stream to calculate the rate of flow.

7.2.6 Leak detection

It |s operator’s responsibility to maintain the pipeline system safe and sound by monitoring in an
appropriate manner. There are several ways to detect leaks:

—| CO, gas detectors are installed in buildings.
—| CO, gas-detecting tubes are installed adjacent to buried pipeliney

—| Readings from pressure and temperature transducers and~flow meters are used to| calculate
material balance between key pieces of equipment.

7.2.7 Venting

While venting of the CO, stream to the atmosphere i8 typically avoided, when equipment n¢eds to be
depressurized to allow for maintenance and repaity; venting of the product to the atmosphefre may be
nefessary. Vent stacks are typically used to cositrol the release of fluids in a safe manner. [mpurities
su¢h as H,S in the vent fluid, for example, wotrld require high vent stacks for the toxic conftent to be
difffused sufficiently. At facility lease sitesypermanent flare/vent stacks are typically installed and for
venting at more remote locations, portable’flare/vent stacks are sometimes used.

7.3 Considerations for storage’incidental to CO,-EOR

7.3.1 General

Where CO, storage is.inc¢idental to an ongoing CO,-EOR project, the surface facilities reqpiirements
ar¢ much more intensive due to the need to process produced fluids. As Figure 4 illustrates|there are
adflitional processes‘and equipment required to manage those produced fluids.
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Figure 4 — CO, storage facilities on CO,-EOR
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7.3.2 Liquids

7.3.2.1 [Water

Regardlegs of the CO, flooding approach (continuous CO, injection or water-alternating-gas), wager
is likely the first fluid produced and is an inherent part of the process. The presence of water in the
produced| fluids stream represents an issu€ for corrosion, hydrates, and pressure drops. Water
produced|from the reservoir also providesameans of providing heat to the system which often helpq to
counter Jqule-Thomson cooling effects which could lead to hydrate formation.

Inlet sepdration is used to separaté water from produced gas and oil. With continuous CO, injectjon
(CCI) projects, inlet separation is.similar to natural gas production systems and is focused on larger
gas/liquids ratios and higher{operating pressures. Where WAG recovery processes are used, inlet
separatiof is more similarto-an oil processing plant where a free water knock out vessel is used|to
separate free water from-0il/water/gas emulsions. These vessels are usually much larger and operate
at much Iqwer pressur€sto allow produced gas to flash away from the oil emulsion.

Oil treating vessels are operated at low pressure and elevated temperature and provide an oil having
basic sediment.and water content specification suitable for oil sales, which also results in additiohal
water voliimés being separated and captured.

Water recovered from Inlet separation and oil treating processes is treated and stored in suriace tanks
prior to being re-injected into the reservoir (WAG processes) or disposed into another formation (CCI).
Often at the start of an EOR project, even for a WAG project, more water is produced than ability of
re-injection and disposal into a separate formation is required. The quality of the water needed for
injection for either disposal or re-injection is dependent upon the quality of the reservoir for the specific
project. Often, water storage tanks have internal components that facilitate the gravity separation of
organics (oil particulates) and inorganics (clays, suspended solids). Given sufficient retention time,
tank treating is often enough, especially when coupled with chemical treatment. Where sufficient tank
retention time is not available, filtration is often used as a final treatment.

Lastly, automated pumping equipment, often using booster pumps to prime a higher-pressure system,
delivers the water to the injection system. Since water volumes tend to be large, centrifugal pumps are
often used for water injection, but reciprocating pumps are still being used in some projects.
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7.3.2.2 0il

The process flow equipment for managing the oil stream from CO,-EOR operations is essentially the
same as any oil recovery process and involves cleaning or treating the oil to meet pipeline specifications.
With CO,-EOR, additional considerations include the corrosion aspects of CO, (when dissolved in
water) and the formation of emulsion pads in the treater. The emulsion pads consist of asphaltenes and
paraffin waxes in water which usually require chemical and additional heat to breakdown. The pads
usually form at the oil/water interface and build up over time resulting in difficulty treating the oil to
meet pipeline specifications. Operators of CO,-EOR facilities work with oilfield chemical suppliers to
determine the optlmal chemical additives, usually some variation of demulsifiers that when combined
wi [l LIlB IleL 1T LIlB Lredicr, lIIlpI ove LIlC BllBLLlVBIIEbb Ul LIIC LI'EALUIICIIL prOCESS.

Treated oil, or sales oil as it is more commonly known, is stored on site in dedicated tafiks; tp feed the
trgnsfer pumps in the Lease Automatic Custody Transfer (LACT) metering unit.

7.3.3 CO, stream production and recycling

Ornjce CO, breakthrough to production wells has occurred, the produced CQs\iseither vented ox captured
anfl processed to be reinjected into the reservoir. The exact process fox handling CO, dep¢nds upon
th¢ reservoir operating conditions, the recovery mechanism involved, water-alternating-gas|{(WAG) or
continuous CO, injection (CCI), and the CO, purity needed for reseryoif management.

7.3.4 Operating pressure regime

Thie design of the CO,-EOR flood will dictate the requirements for handling any produced CO,. CCI
projects tend to operate at higher surface pressures thanWAG projects, and the gas/liquid ratigincreases
over time. In this situation, gas processing resembles’a gas conservation or re-injection process. This
process includes a high-pressure inlet separator where any liquids are dropped out from the C0, stream
with the separated gas feeding recycle compegession to increase the pressure for re-injection along
with any make-up CO, (additional CO, supplied to replace oil produced from the reservoir). Depending
uppn the operating pressure of the flood atd processing facilities, the thermodynamic behav]our of the
re¢ycled gas stream sometimes creates.difficulty in liquids separation. Heat exchangers or lihe heaters
ar¢ sometimes required to increase.the'temperature of the produced gas stream to allow for[increased
lighid dropout. Heating the stream‘is'usually favoured instead of reducing the operating presgure of the
sys$tem which would require additional compression horsepower.

If the reservoir flood process'requires the injection of water (i.e. WAG), the operating pregsures are
offfen much lower. Artificjal lift is required to bring the liquids to surface and any producegl CO, will
require additional compression to enable re-injection. In this situation, high pressure inlet deparation
is replaced with lower pressure free water knockout (FWKO) separation as described for fthe water
strleam above. Downstream of the FWKO, the produced CO, will require booster compressipn to feed
th¢ main recygle compressors.

7.3.5 Recycle Compression

ThieCritical aspect of storage incidental to CO,-EOR is a requirement to recycle the produced CO,.
The design of the compression is dependent upon the recovery process including inlet conditions and
discharge requirements for injection. The greater the difference between the discharge pressure and
inlet pressure, the greater the number of compression stages and horsepower required.

Two types of compression are typically used in industry: reciprocating and centrifugal. The most
commonly used approach is reciprocating compression due to its simplicity and upfront capital cost.
Reciprocating compression usually has a lower throughput per unit so often several units are installed
to meet the required volume. The typical throughput of reciprocating compression units is 0,7 x106 m3/d
to 1,4x10° m3/d (25 MMscf/d to 50 MMscf/d), depending upon the inlet and discharge pressure and
composition of the gas stream. Centrifugal compression is typically cheaper to operate and maintain
per volume throughout, but has higher upfront capital costs than reciprocating compression. Like
reciprocating compression, centrifugal compression has stages of compression, the number of which
depends upon the inlet and discharge pressures. At the Weyburn CO,-EOR flood in Canada, two 2,8

©1S0 2022 - All rights reserved 37


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

x109 m3/d (100 MMscf/d) centrifugal units (2 sections, 7 stages) are in use which constitute the bulk of
the operation’s recycle capacity (Majer, et al., 2018).

7.3.6 Interstage cooling & separation

Due to the heat generated during the compression of gases, cooling and separation of any condensed
liquids, of the compressed stream is often required prior to the next stage of compression. If the heat
generated is not be able to be redeployed elsewhere in the facility, cooling facilities (shell and tube heat
exchangers or fans) are used to cool the interstage stream and facilitate interstage liquids separation.
Any liquids that form at this point, either water or hydrocarbon, would depend upon the saturation
pressures|of the recycled gas stream at that temperature and pressure.

7.3.7 Dgphydration

The application of dehydration units depends upon the design of the injection system, including
operating|conditions, metallurgy of downstream piping and equipment or coatings used. A key facfor
for deterining, if dehydration is required, is the saturation of the recycle stream and whether
condensation of water will occur at any operating pressure and temperature fronr the recycle facility
to the wellbore. As long as the water saturation is sufficiently low to prevent condensation in the
injection $ystem, dehydration is not always required. Further, if condensatief) conditions are expected
in the sysfem, it is probably more cost effective to install corrosion inhibition measures, like coatings
or specialty materials rather than installing and maintaining dehydration units (typically absorptjon
towers usjng triethylene glycol or similar product).

If dehydration units are required, they are typically installed-at interstage compression conditions,
downstrepm of interstage cooling and separation. The higher operating pressure condition of the
dehydratipn towers allows for greater contact time of the glyeol with the gas stream.

One of the disadvantages of dehydration of CO,-righ*streams is fowling of the glycol stream |by
asphalteng particulates. If left unchecked the glycol'will become sufficiently contaminated so tha it
requires frequent replacement and also deposits asphaltenes on the internals of the dehydratjon
towers, rgducing water absorption efficiency.

7.3.8 Bposter pumps

After the|last stage of compression“by either reciprocating or centrifugal approaches, additiopal
pressure increases are sometimes$ required either at the central facility or the field prior to injection|At
this pointfin the process, the CO,stream would typically be at dense phase conditions allowing the yse
of multisthge centrifugal punips commonly used for pumping liquids (water and/or oil). These pumps
are often flriven with electtic motors with variable frequency drive such that the suction and discharge
pressures|are able to betuned with the discharge from upstream recycle compression discharge. Que
to the intdraction of Beoster pumps and recycle compression and the need for sophisticated automatjon
controls, fhese systems are often challenging to commission and operate.

7.3.9 Impact of CO, production - asphaltenes

Asphaltene deposition is a common issue for CO,-EOR floods and occurs anywhere in the system, from
production wellbores all the way through gathering systems, process facilities and injection systems.
Due to the nature of asphaltenes and CO,, asphaltenes sometimes are contained in the produced fluids
(either water or oil) and contaminate the produced gas. In this type of contamination, the location of
asphaltene deposition depends upon the carrying capacity of the gas stream which is a function of the
density and velocity of the gas stream. Lowering the velocity of the CO, stream at strategic locations
in the process will facilitate asphaltene deposition where it is able to be managed, rather than allow
further deposition in downstream processes.
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7.3.10 Impact of recycle stream composition on metering and operating pressures

2022(E)

The very nature of CO,-EOR processes results in not only additional oil being recovered from the
hydrocarbon reservoir, but also any light hydrocarbon gases being recovered as well. Whereas heavier
hydrocarbons (oils) will separate readily from the produced gas stream, hydrocarbon gases will stay in
the CO, stream. The resulting mixed gas stream has significantly different thermodynamic properties
from the CO, stream that is purchased and initially injected into the reservoir. Further, the mixed gas
(recycled CO, stream) is often mixed with purchased CO, which results in yet another mixture with
yet again different thermodynamic properties. The outcome is a dynamic gas composition that varies
not only with location along the process, but also varies with time as the EOR flood progresses and
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5 Onshore case studies
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ations in the process and on a scheduled frequency. Meters need to be properly calibra
brmodynamic properties and operating conditions at their installed locations. Some ppérat
recover hydrocarbon gases to minimize the impact of thermodynamic changescen.'the C
[l to improve oil recovery.

mpositional analyses are also required to estimate the thermodynamic properties of the
1 injected gas streams at reservoir conditions. These analyses allow,for more accuratg

nitoring for CO, losses in the subsurface.

Il Maintenance and remediation

pular maintenance of equipment is required to keep{thé system under sound condif
intenance interval for each machine and device depends on codes and standards, or opers
intenance manuals. Usually the maintenance timing.s adjusted to maximize availability.

shut down correspondingly.

Shell’s Quest Project in Alberta, Capada, approximately 1,1 Mt/year CO, is captured at 3
nufacturing Units (HMUs) in the-Scotford Upgrader by amine technology by which more
e CO, is obtained (Shell, 2014)."Three injection wells were drilled: two for normal oper4d
e for back-up (see Figure 5).

fur at the interstagepressure of 5 MPa where the stream is expected to become saturated
36 °C. To achieve-water separation after the sixth stage of compression, the CO, stream
 the condensed’'water is removed at an interstage scrubber and further dehydrated ina t
col contactor tower. The dehydrated CO, stream returns to the compressor and is comy
ense-phase fluid at a discharge pressure of between 8 MPa to 11 MPa. The CO, stream is
°C before entering the CO, pipeline.

ance determination of the reservoir, which aids in EOR flood performance management
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7.6 Offshore case studies

Snghvit i the second CCS project operating in ‘Nerway (the first is Sleipner). The Snghvit field is
offshore gas field, developed on the Norwegian continental shelf to produce natural gas with condens
at the water depth around 250 m to 345 m/(Hansen et al., 2013). One of the characteristics of this fielc
that all w¢lls are installed as subsea wells, i.e. there is no fixed or floating unit (see Figure 6).

Hydrocar

productiop system, and the CO, stream is transported by a 711mm (28 inch) 143 km subsea pipel
to an onshore processing facility)in Hammerfest, northern Norway in the Arctic Circle. CO, is captur
dehydratdd and pressurized.at the facility, then it is transported by a 203mm (8 inch) pipeline to a
injection yvell. So far this-is®the only existing offshore pipeline for transporting CO,.

Produced

40

CO, Pipeline

Injection
Well

Figure 5 — General concept of Quest CCS Project

the injection site where it is distributed to three injection wells. At each injection well a sk
module has been installed to provide control and measurement of the CO, stream into {
vell. Communications equipment in the module relaysinjection and MMV information bacK
| control system.

pon is produced with 5 %)to 6 % CO, at subsea production wells connected to a subj

natural gas;is exported as liquefied natural gas (LNG) by ship.

long, 41 cm diameter pipeline transports the dense-phase CO, stream from the captyre
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Figure 6 — General concept of Snghvit Project

8 | CO, storage site injection operations

8.1 General

Thie primary objective of CO, storage injection operations is the safe, effective, and efficient injection
of fhe project’s target mass of CO, at acceptable rates: CO, storage site injection operation sfarts once
required authorizations have been received.

Kely to the successful injection and storage ofithe desired mass of CO, into a storage unit or a CO,-EOR
project reservoir at the desired rates areloperational practices that ensure this occurs in[a manner
that both is safe and efficient and alsb- meets all applicable regulatory requirements. Appropriate
mgnagement and monitoring activities‘will further provide the operator opportunities to evpluate the
performance of the project compared with original expectations and to incorporate the learnings in a
continuous improvement process.

Thiis clause discusses operational practices that facilitate the safe and efficient storage of CO,|.

8.1.1 Objectives

In faddition to [S§0.,27914 and ISO 27916, Clause 8 provides complementary information and practical
ingights into gperational details of CO, injection processes.

8.1.2 , Scope of operations

The knowledge compiled here is based on international experience with both geological stprage and
storage associated with CO,-EOR. Existing storage projects are used to describe various operational
processes in more detail.

The focus is on activities downstream of the CO, custody transfer and into the storage unit or project
reservoir, from the design phase through cessation of the project.

8.2 Design of CO, injection operations

8.2.1 General components of operations design

Significant effort by evaluation teams is undertaken to identify, design, and site a successful CO,
storage project. To ensure the success of the project, a detailed assessment of the operational aspects
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is required, often in conjunction with senior operational staff. This assessment identifies the design
requirements, site needs, and performance expectations to establish the foundation for interaction
with operational performance data, which will provide important feedback information that allows
further refinement of the injection operations and project expectations. Subclause 8.2 lists the most
relevant components of the CO, injection operations design.

8.2.1.1 Storage complex parameters

As part of the appraisal and regulatory approval process, criteria for characterization and assessment of
the potential storage sites and surrounding areas are established to allow the sites to be characterized
and evalupted.

From the [operational engineering point of view, the storage capability is contingent on howthé tvo
main opefational variables impact the possibility of leakage within a specific underground/storgge
complex dr project reservoir:

(@) The tptal volume to be stored, i.e. the site characterization will consider a specified volume to|be
storedl.

(b) The pressures which are developed at the injection points and other, critical points within the
storage unit or project reservoir during active injection operations.

8.2.1.2 |Operational design parameters for storage facilities or €0,-EOR projects

This part pomprises plant, gathering line(s), and well(s) and is described in more detail in Clauses 6 and
7.

8.2.1.3 [Operational protocols and maintenance schedules

Operatiorfal protocols and maintenance schedules refléct both the regulatory and technical /engineering
requirem¢nts for the storage site or CO,-EOR_pxoject. An appropriate organization structure will
include thie entrepreneur, the CO, supplier, and the injection operator.

8.2.1.4 (Communication procedures

Depending on the stage of operation,"daily or weekly meetings are scheduled to coordinate injectjon
rates and necessary shut-in and ré-start phases.

Communifation guidelines are part of the major operational plan and are executed as defined therein.

8.2.1.5 [Safety procedures

Safety asdessment(is'‘the process of systematically analysing the hazards associated with the facillity
and the ability ef*the site and designs to provide the safety procedures as well as meet technigal
requirements;,

Safety procedurearepartofthegeneratriskassessment{RA}frameworkof the-injectionsite-ttcotld
be beneficial to embed the RA into a safety case, which is an integration of arguments and evidence that
describe, quantify, and substantiate the safety, and the level of confidence in the safety, of the geological
storage facility.

8.2.1.6 Site security

Typically, the CO, injection operation facility is equipped with a gas warning system, pressure
monitoring and pressure limiting controls, emergency shut-in, emergency power supply, fire alarm and
fire extinguishing systems, lightning protection, lighting, object protection, environmental protection,
waste disposal, waste water disposal, emission protection, means of handling hazardous substances.
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8.2.2 Storage complex design parameters

As the site for the CO, storage project is being evaluated and characterized, a wealth of data is
accumulated which likely includes: seismic interpretations, wellbore construction records, formation
evaluation records, pressure transient analysis data and interpretations along with much more.
All these data typically get assembled and become the basis for the storage performance prediction
(storage capacity and injection prediction). The data, analysis and interpretations are distilled into
a comprehensive design of the project which is documented and becomes the basis of the project
economics, project funding requests and for regulatory approval applications. In the transition to an
operating project, all of these data and analyses that provided the foundation for the operational plan
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of' state model, but also the deviation from predictions to actual conditions

Well location and completion details.

Clearly defining the objectives of the dynamic model helps to focus the construction of the model on
meeting those objectives. Regional scale models could improve the understanding of saline aquifer
projects whereas depleted hydrocarbon reservoirs will have substantially more input data and
different operational concerns. Storage in CO,-EOR projects will involve the evaluation of reservoir
properties, relative permeability, stress dependence, and other factors throughout the life of the field,
from primary production, through a waterflood if one is employed, and into tertiary recovery/storage
with CO,.
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8.2.4 C(Case Study - Aquistore

The Aquistore project (A.2) has been the focus of extensive pre-injection evaluation and post injection
performance analysis which has been documented and published. The researchers studying the
Aquistore project conducted pre-injection static modelling of the targeted aquifer, the Deadwood
Formation. At a depth of approximately 3 150 m, the Deadwood Formation overlies pre-Cambrian
igneous rock and has very few well penetrations (Peck et al.,, 2014). The data used to construct the
static and dynamic models came from open hole log data and core recovered from two wells drilled as
part of the project in conjunction with 3D seismic shot for the project as well as from public sources of
regional data including 15 well penetrations. The regional model was reduced to a static model with an
areal ext > ; i i i i i The
model. Pefrophysical analyses and core data provided Vshale, porosity and permeability for the net<to-
gross with uncertainty analysis used to optimize the distribution of petrophysical properties.

The dynamic modelling used a grid cell size of 76 m x 76 m with local grid refinement off7,6/'m x 7, m
surrounding the injection site. Relative permeability data required for the model were) evaluated| in
three approaches: two independent lab studies using core plugs from the project wells and one analogue
from other published studies.

The key Afquistore learnings from the comparison of pre-injection flow modellingwith field performance
include:

— Field pperational performance did not match the initial forecasts’which was attributed in parf to
the b¢haviour of near wellbore formation damage.

— The iptermittent receipt of CO, created issues with thermalequilibrium in the near wellbore afea
whiclf needed to be accounted for in the history matchingprocess.

— The vpriable CO, supply quantities provided significant data for the history matching process.

— The yse of wireline logging, specifically spinnér surveys, was key in identifying the relatjve
contrjbution of each of the perforated interyals which information was then useful for a m¢re
comp|ete model history match.

8.2.5 Contractual agreement impacts'on injection design parameters

Once the [capacities and injection sate capabilities have been estimated to a reasonable degree| of
certainty,|negotiations with the GO, Supplier could be finalized and contracts prepared to address key
elements from an operational perspective.

8.2.5.1 [Contracted gas.composition

Based on|the CO, capture source and process, the CO, stream composition could include seveyal
impuritie$ that infpact storage capabilities and operational practices. Supply contracts often spedify
maximun] congentrations of impurities to minimize safety risk (e.g. hydrogen sulfide gas), corrosjon
impact (e.g. water), or negative storage capacities (e.g. nitrogen). Controlling those potential impuritjies
will minirhiZe negative effects on the storage operations. Supply contracts often oblige the CO, suppliier
to remove or lower the concentrations of detrimental impurities.

8.2.5.2 Contracted volumes and rates

Whereas the ultimate volume of CO, stored is dependent upon the nature and size of the storage
complex, the supply rates will impact how the storage operator manages those rates through the
number of injection wells and facilities design. Rate variability and interruptions are key operational
considerations that are typically specified in supply contracts. Operationally, consistent supply rates
and pressures are preferable, but the nature of the capture process will affect the feasibility of meeting
those objectives. Accordingly, those supply considerations are considered in the operational plan.
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8.2.5.3 Delivery pressures

Supply contracts often state a minimum delivery pressure to the storage project. Operationally, a
maximum delivered pressure might be dictated by the pressure capability of the supply pipeline.
Further, regulatory limitations on maximum injection pressure (in the US this is often based on fracture
pressure for a formation) will also restrict the delivery pressure to the project. Operational planning for
such contingencies helps to manage periods where delivery pressures exceed the permitted injection
pressure.

8.3 Operations and maintenance plan

8.3.1 General - Definition of the main operational conditions

operator of the CO, injection facilities and any approved subcontractors hayé’the responsibility
of jhandling the CO, from the custody transfer to the wellhead master valve. The“injectior] operator
enpures the safety of personnel who perform these tasks according to their company safety policy and
procedures. The operator of the CO, injection facilities is also responsible forinspecting and maintaining
th¢ monitoring equipment used for measuring temperature and pressure@tthe wellhead, as well as any
leak detection equipment placed around the surface facilities. The operator is also respgnsible for
ingpecting the surface equipment exposed to CO, and responding todny signs of corrosion oxf potential
legkage as they might appear that might compromise safety conditions for personnel operating surface
ipment. The operator is also responsible for any potentiallissues related to existing w¢lls, either
abpandoned or active on site.

Fufthermore, the operator is responsible for training personnel in proper operation of valve§, transfer
pumps and connection equipment to avoid any damage due to improper settings that could compromise
safety at the surface site.

Tolfacilitate continued safe and efficient operations of the storage project the key operational parameters
of the project need to be identified and operating conditions for those parameters need to be defined.
Deftailed process and instrumentation diadgrams (P&IDs) are key components of the operational plan.
Ingtrumentation measuring points aleng with control points are identified on the drawings and
fadilitate operational teams in deterhiining the set points and control logic for the process.

Ty ically, a step rate test (SRT) s performed to define operating parameters such as reservoir pressure
itations. In the Ketzin project (see A.10), for example, a maximum rate of 3,2 t/h was detefmined to
bela safe and stable rate.

8.3.2 Operational.protocols and maintenance schedules

After a successful/trial run of the injection facility, the start of the regular commissionjng phase
will take plage-according to operational protocols that rely on reservoir simulation results. CO, is
cohtinuously)injected and the evolution of the reservoir pressure is monitored in part to ensure that
th¢ maximum pressure limitation under the applicable regulatory framework is not exceedgd. In case
of pxisting observation wells, the CO, break-through at these wells will be confirmed.

Declining pressure (Pressure Fall Off) during shut-in phases provide indications of how the required
overpressure for injection is being influenced by near wellbore effects and the intrinsic reservoir
properties.

8.3.3 Recording management of change

There are situations where the storage facilities and reservoir behave differently than originally
projected. If these situations occur, a redesign of the facilities, well or operational procedures could be
necessary. A formal management of change process includes evaluating the situation and engineering
solutions to work within the project. Without a formal management of change process, a remedy or
change in operational procedure could result in other issues within the project causing safety or
containment events. As part of the management of change process facility drawings would be updated
to ensure all personnel are aware of the changes made to the system.
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8.3.4 Communication plan

A good communication plan is essential for successful management of CCS project operation. It will
facilitate stakeholder’s understandings of the CCS project. It will also assist smooth communications
among and between personnel and sections within a CCS project. A communication plan would be
tailored for each audience; internal personnel, external stakeholders such as legislative authorities,
communities of CCS site vicinity, NPOs and public. A communication plan could include information
relating to issues of CCS project operation, impacts and risk treatment (see ISO 27914: 2017,
ISO TR 27918). Some CCS specific communication guidelines offer practical and useful information
when developing a communication plan, (NETL 2017, Ashworth 2011). Typically, a communication plan
is routinejy Teviewed anmd TeviSed tO TITAITTTAITT CUTTETITY-

8.3.5 Npmination process for CO, delivery and receipt

A key opgrational protocol that is often included in CO, supply contracts details is the filominatjon
process fgr supplying and receiving CO,. Even if there is a single supplier of CO, to a’storage projgct,
this formal communication process allows the supplier to inform the receiver of any upcoming events
that could impact CO, supply. A nomination is often provided weekly and would bégin with the suppljier
giving a fqrecast of quantities to be supplied during the upcoming week. In themomination, the supplier
would report anticipated reductions in supply due to planned maintenanceforperhaps even increages
in supply|[due to improvements to capture performance. Upon receiptéof*the nomination from the
supplier, the storage operator would respond stating its ability to receive-the identified volumes of CP,,
identifyinjg any planned maintenance or injection operations performance that would impact its abiljity
to receive those volumes. Nominations allow the parties to coordinate with each other’s operatiohal
situation find agree on alternative actions to minimize disruption:to their respective operations.

8.3.6 Sjfety plan

Injection [operators develop safety plans to establish site-specific health and safety procedures,
detail emergency response procedures, identify emergency response teams, and specify the training
requirem¢nts for operating personnel. Often emergency response procedures are developed based|on
a worst-case scenario for an outflow of the COs-over the full piping cross section at maximum storgge
pressure.|Responding to this scenario will-involve developing and coordinating procedures for safégty,
health pr¢tection, emergency response,-site security, and the communications. Plans are revised and
updated to adapt to significant changgs in the composition of the CO, to be injected and changes| in
facilities, processes, and equipment with a potential to impact the effectiveness of the safety plan.

The prindiples and structure 0f)oil and gas industry safety and emergency response plans could [be
easily addpted for CO, storage projects. In Canada, the Alberta Energy Regulator (AER) has published
requirem¢nts for emergency response plans (see AER, Directive 71). The requirements stipulated by
the AER include considerations for emergency preparedness at a corporate level, setting up emergency
planning [zones, intéracting with the public during emergencies, and risk matrices for classifylng
incidents.|The plan.gutlines response procedures to take in the event of an emergency including pldns
to protect thegpublic. Also included in emergency response plans are maps of the project, contact
informatipn-forlocal first responders (fire departments, police, hospitals, etc.) and contact informatjon
for residents

8.4 Injection operations

Injection operations incorporate the injection design of the storage project and follow the documented
procedures in the operations and management plans and protocols described in the sections above. The
handling and injection of CO, is dependent upon the nature of the project. For example, pilot projects
like Ketzin that are supplied with trucked in CO, must manage the delivery, storage, pumping, and
conditioning of the CO, on site. Volumes at pilot projects are typically much smaller than demonstration
or commercial projects and therefore have unique requirements for onsite CO, handling. For larger,
onshore commercial projects, CO, is typically delivered by pipeline, and often requires little further
conditioning or handling before injection.
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8.4.1 Initial (start-up)

At the beginning of the injection process, operators often ramp up the injection rate and to keep a rather
conservative pressure limit. This helps to approach safely towards a smooth and continuous injection
operation, track failure causations to improve scheduled routine maintenance programs, and improve
the critical equipment replacement inventory.

8.4.2 Shutdowns

Shutdowns 1nclude the cessatlon of 1n]ect10n due to planned events unscheduled events and emergency
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2 per1od1c storage zone monitoring, allow operational teams to not only plan the safe\sh
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1.3 Start-up following shutdowns
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8.5.1 General

With the advance of digital data capture and control logic, instrumentation allows not only operational
control, but the capacity exists to record and store data from each sensor for continuous or later
analysis. The growth in automation and data capture could create data management issues if not
carefully designed and used. There could be a temptation by operators and regulators to capture data
at a multitude of locations, only to have to limit data capture later due to data storage limitations.
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8.5.2 Surface equipment and injection line data

8.5.2.1 CO, receipt monitoring

CO, that is received at the field, is metered in, and reported at intervals required by the supplier
or regulatory bodies. Once the CO, is in the storage complex accounting becomes more complex
with periodic planned and unplanned losses due to compressor blowdowns, planned or unplanned
maintenance, and potentially less reliable metering in site. To the extent that these losses could be
measured or estimated they need to offset the CO, received at the field entry port and not counted as
storage.

8.5.2.2 [Injection flowline metering

Infield injection flowline meters are intended to measure the distribution of the CO, stredm amongst
the variolis injection wells in the project and are therefore not typically used for custody transfer.
Injection pell metering is often connected to the overall control and automation system. This allows
for flow rpte information, at an injection well level, to be coupled with other monitoring data such|as
wellhead pressure or other monitoring equipment.

8.5.3 Wellbore monitoring

8.5.3.1 [Annulus pressure and temperature

As addresgsed in 10.4.1.1, continuous monitoring of annulus pressure (and temperature via DTS) cotild
give an edrly indication of failure. This would not replace the tegularly scheduled mechanical integrjity
testing regime.

8.5.3.2 Surface injection tubing pressure and temperature

Capture of surface injection tubing pressure and.temperature data is done quite simply and is digitqlly
transmittpd via field automation systems. Sudden'changes in either pressure and/or temperature cofild
indicate 4 failure in either the upstream delivery flowline or in the downstream wellbore inject]on
system. Operations personnel often use deviations from set-points as a way of failure detection. Longer
term trenfd data could also be useful for identification of plugging of upstream delivery flowlines o1 in
the injectjon wellbore and completion:

8.5.3.3 [Downbhole injection pressure and temperature

Downholq injection pressute and temperature data is typically obtained on a periodic basis, usuglly
with retrlevable bottemhole gauges. Permanently installed gauges with real-time data capture| at
surface hive been used but are often prone to failure in prolonged use applications. Other real-time
downhole| injection )pressure and temperature measurement technologies include the applicatjon
of fibre-optics,as e.g. fiber Bragg grating (FBG) pressure transducers and distributed temperat\Ee

sensing (PTS) which allow measurement at any point in the wellbore. On the long-term perspectiyve,
this monitotihg technique could also support the control of CO, injection tubing integrity, which ik a
prerequisite for any secure long-lasting CO, injection and storage.

8.5.4 Well surveillance

8.5.4.1 General

A schedule of mechanical integrity tests is required by the appropriate regulatory agency. These tests
result in a short down time of the injection well, and if an issue is found, potentially a much longer
down period. A properly operated site will have redundancy in injection capacity amongst all injectors
to allow for regular testing, and periodic downtime of individual injection wells for maintenance
activities. An alternative to injection well redundancy would be to allow for periodic maintenance in the
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CO, supply contracts or to conduct downhole integrity testing in conjunction with periodic scheduled
maintenance.

8.5.4.2 Pressure transient testing

In order to assess the average reservoir pressure, flow capacity (permeability), or damage (skin) of the
storage zone, the operator can conduct static gradients or injection pressure fall-off tests. The issue
with static gradients is the amount of shut-in time required to provide confidence that the reservoir
pressure has stabilized sufficiently.

Anrattermative method; whitchdoes trave the burden of @ fonger-imterruption toimjection, isan injection

pressure fall-off test. These tests require pressure (and temperature) gauges to be installediih the well,
preferentially adjacent to or below the injection zone. Injection would resume after installation of the
gafiges to provide a baseline pressure at the established rates and allow for the shut:in’behdqviour and
subsequent fall-off behaviour to be recorded on the pressure gauges. The analysis can also inform
th¢ operator the amount of shut-in time needed to allow for meaningful use of static gradi¢nts as an
alternative to injection pressure fall-off testing and in the process reduce the amount of shut-in time for
th¢ injection well.

8.3.4.3 Well integrity testing and monitoring

Well integrity testing is an important component of an ongoing regularly scheduled malintenance
program. Well integrity testing is conducted at a regular interval, often annually, but other cpntinuous
mgthods are also available. For example, a pressure transducer installed on the annulus befween the
tul[ing and casing can be monitored through the project’ssSCADA system.

Pufsed neutron gamma logs (PNG) to determine CO,-saturation along the well and check that there is no
COp, in the caprock range. This is a recognized procedure to prove that there are no leakage paths along
the casings, i.e. the tightness of the pipes and surrounding cement is given.

8.3.4.3.1 Casing-tubing annulus, cement, surface casing

As|mentioned above, continuous monitoring of the tubing and casing annulus is one method ¢f ongoing
intlegrity testing. If this approach is-sed, thermal effects in the well will result in pressure vdriation in
th¢ annulus and therefore, opetational teams will need to assess whether these variations gre within
nofmal operational expectations or whether follow-up investigation is required.

In the absence of contingous monitoring of the well, or in addition to continuous monitoring, the operator
mdy undertake (or may be required be the regulating authority to undertake) annual njechanical
intlegrity testing. This is essentially a pressure test of the tubing/casing annulus to a pfeselected
preéssure and monijtoring for pressure leakage. If a potential leakage is identified, the operator would
commence additional diagnostic tests to identify the source of the leakage.

Mdre oftensthan not, in the event of a leak in the tubing/casing annulus, it is the injection packer that
hap failed and it can be tested by removing the tubing string (if a permanent packer is in place) and
rul mmg in the well with a temporary packer assembly which when set above the injection gacker can
be TSEd TO PressSUTe tESTThE packer, 1Sotated {Tom the remainder of the casing.

If the injection packer integrity is confirmed, follow-up diagnostic tests using casing inspection logs
(caliper and magnetic flux) and cement bond evaluation logs to identify potential leakage sites.

8.5.4.3.2 Injection profile logs

Injection profile logs are a wireline logging method that assesses the emplacement of injected fluid
from the well to the targeted injection zone. Often injection profile logging is done to evaluate the
completion effectiveness (quality or conductivity of the perforations) and quality of the injection zone
itself at a specific depth. Profile logs can use a variety of techniques, often in conjunction, to establish
the injection profile (relative amount of injection at any one depth within the total injection zone).
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Spinner logs essentially use a small propeller to evaluate the flowrate within the tubing itself. Spinner
logs are run while the well is on injection and are often run both upward and downward. An additional
up & down set of spinner passes is made with the well shutin to determine if there is crossflow between
layers within the injection zone. In the event of a suspected casing leak, spinner logs can be used as
part of larger wireline logging suite to identify leakage zones. However, unless the leak is very sizable,
spinner logs do not have the resolution required to identify small leaks.

Temperature logs are often run as part of a suite of production logging tools. Temperature logs are most
effective when a sufficiently long shut-in period is allowed prior to logging. With the well in a static
state, a baseline logging pass can be made to the bottom of the well. Static runs can identify cooling of
the well agj imjecti i i —adj g ral.
Injection |s resumed and logging passes are conducted at several time intervals to observe e¢aling
associated with injection which is then compared to the static pass to identify the injected zong(s).

Tracer logging is a method where a radioactive isotope (with a short half-life) is ejected from’a wirellne
tool set albove the injection zone during injection. The tracer flows with the injected fluid (which qan
be either CO, or water) into the injection zone and the wireline tool with a gamma Tay tool identiffes
where thg tracer is ‘stored’ in the injection zone. The tracer can be repeated with-different isotopes
depending upon the objectives of the profile logging evaluation. In the event of a casing leak, tracers dan
also be used identify leakage pathways in a similar manner to injection zone-profiling described aboye.

8.6 Well intervention (workovers)

In additioh to well integrity testing described above, well interventions may also be required in the event
of failureqidentified in integrity testing or due to other issues like\reduced injectivity. Using procedufes
developed in the oil and gas industry, the safety of well servi¢ing personnel and the general public
are primary considerations. Prior to entering the well to .allow for the removal of any well equipment
(like injegtion tubing and packer assemblies), the well, pressure must be controlled and reduced|to
atmosphefric pressure at surface (i.e. killing the wel;*This is done by injecting a fluid of sufficient
density, fqr example a brine solution using potassium chloride, into the tubing string displacing the (0,
in the tubing string and tubing/casing annulus. This weighted fluid column will counteract the pressire
in the injgction zone thereby rendering the well pressure at surface to atmospheric state. In this state
the well equipment can safely be removed frem the well and any damaged equipment replaced and fe-
run back into the well. Any changes in wellequipment and configuration are recorded in the well file for
future refprence.

Backup infjection capacity on siteforflexibility on delivery schedules, or some sort of buffer storage is
important for maintaining operations during workovers.

8.7 Considerations for’storage using enhanced oil recovery (CO,-EOR)

The opergtional aspegts of storage incidental to CO,-EOR are more complex than for geological storgge
due to th¢ production of reservoir fluids for economic oil recovery. As described in Clauses 6 and 7,
there are many.more wells involved in the project for both injection and production and the facilitjies
are more |extensive to manage not only the production of the produced fluids (including gas phase
products)| but the recycle of the produced CO, stream.

The primary focus of the operational team is the safe and economically efficient operation of the CO,-
EOR flood, with revenues from oil production being the key economic driver. Further, if the CO, used
for EOR includes CO, from non-anthropogenic sources mixed at some point of the supply chain with
anthropogenic CO, various considerations could require additional measurement and accounting.

A key operational consideration is the composition of the CO, stream during the life of the CO, storage
project. As CO, is injected and recycled through the reservoir, it liberates hydrocarbon gases into the
CO, stream which increase in concentration during the life of the project unless removed. Therefore,
the CO, stream’s thermodynamic properties change, which amongst other things can result in lower
CO, stream density and result in higher surface injection pressures (to maintain the desired reservoir
pressure). CO, streams with higher concentrations of hydrocarbon gases, especially methane, have
a higher miscible pressure than pure CO,, reducing the miscible performance of the flood. In some
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projects, it becomes economically viable to install the necessary facilities infrastructure to remove
these hydrocarbon gases. If left in the CO, stream, these hydrocarbon gases will reduce the pore space
ultimately available for CO, storage.

Another factor influencing the pore space available to CO, storage is the CO,-EOR flood process: water
alternating gas (WAG). In this recovery process, to control CO, mobility and breakthrough, produced
water is reinjected into the reservoir, typically using the same injection well, at regular intervals.
This process reduces the amount of CO, purchased for the project and also reduces the amount of
recycle compression required to manage the recycled CO, stream. The detrimental factor for storage
then becomes the reduced amount of reservoir pore space available for CO, storage because it is now
ocgupted-by water:

Repardless of whether the CO, project applies continuous CO, injection (CCI) or WAG, as‘the EOR flood
mdtures, less new CO, is required as recycle volumes increase or WAG injection increases| This will
impact the CO, supply and purchase volumes and suppliers may need to find additienal cugtomers to
mgdintain take-away. Alternatively, the CO,-EOR flood operator may design the fleod to allow for lower
CO, purchase rates and longer-term flood expansion to maintain the CO, supply volumes fgr a longer
petiod. This balance often is an economic decision: offsetting larger capitaléexpenditures forfincreased
project capacity and short project life in favour of smaller facility infrastructure investmenpts with a
lonjger recovery life.

9 | Storing CO, in petroleum reservoirs

9.1 General

Baped on numerous decades of experience with carbofdioxide enhanced oil recovery (CO,-EOR), storing
CO, within depleted petroleum reservoirs offers $everal advantages over saline storage applications.
Fiflst, there is an existing field that has been actively managed for hydrocarbon production| Integrity
of the wells has been assessed and maintained by the field’s operator, thus, providing a go¢d history
that allows distinguishing those wells that are well constructed from those that might still require
inlerventions to maintain integrity or that'needs to be replaced for storage operations.

Se¢ond, the field has been well (characterized. This characterization includes original well logs,
cofes, possibly seismic surveys, and other geologic data collections used to construct repr¢sentative
3-dimensional geologic models:of the subsurface. Prior active operations of the field provide| reservoir
production and injection data; including water, oil, and gas flow rates, and an accompanying pressure
hiqtory for each well within the field. The operator typically has also performed dynamic, fime-lapse
characterization of the-production or injection flow streams via spinner surveys with radioactive
trgcers, geophysical-well logs, or seismic techniques that provide additional reservoir nmjonitoring
data. Often, these data are included in the creation of full-field or type-section reservoir §imulation
mddels to understand the interrelation of reservoir characteristics and the associated prodyction and
injection behaviour. This understanding offers a wealth of data that can be utilized in the desfign of CCS
infrastrueture and its operation.

Thiixd, the depleted petroleum field will contain operational infrastructure - wells, surface facilities,
gatheringtinesete rat-ts—potentis seable—for oras attons—Fable——stmmarizes the
potential requirements to repurpose existing infrastructure for storage operations. These requirements
depend on the type of petroleum field, which may be EOR, conventional, unconventional, or offshore,
and on whether water injection operations had been conducted within the field.

] . c 0 cl y_ U A O

Fourth, if the field was developed using secondary recovery via waterflood, the reservoir is already
at or near miscibility pressure, and the latter stages of the waterflood might be used to pressure the
reservoir, if needed in order to achieve a miscible or near-miscible CO, injection pressure.

Finally, during the operation of the petroleum field, the operator would have interacted and built
relationships with the land and mineral owners associated with the reservoir. Further, these
stakeholders would be familiar with wellfield and infrastructure buildout for petroleum operations,
potentially creating a simplified pathway for public acceptance.
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Whereas each of these points identifies a distinct advantage over saline storage developments,
there are some potential drawbacks to consider. First, the storage industry is relatively new and the
understanding of how and when to alter mineral leases and surface access agreements for the specific
purpose of CO, storage is not yet well understood. Whereas the pathways are simpler in countries where
the mineral and surface estates are national assets, it is relatively complicated for onshore storage
applications in other countries, such as the United States, in which the mineral and surface rights are
privately held. As such, new leasing protocols are required to co-develop hydrocarbon production and
subsequent CO, storage. At the very least, surface owners are engaged to negotiate continued field
operations for a CO, storage project.

Taible 1 — Comparison of field infrastructure needs for different types of projects?

Infrastructure Categories Project Conversion Type

EOR Conventional |Unconventional Offshore

Pr¢duction facilitiesP

Satellite batteries D D D D

Fluid gathering D D D D

Gas gathering (lines, meters) |D D D D
Wi4ter injection facilities®

Disposal D D D D

Distribution system D D D D
CO}, injection system

Injection skids NC N/NCd N N

Flowlines NC N/NCd N N
Prgduction wells¢

Wellhead NC U/NE U/NC U/NC

Artificial lift equipment NC N€ NC NC
Injection wells

Wellhead NE N N N

Downhole equipment NC N N N
N gnew

U fupsize capacity or psia

D 4 downsize capacity or psia

NCJ= no change

a | Modified fromJarrell et al. (2002).

b | Applicable-ouly if the project plans to extract water for pressure management.
¢ | Assuntes-existing water disposal infrastructure is present.

d | If project under water injection, assumes existing water injection lines and wellhead can be modified
for[COz)injection.

Second, the well-density in the field presents additional potential leakage pathways. Prior reservoir
stimulations provide information about the caprock integrity, particularly in instances where
the primary caprock is relatively thin and directly overlays the petroleum reservoir. This type of
information is of paramount importance for storage operations. This is easier to demonstrate in cases
where fluid injection has occurred within the field, including water injection and EOR applications,
where out-of-containment leakage is more readily identifiable.

Third, existing infrastructure, especially in mature waterfloods might be out of date, and require
significant upgrading or adaptive measures to allow safe usage for the geological storage of CO,. Field
infrastructure needs to be updated to allow for transport of CO,, which is corrosive in the presence
of water. CO, supply lines must be installed, tank batteries and transfer stations need to be upgraded
to handle CO,, and in some cases, gases in general. Injection wells need to be adapted for the injection
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of high-pressure gases, including lined or chrome tubulars, to be more corrosion resistant. This is of
particular importance in fields that will utilize WAG operations to improve the vertical sweep and
better control reservoir pressure during CO,-EOR activities. Finally, after CO, breakthrough at the
production wells, the installation of gas recycling equipment is needed to minimize CO, losses during
operations.

The use of depleted petroleum reservoirs for CO, storage projects has many advantages as long as
the potential drawbacks are identified, addressed, and managed. Such management is typically based
on previously gained knowledge and leveraging of existing infrastructure to help reduce the cost of
storage operations.

use 9 provides more information, drawing on industry’s experience with CO,-enhanced hytllrocarbon
production operations as storage operation experience is limited. It will emphasize the/operational
aspects of storing CO, in depleted petroleum reservoirs, drawing comparisons and contrasty between
diffferent project types.

Clz

p

9.2 Reservoir screening

Pr
of
an

a number
bpt, inject,

or to beginning storage operations in association with a depleted hydrocarbon reservoir,
Scoping activities are required to ensure the project is adequate to-safely and securely acc
 store CO,.

To

ty)
flo|

Servoir is
humerical
formance

guide the assessment, the geology and previous productiodperformance history of the rg
pically available to draw upon. Based on this available knewledge, existing geologic and
w models are updated, or constructed, and used to provide forecasts of the CO, injection pel

for
to

thd
ad

Th
In
frd

9.3

Th
sta
of

sy
feg

9.2

On
pr

the field area. Field wide injection rates and the accempanying subsurface pressures are
pnsure the reservoir is able to accept the volume of CO, and limit the risk of hydraulically
 reservoir. If the reservoir is not able to accept the full CO, volume, fluid production and/or
litional reservoirs are required to meet the démand.

ese results will then be used to design/modify and cost the necessary injection field infra
instances where fluid injection is already ongoing in the field, the changes required to
m enhanced recovery or waterflooding to storage operations is significantly reduced.

.1 Storage complex integrity

ere are a variety of hydrocarbon-bearing reservoirs that offer the possibility of safe,

rage. These reservojrs,.generally thought to offer a sound confining system due to thei
hydrocarbons, need-to be carefully reviewed to ensure that the integrity of the proposg
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pject could dictate how the storage project is carried forward. In instances where fluid injection is

ongoing in the reservoir, there are advantages gained 1n surface distribution, injection, and gathering
infrastructure (see Table 1). However, the average reservoir pressure will be at a higher value as
compared to, say, a pressure depleted gas field, which might limit the ultimate storage capacity of the
reservoir. Further, where unconventional reservoirs, tight oil and tight gas, are concerned, the ability to
store within these low permeability strata is controlled by the ability to fill the stimulated rock volume
and limited by the matrix permeability.

9.2.3 Geological data

There are many sources of data for geological modelling and reservoir characterization. These data
depend on the stages of exploration (seismic, outcrops, basin studies), appraisal (cores, logs, fluids),
and development (fluid from production test, well test etc.) of the reservoir. These available data are
typically integrated at each stage to create a subsurface geological model. A best practice is to update
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static models whenever new data becomes available to improve reservoir characterization and
subsequent dynamic models. Structural models are often constructed by integrating well logs with
seismic data, when available. Geostatistical models such as kriging and stochastic methods have been
employed in reservoir property distribution. This is essential to populate properties in areas without
well control. These processes, however, introduce a significant amount of uncertainty in modelling
efforts.

9.2.4 Historical production and reservoir performance

When storing CO, in a hydrocarbon production reservoir, significant amounts of historical field data
exist for both primary and possibly secondary recovery processes to ascertain how the target reservpir
would behave during storage operations. Data required to predict storage performance jn¢ludes
standard fluid properties (formation volume factor for gas and oil, viscosity for oil and gas, and seélut{on
gas/oil rafio), relative permeability curves for both water/oil and gas/oil (Jarrell et al,,2002), rock
propertie$, and field operating conditions.

9.2.5 Hpydrocarbon compositional analysis (PVT)

Equationd of state (EOS) are used extensively in the fluid characterization process to describe
the volunpetric and phase behaviour and other thermodynamic properties)of pure substances gnd
mixtures.|The use of an EOS helps in establishing consistency over all phases in the reservoir processes.
In EOR prijojects, laboratory data are tuned to the EOS to fully describe the fluid phase behaviour]in
compositiEnal reservoir simulation to ensure accuracy in predictigg miscible flood performance. The

application of hydrocarbon EOS for other project types are often tuned in the laboratory for the addit]on
of CO, to yinderstand the thermodynamic processes of mixing ofthe remaining in situ hydrocarbong in
a depleted hydrocarbon reservoir with CO, during storage operations.

9.2.6 CQ, storage capacity

Storage cdpacity, similar to hydrocarbon reserves estimation in the oil and gas industry, is an important
tool to asgess the future of any CCS project, irrespective of scale. Capacity is defined as those storaple
quantitied anticipated to be commercially stored by application of development projects from a given
date forwfard under defined conditions (SPE, 2017). To estimate capacity, methods such as analogy,
volumetrilc, performance trend analysis (material balance and decline curve analysis), and reservpir
modelling are typically employed.

The volumetric method is used most frequently due to their reliability. This method utilizes geolojgy,
geophysigs, and engineering-data gathered from the subject reservoir in determining the potential
volume of|storage resources. Much as in hydrocarbon production operations, probabilistic approaches,
such as pgrametric and Monte-Carlo methods have been recommended over deterministic estimation
to assess yncertainty in-volumetric estimation. (Ampomah et al., 2016)

the DOE-NETL (U. S Department of Energy Natlonal Energy Technology Laboratory, 2015)

GCOZ =A hn(»be (1-Sw) BpCOZresEoil/gas

For the DOE-NETL approach, the equation includes total area (A4), net formation thickness (h,), and
total porosity (¢,) to represent the total pore volume of a formation. This pore volume is equated to a
CO, storage volume and the calculated CO, density at reservoir conditions (pcgy.es), formation volume
factor (B), and the oil and gas saturations (1-S,,) are then used to derive a mass of CO, stored (G ;).
The storage efficiency factor (E; /g,5), is the fraction of total pore space occupied by injected CO,, which
is often derived from experience or numerical modelling.
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When fluid production occurs in association with CO, injection, the use of an appropriate formation
volume factor (Byjj/gas/water) 1S Necessary to convert the volume of these fluids at surface to their
equivalent volume in the subsurface. These subsurface volumes are then converted to an equivalent
CO, storage volume by employing the appropriate CO, formation volume factor (B q,) on a volume-
by-volume basis. While these static estimates are suitable for planning purposes, they lack the rigor
provided by numerical reservoir modelling to account for geologic, reservoir, and fluid property
variations. These factors affect the final volume of CO, that can be stored.

9.2.6.2 Material balance

Thle material balance equation, as developed in the petroleum engineering discipline, is a,olumetric
anplysis. It illustrates that the initial volume of reservoir is constant, therefore the sum‘of“4hanges in
oil| free gas, water, and rock volumes within the confined reservoir must be equal to zere! This concept
w4s first developed by (Schilthuis, 1936). Subject to the prevailing drive mechanism/material[balance is
utilized to estimate the total volume of remaining fluid within the reservoir. Therequired information
to lemploy material balance in estimating remaining fluid in reservoir include\pressure mdasured at
regervoir temperature, production history, and representative pressure-volume-temperaturg data.

Sirpilar to hydrocarbon production, material balance techniques are used for storage appli¢ations. In
CO}, storage capacity estimation, Lai et al. (2015), presented the modified material balance eguation to
esfimate CO, storage capacity for gas reservoirs. A pressure-Z factor (P/Z) plot was used tq calculate
th¢ amount of CO, storage potential at any reservoir pressure condition. A theoretical materipl balance
esfimation of CO, storage has successfully been applied to candidate gas and oil reservoirs.|(Clarke et
al.)2017)

9.2.6.3 Numerical modelling

Hydrocarbon production projects have a wealth\of subsurface geological and reservoir peiformance
data and numerical models are the primarymeans for forecasting storage performance¢ through
regervoir simulation. In order for a reservoirssimulator to predict the performance of a storage project
acqurately, the reservoir description must-realistically represent the geological characteristics of the
regervoir.

Thle typical minimum input data for/a simulation model includes, but is not limited to, a 3D geological
mddel with petrophysical properties, in addition to structural features, special core anallysis data
(relative permeability curves); fluid properties from compositional analysis, well completions, and
production and injection Kistory. The model input parameters are adjusted to match histori¢al data in
an|inverse type of problem solving. There are several approaches utilized in history matchling which
ar¢ predominately divided into manual and assisted history matching processes.

semsitivity analysis, developing a proxy model (training and validation), performing optimfization to
minimize ah'objective function (Ampomah et al., 2017). This process is repeated for all stages of the
re¢overy processes (primary, secondary, and tertiary). Once an acceptable calibrated model i§ attained,
a fprecasting analysis could be performed to optimize storage field operations.

Th.E overall worKflow includes defining the objective function, selecting uncertain parameteifs through
i

9.2.7 Reservoir pressure history

One important attribute for understanding potential performance of a CO, storage project is the
reservoir pressure. Knowledge of the reservoir pressure history is essential to screen a candidate
reservoir for storage. The behaviour of this parameter during hydrocarbon production is indicative of
how it will change during CO, storage operations, thereby being a direct indicator of storage capacity.

When injection projects are screened, the formation fracture pressure is also very important. This
parameter represents the maximum pressure typically allowed at the wellbore to mitigate the injection
pressure from hydraulically parting the reservoir and perhaps the reservoir confining system,
preventing leakage from the storage reservoir. To preclude hydraulic fracturing during injection
operations, thermal effects must also be understood as cooler injection fluids reduce the reservoir and
confining unit’s parting pressure.
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9.2.8 Aquifer considerations

Typically, hydrocarbon reservoirs are located in a structural high of a much larger geological formation.
In effect, these oil and gas reservoirs are connected to saline aquifers at the periphery or base of the
hydrocarbon accumulation. The relative strength of these saline aquifers needs to be well-understood
to quantify the volume of water influx and associated pressure gain within the productive portion of
the reservoir during its depletion, which either limits or enhances the ability to store CO,. If sufficient
structural or stratigraphic closure exists, there might be more accommodation space for CO, by
expanding the hydrocarbon/storage reservoir into pore space previously occupied by water.

9.2.9 V\later extraction

Injection ¢f CO, into porous reservoirs will increase in situ reservoir pressure, which increases cost due
to decreasing injectivity attributed to pressure build up. Such phenomena increase subsurface’storgge
risks, such as induced seismicity. Fluid extraction from CO, storage reservoirs mitigateS pressyre
buildup aid/or reduces pressure in the formation. This will therefore decrease the risks'associated wjith
over-presgurization and subsequently increase CO, storage capacity. In a storage context, this process
is often sjmulated using subsurface reservoir flow modelling to optimize the guantity, position, and
injection/production rates of water extraction and CO, injection wells for in sitmpressure management.

9.3 Surfface production and injection facilities

Design of| surface infrastructure for a petroleum reservoir CO, storage project will draw upon the
field’s hisforical data, including the production history and its variability throughout the field, the
existing fleld development systems, including production and injection well placement and flow line
infrastrudture, as well as the state of field depletion. In cases,where the petroleum field had underggne
waterfloojding, some of the existing equipment is repurposéd for the storage project, which reduces the
capital requirements for the project.

As such, the first step in the process is to evaluate-the existing infrastructure to assess its utility for
a CO, storage project. A second step includes pilot injection testing utilizing existing infrastructire
where pogsible. Pilot operations will assist theleperator to identify gaps in the infrastructure or ar¢as
where thq existing infrastructure is at risk-fot-ongoing CO, storage operations.

9.3.1 (0, distribution system

The design of the CO, distribution/network is dependent on the location of the CO, entry point. This
delivery rletwork includes field pumping, distribution lines, metering, and water knockout systems to
minimize|corrosion. Since most anthropogenic sources of CO, do not contain appreciable water content,
water kn¢ckout systems-are not always required, but the system must be monitored for water|to
ensure a lack of corrosivity. Without water in the system, materials selection for piping and valveg is
often simplified to standard oilfield carbon steel equipment, which is often readily available and mych
more costreffective.than corrosive-care applications employing stainless steel, fiberglass, coated pipe,
etc. Howeyer, valves need to be certified for cold temperature service due to gas expansion and coolipg.
The requifements for surface operatlng processes will help dlctate materials selection as, for example,
fiberglasslis always 3 a¥a 3 SYS a

Isolation systems are developed along the distribution system to allow the depressurizing (blowdown)
and segregation of a particular segment of the system for inspection and/or repair purposes. Blowdown
stations include vertical pipes and valves to isolate a portion of the system and then evacuate the
CO, from within it. Large pressure drops and gas cooling due to gas expansion are significant design
considerations for these stations, as are the safety concerns to minimize hydrate formation, noise, and
CO, accumulation.

Often, the CO, is delivered to the injection project at pressures and temperatures resulting in liquid
phase CO, (10,3 MPa and 32 °C). This results in relatively efficient transportation of the CO, due to
minimized frictional pressure losses. Should the dimensions of the project result in significant
pressure drop in the distribution system, whereby less efficient multi-phase flow occurs, or should
the injection requirements for the wells dictate higher delivery pressures, additional pump stations
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might be necessary to either maintain or boost pressure to the desired specifications. In these cases,
performance checks to ensure the high pressures do not violate the pressure ratings of the flow lines
and connective equipment need to be performed.

Depending on whether a primary trunkline/flowline or a central manifold injection system is used,
the costs for Supervisory Control and Data Acquisition (SCADA) systems leading to the injection wells
could vary significantly. SCADA systems typically include CO, metering, pressure and temperature
measurement, a choke (for pressure control), a screen/filter to protect the equipment, and isolation
valves for safety purposes. Depending on the SCADA system employed, some or all of these items are
monitored and actuated remotely. These facilities are often skid-mounted, housed for safety, and have
ac

+ 1 £ £ : — P | +
G55 LU pUWLET dllU SUITIC TUTIT U1 COIITITUIIIC AUIOIT LCICITICLL Y.

Fol more information on non-well infrastructure, see Clause 7.

9.3.2 Production facilities
In [cases where hydrocarbon production continues simultaneously with CO," injection, production
infrastructure is necessary. Because of the corrosive nature of the CO,, espécially when intrjoduced to
degp, subsurface pressures, and reservoir brines, careful selection of materials is necessary tq maintain
the integrity of the wells, wellheads, surface equipment, and flow lines. Material choices ayailable to
the¢ storage operator include stainless steel, fiberglass, and coated pipe, among other optidns. Often,
chemical corrosion inhibition programs are combined with, the" corrosion resistant tubulars and
valves to mitigate the risk of integrity failure further. In some€ases, EOR applications, specifically, the
cheémical inhibition program is more than sufficient to mitigate integrity failure, allowing the use of
stgndard carbon steel tubulars.
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pduction fluids, its separatieny recompression, and re-injection forms part of the design spe
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As|a result, of the-fequired pressure needed for product sales lines or CO, movement, if necq
types of compréssion (reciprocating or centrifugal or both), number of stages, horsepower, cdolers, and
scifubbers are/designed to meet operational design for the project. Procurement lead times|are up to
a year or_mlere, which makes advanced planning critical. Where liquids are concerned, cofpressors
ar¢ not'needed as pressure pumping via horizontal pumps are the effective choice for moying fluids
through the gathering system.

ssary, the

Within the production gathering system, SCADA and emergency shutdown systems are necessary to
monitor and control the production system. Much like the makeup of injection system SCADA, these
operational oversight and control systems for the production system are similar and are essential to
track the project and maintain safe operations.

In select cases, H,S is produced along with the hydrocarbon gases. In such cases, the gas stream is
termed “sour,” which is extremely corrosive and deadly. The H,S must be removed or re-injected along
with the CO,. In CO,-EOR operations, the addition of H,S improves the miscibility of the solvent in-situ.
However, proper safety, dehydration, and materials are necessary to ensure the process is carried out
effectively. To remove the gas, adsorption or scavenger systems are typically employed.

For more information on non-well infrastructure see Clause 7.
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9.4 Production and injection wellbores (subsurface infrastructure)

In addition to the re-use of existing surface infrastructure, the deployment of CO, storage operations
in depleted oil and gas fields offers the benefits of a previously operational field, possibly consisting
of both injection and production wells. Well integrity must be reviewed to assess the potential utility
of the wellbore for use in a CO, application. See Bibliography: Relevant Standards and Recommended
Practices for wells employed for CO, storage operations.

There are many factors that impact well integrity. The age of the well, the type and grade of casing
employed in the completion, the type and quantity of cement used to install the casing, the corrosiveness

of the proguetion-strean-and-how-closelythe-wel-constractionmeets-the recommended-practicesand
standardq for storage operations are all major considerations in understanding the risks the wellfield
possesses| These need to be assessed using a techno-economic risk-based strategy to understand,whjch
wells are pbandoned and which wells are useful in future CO, storage applications.

9.5 Ope¢rating considerations

Since the|storage project is a continuation of operations from hydrocarbon xe€overy, the existing
operating| practices become a basis for operating the storage project. Depending upon the size of the
pre-existing oil and gas project, an operations management plan is typicallgin’place for the field; this
too is adoptable for the storage project.

9.5.1 Operations management plan

When conlsidering the operations of a storage project, documentation is required to capture the design
parametel's of the project, regulatory requirements, safe operations practices, and best practices for
managingany changes that are required during the project-Deétails of the components of an operational
managemgnt system are available in the following documents:

— CSA Qroup, Z741-12 Geological storage of carbon\dioxide, October 2012[128]
— SO 2Y914
— SO 2Y916

Operatiorfal management plans form.the basis of this documentation and are usually created as a jofint
effort betyveen operations and techhical staff. Operations management plans document the scope of the
project infterms of the facilities deséription, storage complex, and surface and subsurface boundarieg of
the projedt.

9.5.2 Measurement ealibration

There arq several types of meters used for measurement of CO, streams including orifice, wedge,
and mass| flow meters. Each style of metering has its requirements or recommended practices for
calibratioh. Foifa'storage project, the stream composition does not vary significantly over the lifg of
the proje¢tcHowever, the ability to monitor the CO, stream for variability in contaminants, whjch

sometim aecurdua o vncntc 1 thn oot e ]l anciien tha ot ke ca it on
o Tt ot oo p St oo Tt e CaptTur C—proTteS5vv It CroarcTnCTp proprotceTCr—CarroTrar

factors can be applied to the measurement system. Monitoring the CO, stream composition becomes
even more important if multiple sources of CO, are transported to the storage site.

The need for an increased emphasis on measurement calibration is especially important for storage
incidental to CO,-EOR projects where production of CO,-rich gas streams is underway. Contamination
of the CO, stream with reservoir hydrocarbon gases during production recycle creates a dynamic
composition, which requires more frequent metering calibration. Care must be taken to select
representative process sampling locations to account for potential changes in the stream composition.
These include the well test separator, group separation, recycle compression discharge, and field
injection manifolds.
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Regardless of the CO, stream composition, routine meter calibration is required and operational staff
will need guidance on the frequency of calibration of each meter. This guidance is captured in the

operational management plan.

For more information on injection & production facilities, see Clause 7.

9.5.3 Well interventions

Well servicing is one of the high-risk activities in the operation of a CO, storage project. While the
initial completlon of an 1n]ect10n well is typlcally low-risk due to lower reservoir pressures

adfress well control durlng well 1ntervent10ns L1ke oil or gas wells, servicing of CO, injectiq
production) wells usually begin with pumping of a kill fluid into the injection/productign’tub
Depending upon the bottom hole pressure and the density head pressure of the kill,fluid, w|
is pften not sufficient to balance (or kill) the near wellbore pressure needed to grevent a k
sefvicing. Therefore, a weighted kill fluid is necessary to achieve the necessary\bottom hole
Weighting of the kill fluid is often done with potassium chloride (KCI), but, other weighting
likp calcium carbonate (CaCO3) are used to achieve the density required without causing

damage. For any well intervention, it is recommended that a detailed program be prepared i
that outlines not only the procedures to repair the well equipmentdut also emphasizes wi
procedures. Key tasks need to be identified and addressed in the wellMintervention program v
joh safety meeting prior to initiating that task.

9.

CO
in

co
be
his
sta
int]
to

o\

Monitoring

b storage in petroleum reservoirs will follow much’ of the same monitoring protocolj
Clause 10; however, there are some added considerations with these storage settings.
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deterinine the threshold pressure at which pressure management becomes necessary.

The presence of wells completed within and above the storage reservoir, which are still open prior to
plugging and abandonment, offers the unique opportunity of converting some of the wells to monitoring
wells, without having to drill new ones. These wells are used to monitor the pressure within and above
the reservoir to help identify where the CO, and pressure plumes are migrating within the target
reservoir.

9.7 Transition to storage

For CO,-EOR projects nearing maturity, CCS might be an alternative to project decommissioning that
also expands the market for commercial storage projects. Evaluating near end-of-life CO,-EOR projects
with a focus on transitioning them into storage projects, with the intention of utilizing parts of or the
entire existing infrastructure might demonstrate a viable afterlife for CO,-EOR projects. If transitioning
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from a CO,-EOR project to a storage project is viable, it provides additional financial motivation to
accelerate deployment of more storage projects.

9.7.1 Reservoir considerations

A CO,-EOR project could be considered a well-defined storage complex as the long-term production
and injection history of the field, combined with the geological data collection and analysis of the
complex, provide a wealth of knowledge and understanding regarding the reservoir and its viability
for CO, storage operations. This pre-existing knowledge is critical in understanding how large, or
discontinuous, the hydrocarbon reservoir system is, which could dictate how the storage operations
are condulcted.

In the cage of extremely large systems, production wells might be shut-in and the structure filled
with CO,|over some time, perhaps with little risk to increasing the system pressure. However,|in
discontinflous systems, production operations are continued for some time, to remdve formatjon
brines, which are incompressible, to increase the CO, storage space. If additional hydrocarbons gre
produced] they often bring enough value to offset the use of the gas processing facilityto ensure all (O,
is ultimatgly recycled to the field and stored.

Typically,ja CO,-EOR project would have been conducted in a balanced manner:-Phat is, each productjon
pattern withdrew a similar volume as compared to the injected volume:-This process maintairled
reservoir |pressure, limiting the movement of the CO,, and reducing &he containment risk duefto
reservoir [over-pressuring, which could cause leakage through thel¢onfining system. Provided the
stimulatiqn and waterflooding operations were also carefully conducted, the likelihood the CO, is
confined fo the reservoir strata is improved.

Other leakage pathways, which might impact the storage operation, include the injection, productipn,
and monitoring wells within the oil field. These wells*tnust be carefully surveyed to ensure they
maintain |ntegrity and are not leakage risks. Furthermare, these surveys need to extend to those we]ls,
which arg permanently and temporarily abandoned,:Bécause the CO,-EOR operations were conducted
at or nearj original reservoir pressure, many operators must actively review the wellfield to maintain
integrity. [Mechanical integrity testing, using radioactive tracers, casing inspection logs, and pressuyre
tests, are foutinely performed by industry, futther mitigating this risk.

9.7.2 Legal/regulatory considerations

In many jyrisdictions, the legal frameworks treating storage and CO,-EOR are separate and, as a resylt,
different.[Whereas geological storage frameworks typically focus on permanence in retention of the
CO,, the frameworks for CO,¢EOR, and the rights to occupy an oil and gas lease, are focused on resource
productiop. Moreover, anyfiramework for transitioning from a CO,-EOR project to a storage projectf is
often eithpr non-existert.or vague due to the nascent stages of the CO, storage industry.

Often, thq framewoxks anticipate that the exiting CO,-EOR projects, regulated under an oil and gas
regulatory systeny;'is going to be decommissioned, plugged, and abandoned once oil/gas productjon
has stopped. Othier times, there is little or no reference in the framework related to CO, behaviour{or
liability fgllowing plugging and abandonment. Furthermore, there typically is no guidance on how| to
potentiallyTonvertor transfertire project imto a StoTage Project. TESE aspects witt consequerntty tead
to different operational and financial considerations in accounting for the in-situ behaviour of the CO,.

It is expected that, due to the early state of the CCS industry at large, these frameworks will continue to
evolve as they are applied/tested by hydrocarbon producers and storage operators.

9.7.3 Financial considerations

When transitioning a CO,-EOR project to a storage complex, there are more considerations to be made
in addition to the operational, technical, legal, and regulatory challenges. Costs related to projects prior
to, during, and after transitioning are important to assess. Moreover, the costs relating to monitoring,
reporting and verification, operating wells, equipment, and surface and subsurface facilities are all part
of these considerations as well.
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Certainly, taking advantage of the existing infrastructure and wells within the CO,-EOR project
significantly reduces the costs of storage. However, there are still costs associated with updating or
modifying the oil field such that it is able to accept CO, for storage purposes. In many cases, incentives,
or tax relief, such as the U.S. Section 45Q tax credit, are used to return a value for the stored CO,.

9.8 C(Closure

Project closure for depleted hydrocarbon reservoirs will follow a similar process to that for non-
hydrocarbon bearing reservoirs. The closure period involves a series of activities implemented after
CO, injection ceases for economic reasons, attainment of reservoir capacity, regulatory considerations,
tedhnical challenges, or other reasons. The intent of the closure period is to ascertain thatthe injected
CQ, is retained within the identified reservoir and that there are only minimal ongoing riSks’3ssociated
with the project. At the end of the closure period, the area in which injection facilities’were present
needs to be suitable for other uses and no interventions in the future are redquired. Tq date, no
commercial projects injecting CO, into hydrocarbon reservoirs have reached theclosure peripd.

10 Monitoring

10

Repuirements for CO, storage monitoring are specified in ISO 27914 and ISO 27916. The most
clauses regarding monitoring are 1SO 27914:2017, Clause 9 and ISO 27916:2019, Subclaus
purpose of Clause 10 is to describe current monitoring practices and results from CCS p
various geologic settings, which can be used to support implementation of the existing 4
Clquse 10 focuses on methods for monitoring of CO, containment within the storage c
sufvey is presented of the broad range of existing and emerging methodologies, their acc
ungertainties. The use of appropriate monitoring methods is considered according to varic
of p CO, injection project. Differences in monitoring objectives, requirements and methodo
copsidered based on varying injection scenarios such as CCS vs. CO,-EOR and onshore vs. offs
stydies are utilized to demonstrate real-life’experience with CO, monitoring.
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10.2 Monitoring objectives
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effective. Specific objectives are to:
ensure safe and-secure containment of CO, within the storage complex;

ensure pprotection of underground natural resources including groundwater, mimeral and
hydroearbon resources;

track the fate of injected CO,, pressure fields and reservoir fluid displacement;

detect any loss of LUZ containment and assess potential Impacts of leakage on elements of concern;

ensure that any associated ground uplift/subsidence or induced seismicity is managed to avoid
damage to the storage facility or other surface infrastructure;

— assess the effectiveness of risk control measures such as mitigation and remediation.

10.3 Monitoring plan design

A monitoring plan is typically established according to the risk assessment analysis conducted as
part of developing an operational plan at the start of the project. The monitoring plan will address
the objectives identified above and is necessarily project-specific in accordance with the operational
environment (e.g. storage vs. CO,-EOR, land vs. marine), geological setting, and local regulatory
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requirements. The plan accounts for different monitoring needs during different stages of a storage
project (pre-injection, operation, closure, post-closure). In general, attainment of the objectives
specified above requires tracking the subsurface migration of CO, and the associated pressure field
either directly or indirectly. The monitoring plan commonly includes components of atmosphere, near-
surface, and sub-surface monitoring depending on the project-specific risk analysis.

10.3.1 Geological Storage vs. CO,-EOR storage projects

EOR fields are most often very well characterized based on:

— existiffgoperatiomal eEXpeTience;
— direct reservoir access via multiple wells;
— knowl]edge of original reservoir integrity due to the presence of trapped hydrocarbon-gas/fluids.

In contrast, non-EOR storage sites usually have no operational history and limited\reservoir access
(fewer w¢lls) and thus performance characteristics and seal integrity are based 6n limited ddta.
However, [EOR fields typically have many seal penetrating wells that represent potential leakage
pathways| and the effects of long-term production on reservoir integrity are(uncertain. The differgnt
nature of fthese types of storage projects will affect the risk assessment whitch shapes the monitoring
plan. Thege differences are reflected in ISO 27916:2019, Subclause 6.2.1 which focuses on categorizing
the identified potential leakage pathways and determining whether monitoring is required.

10.3.2 Land vs. marine storage project

Offshore fegulatory regimes are distinct from land-based regimes. In comparison to land CO, storage
projects, marine projects will typically have even fewerwells (injection and/or observation) due|to
the higher cost of drilling and operating offshore wellsy Thus, most of the comments made in 10.B.1
regarding non-EOR storage sites are applicable and acdcentuated in the case of marine storage. Methqds
for containment monitoring at and below the sea.floor are complicated by the presence of the wafer
column aljove the sea floor.

10.3.3 Mponitoring vs. project stage

Monitorirlg requirements vary accofding to the stage of the storage project: pre-injection (or pre-
storage in[the case of EOR), injection,closure, and post-closure.

10.3.3.1 |Pre-injection stageinonitoring

Site charafterization occups during this stage (ISO 27914:2017, Subclauses 5.4, 5.5,9.2.2; IS0 27916:20[19,
Subclausefs 5.2, 6.1.1). Flie area of review (AOR) is determined for the project and a broad variety of data
are acquired or assembled. This is the period during which initial storage modelling is done, basellne
states or|rates are” established and during which initial risk-based analyses identify targets gnd
parametel's that requires monitoring after start-up. Much of the data acquired during characterization
can serve fpéthe baseline for monitoring that is specified in the monitoring plan. Subsequent monitoring
typically occurs within the project boundaries.

10.3.3.2 Operational monitoring

Storage projects are likely to be active (i.e. injecting CO,) for periods ranging from years to decades.
During this operational stage, monitoring activities are conducted that provide sufficient information
to manage safe injection operation and containment risk, assess storage complex integrity, and calibrate
predicted storage and injection performance. Monitoring plans are evaluated and adapted periodically
during the course of injection to ensure that they continue to be appropriate. Monitoring results are
used to inform project operations and to trigger the investigation of non-conformance and mitigation
and/or remediation activities as required.
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10.3.3.3 Closure period monitoring

Closure periods will range in duration depending on local regulations. For example, Alberta-Canada
has recommended a 10-year closure period whereas the US EPA has adopted a default 50-year closure
period for Class VI wells. The duration of monitoring after site closure may be determined on a site-
by-site basis by observing changes in CO, behaviour over time. It is expected that monitoring efforts
during this stage is less intensive than during the operational stage. Monitoring is continued for the
purposes of containment assurance and demonstration that CO, behaviour is predictable and trending
towards stability for the site.

10d.4 Monitoring methods

10,4.1 Wellbore monitoring

10{4.1.1 Pressure

We
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llbore monitoring for pressure falls into two categories: monitoring of welkintegrity and nonitoring
reservoir pressure. Monitoring of well-bore integrity is accomplished' by monitoring pyessure in
e annular space at the wellhead, or with an in-place sensor. In the case of a tubing or casipg failure,
pssure changes are used to give early warning. This type of monitoring is in addition to, rgther than
the place of periodic Mechanical Integrity Tests (MITs).
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bssure monitoring is also deployed at the reservoir interyal, by boring a hole in the tubing
 packer to directly measure pressure (and temperature)yjust above the storage zone. The
e deployed at the end of an installed fibre array. Memory gauges deployed via slick lines are
S important in any case to use materials which tolerate CO,-rich environments.

4.1.2 Reservoir fluids

mpling of reservoir fluids provides important information for multiple purposes, including
prts and compliance reporting. Numerous sample collection methods exist. Some me
bcific equipment (e.g. a wireline samipler) that allow samples to be collected downhole to ap
ervoir conditions. Other methods use samples taken at or near the surface (e.g. at the

m a test separator at a gathering point). Sample integrity and planned use of samplil
e important factors to be-Considered when selecting a sample collection method. Each
thod has inherent benefits’and drawbacks. For CO,-EOR storage projects, periodic fluid|
m production wells provides a context to 1) establish a record of fluid compositions and
1centrations in eachywell, and 2) evaluate spatial and temporal changes in fluid quality
pjects, periodic fluid sampling from monitoring or brine extraction wells, if they exist,
hilar context to.interpret reservoir fluid quality.

14.1.3 Time-lapse logging

Iti-parameter wireline logging is a fundamental tool for characterizing various aspects of g
ing, completion, surrounding geology and fluid flow within a well. Geological parani

ust above
ke sensors
also used.

modelling
thods use
proximate
well head,
g results
sampling
sampling
chemical
. For CCS
provide a

wellbore,
eters are

measured within centimetres to metres from the well. Logging can be used in a time-lapse sense to
directly measure injection-related changes in all of the above. The primary application is to ensure the
ongoing integrity of the well over time, but it is also very useful for directly measuring the presence of
CO, within the formation adjacent to the well and physical property changes due to CO, injection.

Logs most commonly employed for monitoring in CO, storage projects are neutron, sonic and resistivity
logs which are all sensitive to the replacement of brine by CO,. The neutron thermal capture cross-
section (pulsed neutron) generally decreases with increased CO, saturation as does compressional
wave velocity, whereas resistivity increases. Recovery of CO, saturation values from log values
requires calibration with either a mixing model or laboratory measurements. The Nagaoka project has
conducted the most extensive set of repeat logging measurements (neutron, resistivity, and sonic) with
38 repeat logging runs made over 880 days (Sato et al., 2011).
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10.4.1.4 DTS/DAS

Distributed temperature sensing (DTS) and distributed acoustic sensing (DAS) technologies utilize
fibre-optic cables to provide a continuous measure of temperature and acoustic signal along the length
of the optical fibre. In vertical wellbore deployments, this provides a vertical profile of these parameters
along the length of the borehole. Temperature measurements are useful in constraining models of fluid
flow and determining the phase of CO, versus depth in injection wells. Passive acoustic measurements
can be utilized to detect CO, leaking along the wellbore as well as providing microseismic monitoring
(see 10.4.2.2). Acoustic monitoring can also be used to record vertical seismic profiles (VSP as described
in the next section).

Optical filpre cables for DTS and/or DAS can be deployed temporarily (via wireline) or are ofted part
of permanent installations (e.g. strapped to injection tubing or cemented external to the well\¢asing
during wdll completion).

10.4.1.5 Seismic, gravity and electrical

Time-lapge geophysical measurements made using instruments deployed in wellbores are typicqlly
focused details of the storage reservoir. Wellbore monitoring is designed\to measure or imgge
injection-felated changes in the immediate vicinity of the wellbore but over’a broader range than
idal logging methods. As such, the primary application of these methods is to directly im3ge
ume. Cross-well techniques (seismic and electrical resistance)tomography) are capable| of

(100’s of metres) with resolution on the scale of metres,Surface-to-wellbore measurements
(seismic VSP and electrical) deploy sensors in the well to record.sources deployed at the surface gnd
are capablle of imaging 100’s of metres from the recording well. For seismic acquisition the sensprs
ones, hydrophones or more recently DAS cablés. Gravity measurements are conducted
like convgntional wireline logs but are sensitive not only-to injection-related density changes at the
wellbore, put also changes occurring much further fromsthe measurement well.

10.4.2 Surface-based monitoring
Surface-bfised monitoring methods fall into\ohe of three categories:
— direcf monitoring for the presenceof CO, leaking from the subsurface;

— dynamnic measurements of processes that may represent compromise of the storage contaimer
(surfgce deformation, passive seismic);

— remofe sensing data thattrack CO, saturation and/or pressure changes due to the effect they have
on physical properties-{elastic, electric, permeability).

10.4.2.1 Near-surface direct monitoring

10.4.2.1.1 Soil'gas chemistry

Shao et al. TZ0T9) have described the context of soil gas monitoring in CCS contexts. The following is an
excerpt from their recent publication.

Soil gas monitoring aims to detect leakage of injected CO, into the soil vadose zone before it is released
into the atmosphere. Demonstration that leakage to the surface has not occurred provides assurance to
the public that CCS operations are safe. However, discrimination of leaked CO, and naturally occurring
CO, in the soil vadose zone is often challenging, as there are a large number of dynamic processes that
generate or consume soil CO, (Leuning et al., 2008).

Schloemer et al. (2013) suggested that, to characterize the natural variations, baseline measurements
for CCS projects begin years before CO, injection. In contrast, Romanak et al. (2012) developed a
“process-based” geochemical approach to leakage detection that can be applied without baseline
measurements. However, Beaubien et al. (2015) pointed out that baseline surveys of near-surface gas
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geochemistry are important for CCS because they define the range of natural variation attributable
to near-surface processes to minimize false positive or negative detections, and can also identify pre-
existing gas migration pathways that represent a risk for gas-permeable faults.

Another strategy for CO, leakage detection at CCS sites is the use of geochemical tracers. Isotopic
tracers provide important information about the origin of soil gases (CO,, CH,, N,) and the processes
that give rise to their formation (e.g. Schoell, 1988). Natural tracers, especially the stable isotopic
composition of carbon (§13C) in soil gas CO,, have been used in CCS monitoring programs (e.g. Johnson
et al,, 2009; Leuning et al., 2008; Myrttinen et al.,, 2010). However, the §13C values of injected CO, may
overlap with those of pre- 1n]ect10n soil gas CO2 which limits the appllcatlon of this method at some CCS
sitpst 3 3 ‘ - > ite, the §13C
value ofm]ected CO2 [—21 %o to -20 %o) was comparable to that of the typical soil gas CO2 composition
(Bgaubien et al., 2013). Mayer et al. (2015) suggested a minimum 5 %o to 10 %o differendein 8f3C values
befween injected and baseline CO, for this tracer approach to be reliable in determining’CO, movement
anfl potential leakage.

Rafdioactive carbon (14C) in soil gas CO, is a useful tracer for leakage detection'(Klusman, 2011). The
nepr-zero concentrations of 14C in fossil-fuel-derived CO, (ancient) relative’to that producefl recently
by|soil respiration processes (modern), makes 14C a useful discriminant for leakage detectipn at sites
where injected CO, is derived from the combustion of fossil fuels (Anderson et al., 2017). Neyertheless,
th¢ application of 14C in CCS has been very limited (Beaubien et al.,20%3).

10(4.2.1.2 Flux tower

Flyx towers are used worldwide to measure the gas con¢entrations (water vapour, CO,, CHj and N,0)
anfl energy flux exchanged between the terrestrial ec6system and atmosphere. Flux towers have been
teqted at CCS projects. However, wind direction, attdospheric stability, adverse weather, aid surface
heterogeneity all impose difficulties in making accurate flux measurements (Leuning et al., 2008).

Eddy covariance is a micrometeorological method that measures minor fluctuations of air{mass and
energy on several time scales (hour, day, season and year) and on spatial scales of 100 m td 2 000 m.
Fof the purposes of leakage monitoring, baseline CO, flux measurements are required to ¢letermine
diyrnal and annual cycles. Global micrometeorological studies show that maximum hourly average flux
depsities of CO, range from -40 pmo}'CO, m~2 s~! during the day due to photosynthesis to +15 umol CO,
m s71 at night due to respiratign (Leuning et al., 2008).

Spatial averaging is inherent in the micrometeorological approach. This makes quantification of
any CO, emissions from geological storage difficult due to variable background concentfations of
atnospheric CO, thatrange from about 380 ppm (parts per million mole fraction in dry air) during the
daytime to greaterthan 500 ppm at night in the lowest 10 m to 20 m of the atmosphere (Leuhing et al.,
20pP8). The ability of eddy covariance methods to detect CO, leakage from a storage site depends on the
rafio between #re’integral CO, flux from the footprint area and the seepage rate from a pojnt source
(THAGHG, 2012).

1014.2.1¢3 Laser-ranging

ight path,
measured at a characteristic CO, Infra-Red absorption wavelength (e.g. Hirst et al.,, 2017). This
provides determination of the total path-integrated mass concentration of CO, along the beam path.
Measurement path lengths of about 100 m have been used in demonstration with lasers and detectors
commonly located at 1 m to 2 m above ground level. Zones of anomalous CO, concentration relative the
local ambient CO, saturation can be identified by application of tomography to measurements made for
intersecting laser paths.
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10.4.2.1.4 Groundwater chemistry

Groundwater monitoring is a mature technique that is used to document and quantify subsurface
flow and aqueous chemical conditions through time. Typically, the goals of a shallow groundwater
monitoring program in the context of a CCS/CO,-EOR project are to:

— understand the shallow hydrogeological environment in and around a project site by taking
measurements and samples from monitoring wells;

— establish pre-project groundwater conditions and variability;

— beable to detect and quantify the extent of CO, and/or brine migration out of a storage complex,ijto
overlying and adjacent geologic horizons;

— meet fegulatory monitoring requirements of a project;
— demopstrate that project activities were protective of human health and the environment.

Groundwdter samples are periodically taken using standard methods (e.g. U. S, -Geological Survey,
2020). M¢asurement of field parameters such as pH, temperature, specific conductance, dissolyed
oxygen, ajnd oxidation-reduction potential are generally recorded to determine representativeness
of a groundwater before a sample is collected. Once it is determined ‘that fluids are sufficienftly
representfptive of in situ conditions, groundwater is collected and treatedyby a variety of methods (¢.g.
filtering, acidifying, chilling) to ensure integrity of analytes of interest: The collected samples are then
transferrgd for field and/or laboratory analysis. Analytical resultstare then evaluated for changes in
condition$ that would indicate that the groundwater environment has been affected. If measurements
or trends|in groundwater chemistry indicate that leakage of brine or CO, from a storage complex has
occurred,|then a project would need to consider mitigation agtions.

Ecosystems

-based monitoring can be used to qualitatively assess impacts of CCS operations on the
environmgnt (IPCC, 2005). The health of terrestrial and subsurface ecosystems can be determined
directly by measuring the productivity and:biodiversity of local flora and fauna or, indirectly, by using
remote-sgnsing techniques. However, leakage quantification based on vegetation may not be possiple
as above dertain levels (or duration) ofileakage, further damage will not occur (IEAGHG, 2012).

Remote s¢nsing (spaceborne or airborne) may offer one way to efficiently monitor storage and assegss
impacts ofver wide areas. Vegetation generally reflects the local ecological conditions and land useq at
a site making vegetation a good integrator of ecological dynamics (TOTAL, 2015). Multispectral and
hyperspe¢tral images canhelp identify vegetation areas that may be stressed due to high concentratjon
of CO, in the soil, and thdt are worthy of further surface investigation for possible CO, leakage (IEAGHG,
2012). Bateson et al. (2008) tested airborne remote-sensing techniques and concluded that subsequent
detailed dite monitoring is necessary and must include surface measurements to ascertain whether
the anomaly is catsed by deep CO, leakage or by some other, unrelated process. False positives can|be
reduced af CQ, ‘geéological storage sites by the careful acquisition of baseline data prior to injection.

10.4.2.2 Surface dynamics monitoring

10.4.2.2.1 Surface deformation

Time-lapse monitoring of surface deformation has been instrumental for identifying non-conformance
in large-scale CO, storage projects (e.g. Rutqvist et al., 2010; Vasco et al., 2010). GPS and tiltmeter
measurements provide very accurate ground deformation values local to the individual stations
whereas InSAR (interferometric synthetic aperture radar) has the capability of providing areal
coverage of ground deformation at the monitoring site. However, the implications of observed ground
displacements in terms of the subsurface CO, distribution and pressure field requires a geomechanical
model for the area (e.g. Rutqvist et al., 2010).
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InSAR is a satellite remote sensing technique that is capable of identifying and accurately measuring
vertical ground displacements on the scale of millimetres per year, over areas ranging from 1 km?
to 10 000 km?. It provides an unobtrusive means of monitoring large areas for ground displacement
associated with CO, injection operations. Vertical and horizontal ground deformation can be measured
with precisions of 0,3 cm/year and 0,2 cm/year, respectively (Samsonov et al., 2015). In continental
climates and landscapes, at least one full season of pre-injection monitoring is beneficial in assessing
the seasonal variations in ground movements that are unrelated to CO, injection operations.

Global Positioning System (GPS) stations can provide a continuous record of ground displacement on
the scale of millimetres per year at discrete locations. As such, GPS measurements complement the
ar i i i : i it rtermined
frdgm GPS monitoring as small as 2,0 mm/year can be measured (e.g. Craymer et al., 2015}

t discrete
It noise is
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Tiltmeters (Dunicliff, 1993) also provide a continuous record of surface deformation (tilt) 3
lodations. Tiltmeters are capable of measuring sub-pradian-scale rotations. Background ti
variable. For example, Earth tide and precipitation effects of 0,1 pradians to 2,@pradians
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asured (Wang, 2015). In comparison, model-based tilt estimates at the same location

ndians. These estimated signal levels are small but detectable and are®ased on CO, and
mmunication being restricted to the reservoir zone. If this is not the\case (e.g. CO, migr
pssure communicates with, shallower depths) then greater ground.deformation can be exp

14.2.2.2 Passive seismic

Thie aims of passive seismic monitoring are to identify and characterize seismic events relat
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ection-related microseismicity can be used as a nd€éans of adjusting injection operations t
b potential effects of induced earthquakes. EXperience from underground wastewater
5 demonstrated that the frequency and magnitude of induced seismic events can be con
rreasing the injection volume and pressure (€.g. Kansas Corporation Commission, 2016).

ksive seismic monitoring commonly, employs an array of 3-component surface seismogr
downhole seismic sensors. Surfacetbased seismic arrays require a minimum of 3 station

bnts occurring within the boundaries of the surface array. Thus, station locations are
compass the area where the'majority of seismic events occur. Typically, this would include t
» CO, plume as a minimum-but generally is much broader as injection-related pressure pert

ustments based om’the areal distribution of any induced microseisms. Decatur is a good ¢
s where basementfault reactivation results in significant microseismic activity at several K
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locations

for local events particularly if the microseismic event occurs within the depth range covered by the
array. Hypocentres of detected events are determined from the direction of seismic waves and P-and
S-wave arrival time differences. The epicentre location accuracy of small magnitude microseismic
events is greatly improved if multiple wells are instrumented. Whereas small magnitude events are of
little concern in regard to potential damage of surface infrastructure, they can be informative about
stress changes in the storage container as well as identifying zones that are being reactivated.

Off-shore seismic monitoring, systems utilize either conventional 3-component ocean-bottom
seismographs or telemetered seismograph networks. Conventional OBS (ocean-bottom seismographs)
are used mostly for temporary observations as the data aren’t available until the seismographs are
recovered. Telemetry systems provide continuous real-time monitoring from sea-bottom seismographs
(e.g. Fujiwara et al., 2010; Shinohara et al., 2014).
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10.4.2.3 Indirect monitoring

The utility of indirect methods for CO, monitoring relies primarily on the changes in physical properties
of the host-rock/fluid composite that occur from the partial replacement of pre-existing pore fluids
(brine, hydrocarbons) by CO,. The introduction of CO, generally results in changes in density, electrical
conductivity, seismic velocity, and impedance. Pressure variations result in additional changes in
some circumstances. The expected magnitude of the rock property changes can be estimated by a
combination of laboratory measurements and modelling.

The ability of the various remote sensing methods to detect or image CO, in the subsurface will
depend on-depth Ao ed—Theminimum-size-ofa ha
be detect¢d increases with depth for gravity and electromagnetic measurements, whereas for seis
esolution is less sensitive to depth. Sensitivity of all of these methods is dependent ©n'noj

he
density off CO, that typically occurs at depths less than about 700 m to 800 m, the sensitivity'of gravjity

Je seismic methods are a well-established means of monitoring ¢the’/sub-surface at depths
suited for|CO, storage. They are well tested having been utilized for hydrecarbon reservoir monitorjng
for two dgcades. Seismic monitoring can be applied to track the subsurfacédistribution of CO,, including
mapping fhe location of CO, within the primary injection zone (thé reservoir), and/or monitorjng
for CO, that is “out-of-zone”. Advantages include applicability in @wide variety of geological settings,
large aregdl coverage, monitoring of the reservoir and the overburden, and a well-established servijice
industry. [Limitations include minimum detectability levels influenced by the mass and distribution
of injectedl CO, (typically considered to be in the range of Kt), relatively expensive compared to other
surface ggophysical methods, requires surface access, and-cultural/natural noise sources can degrdde
effectivenfess. Furthermore, there are geological settings where seismic methods are not well-suited
due to prdblems with signal penetration.

In designing a seismic monitoring program, the following aspects need to be considered. Both latejral
and vertigal resolution of CO, hosting layers(is'dependent on the dominant wavelength of the seisric
source. R¢solution at greater than 1 000 m_depth is typically limited to layers that are about 10 m thjck
although £0, within thinner layers can be detected. CO, plumes must achieve a radius of greater than
50 m to bp detectable. Repeatability-tiltimately determines the ability to detect CO,. Standard seisric
acquisition results in repeatability,;values of greater than 20 % whereas repeatability values of lg¢ss
than 10 %9 have been achieved msing permanent monitoring installations.

10.4.2.3.2 Electromagnéetic

Surface-bfised, timeslapse electromagnetic methods are in the development stage for the purpgse
of deep (O, monitoring. They are based on the premise that the electrical conductivity of a rgck
formation| will décrease when saline pore waters are replaced by more resistive CO,. Controlled-soufce
electromdgnétic (CSEM) methods generally have much lower spatial resolution than seismic methqds
(e.g. Gasperikova and Hoversten, 2006). The minimum diameter of a CO, plume that will producg a
detectable phase difference in the scattered electromagnetic field is comparable to the depth of the
plume below surface (e.g. McLeod, 2016). Therefore, electromagnetic methods are better suited for
monitoring of large (Mt) CO, quantities, or detecting CO, that has migrated into shallower geological
formations.

Higher sensitivity has been achieved in the case of surface-based measurements when well casings
are used as electrodes to transmit electrical current at the reservoir level (e.g. Ramirez, 2010; Hibbs,
2015). CO,-resultant signals from a 3 000 m deep reservoir have been obtained at distances of up to
500 m from the well suggesting that such methods are potentially suitable for plume monitoring in the
vicinity of the injection well (Hibbs, 2015).

68 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

10.4.2.3.3 Gravity

Surface-based, time-lapse gravity measurements have been used for monitoring changes in subsurface
fluid composition and distribution (e.g. Liard et al., 2011; Brady et al., 2006; Alnes et al., 2008). The
method is based on composite density variations due to changes in pore fluid (or gas) saturation. The
density of CO, decreases sharply moving upward across the depth of about 700 m where CO, changes
phase from a supercritical fluid to a gas. The resultant increase in density contrast with other pore
fluids such as brine or oil greatly increases the sensitivity of gravity measurements to the presence of
CO, above this depth.

Grasd h. generally

less than 10 icrogals (1 microgal is equal to 10-8 m/s?) which is small as compared to-the|

5.1 CCS pilot projects (<100 kt)

5.1.1 Ketzin

Thie Ketzin CCS Project (A.10) injected 67 kt of CO4~inito a thin (15m to 20 m) saline

forlmation. The shallow depth of injection (630 m) makes this an atypical storage site in th
is In a gaseous state (rather than a super-critical*fhiid) at initial reservoir pressure and ter
conditions. As consequence of the injection process, temperatures up to 36 °C and pressure
74|bar and 78 bar at the injection point have béen reached. As a pilot site, diverse monitoring
wdre tested (Bergmann et al., 2016 and references therein). 4D surface seismic and surface-tg
eldctrical resistance tomography provided-the most comprehensive monitoring over a 1 km x
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uration levels wereabout 50 %.

10{5.1.2 Nagaeka

Thle Nagaoka) Project (A.13) injected 10,4 kt of CO, into a 12 m interval of a 60 m thick
foy
obperxation wells to avoid conditions that could cause caprock fracturing during the inject

the start
vere used
CO,. This
e velocity
sured CO,

sandstone

matiofat 1 100 m depth. Down-hole pressure and temperature were continuously measufred in the

on phase.
1 within a

Aftérthe cessation of the CO, injection, the down-hole pressure decreased to the initial levg

year. This rapid decrease in pressure after cessation of injection indicates that if seal formation fracture
conditions were reached within the reservoir, stopping injection would likely ameliorate the fracture
risk.

The main highlight of the monitoring at Nagaoka is the long-term (over 15 years) logging campaign
carried out in this field. Time-lapse well logging programs involved pulsed neutron, sonic, and induction
logging. The results of the pulsed-neutron logging demonstrated the changes in the state of water
saturation in the pore space, which enabled interpretation of changes of CO, saturation over time. Sonic
logging revealed the presence of injected CO, at the observation wells. The results of the induction
logging, which measures the resistivity of the rock and fluids near the wellbore, showed the process
of formation water displacement by CO, and through CO, dissolution. Resistivity increases indicated a
correlative increase in CO, saturation whereas resistivity decrease indicated an increase of dissolved
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CO,. Time-lapse resistivity results indicated that gravity effects caused phase changes within a two-
year period after the cessation of injection. Subsequently, minimal changes were observed.

Time-lapse cross-well seismic tomography provided images of CO, saturation in the inter-well region
after 32 kt of injection. Deep fluid sampling provided direct evidence of CO, saturation changes that
explain observed changes in the tomographic and well log data. Integration of monitoring data acquired
by different generations of tools poses a challenge to obtaining consistent measurements over the
lifetime of a project. For example, time-lapse logging data were acquired at Nagaoka using different
tools over a period of 16 years.

10.5.1.3 [Otway

The initia] phase of the CO,CRC Otway project injected 65 kt of CO, into the down-dip flank ef a'faylt-
bounded, |31 m thick, depleted gas reservoir at a depth of 2 100 m. As with other pilot,projectq, a
comprehensive suite of monitoring methods was applied or tested at the site including‘atmospheric,
groundwdter, soil gas, and microseismic measurements, as well as reservoir fluid sampling and @D
seismics (Sharma et al.,, 2011). Unique to this project initially was an atmospheric monitoring stratggy
to detect pnd quantify potential leakage of injected CO, (Etheridge et al., 2011),dMeasurements of (O,
fluxes wefe taken at the surface with an eddy-correlation flux tower. A seasonal cycle was apparent
in CO, flyxes with the lowest variability occurring during the dry condifions of late summer gnd
autumn. This period of relatively low background variability improved the ‘potential of detecting CP,.
The abserce of CO, leakage indicated by this method during phase [ of‘the project led to a change in
approach |whereby the sensitivity of this method was tested for.detecting emissions from surface
activities pt the Otway facility.

10.5.1.4 [Rousse-Lacq pilot

The Rousse-Lacq project injected 51 kt of CO, into a dolomite/dolomite breccia reservoir at 4 500 m
deep. Thef monitoring plan included reservoir pressure, microseismic monitoring, and environmenital
monitoring (groundwater, surface water, fauna, flora,soil gases and atmosphere). Ecosystem monitoring
has been [implemented in which faunal and floral inventories have been collected for native plarjts,
insects, amphibians, and reptiles among others environmental parameters. Counts took place twijice
a year in |ate June and early September overa five-year period, from 2009 to 2013. Any relationship
between the injection of CO, and the changeés observed in the plant, insect and amphibian populatigns
was established (TOTAL, 2015). Fluetuations were observed from year-to-year, but were ascribed in
most cases to natural changes, obvious human disturbance, or weather conditions.

10.5.2 Industrial-scale CCSprojects
10.5.2.1 Onshore

10.5.2.1.1 In Salah

The In Salah*“CCS project injected a total of 3,8 Mt of CO, into a 20 m interval at 1 700 m depth [on
the flank Lf 2 gently domed sandstone formation. Of the wide range of monitoring techniques utilized
at In Salah (e.g. see Mathieson et al.,, 2010), InSAR monitoring proved critical as it imaged surface
deformation during injection and identified otherwise undetected reservoir non-conformance (e.g.
Rutqvist et al.,, 2010). Subsequent analysis of a 2009 repeat seismic survey (against an existing 1997 3D
survey) identified pressure-related amplitude changes. The non-conformance of the project indicated
by the monitoring program led to the decision to suspend injection in 2011 (Ringrose et al., 2013).

10.5.2.1.2 Decatur

The Illinois Basin - Decatur Project (IBDP) completed the injection of 1 Mt of CO, at a depth of 2 100 m
within the largest-capacity deep saline sandstone formation in the Illinois Basin. The project employed
a number of dedicated monitoring installations including two deep monitoring wells, 17 shallow
groundwater monitoring wells, microseismic monitoring with Four-component downhole sensors
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in the injection well, and an in-well geophysical monitoring array for repeat plume monitoring using
VSP methods (Bauer et al.,, 2017 and references therein). The surface infrastructure at the project site
proved to be a serious challenge to 3D time-lapse seismic imaging.

An extensive monitoring program comprised 3D surface seismic (two surveys), 3D VSP (6 surveys), soil
flux monitoring, atmospheric monitoring, shallow groundwater monitoring, and a deep verification
well for pressure/temperature and fluid sampling. Monitoring data were collected for 18 months prior
to injection, for 36 months of injection, and during 36 months post-injection period. Passive seismic
monitoring has been a critical component of the monitoring program. Small magnitude microseisms
started two months after the start of 1n]ect10n w1th a total 4 747 locatable events belng detected over

T = - 9 and only

3 sampling
wds expanded to 30 parameters from 11, and sampling from three deeper locations was added. The
frdquency of shallow ground water sampling was reduced from monthly to quarterly, and weekly soil
flux monitoring was reduced to monthly and then terminated the yedr after injection. The frequency
of monitoring for other methods was also reduced (e.g. well logging, seismic surveys, midroseismic

Thie Shell Quest CCS Project has stored 4 Mt of CO, (a§’of 2019) in the Basal Cambrian Formatlion which
unponformably overlies Precambrian granitic basemient at greater than 2 000 m depth. (IEAGHG, 2019).
T MMV plan for Quest was developed based on'a storage risk-management framework. As described

initial MMV plan. Key components in the imitial perlod of operation included:
—| groundwater sampling;

—| time-lapse VSP which showed that the plume extended 200 m across and was smaller thanmodelling
estimates;

—| microseismic monitoring which identified only 3 locatable events (magnitude 0,7);
—| time-lapse pulsedieutron logs demonstrating containment in the reservoir;

—| and successfuldemonstration of laser-ranging technology for atmospheric monitoring fpr leaking
CO,.

Eafly demenstration of low leakage risk led to a reduction in the scope of the MMV plan. The primary
en]phasis of the revised MMV plan was downhole monitoring techniques as wellbores were[identified
as fthieshighest risk to CO, leakage, which was supplemented by periodic well integrity tests a1|1d seismic
da Ld quulblLlUIl

10.5.2.1.4 Aquistore

The Aquistore CO, storage site has injected about 300 kt of CO, as of June 2020. The storage reservoir
is a brine-saturated clastic sequence that extends from 3 130 m to 3 350 m depth and lies immediately
above the Precambrian crystalline basement. Whereas a variety of monitoring methods have been
employed at the site, those required by regulation include water well sampling, soil gas monitoring and
microseismic monitoring. An extensive list of geophysical methods has been demonstrated at the site
including various seismic techniques (4D surface, 4D VSP, passive), electromagnetic methods (passive
and controlled source), gravity, surface-deformation measurements (InSAR, GPS, tilt). Additionally, a
number of emerging methodologies have been tested comprising BSEM, DAS, seismic interferometry,
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and downhole gravimetry. The injection well and an observation well are equipped with permanently
installed pressure and temperature gauges as well as DTS/DAS fiber cables.

Time-lapse seismic monitoring has tracked the evolution of the CO, plume at the reservoir level with
pulsed neutron logs from an observation well providing ground truth for the seismic images. Seismic
surveys conducted at cumulative injection amounts of 36 kt, 102 kt, 141 kt and 272 kt show a main
plume with an early maximum extent of less than 200 m expanding to almost 500 m extent by the
time of the fourth monitor survey. The seismic images show that the CO, is migrating in the up-dip
direction and is partly controlled by the predominant structural and porosity/permeability fabric
in the reservoir (Roach and White, 2018). Passive seismic monitoring has documented an absence of
injection- i TSTITICT i Ttori i ep
CO, reachjing the near-surface.

10.5.2.2 Offshore

10.5.2.2.1 Sleipner

Statoil’s (how Equinor) Sleipner project began injecting more than 1 Mt per gear of CO, under the
North Seqin 1996 and reached a total of 16 Mt injected by 2017. The CO, is injegted using a single well
into the Utsira saline formation at a depth of 1 000 m below the sea floor. The Utsira saline formatjon
constitutgs a 200 m to 300 m thick unconsolidated sand interval with a yery high net-to-gross ratiq of
95 % intefbedded with thin (less than 1 m) shale stringers. Monitorifng methods employed at the dite
include wellhead pressure and temperature, 4D seismic and time-lapse‘'sea-bottom gravimetry.

The folloying description is summarized from Eiken et al. {2011). The 4D seismic surveys hgve
documented both containment of the CO, within the reservoir.as well as the vertical distribution and
lateral spfead of the CO, plume. The seismic detection threshold is estimated to be of order one k{ of
CO,. Seaflpor gravity surveys were conducted in 2002, 2005 and 2009. The replacement of water wjith
less densg¢ CO, (675 kg/m3 to 715 kg/m3) reduces the local gravity. These density values, combirfed
with temperature measurements, were used to estifniate both the CO, density distribution within the
plume. Fufther, since dissolution of CO, into the formation water causes an increase in density, the same
gravimetylic and temperature measurements alloewed for an estimate of the amount of CO, dissolved in
the formation water. Data and model precision gives a detectability level of 1,8 % absorption per ygar.
A trial CSEM survey was carried out in 2008, but no interpretable signal from the CO, plume has bgen
detected. [This lack of a measurable eridiscernable signal is likely due to pipeline noise and moderate
CO, respgnse. The seafloor has béen mapped with multibeam echo sounding and side-scan sonar.
Videos haye been taken by ROV, as.d routine precaution, and no seafloor changes (pockmarks, bubblgs)
have been observed.

10.5.2.2.2 Snghvit

The Snghyit gas field™is located within a fault-bound block in the Barents Sea. Equinor produges
approximptely 700Kt of CO, per year at an on-shore LNG plant during processing of natural gas fropm
the Snghtfit field="Starting in 2008, the separated CO, was initially injected to a sandstone formatjon
(the Tubden-Formation) at a sub-sea floor depth of 2 600 m, in a zone beneath the original natural gas
reservoir Stg-Heormation}tnitialHnjection-eoccrredina-30mintervalwithinanear-vertealwel{Eilken
et al,, 2011). However, persistent pressurization to near minimum fracture pressure at the reservoir
resulted in moving the injection to the gas-producing interval (Hannis et al., 2017).

A temperature and pressure gauges were installed in the injection well at 1 805 m depth (800 m
above the reservoir). 4D seismic data acquired in 2009 identified amplitude differences associated
with changes in CO, saturation and reservoir pressure increases (Eiken et al., 2011). 4D seismic
interpretation suggests that the majority of the CO, was entrained within the lowermost reservoir zone
and identified pressurized zones. These monitoring observations contributed to the decision to change
injection to the Stg Formation.
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10.5.2.2.3 Tomakomai

The Tomakomai Project injected a total of 300 kt of CO, into two sandstone reservoirs beneath the
seabed using highly deviated wells drilled from onshore. The injection intervals in both wells exceed
1 100 m. Monitoring, with a focus on microseismic monitoring and environmental surveying, is
conducted both on- and offshore.

The monitoring program consists of components required by Japanese law, augmented by research-

based measurements. The monitoring program includes:

pressure and temperature monitoring at the bottom of the injection well;

measurement of dissolved gases (0,, CO,) and pH in seawater;

time-lapse seismic surveys.

Th
Vo
als
selil

e two injection wells were drilled into a sandstone layer at 1 000 m to 1 200 m-depth and a
caniclastic formation at about 2 400 m to 3 000 m depth, respectively.' The Tomakom
0 has three observation wells to observe pressure, temperature, indiced seismicity ar
smicity.

Enpironmental monitoring surveys are conducted four times per year-They comprise:
water chemistry analysis;

plankton composition;

chemical and biological analysis of seafloor sedimenits;

benthos observation;

seabed surveying for CO, bubbles;

current monitoring.

restrial CO, leakage detection-inethods (Romanak et al, 2012) were adapted to th
yironment (i.e. change in partial pressure of CO, (p CO,) as a function of dissolved oxygen sg
monitor CO, storage in the Tomakomai project. A threshold was calculated based on data
12 sampling stations over ohe year. Shortly after the project began, seawater data collec
tine monitoring indicated that the threshold had been exceeded. Confirmation surveys sh

to

volcanic/
i project
d natural

e marine
turation),
measured
ed during

wed that
b operator

D seismic
Moebetsu

September

300 kt of
ne.

g geophone ocean
bottom cable array, four ocean bottom seismometers, seismic arrays in the observatlon wells, and an
onshore seismic station. The microseismic monitoring area is 6 km by 6 km and covers the injection
area. In addition, data from 4 national seismic network stations located around Tomakomai provide
monitoring of natural earthquakes over a 50 km by 38 km area to confirm that the injection does not
affect natural earthquake activity.
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10.5.3 CO,-EOR projects with monitoring

10.5.3.1 Weyburn-Midale

The Weyburn and Midale CO,-EOR projects inject CO, into a limestone/dolomite sequence that is up to
30 m thick at a depth of 1 450 m. A total of more than 30 Mt of CO, has been stored in these fields since
the start of injection in 2000. The monitoring program implemented in the Weyburn-Midale project
was designed as part of a research project (see Wilson and Monea, 2004; Hitchon, 2012 and references
therein) and thus included the demonstration and testing of a variety of different methods that focused
on a sub-region (23 of 75 patterns) of the field. Monitoring methods that proved particularly useful
were production fluid sampling, soil gas monitoring, passive seismic monitoring and 4D seismic.

Chemical sampling of production fluids identified chemical processes in the evolution of thefeservpir
chemistry including dissolution of CO, into brine, carbonate mineral dissolution and anrihcfease|in
total dissplved solids in the brine. There is good spatial correlation of these observed processes wiith
zones of lighest CO, injection amounts and with 4D seismic amplitude changes. Soil’'gas sampling at
the site found gas concentrations and fluxes (for CO,, O,, and CO, flux) in the range-of natural soils gnd
comparaﬂllje to an off-site reference location. Analysis of carbon isotope compositions in soil gas at the
Weyburn pite was instrumental in refuting an accusation that deep CO, was leaking from the reservpir
and migrdting to the surface.

Downholq passive seismic monitoring was conducted over a 7-year,pépbiod during which a total| of
200 micrqseisms were located, documenting a low rate of low intensity microseismicity. The majorijity
of events [have magnitudes between -3,0 to -1,0 with a maximunb détection distance of 750 m, thus
documenting the absence of any significant injection-related seismic that might cause concern

10.5.3.2 Belle Creek

The Bell (reek Field Project is a CO,-EOR operation Jocated in southeastern Montana. The reservpir
horizon isjla 20 m-thick oil-bearing sandstone unit at-a depth of about 1 370 m. Injection of approximatgly
1 Mt of C{, per year began in 2013.

A variety|of monitoring techniques have beén utilized at the site to measure the natural variabillity
of soil gag and water chemistry in the néar-surface environment, and to track CO, migration within
the storage complex. Subsurface monitoring focuses on the distribution of fluids (hydrocarbons, brine
and CO,) [in the storage complex. Injected and produced fluid rates, pressures, and compositions gre
monitored to measure performance-and calibrate the geologic models.

4-D seisnjic analysis after 1¢Mt-of injection tracked the spread of CO, and illuminated heterogenejity
within the reservoir, delineating pathways of preferential fluid flow (Burnison et al., 2017). This
informatipn has been usedto improve history matching of dynamic models and increased accuracy of
resulting predictive simiulations.

11 Decqmpniissioning

11.1 General

Clause 11 surveys the requirements and regulatory frameworks for decommissioning CCS operations
and CO,-EOR operations with associated storage.

11.2 Activities

Decommissioning activities are largely performed during the closure period which starts at the end of
injection and continues through to compliance with requirements for site closure. Decommissioning
entails the progressive reduction of project activities including dismantling of infrastructure,
continued but reduced monitoring and eventual cessation of all project-related activities. Specific
activities typically required during the post-injection period include risk management, testing, and
maintenance of monitoring wells, and eventual plugging and abandonment of injection and monitoring
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wells. The closure process is often structured to accept input from project stakeholders. This would
include regular engagement between the project operator and regulatory authorities. Reports and
data that form the basis for closure or termination usually must be retained for a specified period after
decommissioning and then delivered or made available to the appropriate regulator.

Reports and data from the project including operational history and monitoring results are gathered
during the operational phase of the project. A risk management plan is usually maintained to
demonstrate that individual risks have been managed throughout the project lifetime. Monitoring and
testing are conducted to provide information regarding containment assurance and to demonstrate
conformance among observations and predlctlve models. These act1v1t1es will support the eventual
pmpliance
hrameters
haviour in

er to decommission the site.

r common
Voorhees,

view of general regulatory requirements and project-specific permit conditionsbeveals fou
principal criteria to be satisfied before project closure or termination are approved (Van
20[18). The first relates directly back to the critical initial steps in project development and quplification
- gite selection and characterization. The key to successful closure and termination is the careful
idgntification and thorough characterization of storage complex or ‘EOR complex that will provide
se¢ure geological storage as demonstrated through computational-modelling of project gperations
anfl reservoir or flood management. The second involves the collection of operational data, monitoring
anfl testing results, and other information to be used in histéry matching to show confoymance of

pr
un
stg
un
co
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11.3 Closure or termination plan

A (
sta
pld
dis
of

bject behaviour with operational predictions, including necessary modifications based on
derstanding of project parameters and operating results. The third is the pressure decline {
bilization following cessation of CO, injection, whieh’are monitored and modelled to des
derstanding of future behaviour of the stored (00,. The fourth is a demonstration of

(tainment assurance, which draws on operatiorial history, past containment assurance, ve
hracterization, understanding of potential leakage pathways, history matching to show cor
[h predictions, and projections regarding-potential for future leakage of CO, from th
mplex or EOR complex.

ommon requirement in mostjurisdictions involving geological storage or CO,-EOR with 2
rage is to develop and regtilarly update a closure or termination plan during project operaf]
ns address site-specifidrequirements and processes identified by Competent authorities, i
cussion of ongoing site monitoring with a description of the monitoring technologies and 3
fhe monitoring activities. Corrective actions for events that are most likely are also descrilj

4 Identification of jurisdictions and relevant framework

st jurisdictions having CO, injection into hydrocarbon or other types of reservoirs

improved
ind plume
nonstrate
continued
rified site
formance
e storage
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ed.

will have

rovide for
y. Criteria
: nonstrate
absence of detectable leakage and potentlal 1mpacts to human health, the environment, or economic
resources. Site operators will need to demonstrate that the storage reservoir, including reservoir
pressure and displacement of reservoir fluids, is well understood and that the CO, plume dispersion and
migration are predictable. This can potentially be demonstrated through an evaluation of production
history, using monitoring data, or computer simulations. Additionally, the operator often needs to
evaluate and document the integrity of wells, before they are abandoned according to governing
regulations. Surface facilities and infrastructure are often required to be removed at closure.

gulatory requirements for the closure or termination of the projects, and some also p

Legal frameworks around the world for decommissioning CCS operations and CO,-EOR projects with
storage vary and are at different stages of maturity. Whereas the US legal framework has different
requirements and procedures for Class Il and Class VI wells, which include different approaches to
post-injection site care, the European framework imposes similar decommissioning criteria for both

© IS0 2022 - All rights reserved 75


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

CO,-EOR with associated storage and geological storage without CO,-EOR. Meanwhile, Japan is still
developing its framework for decommissioning, having Tomakomai as a first project navigating the
regulatory framework.

11.5 United States

11.5.1 EPA regulations for closure and post-injection site care

The US requirements governing closure, plugging and abandonment of CO,-EOR wells are regulated by
US EPA U]C Program Class Il The requirements gaverning closure and post-injection site care (PISC)

for geologfical storage are regulated by US EPA UIC Class VI.

11.5.2 Class II well plugging regulations

In additiop to the requirements that apply to the ending of hydrocarbon production operations, Class
II regulatfons require that wells be constructed, operated, and plugged with cement,when closed| to
prevent njovement of fluids into or between USDWs. The regulator is directed ¢é-prescribe aquiffer
cleanup apd monitoring where necessary and feasible to protect USDWs. Opérators are required| to
provide financial assurance for plugging and abandonment and to file a final'report certifying that
proper pgocedures were followed. As part of the decommissioning requirements, the framewgrk
further mpndates the owner or operator to dispose of any soil, gravel, sludge, liquids, or other materipls
removed from the well or adjacent area.

The Clasg II regulations address only the injection wells whéreas regulations for hydrocarbon
production operations, as well as lease and other contractual obligations will govern other aspectq of
the deconymissioning of CO,-EOR projects.

11.5.3 Class VI well plugging regulations

Under Clas VI regulations, a well plugging plan must be prepared and submitted as part of the initial
permit application that describes tests, measures, materials and procedures used in the plugging
process. This plan must be updated periodically as appropriate during operations and again befgre
execution

11.5.4 Class VI PISC

A PISC plan must be prepared-and updated throughout the project operations and implemented for
site closufe. PISC plans addréssa) the pressure differential between pre-injection and predicted pgst-
injection pressures in thé-ihjection zone(s); b) the predicted position of the carbon dioxide plume
and assodiated pressuré.front at site closure; c) a description of post-injection monitoring location(s),
nd proposed frequency; d) a proposed schedule for submitting PISC monitoring results; and
e) duratiop of the RISC timeframe. Modifications to the PISC plan can be made during project operatigns

amend its|plaf 6r demonstrate that no amendment is needed.

11.5.4.1 PISC Monitoring

Class VI regulations require post-injection monitoring of the site to show the position of the carbon
dioxide plume and pressure front and to demonstrate that USDWs are not endangered. Although
regulations specify that post-injection monitoring must continue for at least 50 years after injections
cease, the regulator can approve a shorter, alternative monitoring period. Closure is authorized once a
demonstration is made, based on monitoring and other site-specific data, that the project does not pose
an endangerment to USDWs and no additional monitoring is needed. The PISC must continue until that
demonstration can be made even if the authorized PISC period has expired.

The EPA provides guidance documents for well plugging, post-injection site care and site closure. The
guidance documents provide considerable detail into how the agency intends to apply the Class VI
rule’s provisions on post-injection site care and site closure, including hypothetical examples of PISC
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monitoring plans and revisions. In addition, there is a detailed review how an applicant might proceed
to establish and support an alternative post-injection site care period that is shorter than the 50-year
default period.

Once the regulator has authorized site closure, all monitoring wells must be plugged in a manner which
will not allow movement of injection or formation fluids that endangers an USDW.

11.5.4.2 Retention of records

A site closure report must be submltted w1th1n 90 days of 51te closure and retained by the owner or
red to the
reulator In addltlon a public notatlon is requlred to be recorded in the relevant landyreg¢ords that
wi|l provide any potential purchaser of the property with notice that the land has been ts¢d for CO,
geplogical storage.

11.6 The European Union

1116.1 Closure

Thie EU CCS Directive contains detailed regulations regarding closure ahd decommissioning off injection
sitps from which member states may deviate and specify own requirements.

Unlder the EU CCS Directive there are three circumstances iniwhich a storage site may be closed
a) | when the relevant conditions of the storage permit have been met,

b) | through a special grant from the authorities following a substantiated request from the|Operator,
or

c) | if the permit is withdrawn by the designatéd authorities.

11.6.2 Post closure

After injection has ceased and the storage site is closed, the projects enters the post-closure period for
which obligations are described in.a post-closure plan. A “provisional post-closure plan”, is a part of the
initial storage permit. For the operator to close a storage site according to either (a) or (b) gbove, the
provisional plan has to berupdated and submitted for approval, taking into account risk anallysis, best
practice and technological improvement. The post-closure plan details the obligations related to the
mgnitoring, reporting,and corrective measures.

1116.3 Transfer of liability

Thie CCS Difective regulates transfer of liability to Competent authorities under certain circumstances.
In [order *to* initiate the transfer, a minimum period of 20 years must have elapsed, the |site must
denonstrate that the CO, is completely and permanently contained. After transfer, the ompetent
authority takes over the obligations to monitor the storage site as well as the responsibilities for
preventive, mitigating, and corrective measures.

Prior to the transfer of liability, the operator is required to provide a “financial contribution”, interpreted
as an actual deposit of funds into a bank account. The CCS Directive, however, emphasizes the member
states’ freedom to define arrangements and set the appropriate level of the contribution. One manner of
determining the level of contribution is that financing should cover at least 30 years of estimated costs
of monitoring.

11.7 Germany

Germany has transposed the EU CCS Directive and has implemented stricter requirements for
decommissioning. One requirement is that an updated safety certificate must be submitted with the
post-closure monitoring plan that demonstrates mandatory operational requirements are met and
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describes further preventive and mitigation measures. Additionally, the safety certificate must be
accompanied by a statement from the Federal Institute for Geosciences and Natural Resources, and the
Federal Environment Agency.

German-specific requirements stipulate that the operator must apply for decommissioning and shut
down of the operations if the amount of CO, specified in the approved operations plan has been stored,
unless a specific approval to increase the amount of CO, stored is being issued.

Another deviation from the CCS Directive is an extension of the prescribed 20 years minimum period
of post-closure respon51b111t1es to 40 years. This is in con51derat10n that long-term safety must be in
line with the = C A = 3

assumptign of an unsafe storage fac111ty The Competent authorlty has dlscretlon to grant an earlier
transfer than 40 years if the long-term security of the CO, storage has been demonstrated.

The Gernjan specifications also require a calculated cash contribution that is to be invested wijith
interest, which becomes part of the financial mechanism.

11.8 France

France hals transposed the closure and post-closure obligations, and transfer'of liability, of the EU (CS
Directive finto the French Environmental Code, which includes some deviations regarding the transfer
of liabilityf.

Prior to fransfer of liability to a Competent authority, the French Environmental Code requires
the operator to provide to the State free of charge the equipnient, studies, register of quantities
and propgrties of CO, delivered and injected, and all other data necessary to perform post-closyre
monitorirg.

The Frendh Environmental Code requires that the draft decision approving the transfer of responsibiliity
is made ayailable to the public. This draft decision includes the operator's report demonstrating that
the conditlions necessary for the transfer are met and a report by the Competent authorities setting qut,
if necessaly, the requirements or conditions of this’transfer.

The Frengh Environmental Code imposes,30.years as the minimum monitoring period between final
injection @nd transfer of responsibility to the Competent authority. If evidence at the end of this perjod
is not considered sufficient for the transfer, the authorities are mandated to impose a new minimfim
monitorirg period of maximum 1@ years. Alternatively, the 30-year period may be reduced aftef a
minimum|monitoring period of 10_years has elapsed that demonstrates the project is safe.

11.9 Noxway

Norway Has transposéd+the provisions in the EU CCS Directive on decommissioning. Consent for
closure of the storagesite requires that it is accordance with the stipulated conditions in the storgge
permit, which includes a provisional post-closure plan provided as part of the permit application. This
provisiongl plan~is updated by the operator and needs approval prior to closure of the storage site.
The final flesure plan amends the provisional closure plan based on risk analysis, best practices, and

ical improvements
) o

Norway has regulations that deviate from the EU CCS Directive mandated financial mechanism. On
a case by case assessment, Norway may accept a parent company guarantee instead of the financial
contribution as the preferred financial contribution. This will consider aspects like the operator’s
overall financial strength when evaluating whether to accept a parent company guarantee instead of
the financial contribution.

11.10 Canada

In Alberta, CO, storage activities are governed by the Oil and Gas Conservation Act, which requires
an approved monitoring, measurement and verification (MMV) plan, compliance to that MMV plan,
reporting of the MMV and fulfilment of the work requirements to the location of the agreement. If the
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Crown grants rights to an operator to inject and sequester CO,, the operator must provide the MMV
requirements and submit a closure plan for approval and comply with that plan. The Minister may issue
a closure certificate if satisfied that the operator

— has complied that all wells in the project are monitored and closure activities outlined in the plan
have been completed,

— has abandoned all wells and facilities in accordance with the Oil & Gas Conservation Act and
regulations,

— has complied with the reclamation requires under the Environmental Protection and Enhancement
Act,

—| has met the closure period specified in the regulations,
—| has met any conditions specified in the regulations, and

—| has provided assurance that the captured CO, is behaving in a stable and‘predictable manner with
no significant risk of future leakage.

Thie Act then states if a closure certificate is issued, the Crown will belcome the owner of thg captured
CO, and assumes all obligations of the wells and facilities (under the-0il & Gas Conservatioi Act) and

enyironmental liabilities (under the Environmental Protection apd-Enhancement Act) and the Surface
Rights Act and in doing so releases the lessee (operator) from any obligations regarding the project.

11.11 Japan

Thie legal framework for closure in Japan is less speécific than for the US, Canada, and thg EU. The
opprator is required to prepare a closure plan for iftjection well as part of the permitting documentation
in the case where closure is planned. Although-not fully clarified, ongoing monitoring could end once
obligations in the well closure plan are met, séawater monitoring reveals acceptable changes fompared
to paseline, and the analysis of CO, behayiour demonstrates a stable state of injected CO,. The defined
petiod for monitoring after cessation of ihjection, and further extent of operator’s responsjbility and
liapility are still in consideration.

Fof the Tomakomai project, the period of post injection monitoring and the well closure plap have not
yef been determined.

1:[12 Discussion ofclosure at selected projects

There are few prdjects that have entered the closure stage and case studies of decommissioning
activities are limited. This section intends to highlight a selection of these with focus on particular
elgments of the'decommissioning process.

11112.1]llinois Basin Decatur Project

Argher Daniels Midland Company (ADM) and the Midwest Geologic Sequestration Consortium (MGSC)
with the Illinois State Geological Survey (ISGS) applied for and received two Class VI permits. The
permits approved a Well Plugging Plan and the Post-Injection Site Care and Site Closure plan. The PISC
plan describes the activities ADM will perform to meet the regulatory requirements for closure. In this
case, EPA approved an alternative post-injection period of ten years (rather than the 50-year default
period). The permit holder will monitor groundwater quality and track the position of the carbon
dioxide plume and pressure front for ten years following the end of CO, injections. Monitoring will
nonetheless continue after that date unless and until the regulator approves a demonstration of non-
endangerment of USDWs.

All post-injection site care monitoring data and monitoring results are submitted to the U.S. EPA in
annual reports that contain information and data generated during the reporting period; e.g. seismic
data acquisition, well-based monitoring data, sample analyses, and the results from updated site
models.
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11.12.1.1 Alternative post-injection site care timeframe

ADM demonstrated that an alternative PISC timeframe of 10 years is appropriate, based on the
computational modelling to delineate the Area of Review (AOR); predictions of plume migration,
pressure decline, and carbon dioxide trapping; site-specific geology; well construction; and the distance
between the injection zone and the nearest USDWs. During this period, groundwater quality monitoring
and CO, plume and pressure front tracking are continued and reported until ADM demonstrates,
based on monitoring and other site-specific data, that no additional monitoring is needed to ensure
that the project does not pose an endangerment to any USDWs. If any of the information on which the
demonstration was based changes or the actual behaviour of the site varies significantly from modelled
predictiogs; egasaTesuttof amAOR Teevatuatior, i = tiis PISE Site€
Plan.

11.12.1.1 Non-endangerment demonstration criteria

Prior to puthorization of site closure, ADM will submit a report for the demonstration of n¢n-
endangerpent of USDWs to the Director of the U.S. Environmental Protection Agency. The
demonstrption is based on the evaluation of the site monitoring data used in<cénjunction with the
project’s fomputational model. The report will detail how the non-endangerment demonstratjon
uses site-ppecific conditions to confirm and demonstrate non-endangerment, The report will inclyde
(or appropriately reference): all relevant monitoring data and interpretations upon which the non-
endangerfnent demonstration is based, model documentation and all supporting data, and any other
informatipn necessary for the Director to review the analysis.

The report will include the following components:

— Sumnpary of existing monitoring data.

— Complarison of monitoring data and model predictiehs and model documentation.
— Evaluption of carbon dioxide plume.

— Evaluption of Mobilized Fluids.

— Evaluption of Reservoir Pressure.

— Evaluption of Potential Conduits for'’Fluid Movement.

— Evaluption of Passive Seismic-Data.

— Site Closure Plan.

— Site Closure Report,

11.12.1.2 Site.closure report

A site clojuréreport is prepared and submitted within 90 days following site closure, documenting the
following

— Plugging of the verification and geophysical wells.

— Location of sealed injection well(s).

— Notifications to state and local authorities.

— Records regarding the nature, composition, and volume of injected CO,.
— Post-injection monitoring records.

The site closure report is submitted to the permitting agency and maintained by the operator for a
period of 10 years following site closure.

80 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

11

ISO/TR 27923

.12.2Ketzin

:2022(E)

At the Ketzin demonstration site in Germany, a total of 67 kt of CO, was injected between June 2008
and August 2013, after which injection ceased and the site entered the post-closure phase. The criteria
for cessation of injection were that conditions stated in the permit had been met. The decommissioning
procedures took place during different stages.

Permit criteria for closure:

The quantity of CO, specified in the planning approval decision has been stored.
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The decommissioning and aftercare concept meets the legal requirements.
It is ensured that after decommissioning and during aftercare.
The long-term safety of the CO, storage system is guaranteed.

Absence of hazards to humans and the environment can be guaranteed because the
precautions are taken against adverse effects on people and the envirofiment.

112.2.1 Site dismantling downhole

e CO, injection facility was dismantled in December 2013. Reusable components, such 3
b tanks, the plunger pumps, the heat exchanger, and electri¢al heater system were recyc
nufacturer for further applications.
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Figure 7 — Cutting out samples of the casing for corrosioninspection (top) - zoomed view offa
sample (bottom) (Photes: GFZ)
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Fligure 8 — Two-cement abandonment strategy applied to the Ketzin wells, here displayed for
the well CO, Ktzi 200/2007

For the second cement bridge, the(location of the cement head within the annular space befween the
14pmm (5 1/2 inch) monitoring ‘and 244mm (9 5/8 inch) technical casing was identified by cement-
bopd logging (CBL) to define-the cutting depth of the 140mm (5 1/2 inch) casing. The casing was cut
by|a wireline jet cutter, pulled out and back-filled with a standard (API) class G cement brjidge plug.
Thijis procedure was repeated for the next casing sequence (either second technical or anchor(casing) to
crgate a third cementplug. From the retrieved casing, material samples for corrosion evaludtion were

talten (see Figure 7

Thiis two-stagéd-abandonment approach was applied in a direct sequence (this time without delay for
exfended seientific observation) to the remaining three deep wells Ktzi 200 (see Figure 8), Ktzi 201
anfl Ktzi 2037 The final abandonment of these wells was carried out in 2017 and took an avefage of 20
wdrkingdays per each well. The 89mm (3 1/2 inch) injection string from the injection well Ktzi 201 was
digmiantled and the fibre-optic pressure gauge at the end of the string was retrieved for later [re-use.

Another research investigation was conducted at the Ktzi 203 well. Its completion with glass fibre
reinforced pipes made the well suitable for side-track drilling. Two side-tracks were drilled and cored
prior to cementing, covering the lower part of the cap rock and the entire reservoir section. These core
samples had been in contact with the stored CO, for more than nine years; therefore, they provide
a unique sample set to study CO,-triggered changes in petrophysical and mineralogical reservoir
properties.

11.12.2.2 Site dismantling at surface

In the borehole cellars, the remaining outer casings were cut-off at the level of the basement floor. The
innermost casing was cut-off about 10 cm to 15 cm above the basement floor and welded to a 10 mm
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thick sheet steel lid. As an additional protective measure, a cover made of concrete with a thickness of

about 0,5

m was inserted.

The concrete foundations of the former injection facility, CO, tanks, and containers were broken and
cut for disposal. A seismometer array dug into the ground along the outside fence was left behind. Only
the cable feeders were disconnected, dismantled, and disposed of.

Lessons learned (Schmidt-Hattenberger et al., 2018 and references therein):

— For gas-filled wellbores, the combined well integrity monitoring program has been proven to be a
suitable substitute for CBL logs as demonstrated during the injection and post-injection phase.

— A twd
verifi

— The ipjection tubing could be completely dismantled: the pipes were in good condition; especig

their

— Thep
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Annex A
(informative)

Case studies project overview

A.I—General

Thie following 18 case studies provide additional background for projects discussed” wlithin this
dofument. These projects represent significant pilot and commercial efforts that'refle¢t storage

activities across the globe (see Figure A.1). In addition, shorter summaries of| note prepared for
representative CO, projects globally are given.
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Figure A.1 — CO, storage case studies'index map

Key
’7 CO, storage site
’7

CO,-EOR storage site

1 Aquistore 10 Lacg-Rousse Pilot Project

2 Bell Creek CO,-EOR project 11 Mountaineer

3 CO,CRC Otway 12 Nagaoka CO, Pilot Project

4 Cranfield 13 Quest

5 Gorgon 14 SACROC

6 [llinois Basin Decatur Project 15 Sleipner

7 [llinois Industrial €CS Project 16 Snghvit

8 [n Salah 17 Tomakomai

9 Ketzin CQ» Pilot Project 18 Weyburn/Midale CO,-EOR project

A.2 Aquistore

Project description - The Aquistore CO, storage site (see Figure A.2) is located in southeasternmost
Saskatchewan, Canada. It is owned by SaskPower, the operator of the Boundary Dam coal-fired power
plant where CO, is captured at a rate of up to 2 250 t/d. The majority of the captured CO, is delivered
to the nearby Weyburn-Midale oil field for enhanced oil recovery and the remainder is delivered by a
3 km long pipeline to the Aquistore site where it is injected into a deep saline formation. Injection began
in 2015 with sustained injection rates of 400 t/d to 600 t/d, although injection rates have been highly
variable due the capture rates and ongoing delivery to Weyburn-Midale. As of July 2020, approximately
300 kt of CO, has been injected.
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Figure A.2 — Location of Aquistore site
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froleum Technology Research Centre and was initially funded by the federal and
bernments as well as industry sponsors. Research within the project is focused on eff

s as a test facility for demonstrating new monitoring methods.

plogical setting - The CO, storage reserveir at the Aquistore site is located within the |
eozoic section, immediately above ‘theé Precambrian basement. The reservoir comy

CO, injection and storage. These brine-saturated basal sandstones have been used for w
posal elsewhere in Saskatchewan. The overlying Winnipeg Formation includes a lower
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Thie Middle Devonian Prairie Formation is an about 200 m thick evaporite sequence at 2 500 m depth

that forms a competent regional secondary sealing unit for CO, storage at the site.

Permitting and regulafion type - CO, injection at the Aquistore site was originally permitted under
ex]sting oil and gasiregulations in the Province of Saskatchewan. Whereas a variety of nmonitoring
mdthods have been employed at the site, those required by regulation include pressure mpnitoring,
wdter well sampling, and passive seismic monitoring.

Pertinent'data - There are two wells at the Aquistore site; an injection well and an observation well,
separated by 150 m. The initial aquifer pressure at the storage site was about 35 MPa at a datum depth

of B*400 m with a temperature of approximately 110 °C. As part of the project there are a total of 40
groundwater wells that are monitored including local domestic wells, SaskPower monitoring wells and
19 Aquistore project wells.

A.3 Bell Creek CO,-EOR

Project description - The Bell Creek oil field is in southeastern Montana near the northeastern edge of
the Powder River Basin (see Figure A.3). The Bell Creek unit is operated by Denbury Resources. The
field has been under CO, flood since May 2013 and under some form of development for nearly 60 years
prior to that. Oil has been produced in the field via primary, secondary (waterflood), and now tertiary
recovery methods. The cumulative recovery prior to CO, flooding is 21,1 million m3, 37,7 % of original
oil in place (Gorecki, 2012). CO, flooding to date has recovered nearly 1 million m3 of incremental oil
production through injection of over 10 Mt.
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Figure A.3 — Location of Bell Creek CO,-EOR site

Project fofus - Bell Creek is a commercial CO, enhanced oil recovery project which has been developgd,
to date, with six phases of development. The initial development ateas (Phases 1 through 4) were
developed at 80-acre pattern spacing with 5-spot pattern orientation (injector in the centre of four
producerg). A combination of previous existing wells and new drills'were used to complete the patterjns,
and most |of the original oil in place (OOIP) in each of the phases'is covered with patterns. The centjral
injector iil each pattern is set up to inject either CO, or water. The producers do not have artifidial
lift equipinent (they flow naturally) because the field is kept at elevated reservoir pressure. The figld
achieved this elevated reservoir pressure through fill-tp with water injection once the wells were in
place.

Phases 5 4nd 6 are the most recent developments..They are also completed with 5-spot patterns but are
wider spaked at 0,65 k m? (160 acres).

The Plaing CO, Reduction (PCOR) Partnership, led by the Energy & Environmental Research Cenfer
(EERC) and supported by the Department of Energy, is working with Denbury Onshore LLC (Denbuty)
to determjine the effect of a large-sdale’injection of carbon dioxide (CO,) into a deep clastic reservoir for
simultangous CO, enhanced oil recdvery (CO,-EOR) and CO, storage. This effort has resulted in seveyal
monitoring approaches being-tested and extensive reservoir characterization and modelling studies

Geological setting - The producing formation in Bell Creek is the Lower Cretaceous Muddy (Newcastle)
formation| at a depth of\! 310 m to 1 370m. The Muddy formation is characterized by clean, high-
porosity (25 % to 35\%), and high-permeability (100 mD to-1 175 mD) sandstones deposited in a nepr-
shore mafrine environment. The Muddy formation in Bell Creek features an updip facies change from
sand to shale that serves as a trap. The estimated original oil in place is 56 million m3 distributed
between thrée main pay sands: B10, BC20, and BC30. The primary seal for the formation is provided
by the ové¢rlying Mowry shale formation. On top of the Mowry shale are several thousand feet of Iqw-
permeability shale formations, including the Belle Fourche, Greenhorn, Niobrara, and Pierre shales,
which provide redundant layers of protection in the unlikely event that the primary seal fails.

The reservoir is subnormally pressured with an initial reservoir pressure of only 8,3 MPa (hydrostatic
pressure would be 14,5 MPa). The CO, miscibility pressure is estimated at 9,25 MPa, as per slim tube
and PVT study results. The field is currently operated at 21 MPa to keep CO, in the dense phase and the
process largely miscible. The pressure is well below the fracture pressure of the reservoir and overlying
seal. This operating pressure also allows the wells to flow, reducing the requirement for artificial lift.

Permitting and regulation type — The projectis permitted and regulated as an oil and gas project by the
Montana Board of Oil and Gas Conservation.

88 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:2022(E)

Pertinent data - The CO, for field injection is from the ExxonMobil LaBarge gas plant and the
ConocoPhillips Lost Cabin gas processing plant in Wyoming. Total CO, delivered to the field is
approximately 3,26 Mm3/d. The CO, is transported to the site via a 373 km pipeline and is compressed
to 15 MPa for injection. New CO, acquired to date is over 51 km3 and is scheduled to continue at
declining rates as the field matures and full development is reached. An ultimate CO, mass of 12 Mt is
estimated to remain in the field at project completion. CO, produced in association with oil and water
production is compressed and reinjected (recycled) into the reservoir.

A.4 CO,CRC Otway Project

Prpject description - The CO,CRC Otway Project is a research-oriented capture and storage|project in
soyith-west Victoria, Australia (see Figure A.4), managed by the CO,CRC, an organization fpcused on
CCP research. The project, now in a third phase, has conducted a wide range of inngyative stjudies into
carbon storage mechanisms in the subsurface and monitoring and verification techniques since 2003.
Support for the project has come from State and Federal governments, and a wiide range of industrial
anfl research partners.
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Figure A.4 — CO,CRC Otway project site

COL, Source - A natural undeveloped CO, field (Buttress) approximately 2 km from the injectjion site. A
sinjgle productienmwell produces 80 % CO, and 20 % CH, which is removed prior to injection.

Stqgrage type/- The first phase used a depleted gas reservoir suspended in 2004 (Naylor Fi¢ld) in the
WaarretFormation (Unit C). The second phase used the Paarratte Formation, a saline aquifer, to test
trgpping mechanisms (Sharma et al,, 2011). The third phase also uses the Paarratte Formatiopn.

Geological setting - The Waarre C unit is poorly sorted sandstone with fine to coarse quartz sands
about 35 m to 40 m thick in the area of the Naylor Field. The Belfast Mudstone forms the seal to the
Waarre and is about 400 m thick. The Paarrate Formation, from 250 m to 400 m thick, is comprised of
sands of low to high permeability (0 mD to 250 mD) with thinly interbedded intra-formational seals.
The Pember Mudstone and Massacre Shales are the sealing units.

Pertinent data - During the first phase of the project over 64 kt of CO, were injected into the Waarre
C Member of the Naylor Field. During Phase 2, 15kt CO, was injected into the Paarratte reservoir. This
reservoir is also used in Phase 3 with the potential of 40 kt to be injected.
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A.5 Cranfield

Project description - The Cranfield Unit is a historic oil producing field (see Figure A.5) which was
reactivated for CO,-EOR operations; the first CO, injection commenced in July 2008. The Southeast
Regional Carbon Sequestration Partnership (SECARB), led by the Gulf Coast Carbon Center of the
Bureau of Economic Geology at the University of Texas, initiated research on the project which included
monitoring and assessment technologies focused on CO, injection (United States Department of Energy
- National Energy Technology Laboratory, 2015). The research consisted of site characterization, risk
assessment and the drilling of three wells for cross-well electrical resistance tomography (ERT) and
pressure surveillance.

OklahomaCi
B

0 200 400km 0 200 400 mi

Figure A.5— Cranfield site

CO, sourde - The CO, supplied for thexCO,-EOR project is a natural CO, source located near Jackspn,
MS and if delivered to the projectvia pipeline. From July 2008 until March 2015 more than 5 Mt of
CO, had Heen injected at the site((United States Department of Energy - National Energy Technolqgy
Laboratorjy, 2018).

Storage type - The mechanism for storage is incidental to CO,-EOR.

Geological setting - The-Cranfield Unit consists of the clastic Lower Tuscaloosa formation at a deptH of
3 000 m. The Tuscaloosa has been geologically folded into a domed structure due to an underlying galt
diaper. THe LowersTuscaloosa at Cranfield is a series of stacked and incised channel fills of sandstones
and conglpmerates. The primary sealing formation is a thick marine shale of the Mid-Tuscaloosa wijith
additiona] sealing shales of the Midway Formation. The original oil producing horizon of the Lower
Tuscaloosaatthetranfretdstructure trad—=am UpSTTucture gdas cdap ard duwudip satimewater dqui-er.
During the historical primary production period of the unit the gas cap was blown down prior to the
abandonment of the field.

Pertinent data - The Cranfield research project is best known for the Detailed Area Study where 3
closely spaced (interwell spacing of 29,9 m and 69,8 m) wells were drilled; the centre well being a CO,
injection well and the offsetting wells were for monitoring. The observation wells were cased with
fiberglass pipe to facilitate ERT and a time lapsed study was conducted at intervals during the study
period. During the study, data acquired and analysed included cross-well seismic, time lapsed VSP, ERT,
pulse neutron logging and pressure transient testing (Hovorka et al., 2011).
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A.6 Gorgon

Project description - The Gorgon project is located on Barrow Island (see Figure A.6), a class A nature
reserve, about 60 km off the coast of Western Australia (Trupp et al., 2013). The project is operated by
Chevron Australia and is a joint venture among Chevron, ExxonMobil, Shell, Osaka Gas, Tokyo Gas and
JERA. This immense, complex project uses a subsea gas gathering system to produce natural gas from
the giant offshore Gorgon and Janz-Io fields which is then brought back to Barrow Island for processing.
The carbon dioxide injection component of the project commenced in August 2019 making it the largest
carbon injection project in the world.

T
115 120 125
0 200 400 km 0 200 400 mi
| =) |

Figure A.6 —Location of Gorgon project site

CQ, source - The offshore gas fields.Gorgon and Jansz contain 14 % and less than 1 % CO,, regpectively,
which is separated from the gas at the liquified natural gas plant on Barrow Island. The CP, is then
trgnsported by pipeline to one of three multi-well centres.

Stqrage type - Injection-and storage of the separated CO, is into the Dupuy Formation, an inferbedded
sapdstone and siltstofie-aquifer. The project will use an active pressure management systen] by which
wdter is extracted ftom the reservoir and injected at another interval.

Geplogical setting - The Dupuy Formation under Barrow Island occurs around 2 300 m depth and is a
turbidite fandeposit between 200 m to 500m thick comprising massive sands which is the majin storage
fadies. Trapping mechanisms are mainly through CO, solution and residual trapping. The|overlying
Bakal Barrow Group Shale is a marine shale and forms the seal to the storage reservoir.

Pettident data - Because of the different (‘ﬂ content of each nrndnr‘hnn reservoir, Fﬂ injdction will
vary between around 3,4 Mt/year to 4 Mt/year and involve up to 9 injection Wells A total of 100 Mt

is planned for injection over the project lifetime. Monitoring is conducted using time-lapse seismic,
observation wells and environmental sensors.

A.7 Illinois Basin Decatur Project

Project description - The Illinois Basin Decatur Project is an integrated bioenergy CCS (BECCS)
demonstration project conducted at Archer Daniels Midland Company’s corn processing facility in
Decatur, IL, USA (see Figure A.7). The project is led by the Illinois State Geological Survey through the
Midwest Geological Sequestration Consortium and industry and research partners. The project was
funded mainly by the US DOE National Energy Technology Laboratory.
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Figure A.7 — Location of Illinois Basin Decatur project site

pure and requires minimal treatment (dehydration) prior to injection.

solids.

setting - The Mt. Simon Sandstone-is a regional sandstone deposited during the inif
the formation of the Illinois Basin; At the Illinois Basin Decatur Project (IBDP) site the
ludes fluvial, aeolian, barrier sands and tidal flat facies and is about 453 m thick. The lov
e formation is used for injection where diagenetic processes have enhanced porosity a
ity: average porosities near)20 % and permeability of 185 mD. The Eau Claire Shale is the s
brvoir and is about 152 mthick at the site.

data - The Illinois‘Basin Decatur Project (IBDP) site includes one injection well (CCS1), g
itoring well (MM1), one dedicated geophysical well (GM1) and a variety of near surf:
g wells and equipment. 999 kt of CO, were injected between 2011 and 2014. Post Inject

Site Care fnonitoringthas been ongoing since end of injection. This is the first project to obtain a Class

permitin

the USA.
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e - The CO, is derived from the byproduct of corndfermentation to produce ethanol fuel. If

is

'pe - Deep saline aquifer in the Cambrian.Mt. Simon Sandstone that has over 22,5 % total

ial
Mt.
Ver
nd
pal

ne
ce
on
VI

heis Industrial CCS Project

Project description - The Illinois Industrial CCS project (IL-ICCS) is an integrated bioenergy BECCS
commercial project conducted at Archer Daniels Midland Company’s corn processing facility in
Decatur, IL, USA (see Figure A.8). The project built off the findings of the Illinois Basin Decatur Project
and is injecting around 1 Mt/year CO, approximately 1,6 km north of the Illinois Basin Decatur Project
(IBDP) injection site. The project is managed by ADM with operational and monitoring assistance from
Schlumberger and the Illinois State Geological Survey. The project was funded by ADM and the US DOE

- National
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Energy Technology Laboratory.

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=ab701ae9aa4a2e2601628a671059cfe2

ISO/TR 27923:

45

Om%‘c Des Mome‘
Ilinois Industrial CCS |

2022(E)

Co
ov

Std
dis

Ge
ph
Sin
pa
pe
to

Pe
on

40— arF \l. -+
Cincinnat]
St.Louis
m]
T T T
-95 -90 -85

0 200 400km 0 200 400 mi

Figure A.8 — Location of Illinois Industrjal CCS project site

br 99 % pure and requires minimal treatment (dehydtdtion) prior to injection.

rage type - Deep saline aquifer in the Cambriah Mt. Simon Sandstone that has over 22
solved solid.

plogical setting - The Mt. Simon Sandstone is a regional sandstone deposited during

hon includes fluvial, aeolian, barrief sands and tidal flat facies and is about 453 m thick.
't of the formation is used for (injection where diagenetic processes have enhanced poj
Fmeability: average porosities hear 20 % and permeability of 185 mD. The Eau Claire Shale
the reservoir and is about, 152 'm thick at the site.

tinent data - The IL-ICES site includes one injection well (CCS2), one deep monitoring w
e dedicated geophysical well (GM2) and a variety of near surface monitoring wells and e

b source - The CO, is derived from the byproduct of corn fermentation to produce ethano| fuel. It is

5 % total

the initial

hses of the formation of the Illinois Basin. At the Illinois Basin Decatur Project (IBDP) site the Mt.

The lower
osity and
is the seal

1l (VW2),
gquipment.

Stqrting April 2017 dpproximately 1 Mt/year of CO, is being injected into the lower Mt. Simon Jandstone.

Injection at CCSZisabout 100 m higher stratigraphically than injection at CCS1 (Illinois Basi

Pr
to

A.

bject) and con'siderably fewer microseismic events are recorded. This is the first commerc
pbtain Class VI permitting in the USA.

D “In'Salah

n Decatur
al project

Project description - The In Salah project (see Figure A.9) is an industrial-scale CO, storage project,
located in the Central Algerian Sahara (see Ringrose et al., 2013 which is the primary source of this
summary). The project operated from 2004 to 2011 as is a joint venture (JV) Project between BP,
Sonatrach and Statoil, in the Central Algerian Sahara. The source of CO, is natural gas processing which
removes the 5 % to 10 % CO, contained within gas produced in the Krechba field. CO, is removed from
the production stream to meet gas export specifications of less than 0,3 % CO,. CO, injection started in

20

©lI

04 and was suspended in 2011 due to concerns about the integrity of the seal.
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Figure A.9 — Location of In Salah

cus - The In Salah project was operated as an experimental demonstration project to sty
be in a deep saline formation. The original objectivé was to monitor the CO, storage usin
geochemical, geophysical, and production techniques over an initial five-year period.

hticline at 1 900 m depth. The reservair-sandstones were deposited in a tidal deltaic sett
hverage porosity of 15 % and variable permeabilities in the range of 0,1 mD to 300 mD. T

reservoir is sealed by a 905 m_thick interval of Carboniferous mudstones that in turn 4
y approximately 900 m of Cretacebus sandstone and mudstone.

data - 3,86 Mt cumulativeljzinjected during 2004 to 2011. CO, was injected using three lol
izontal wells that weresdrilled orthogonal to the predominant reservoir fracture directi
as injected in a water-leg'on the flank of the anticline, down-dip from the producing gas zo
brvoir pressure and-temperature were 17,5 MPa and 90 °C, respectively.

zin CO, Pilot Project

pscription- The first European on-shore CO, injection storage site has been operated
ermdn-Research Centre for Geosciences. The project was a dedicated as a pilot project

was inject

monitoring

setting - The storage reservoir is a 20m_t0-25 m thick Carboniferous sandstone unit withi

dy
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nshore geological storage in a saline sandstone formation. A total mass of about 67 kt of

a A 008 a 0 he O nie aVallla e edin - Auga 0 nd-the
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program ended in 2017 with the back-filling and decommissioing of all wells. The storage

site (see Figure A.10) is closed now and the area is used for another purpose. GFZ as operator has co-
ordinated a range of national and European CO, storage related projects and their published results
can be received from the website http://www.co2ketzin.de/en/publications/.
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Figure A.10 — Location of Ketzin:CO, pilotproject site

bject focus - The pilot storage site received funding from the European Commission F
pgrammes FP6 & FP7, the German Federal Ministries of Economic Affairs & Energy (B
pcation & Research (BMBF), and its indust¥ial partners. The Ketzin pilot project was a
[ter understanding of geological CO, sterage operation in a saline aquifer. It was charac
hulti-disciplinary monitoring programme comprising geophysical, geochemical and micrd
estigations. The food-grade qualit§,€0, (99,9 %) was delivered from the chemical indu
nditioned at the injection facility jonsite, and transported via a short pipeline to the injg
e project has demonstrated the.full life-cycle of a CO, storage reservoir, inclusive post-injg
sure phase and transfer oflliability. The project was accompanied by broad and transpar
ations work.

'mitting and autherization type - The permitting framework for siting and licen
ministered by the \mining law of the federal state of Brandenburg, the licensing authorit]
hing Authority of Brandenburg (LBGR). The GFZ German Research Centre for Geoscience
ponsible operator and site specialist, the company VNG Gasspeicher GmbH, a German g

rage velume would not exceed 100 kt, thus preserving the characteristic of a pilot project.

rtinent data — There are five wells drilled, four of them have total depths in the range of ab

to

famework
MWi) and
imed at a
rerised by
biological
stry, pre-
ctor well.
ction and
ent public

sing was
y was the
s acted as
IS storage

vice operator, was the land owner of the site. In the main operating plan, it was stated thalt the total

out 700 m

B0Q m, andonewellhasthe r‘]apfh 0f418 m Oneofthe dnnp well acted as in}'pr'fnr’ thethree

others for

monitoring purposes only, and the shallow well served as above-zone indicator well. The initial aquifer
pressure at the storage site is 6,2 MPa at depth of 630 m (storage target zone) with a temperature of
33 °C. The storage zone total thickness ranges from 15m to 20 m. As a consequence of the injection
process, the reservoir condition reaches temperatures up to 36 °C and pressures between 7,4 MPa and
7,8 MPa at the injection point. The minimum injection rate was 1,6 t/h and the maximum rate 3,2 t/h.

Th
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e total amount of CO, injected was 67 kt over a period of 5 years.
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A.11Lacq-Rousse Pilot Project

Project description - In 2006, the Total company launched an end-to-end industrial chain CCS project
comprising the capture, transport and injection of CO, into the depleted onshore gas reservoir of Rousse
(see Figure A.11). This CCS pilot was located in the Lacq basin 5 km south of Pau (around 140 000
inhabitants) and approximately 800 km from Paris. Construction started in 2008. In May 2009, Total
was permitted to operate the pilot. The whole CCS pilot started on 8 January 2010. The last injection
of CO, took place on 15 March 2013. More than 51 kt of CO, were injected during those 39 months. The
three-year post-injection monitoring period ended in 2016.

0 200 400 km 0. 200 400 mi
P e— ! |

Figure A.11 — Locatienof Lacq-Rousse pilot project site

Project fofus - The Lacq-Rousse projeetentailed the conversion of an existing air-gas combustion boiller
into an oxfygen-gas combustion boiler) using oxygen delivered by an air separation unit to obtain a m¢re
CO, concgntrated (and easier to_capture) flue gas stream. The 30 MWth oxy-boiler was able to deliyer
up to 38 §/h of steam to the HR_steam network of the sour gas production and treatment plant on the
SEVESO-dlassified Lacq industrial complex. After quenching of the flue gas stream, the rich CO, stream
was compressed (to 2,84v1P4), dried and transported as a gas phase via existing pipelines to a depleted
gas field, P9 km awayiwhere it was injected in the deep Rousse reservoir. Main objectives of the pilot
were to d¢gmonstrate'the technical feasibility and reliability of an integrated chain, to acquire operating
experience and data’to upscale the oxy-combustion technology from pilot to industrial scale, to develop
and apply| geological storage qualification methodologies, monitoring methodologies and technologjes
on site anfl finally, to promote CCS.

Permitting and authorization type - In 2006, regulation for CCS in Europe was not yet implemented (EU
directive 2009/31/EC only came into force on June 2009). French authorities decided to execute the
project under both the French Mining Code (for the subsurface aspects) and the French Environmental
Code (for surface installations aspects). They took into account all recommendations written in the
draft of the EU directive. In May 2009, Total was permitted to operate the pilot for a maximum injection
of 120 kt of CO, over two years and three years of post-injection monitoring. In 2011, Total requested
an 18-month extension to allow for finalization of the R&D program. French authorities answered
positively and a complementary permit was issued in November 2011. The amount that could be
injected was at that time revised and limited to 90 kt of CO,.

Pertinent data - The Rousse reservoir is intersected by only one well: Rousse-1. Rousse reservoir is
4 500 m deep and is composed of dolomites and dolomite breccias of Upper Jurassic age. The first
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overlying aquifer is 2 500 m from the top reservoir. During gas production phase (mid 1970s-late
2000s), reservoir was depleted from about 34 MPa to about 4 MPa. Reservoir pressure rose again
to reach about 8 MPa at the end of the CO, injection period. The monitoring plan included reservoir
pressure, microseismic monitoring, and environmental monitoring (groundwater, surface water, fauna,
flora, soil gases and atmosphere). A full report of the project results is available online: https://www
.globalccsinstitute.com/archive/hub/publications/194253/carbon-capture-storage-lacg-pilot.pdf.

A.12 Mountaineer

Prej
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validation project received no U.S. federal funds; it operated more than 6 500,h, captured fnore than
50{kt of CO,, and permanently stored more than 37 kt of CO,.
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Figure A.12 — Location of Mountaineer project site

Project focus - The project was used to evaluate the feasibility of a commercial-scale storage system
(235 Megawatt, or approximately 1,5 Mt CO, per year). It was preceded by a U.S. Department of Energy

(D OEY fandad citn chavantayigarion and o alhiliey Sccnccannt racaapel e ain s Fv-nm 2002 +o 2007 The

T oot STtC AT aC te T IZo troTr aitor tTCTa STOTITCY u.:.n.._r._unu.xxt. TCoSTort \.AA PT UJ\.\.L \S2vsar~avavivan v

DOE study included a seismic survey and drlllmg of a stratigraphic test well (AEP-1), which identified
the Rose Run Sandstone and the Copper Ridge Dolomite as potential injection zones.

CO, source - An Alstom system captured up to 90 percent of the CO, from a slipstream of flue gas
(equivalent to 20 megawatts of generating capacity) at the APCO Mountaineer power plant, which had a
total capacity of 1 300 megawatts.

Geology - A total of 10 kt of CO, was injected into the Rose Run sandstone at a depth of 2 362 m to
2392 m, and 27 kt of CO, were injected into the Copper Ridge dolomite at a depth of 2 482 m to 2 545 m.
Injection ceased on May 28, 2011.

Permitting and authorization - The injection wells were permitted under the West Virginia Department
of Environmental Protection (WVDEP) Underground Injection Control (UIC) Permit No. 1189-08-53 as
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