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Foreword

:2018(E)

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.

nance are

depcribed in the ISO/IEC Directives, Part 1. In particular the different approval criterianeeded for the

Ti:t procedures used to develop this document and those intended for its further mainte
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ed

At

pa
an
on

An|
co

For

ex
Wi
UR

Thliis document was prepared by Technicali'Committee ISO/TC 265, Carbon dioxide
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torial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

ention is drawn to the possibility that some of the elements of this document may be the
fent rights. ISO shall not be held responsible for identifying any or all sugh patent rights.

the ISO list of patent declarations received (see www.iso.org/patents))

1stitute an endorsement.

rld Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see the
L: www.iso.org/iso/foreword.html.

nsportation, and geological storage.

b with the

subject of
Details of

y patent rights identified during the development of the document will’be'in the Introduction and/or

y trade name used in this document is information given for the convenience of users andl does not

an explanation on the voluntary nature of standards, the meaning of ISO specific terms and
pressions related to conformity assessment, as well:as information about ISO's adherence to the
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capture,
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Introduction

Carbon Capture and Storage (CCS) is a process that can mitigate the CO2 emissions from power plants and
other industrial sources of CO2. CCS draws on many decades of experience in the electricity generation,
industrial gas separation, chemical and manufacturing industries, and oil and gas industries, including
substantial experience with subsurface injection techniques.

Many of the individual processes (or project phases) that are linked together to comprise a CCS chain
have been proven for some t1me albelt often in dlfferent contexts. Others are stlll be1ng developed or
adapted te- A : on represents

and chall¢gnge upon comprehensive risk identification. Risk assessment (detailed«isk description and
quantificdtion) is completed using all available data, and assessment refreshed with updated numerigal
simulatiops which enable comprehensive risk analysis throughout the projéct'lifecycle. The projgect
lifecycle gxtends across all project phases from business development to sité selection through pgst-
closure. Together, risk identification, assessment, analysis, evaluation,-management, and treatment
are integrated into a risk management plan. The risk management plan aids in decision-making by the
owner/opgrator and, to the extent the results of planning are commfinicated, aids other stakeholderg in
evaluating the project.

Keys to the success of the risk management plan are the integration and iterative application of rjsk
assessment, risk data, and risk analysis. Risk analysispand numerical simulation help to identjfy,
estimate ind mitigate risks that may arise from CCS projects. These tools are also useful to optimjze
the design and operation of the monitoring, verification, and accounting aspects of the projects and dan
serve to iffform and facilitate more effective site characterization and model improvement. Importantly,
risk tools can be used to shape the design and operation of preventive and remediation options at evéry
stage in the project lifecycle. Effective risk. management communication to stakeholders who may|be
affected i crucial to the success of the project. The risk management plan can serve as a key component
of the infdrmation handled through the public outreach and communication plan.

vi © ISO 2018 - All rights reserved
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Lifecycle risk management for integrated CCS projects

1

Scope

This document is designed to be an information resource for the potential future development of a
standard for overall risk management for CCS projects. The risks associated with any one stage of the

CCP process (capture, transportation, or storage) are assumed to be covered by specific-st
within ISO/TC 265 and other national and/or international standards. For example;

asgociated with CO; transport by pipelines are covered in ISO 27913. The scope of this do
inended to address more broadly applicable lifecycle risk management issues for integ
projects. Specifically, the focus of this document is on risks that affect the overasching CCS
risks that cut across capture, transportation, and storage affecting multiple stages. It needs t
that environmental risks, and risks to health and safety should be very low, for CCS projectd
the¢ project is carefully designed and executed. Risk identification and management is part

dil
Al

Cl3
all

—

gence process.
ist of acronyms is included in Annex A.

use 5 includes an analysis of how a CCS standard could addt€ss aspects of risk analysis th:
elements of the CCS chain, such as:

risk identification (identifying the source of risk, event, and target of impact));
risk evaluation and rating;
risk treatment;
risk management strategy and reporting.

juse 6 comprises an inventory of theloverarching and crosscutting risks. These include issug
environmental impact assessment;
risk communication and public engagement;

integration risks between capture, storage, and transportation operators, such as ris
conformance of CQ3 stream to required specifications;

integrationtisks associated with shared infrastructure (hubs of sources, common pipelin
storage sites);

riskswresulting from interruption or intermittency of CO; supply and/or CO; in-take;

andard(s)
the risks
cument is
rated CCS
project or
b be noted
provided
bf the due

it apply to

bs such as:

k of non-

bs, hubs of

risks associated with policy uncertainty;

incidental risks from activities related to the capture, transportation or storage processes without

being specifically covered in the respective standards (e.g. management or disposal
produced as a by-product of CO3 storage).

of water

Clause 7 describes implications and considerations for a potential standard on lifecycle risks for
integrated CCS projects.

1)

©lI

As defined in ISO 31000.
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2 Normative references

The following referenced documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any amendments)
applies.

ISO 27917, Carbon dioxide capture, transportation and geological storage — Vocabulary —
Crosscutting terms

3 Terms and definitions
For the pyrposes of this document, the terms and definitions given in ISO 27917 apply.

ISO and I§C maintain terminological databases for use in standardization at the following addresses

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

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

4 Geng¢ral information on lifecycle risk management for €€S

4.1 Usdfulness and benefits of lifecycle risk management

Overarching, or crosscutting risk management may help irform future investment and regulat¢ry
decisions [regarding the risks associated with a CCS projectdifecycle. Such evaluations of overarching
lifecycle rjsk already have been performed for previous CCS*projects, either as part of an Environmental
Impact Agsessment [Gorgon (Chevron) and Shengli Dongying (SINOPEC)] or as a requirement of the
regulatory or permitting process.

A future Ipternational Standard that builds on previous requirements in relevant industries could help
future project developers in meeting permitfing requirements and help ensure that risks associated
with a CC$ project are comprehensively identified, evaluated, and managed. In addition, it may prom¢te
an appropriate management of risks to health, safety and the environment in areas where regulatgry
frameworks are less comprehensive,and it may inform future regulatory developments.

4.2 DeTning lifecycle for anintegrated CCS project

Most of the organizationsithat have previously published guidelines or standards for CCS risks hgve
focused on the lifecycle,of'the storage component of a CCS project. Figure 1 to Figure 6 present varigus
lifecycle descriptions{fom published sources.

Time in Years 1-7 10-50 1-5 10 plus

>

Site Characterization and Selection Operations Closure Post-Closure

Figure 1 — Timeline for a CCS project defined in the WRI guidelines for carbon dioxide capture,
transport, and storage (Forbes et al., 2008)

2 © ISO 2018 - All rights reserved


https://www.iso.org/obp
http://www.electropedia.org/
https://standardsiso.com/api/?name=0f3d97e4fe98114b7afb217664fdcb2c

ISO/TR 27918:2018(E)

FINAL INVESTMENT DECISISON DECOMISSIONED
v v

PLANNING CLOSED

Project phase
and stage

E

&

Identify Evaluate Define Execute - Post closure
« Consider high- « Examine short « Examine « Undertake « Operate the asset * Decommission « Monitor
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Exploration
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lifecycle phases and milestones described in the guidance doc
tation of Directive 2009/31/EC (European Communities, 2011)32]

Figure 2 — The project Lifecycle Model of a CQ&?‘
(GCcst,

Injection

N

Injection/
Closure
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oject developed by the Global CCS Institute
015)
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Project
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® 6 6 6 6 o O o

Initiate Select Select  Storage Permit Initiate Initiate CO, Qualify for Decommission

Project  Prospective Sites Storage Sites

injection Site Closure

application Construction

Risk Management

| Screening & Appraisal Permitting | s o o — Permitting

Risk Management |(]

Figure

EP- Exploration Permit
* SP- CO, Storage Permit

TOR- Transfer of Responsibility

4 — Carbon dioxide geological storage project lifecycle and associated qualification

statemerits, relevant permits and project milestones defined by DNV((DET NORSKE VERITAS AS,

2012; Det Norske Veritas, 2009)

Storage project life cycle

1
Limits of the standard

o e
1
1
1

1 1
i i
1 Iterative S C . 1
: process - Stast: essation :
H of injection of injection H
] ' ;
" Postinjection period
_ | Site screening Site Design and Operational T Post-Closure
Entity | and selection | characterizations development period I period (not
. period period period Closure period I included in the
' | standard)
I I
(Private) 1
operator | 1
Regulatory
uthority
Dgsignated
Juthority.
\.‘IUbulC pUillL. I dllbrCl Url Cprllbd‘UﬁiL_y dlll,‘l lld‘UlllLy

Figure 5 — Lifecycle of a CCS project as defined in Z741 (Canadian Standards Association, 2012)
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Limits of the standard
1 1
1 1
1 Investment Start Cessation 1
: Decision of injection of injection :
1 1
[ . . . 1
Site Screenin Site Design and
i 1 g 8! i 1 -
Period Name 1 and Selection Characterization Development Operation Closure 1 Post-Closure
L)

Operator

Regulatory
Authority

oV
Ing
de
op
pr

A
ten
us
Sta
to

Fo

Figure 6 — Lifecycle of a CCS project as defined in in the International Standard f({hlarbon

®

brsight to elucidate the risk source and interaction effect. It was develope

bration and closure and into the post-closure period. Figure 7 also '@udes the component
ject, the disposition of the CO; stream and the risk managemen{t\ onsibility.

CCS project lifecycle includes the subsystems (capture, th?portation, and storage) @

ndards Association, 2012) to describe the project 1'{9@ cle for a CCS storage project and |
the applicability of the standard.

Begins Select site & Storage Initiate Start ®

concept studies engineering authorization Construction lnject@
concept

Cease Transfert
injection responsibili

Dioxide Capture, Transportation, and Storage—Geologic Storage (ISO DI$@914)

sed on the (flobal CCS
titute’s (Figure 2) and Canadian Standard Association’s (CSA) definiti 1@-0 lifecycle (Figure 5). As
scribed in Figure 7, the CCS project lifecycle includes all phases of a CC&P oject from start-up through

Figure 7 presents the CCS project lifecycle from the point of risk manag((;%éh\responsibility and

s of a CCS

s well as

hporal elements (project design and initiation, operation; closure, and post-closure). Fighire 5 was
bd in the Canadian Standard’s Association’s “Z741-12 Geological storage of carbon dioxide” [Canadian

mitations

operator

Sub-phase 4\ Component
. . N
Opportunity Feasibility . ‘ p . S
and planning study Eng,’l g | Construction Capture Transport Injection Storage
€02 & i
behavior §\ CO2 present underground CO2 present undergrpund
(Private)

Regulatory N
authority N

Designated %\
authority O\

Q‘V

@e 7 — Proposed CCS project lifecycle from a risk management viewpoint

h start-up

ph

"é&%urposes of this document, the lifecycle of a CCS project is defined as having
s A"

xhich includes nppnrhmify’ plnnning, pnginppring and construction; an operatio

al phase

which includes capture, transportation and injection; a closure phase; and a post-closure phase. The
“decommissioning” stage referenced in Figures 2 and 4 has been omitted because of differences in
timing and interpretation across various industries and countries.

4.3 Examples of overarching risk assessment processes conducted for CCS projects

While many tools exist to plan, prepare, and execute risk assessment, analysis, and planning, the
following is a brief discussion of the major processes used in the planning and execution (where
applicable) of a number of CCS projects. This list includes the risk assessment tools and approaches
considered or used by the following projects (operators in parentheses): Weyburn (Cenovus), Gorgon
(Chevron), FutureGen 1.0 (FutureGen Alliance), Peterhead (Shell) and White Rose (National Grid
Carbon), In Salah (BP), K12-B (GDF Suez), Lacg-Rousse (Total), Snghvit (Statoil), Otway (CO2CRC),

©lI
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PurGen (SCS), Cemex CCS (Cemex), Aquistore (Petroleum Technology Research Centre, or PTRC), and
the Regional Carbon Sequestration Partnerships (RCSP, US DOE).

Features, Events, and Processes (FEP) database [Quintessa]: This is an online database tool
developed by Quintessa, a scientific and mathematical consulting firm. The database covers
technical, operational, and programmatic risks and is used as a qualitative screening tool for health,
safety, and environment (HSE), causalities, and environmental (water and air) impacts. Expert
input is required both to describe chains of events by which impacts could occur (scenarios) and to
describe and quantify the associated risks. This tool has been employed at the Weyburn (Cenovus)
and In Salah (BP) projects (Quintessa, 2013).

Perfdrmance Assessment (PA) Framework for CO2 [Quintessa]: In addition to the FEP datdbalse,
Quintessa has also developed an evidence-based qualitative and quantitative tool which~covers
technlical, operational, and programmatic FEPs. PA allows for the stakeholder assessment| of
decisions and uncertainty of a project. This tool has been employed at the In Salah (BP}and Qupst
(Shell) (Quintessa, 2008).

Risk Assessment Methodology [TNO] The TNO methodology covers technicaband programmdgtic
risks,|focusing on human causality, environmental and groundwater risks. Expért input is requited
to establish the probability and consequential matrices that can demohstrate long-term safety
perfoymance of the underground storage of CO; (TNO, 2016). TNO has also developed Carhon
Storage Scenario Identification Framework (CASSIF) (Sijacic et al., 2014) which is a qualitative tpol
requifing expert scenario input to identify storage performance ahd multiple-site screening.

CO2 QUALSTORE [DNV]: This product provides guidance on the)process and third-party verificatjon
for full geologic storage life-cycle risk assessment and analysis'as both a qualitative and quantitatjve
tool, fising multiple category inputs (VERITAS, 2010). This tool has been used to actively inform
discupsions between project developers and regulators;including Schwarze Pumpe (Vattenfall) and
Quest (Shell). The tool also provided a basis for the DNV-RP-J203 (DET NORSKE VERITAS AS, 2012)
certifjcation which has been used for certificationy the CarbonNet project (Victorian Department
of Ecqnomic Development, Jobs, Transport and Resources).

URS Risk Identification and Strategy using Quantitative Evaluation (RISQUE) [URS]: This
semiquantitative tool focuses on techmical and community impacts using key performarce
indicqtors. This tool has been employed‘at Weyburn (Cenovus), Otway (CO2CRC), Gorgon (Chevrdgn),
and I Salah (BP) (GCCSI, 2010a)(Dodds et al., 2010).

Scregning and Ranking Framework (SRF) [Oldenberg]: This Microsoft Excel based tool uges
technlical data to allow for@Expert assessment and assignment of certainties (Oldenberg, 2005). The
tool fpcuses on technical-and community HSE aspects and is employed at Ventura oil field and Rio
Vista|gas field. The definitions of primary containment, secondary containment and attenuat{on
potentially increase'data requirements, and the primary and secondary containment are difficul§ to
defing for some sites, such as the Ordos basin which has multiple layers. The modified SRF appljed
to Shénhua CCS pilot project in China discusses these problems, but does not fully overcome them.

Vuln¢rability Evaluation Framework (VEF) [US EPA]: This qualitative tool addresses HPE,
ecosyistem, and underground source of drinking water (USDW) impacts to the geosphere utilizing
technical input data. The tool can be applied across all aspects of a GS project (US EPA, 2008].

Carbon Work Flow [Schlumberger]: This tool uses expert input to quantify technical and
programmatic risks of the project and project goals. The tool requires expert and lay input and
is employed at the RCSPs (US DOE), PurGen (SCS), Cemex CCS (Cemex), and Aquistore (PTRC) (US
EPA, 2008).

Performance and Risk Methodology (P&R) [Oxand and Schlumberger]: This tool combines
qualitative and quantitative risk evaluation in a matrix fashion, focusing on public acceptance,
financial, technological, HSE, and USDW impacts(Guen et al., 2009). The tool is employed by the
RCSPs (US DOE).
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CO2-PENS [LANL]: This tool developed by Los Alamos National Laboratory (LANL) uses

2018(E)

evidence-

based input to consider technical, economic, and community risks. The tool focuses on the full

geological sequestration (GS) lifecycle and is employed by the RCSPs (US DOE). It was als
arisk assessment of the Rock Springs Uplift in Wyoming.

o used for

MANAUS approach [BRGM]: BRGM has developed in the framework of the MANAUS project

a practical approach for performing a preliminary quantitative risk assessment in an

uncertain

context. This approach follows the risk assessment principles from the international standards

(ISO 31000:2009), which are adapted to account for the specificities and challenges of s

ubsurface

operations. In particular the relatively high level of uncertainties expected at early stages of a

+ CE PRI Yol 1.1 Vol B B 11 - 1 11 1
SLUIAgC PIUJeLl IS dLLUOULILCU 101, CTlldUlIlg TUIly IIHOTIIICU UCCISTIOIFIId RIS WITHC €©VdlUy

acceptability (de Lary et al., 2015).

CO2RISKEYE [IRSM-CAS]: This is an assessment prototype for environmental risk asse
COz geological storage that is being developed by Li, et al. (Institute of Rockrahd Soil N

guidelines in China. It combines different assessment methods for différent purposes,
a modified version of Oldenburg’s SRF, Bachu’s site-screening methods.afuzzy Analytic
Process (AHP) method, and others (Li and Liu, 2016; Liu et al., 2016).

National Risk Assessment Partnership (NRAP) [US DOE]: This performance quat
approach relies on reduced-order models to probe uncertainty.in the system. Toolset w
address key questions about potential impacts related to felease of CO; or brine from t
reservoir, and potential ground-motion impacts due to-injection of CO; (see Table 1). Ei
tools are available for beta testing, e.g. Integrated Assessment Model-Carbon Storage (N
CS), Natural Seal ROM (NSealR), Reservoir Evaluation and Visualization (REV), Wellbor
Analysis Tool (WLAT), Aquifer Impact Model (AIM), Design for Risk Evaluation and M
(DREAM), Short Term Seismic Forecasting (STSF), and Integrated Assessment Model f

ating risk

ssment of
lechanics,

Chinese Academy of Sciences, IRSM-CAS), which corresponds to the related regulations and

including
Hierarchy

htification
hs built to
e storage
ht NRAP
RAP-IAM-
e Leakage
[onitoring
br Carbon

Storage and Reservoir ROM Generation (RROM-Gen). Hypothetical cases have been applied to the
tools for demonstration purposes.
Table 1 — Key features of risk assessment tools
Start-up Operation
. . Cons Tran Clo Post-
Tool Application{-Opport | Plan | Engine | truct | Cap sport | TI€C | sure clo
unity | ning | ering ion | ture | °P tion sure
ation
Feftures, Events, |Weyburn
and Processes (Cenovus), In X X X X X X X X X
(FEP) [Quintessa]{Salah (BP)
Pdrformance
Agdsessment\(PA) |In Salah (BP), < < < < < < < < <
Frameworkfor |Quest (Shell)
CQ2 [Quintessa]
RigkA'ssessment
Methodology n/a X X X X X
[TNO]
Schwarze
CO2QUALSTORE |Pumpe < < < X < X <
[DNV] (Vattenfall),
Quest (Shell)
Weyburn
Risk Identifica- |(Cenovus),
tion and Strategy |Otway
using Quantita- |(CO2CRC), X X X X X X X X X
tive Evaluation |Gorgon
(RISQUE) [URS] |(Chevron), In
Salah (BP)
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Table 1 (continued)

Start-up Operation
. . Cons Tran Clo Post-
Tool Application | opport | Plan | Engine | truct | Cap Injec clo
- . 2 . sport | . sure
unity | ning | ering ion | ture . tion sure
ation
. SRF: Ventura

Screening and oil field
Ranking Frame- Rio Vist’a
work (SRF)and | .. . ., ., . N ., N .
Certification SF= T - - - - - - ~
Framewoik (CF) g;l(;?ll}flfg 20;.
[Oldenburg] In Salah (BP)
Vulnerabili-
ty Evaluatiion
Framewolk n/a X X X X X X X
(VEF) [US|EPA]

RCSPs (US

DOE), Pur-
Carbon Wprk Gen (SCS),
Flow [Schlum- Cemex CCS X X X X X X X X X
berger] (Cemex),

Aquistore

(PTRC)
Performarnce and
Risk Methpdology |RCSPs (US . < < " < < .
(P&R) [0xpnd and | DOE)
Schlumbeyger]

RCSPs (US

DOE), Wyo-
CO2-PENS|[LANL] ming Rock X X X X X X X X X

Springs Uplift
MANAUS ap- n/a X X X X X X X
proach [BRGM]
CO2RISKHYE
[IRSM-CA] n/a b'e X X X X X X
National Risk
Assessment Part- n/a < < X < < < <
nership (NRAP)
[US DOE]
4.4 Examples-0fISO risk standards that may be applied to CCS projects
There is 4 globally accepted ISO 31000:2018, Risk management approach — Guidelines, which may|be
applied to CCS risk management, including:

— ISO Guide 73:2009, Risk management — Vocabulary;

— [EC 31010:2009, Risk management — Risk assessment techniques.

Annex of IEC 31010 contains almost all well used risk assessment techniques, including Delphi, fault
tree analysis (FTA), event tree analysis (ETA), bowtie diagrams, health risk assessment (HRA), hazard
and operability study (HAZOP), and risk matrices.

For CCS specifically, an eventual ISO Standard addressing the CO; storage aspects of CCS may include a
risk management clause that addresses the following steps:

— establishing the context;
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risk assessment:

— risk identification;
— risk analysis;

— risk evaluation;
risk treatment;

monitoring and review;

4.

4.5

communication and consultations;
b Description of how risk is addressed in other standards and regulations

.1 General

T

risks associated with CCS are addressed at the national and internationhal level in agreements and
regulations. Previous standards and best-practice guidelines have alsgaddressed risk. Howe
of these existing standards and regulations focus exclusively on geolégical storage of CO; and
mdy not adequately address the crosscutting and overarching risks identified and describ|
dofument. 4.5 provides a brief overview of the treatment of CES risk in international ag
regional and national regulations, and best-practice manuals{

Thlis subclause focuses on CCS-specific risk assessment provisions which would be 3
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4.5

Th
(L

ma3
for
ge

inj
ass
us

egrated CCS projects, however capture and transportation risk assessments are sometime
a capture unit or pipeline as a separate meagufe. For example, in the United States

nt would need to comply with the following laws in the Code of Federal Regulations (CF}
p10.38 (Emergency Action Plans), 29 CFR §1910.119 (Process Hazardous Analysis and H
1 Operability Analysis) and 40 CFR Part €8 (Risk Management Plans). These laws ensurg
nagement planning is conducted during the design, project management, and construg
rt-up and operations life of a facility or part thereof (such as a capture unit).

.2 Treatment of CCS risk in international agreements

.2.1 London Convention and London Protocol

e Convention on the'Prevention of Marine Pollution by Dumping of Wastes and Other M4
ndon Convention)\and the Protocol of 1996 (London Protocol) have been amended to
nage sub-seahedgeological storage (Annex 6). The amendments developed and adopted a f
risk assesSment and management of geological storage projects and guidelines for
plogical storage projects. The Annex 6 amendments allow sub-seabed injection of CO;
pcted gasvor liquid consists “overwhelmingly of CO2” (it is permissible for it to contain
ocjated substancees derived from the source material, and the capture and sequestration
bd)-, Additionally, no wastes or other matter are to be added to the CO; for the purpose of

ver, many
therefore
ed in this
reements,

pplied to
b required
a capture
2): 29 CFR
lazardous
b that risk
tion, pre-

tter 1972
hllow and
rfamework
managing
when the
incidental
processes
disposing

of
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antitative

standard for the CO; content and non-waste quality of the injected CO; streams and requires monitoring
and controls to maintain that quality. The Annex 6 amendments allowing for sub-seabed storage came
into force in February 2007. In 2012, the London Convention adopted “Specific Guidelines for the
Assessment of Carbon Dioxide for Disposal into Sub-Seabed Geological Formations (LC34/15, Annex
8) (IMO, 2012). The Guidelines require that the risk assessment describes the risks in terms of the
likelihood of exposure and the associated effects on habitats, processes, species communities and uses.
The Guidelines also reference mitigation measures, using the risk assessment to inform monitoring
programs, and updating the risk assessment at various stages in project to account for short-term and
long-term risks. The assessment “should” also take leak mitigation into account.
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4.5.2.2 OSPAR’s Guidelines for Risk Assessment and Management of Storage of CO2 Streams in
Geological Formations (Reference Number 2007-12)

Parties to the Convention for the Protection of the Marine Environment of the North-East Atlantic
(OSPAR) include the European Union, the 15 governments of the Western European coast, and
governments of additional countries located within catchment areas of rivers that flow to the North Sea.
OSPAR adopted amendments in 2007 to allow CCS and also adopted guidelines for risk assessment and
management. The OSPAR Guidelines incorporate a more detailed Framework for Risk Assessment and
Management of storage of CO; streams in geological formations (FRAM). These Guidelines have been in
force since January 2008. Exact text from the OSPAR Guidelines is included in Box 1 (Dixon, 2007).

The OSPAR Guidelines limit the scope to the injection and storage aspects of a CCS project,‘wijith

the cave

regulatio
operation
managem

that capture and transportation should be covered by other national and interfiatio
s. The OSPAR Guidelines cover the full lifecycle of a storage project: planning, constructi

ent throughout this project lifecycle. They provide specific criteria for reperting accord

to performance criteria at each stage of the project. Stakeholder engagement in the process of r
assessmeft and management is also required.

hal
bhn,

site-closure, and post-closure, and emphasize an iterative nature to risk assessment gnd

ng
isk
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Box 1. The following text is from section VI of the OSPAR Guidelines:
In accordance with paragraph 3 of OSPAR Decision 2007/2:

a) the storage in geological formations of carbon dioxide streams from carbon dioxide capture
processes shall not be permitted by Contracting Parties without authorization or regulation
by their competent authorities. Any authorization or regulation shall be in accordance with the
OSPAR Guidelines for Risk Assessment and Management of Storage of CO, Streams in Geological
Formations, as updated from time to time. A decision to grant a permit or approval shall only be
made if a full risk assessment and management process has been completed to the satisfaction of
the competent authority and that the storage will not lead to significant adverse consgquences
for the marine environment, human health and other legitimate uses of the maritime-arfea;

b) the provisions of the permit or approval shall ensure the avoidance of significant|adverse
effects on the marine environment, bearing in mind that the ultimate objective is permanent
containment of COy streams in geological formations. Any permit or approval issued shall
contain at least:

i) adescription of the operation, including injection rates;

ii) the planned types, amounts and sources of the CO; streams;including incidental agsociated
substances, to be stored in the geological formation;

iii) the location of the injection facility;
iv) characteristics of the geological formations;
v) the methods of transportation of the COz.stream;
vi) arisk management plan that includes;
1) monitoring and reporting requirements;
2) mitigation and remediation options including the pre-closure phases; and

3) arequirement for a site closure plan, including a description of post-closure mqnitoring
and mitigation<ahd remediation options; monitoring shall continue until [there is
confirmation that the probability of any future adverse environmental effects has been
reduced to aninsignificant level.

c] permits or approvals shall be reviewed at regular intervals, taking into account the results of
monitoring programmes and their objectives.

4.3.2.3 United Nations Framework Convention for Climate Change (UNFCCC): Modalities and
Prpcedures for CCS in the Clean Development Mechanism (CDM): FCCC/KP/CMP/2011/10/Add.2

e@modalities and procedures for CCS in the CDM were adopted in December 2011 and puplished in
T 2012 A TISK and Safety assSessmer [equired. As outined Im tne moda g5 and procedures,
CDM risk assessment “shall™:

— cover the full chain of CCS (including capture and transportation);

— provide assurance of operational integrity regarding the containment of CO; in the geological
storage site;

— be used in determining the maximum injection pressure and other operational parameters;
— consider the potential for induced seismicity;

— be used in developing and implementing monitoring activities;
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— provide a basis for remedial measures;

include a communications plan.

4.5.3 CSA Standard (Z741-12, Geological Storage of Carbon Dioxide)

The CSA Standard served as a seed document for ISO 27914 “Carbon Dioxide Capture, Transportation,
and Geological Storage”. The exact text from the CSA standard is provided in Box 2. It is worth noting
again that this risk assessment focuses on CO; storage, rather than the entire CCS project chain. The
CSA standard outlines a risk process that follows the ISO 31000s series, but was written in a CCS-
specific cgmtext-The €SAStamdard requites that arobustamd techmicatty defensible risk assessmemnt be
conducted, and that the results be used to inform the design for the monitoring program. The standard

also inclugles a list of elements to be included in the risk assessment.

Box 2. The following is from section 6.6 in the CSA standard:

Risk asspssments shall include a comprehensive risk identification process, technieally defensible
risk analysis, and a transparent, traceable, and consistent risk evaluation proce§s‘that aims to avoid
bias. Th¢ results of the risk assessments shall set performance requirementsfor risk treatment and
be used fo inform the design of the monitoring and verification program.

The leve| of rigor applied to risk assessment shall depend on the availablelinformation and the degrge

of knowledge about risk scenarios required to enable decisions for-the relevant stage of the projed

In generpl, the detail in the risk assessment should be gradually eirhanced by each pass of the rigk

manage[xent process until the identified risk scenarios are thoreughly assessed.
J

The pro
the follojving elements has been considered in the risk analysis process:

o

ct operator shall document in a transparent, traceable, and consistent manner how each ¢f

a) desdription of the risk scenarios;

b) assessment of the likelihood of each risk scenario;

c) assessment of the severity of potentiahconsequences relative to the elements of concern for eadh
riskiscenario;

d) identification and descriptionefsources of uncertainty in the likelihood and severity of potentigl
congequences for each risk scenario;

e) identification of measures to reduce or manage uncertainties that can influence the rigk
evalpation and/or selection of risk treatment;

f) denfification of riskcontrols to prevent or mitigate identified risk scenarios;

g) desdription efmonitoring targets and detection thresholds required for timely implementation ¢f
appropriaterisk treatment (identification and selection of appropriate tools that are sufficiently
sengditive.to detect indicators is part of the design and layout of the monitoring plan);

h) data requirements and modelling and simulation studies to be performed to support the risk
analysis (including data requirements and modelling and simulation studies to predict the
effectiveness of risk treatment as well as the uncertainty associated with the effectiveness of
risk controls);

i) the aggregate likelihood that the respective events could be triggered by one of the identified
threats; and

j) the aggregate likelihood that a significant negative impact on each element of concern could
follow from one of the respective events.
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4.5.4 US DOE Best Practices for Risk Analysis and Simulation for Geologic Storage of CO»

The best-practice manual published by the US DOE'’s National Energy Technology Laboratory (NETL,
2011) outlines best practices for risk analysis and numerical simulation based on the experiences by
field projects implemented by the RCSPs. The manual emphasizes the importance of risk assessment in
project selection as well as the need to compare measured data to predicted risk assessments and using
the assessment together with the data collected to monitor the stored CO5.

4.5.5 WRI CCS Guidelines

The WRITCCST [ [ r § ket F T ] pubttshed T 2098 (Forbes
al., 2008). The exact language from the document is prov1ded in Box 3. Like the CSA Standard, the
dellnes provide recommendations for risk assessment also focus solely on CO; storage, rather than
capture, transportation, and storage. The Guidelines differ from the CSA standard in that whereas
the CSA standard focuses on identifying risks, the WRI Guidelines highlight a few.Specific|risks that
“sHould” be included as part of the assessment.

ox 3. WRI CCS Guidelines, language on risk assessment.

risk assessment should be required along with development-and implementation qf a risk
anagement and risk communication plan for all storage projécts. Risk assessments shduld, at a
inimum, examine potential for leakage of injected or displaced fluids via wells, faults, firactures
apd seismic events, and the fluid’s potential impacts to integrity of confining zone and endangerment
tg human health and environment.

WRI Guidelines offer the following specific guidelines{or risk assessment:

a) For all storage projects, a risk assessment*should be required, along with the devglopment
and implementation of a risk management*and risk communication plan. At a minimum, risk
assessments should examine the potential for leakage of injected or displaced fluids via wells,
faults, fractures and seismic events;and the fluids’ potential impacts on the integrity of the
confining zone and endangermentito-human health and the environment.

b) Risk assessments should addfess the potential for leakage during operations, as well as|over the
long term.

c] Risk assessments should help identify priority locations and approaches for enhanced MMV
activities.

d) Risk assessments’should provide the basis for mitigation or remediation plans for response to
unexpected-events; such plans should be developed and submitted to the regulator in support of
the propased MMV plan.

e) Riskdssessments should inform operational decisions, including setting an appropriate |njection
pressure that will not compromise the integrity of the confining zone.

f] &Periodic updates to the risk assessment should be conducted throughout the project|lifecycle
based on updated MMV data and revised models and simulations, as well as knowledge gained
from ongoing research and operation of other storage sites.

g) Risk assessments should encompass the potential for leakage of injected or displaced fluids via
wells, faults, fractures, and seismic events, with a focus on potential impacts on the integrity of
the confining zone and endangerment to human health and the environment.

h) Risk assessments should include site-specific information, such as the terrain, potential
receptors, proximity of USDWs, faults, and the potential for unidentified borehole locations
within the project footprint.

i) Risk assessments should include non-spatial elements or non-geologic factors (such as
population, land use, or critical habitat) that should be considered in evaluating a specific site.
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4.5.6 IEA Carbon Capture and Storage Model Regulatory Framework

The [EA’s Model Regulations for CCS (2010) include risk assessment as a primary component of site
selection as well as an integral part of an Environmental Impact Analysis (EIA). Although the text
focuses on the subsurface element, it was written with a clear goal of facilitating integrated projects.

The text for risk assessment used in the IEA’s model rule specifically notes that it builds on seve

ral

guidelines and rules for risk assessment that came out of the amendments to the London Protocol and

OSPAR. The [EA model framework offers the following recommendations for a CCS risk assessment:

— hazard characterization;

— scena|rios and sensitivities;
— consequence analysis;
— risk nhanagement.

Like the dther frameworks, the IEA model emphasizes the importance of using the risk assessment
define prdject design, operational and monitoring parameters, and closure and post«closure procedur

4.5.7 Upited States EPA regulations

Language| used by the United States Environmental Protection Agency’s (EPA) in promulgat
regulations for permitting Class VI wells for the underground storage of CO; is provided in Box
As with many of the other examples, the focus is solely on the €0} storage aspects of CCS projeq
Although [risk analysis and management are integral to identifying the monitoring area and design
an emerg¢ncy response plan, specific guidelines for risk analysis and management are not included
the reguldtion.

to

ng

ng
in

Box 4. U$. EPA Regulations for Class VI Geologic Sequéstration Injection Wells

Risk anglysis and contingency are addressed intwo plans required in the permit application: th
“proposg¢d area of review and corrective actien plan” and the “proposed emergency and remedi
respons¢ plan.” (40 C.F.R. § 146.82)

In the first, “(b) The owner or operator of a Class VI well must prepare, maintain, and comply wif]
a plan t¢ delineate the area of review for a proposed geologic sequestration project, periodical
revaluatp the delineation, and perform corrective action [on faulty wells] that meets the requirement
of this s¢ction and is acceptable-to the Director.” (§ 146.84). As part of this requirement, the owng
or operator must “(1) Prediet; using existing site characterization, monitoring and operational dat
and conlputational modeliing, the projected lateral and vertical migration of the carbon dioxid

the plunje movement.ceases, until pressure differentials sufficient to cause the movement of injecte
fluids or|formationfluids into a USDW are no longer present, or until the end of a fixed time period g
determined by the Director.” (§ 146.84)

In the sgcond, “the owner or operator must provide the Director with an emergency and remedi

plume and formation~fluids in the subsurface from the commencement of injection activities unti

— 0

oOF R n< =

—
—_—

]

response plan that describes actions the owner or operator must take to address movement of
the injection or formation fluids that may cause an endangerment to a USDW during construction,
operation, and post injection site care periods.” (§ 146.94).

The EPA states that it “agrees ... that the emergency and remedial response plan should be site-
specific and 'risk-based." EPA expects that each emergency and remedial response plan will be
tailored to the site, and today’s rule provides flexibility to the owner or operator to design a site-
specific plan that meets the requirements of § 146.94(a). Rather than requiring specific information
in the emergency and remedial response plan that may not be relevant to all GS projects, the plan
allows such information to be determined on a site-specific basis.” (Federal Register; pg. 77272; Vol.
75, No. 237; December 10, 2010). However, the regulations do not explicitly require the plan to be
risk-based.
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4.5.8 EU Directive 2009/31/EC on the geological storage of carbon dioxide

The EU Directive (2009) for geological storage addresses risk assessment as a separate step in
the characterization process. Other risks would be addressed through the Environmental Impact
Assessment (EIA) Directive. As shown in Box 5, the EU Directive for Geological Storage includes a
description of key criteria that “must” be included in the risk assessment. This approach is similar to
the WRI CCS Guidelines, but differs from the other regulations which are less specific, or focus more
on the risk assessment process. Member states have taken differing approaches in transposing the EU
Directive in national regulations, with some adopting new specific legislation for the geological storage
of COz and others amending existing laws (European Commission, 2014). The European Commission

algoTssued guidance docurmments, nctuding the“CO7-Storage Lifecycte Risk Mamagememnt Framework”

(Eiropean Communities, 2011).

Blox 5. EU CCS Directive

Step 3 of the characterization and assessment process for potential storage complexes [requires
“Characterisation of the storage dynamic behaviour, sensitivity characterisation, [aphd] risk
ksessment.” (Annex I)

o)

[he risk assessment shall comprise, inter alia, the following

3.1. Hazard characterization

forage complex, as established through dynamic modellinig and security characterization described
bove. This shall include consideration of, inter alia:

3

Hazard characterization shall be undertaken by characterizing the potential for leakage from the
X

a) potential leakage pathways;

b) potential magnitude of leakage events for;identified leakage pathways (flux rates);

c] critical parameters affecting potential leakage [for example maximum reservoir pressure,
maximum injection rate, temperature, sensitivity to various assumptions in the static geological
Earth model(s)];

d) secondary effects of storage of COp, including displaced formation fluids and new supstances
created by the storing of\GOy;

e) any other factors whieh could pose a hazard to human health or the environment (for|example
physical structures.associated with the project).

—3

he hazard characterization shall cover the full range of potential operating conditions tqg test the
bcurity of thestorage complex.

%]

W

3.2. Explosure assessment — based on the characteristics of the environment and the distribution
hd activities of the human population above the storage complex, and the potential behavliiour and
fateof leaking CO; from potential pathways identified under Step 3.3.1.

o)

3.3-3- Effects assessment — based on the sensitivity of particular species, communities or habitats
linked to potential leakage events identified under Step 3.3.

3.3.4. Risk characterization — this shall comprise an assessment of the safety and integrity of the
site in the short and long term, including an assessment of the risk of leakage under the proposed
conditions of use, and of the worst-case environment and health impacts. The risk characterization
shall be conducted based on the hazard, exposure and effects assessment. It shall include an
assessment of the sources of uncertainty identified during the steps of characterization and
assessment of storage site and when feasible, a description of the possibilities to reduce uncertainty.”

© IS0 2018 - All rights reserved 15


https://standardsiso.com/api/?name=0f3d97e4fe98114b7afb217664fdcb2c

ISO/TR 27918:2018(E)

4.5.9 Regulation of geological storage in Japan

In Japan, two legislative schemes handle overarching risks in geological storage of carbon dioxide

procedures and operations.

The Ministry of Environment (MOE) rules requirements for sub-seabed carbon dioxide storage projects
(Ministry of Environment, 2007). The MOE has the responsibility to approve a specific CO, sub-seabed
storage project when pre-assessment adequately states that only minor influences and changes happen
within the target sea area in the case of CO; leakage. Additionally, a project is required to have a

monitoring plan for adequate leakage detect1on and a recovery plan for m1n1m1z1ng the mfluence

on

marine ens
injected O2. When COz is captured w1th amine- based technology, COz purlty should be no less th
99 % in vplume percentage. When the CO; is produced out of hydrogen production process for, an

refinery, the CO; purity should be no less than 98 % in volume percentage. The law requires-that the

be an agrged monitoring program. Permission for CO7 injection sub-seabed is limited for ne lénger th
five years| after which the permit is re-evaluated for renewal.

The Ministry of Economy, Trade and Industry (METI) issued another scheme named({’Safety Guideline
Large Scale Demonstration Geological CCS Project” (Ministry of Economy, 2009).Ithas been adopted
the Tomakomai large-scale CCS project (injection started on 6 April, 2016). The guideline recommer
the assesgment of overarching risks in stages the planning stages for capturestransportation, inject
and also fpr the post closure period. It also requests the development of scenarios of accidental eve
and prepdration for any emergencies.

4.5.10 Technical guidelines for CCS in China

CCS envifonmental risk assessment technical guidelines, were developed by the Ministry
Environmlental Protection (MEP, 2015) of China. The MEP.guidelines define the utilization and stor4
area undgr review as ‘that area surrounding the project which may be threatened by the inject
activity’. The time scale defined includes the pre-injection, injection, closure, and post-closure perio
A risk mafrix is recommended in this guideline, and the risk level is divided into three categories (1
moderate|and high), based on the impact level of receptors and the possibility/likelihood of the r
happening. A more detailed description of thé MEP Guidelines is shown in Box 6.

for
for
ds
on
hts

of
ge
on
ds.
w,
isk

16 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=0f3d97e4fe98114b7afb217664fdcb2c

ISO/TR 27918:2018(E)

Box 6. CCS Environmental Risk Assessment Technical Guidelines of MEP, China
2 CCS environmental risk assessment procedures

2.1 Assessment process

CCS environmental risk assessment process includes:

[.  Systematic identification of potential sources and critical receptors of environmental risk.

I nafnr'm!n'\iﬂnh oftha anuviranmantal riclkk accaccmant mathadc and dafinition ofthao i act and

e T T O T Ot e OV T O Tt o T o I o o C O O T e e I et o oo o o e r e r oot rre— 1

possibilities.

[II. Assessment of the impact and likelihood and estimation of the environmental risklevdl of each
risk source and receptor.

V. Identification of the environmental risk management systems to reduce-the environmental risk
to an acceptable level.

[\S)

2 Assessment range

o)

br the capture element, the assessment range is that range inside"and outside of the plant which
bntains the CO2 source.

(@]

Fpr the transportation element, the assessment range is the pipeline, trailer, railway tank pnd ship
apd the above-ground and underground volumes around them that might be affected by a CO2
release.

Fpr the geological storage element, the area of(review is that area of the project that| may be
threatened by the injection activity.

3 Time scale of assessment

pr the capture element, the timescalé-of the assessment includes the full operational peripd of the
hpture equipment.

[ellie ! \S]

br transportation element, the time scale of assessment is the construction and operation period of
ipeline, and the operationperiod of tank car, railway and ship.

br geological storage-element, the time scale of assessment is the pre-injection, injection, closure,
hd post-closure period:

L T T

4.3.11 Summary’of key features of CCS risk assessment requirements

Thie best pragtices and regulations regarding risk assessment for CCS projects which have been adopted
to |datesare very similar. The requirements generally are designed to ensure that a risk agsessment
be|conducted and used during the early design phase of a CCS project and be integrated with the
entirenmental impact assessment and monitoring plan development. The requirements are designed to
also ensure that the risk assessment includes contingency or mitigation measures. As a project enters
the operational stages, the risk assessment is typically required to be updated with project-specific
data. The risk assessment is then revisited during the closure phase and can be used to determine that
containment is secure and the project can enter the post-closure phase3). Of the frameworks reviewed,
only a few encompass the lifecycle of an integrated CCS project and include capture, transportation, and
storage; however, some of the storage-focused resources have inherently assumed integrated projects
and consequently touch on the associated lifecycle risks. The relevant requirements are summarized in
Table 2.

3) A post-closure phase might not exist in all jurisdictions.
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Table 2 — Key features of risk assessment requirements

Scope (Capture, Transportation, Lifecycle or Stage of Project Risk

Organization Storage) Assessment is Applied

Pre-injection, injection, closure, and
post-closure

London Convention and
London Protocol

OSPAR Guidelines for Risk
Assessment

UNFCCC Modalities and Pro-

Sub seabed storage

Planning, construction, operation,

Storage of CO7 in geologic formations site-closure, and post-closure

cedures for CCS in the CDM Capture, transportation, and storage Planning, operation
CSA Standfards COy storage Planning, construction
NETL Best Practice Guideline COy storage Planning, construction, operationg

Planning, operation, sitescloSure,

WRI CCS (uidelines COy storage and post.closure

Planning, construetion, operation,

IEA Mode] Rule CO; storage site-closure, and,post-closure

Permitting, well'construction, oper
US EPA COy storage ation, well plugging, post injection
site caréyand site closure

Riskassessment for planning, site
EU Directjve COy storage characterization, and lifecycle risk
management.

COy storage (Marine Pollution Prevention
Law) and capture, transportation and injec-

Japan tion (Safety Guideline for Large Scale Bemon- Planning, operations, post-closure
stration Geological CCS Project)
Capture — construction, operatioi;
Transportation — construction and
MEP, Chinp Capture, Transportation-and COz storage operation of pipeline, and operatiop

of tank car and ship

Storage — pre-injection, injection,
closure, and post-closure

5 Overnarching and crosscutting aspects of risk management in CCS projects

5.1 Introduction

5.1.1 Sg¢ope

Rather thpn redefifie terms, 5.1 is intended to explain relationships among various risk terms gnd
among valious project aspects as they relate to risk management.

5.1.2 Terms relating to risk

Risk is defined by ISO 31000 as “the effect of uncertainty upon persons, upon things valued by persons,
or upon future states of being that are desired by persons or by groups of people”. For an engineered
project, risk is typically assessed (quantified and/or qualified) based on the estimated magnitude of
potential negative impact to one or more project performance metrics, multiplied by the estimated
probability that the negative impact(s) occurs. The elements of concern may include HSE, cost, or
reputation. Performance metrics always include both outcomes that the project strives to achieve, and
outcomes that the project strives to avoid such as worker injury and environmental impact. Strictly
speaking, the risk elements that can be assessed in that way (“impact multiplied by probability” or
“severity times likelihood”) are defined as specific chains of events, called scenarios. Scenarios can be
built from features, events, and processes (FEPs.)
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Once assessed, identified project risks can be compared with one another and with the levels of tolerable
risk as defined by the project’s stakeholders, such as operators, financial backers and insurers, and
regulatory authorities. This step is termed risk evaluation, and it provides the basis and justification
for implementing risk treatments (actions to reduce risk) and risk controls (actions to prevent risk
escalation). Risk management is the subset of project management that embraces all the foregoing steps;
that tracks the effectiveness of the defined treatments and controls; and that supports the project

operators’ ongoing awareness of risk levels and emergent risks.

5.1.3 Project components and phases

Alghough CCS projects are conceived as an integrated whole, they are designed and built asco
that are largely separate in terms of physical space, technical disciplines, and industrid
Cohsequently, risks have traditionally been identified separately within the components‘ef CO
trgnsportation, and geologic injection for storage. In a time sense, projects are subdivided
to [phases such as opportunity, planning, engineering and construction, an opesational ph
indludes capture, transportation, and injection, a closure phase, and a post-closur€é phase.

idgntify some risks that relate to the project as a whole, or pertain tosithe linkages between
Solutions that are designed for an isolated risk may not serve the whole project well. Ther

ntify, evaluate, and treat risk elements beyond those that are tied to isolated project elems

.1.4 Responsibilities and risk ownership

Co
an

hducting risk assessment and risk management demands thoroughness in both risk ide
1 risk treatment. Risk scenarios are identified and“¢évaluated within the boundaries and t
befween project components or phases just asumuch as within the separate project elemn
crgsscutting and overarching risks are managed the same as the element-specific risks: if ¢
reyeals that a management action is needed;then it is executed and its effectiveness tracked
while responsibility for treating and tracking risks may be relatively clear for component-spe
(the project manager for that component is typically defined as the “risk owner”), the ow
crgsscutting or overarching risks may need clarification. If responsibility for risk treatms
clearly assigned, risks that affect multiple project components or phases could be overlooked

Thie operator(s) typically assume responsibility for treating all overarching risks, as well a
crgsscutting) risks where responsibility has not been delegated among the managers or tg
wHo are responsible for project sub-elements (capture, transportation, or storage). Key rd
overarching project.risk manager reporting to the operator can include harmonizing va
trgatments to best-siipport project goals, and clarifying the ownership of responsibility for

mponents

practice.
2 capture,
according
hse which

ever, risk management that focuses solely on isolated project components or phases nay fail to

elements.
bfore, it is

cial that risk management also include crosscutting and ovetarching aspects. It is important to

nts.

htification
ransitions
ents. The
tvaluation
However,
cific risks
hership of
nts is not

5 any (e.g.
chnicians
les for an
rious risk
executing

risk treatments:
5.2 Riskidentification

5.2.1~ General

Risk identification is a part of risk management procedure. Once the context of a risk analysis has
been defined, the next step is risk identification. This is a process intended to identify the possible
sources, causes, and consequences of risks that could affect the achievement of the project objectives.
Risk identification is a critical step in risk management because if a risk is not identified, it will not be
managed.

IEC 31010 lists 31 typical risk analysis techniques. Among them, it recommends 15 techniques as
strongly applicable for risk identification: brainstorming, Delphi, Preliminary Hazard Analysis (PHA),
Hazard and Operability Studies (HAZOP), etc. The document also delineated 11 risk tools as applicable
for risk identification: Fault Tree Analysis (FTA), Event Tree Analysis (ETA), Cost/Benefit Analysis, etc.
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A critical attribute of an identified risk is the degree of detail with which it is described. The degree of
detail affects the magnitude of risk and how it is compared with other identified risks, which may be
described in other degrees of detail.

5.2.2

Identifying overarching and crosscutting (0A-XC) risks

CCS specialists with diverse expertise from countries in North America, Asia, Australia, and Europe and
have used group creativity techniques and simplified Preliminary Hazard Analysis (PHA) approaches
to identify the overarching and crosscutting risks that would not be handled in the ISO/TC 265 process.
The team attempted to comprehensively identify overarching-crosscutting risks and to examine
whether their uncertainties would impact CO; capture, transportation, and/or storage, and wherg
the tempgral CCS project lifecycle these risks were likely to arise. Overarching (OA), or overalkris
are risks fthat affect the entire CCS project. While crosscutting (XC) risks are risks that affeet mgre
than one part of a CCS project chain. The results of this exercise are presented in Table 8-, The ta
categoriz¢s overarching and crosscutting risks into four groups: policy, economic, technjcal, and H{

in
ks

ble
bE-

related isgues. Additionally, the table shows those sub-systems potentially impacted-and the stageq of
CCS operdtion. Clause 6 of this document includes a sub-clause on each of the identified'OA and XC risks.
Table|3 — Identified overarching (OA) and crosscutting (XC) risks to.be addressed in this
document
Sub [DAor| Policy, Risk Whole Start-up Operation Clo- |Pokt-
Clause || XC Ec_onom- project Op- | Plan- | Engi-{<Con- | Cap- |Trans-| In- |SUre Clp-
Ic, or. (W), or por- | ning | neer={struc-| ture | por- |jec- sure
Techni- Capture, | ¢ ;. ing' | tion tation | tion
cal, Trans- ty
porta-
tion, or
Storage
6.3.2 DA Policy Legal Un- w X X X X X X X X X
certainties
(including
pore space
ownership)
6.3.3 DA Policy Uncertain " X X X X X X X |X
cost or reg-
ulationsfor
integrated
projeet, e.g.
plugging and
abandon-
ment (clo-
sure or post
closure)
6.3.4 DA , \[Policy Public W X X X X X X X |X X
engagement
(public op-
position, risk
communica-
tion, public
disclosure of
data, etc.)
6.3.5 0A Policy Project w X X X X X X X |X X
permits not
obtained
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Table 3 (continued)
Sub |OAor| Policy, Risk Whole Start-up Operation Clo- |Post-
Clause | XC | Econom- project Op- | Plan- | Engi- | Con- | Cap- |Trans-| In- |SUre Clo-
Tlc,l:)r- C(W)' or por- | ning | neer- |struc-| ture | por- |jec- sure
echni- apture, | ¢ ;. ing | tion tation | tion
cal, Trans- ty
porta-
tion, or
Storage
6.3.6 0A Economic |Lack of A X X X X X X X
financial Q
driver e.g. '\)
COy price (LQ
or credit Q)
benefit (oil N
or other /\q
products) q/‘
Vo
6.8.7 0OA Economic |Insufficient |W X X A\
project O
financial re- %
sources-cost ‘\\
of capital . o
6.8.8 OA  |Economic |Unexpected |S <$< X X X X X
construction Q
or opera- \\
tional cost \0‘
changes %,
6.839 0A Economic |Uncertain- |W B\) X X X
ty in CO2 X ®$
supply K\
6.8.10 |OA  |Economic,|Lack of Wi O X X X X X X
Policy emissions .
accountin,g’\\<-)
6.811 |0A |Technical |Technology |W x  |[x |x x [x
scalefup ’
6.8.12 |OA |Technical of w x |x x |x [x [x [x X
O owledge
or qualified
\c,) resources
Q) for operating
4 Q the unit
6.8.13 |0A \7{Technical |Project w X X X X X [X
) impacts on
. D§ environment
6_.1%\‘ 0A Technical |External nat- |[W X X X X X
uralimpacts
on project
6.3.15 |OA Technical |External w X X X |X X
man-made
impacts on
project
6.3.16 |OA Technical |Site uncer- |W X X X X |x X
tainty-plan-
ning, conflict
with other
usage, rights
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Table 3 (continued)

Sub
Clause

OA or
XC

Policy,
Econom-
ic, or
Techni-
cal,

Risk

Whole
project
(W), or
Capture,
Trans-
porta-
tion, or
Storage

Start-up

Operation

Op-

por-

tuni-
ty

Plan-
ning

Engi-
neer-
ing

Con-
struc-
tion

Cap-
ture

In-
jec-

Trans-
por-
tation

tion

Clo-
sure

Post-
Clo-
sure

XC

Technical

Accidental or

CsT2Sa

intentional
interruption
or intermit-
tency of CO;
supply, CO2
in-take or
transporta-
tion

DA or
XC

Technical

Shared in-
frastructure
by multiple
projects
(uncertain
ownership,
performance
or lack of co-
ordination)

DA or
XC

Technical

Using exist-
ing facilities
(especially
pipeline,
knowledge
on condition,
obligation to
other user,
CO7 or ma-
terial spec-
ifications,
uncertain
timing)

XC

Technical

Unintend-
ed phase
change

XC

Techhical

CO7 out of
specifica-
tions: source
gas composi-

C—-T-Sa

LIOIT IS NIOU d5
expected

XC

Technical

Mismatched
component
performance
(capacity,
resource,
flexibility, ef-
ficiency well
integrity or
lifetime)
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Table 3 (continued)

Sub |OAor| Policy, Risk Whole Start-up Operation Clo- |Post-
Clause | XC Ec_onom- project Op- | Plan- sure| Clo-

ic, or (W), or sure
Techni- Capture,
cal, Trans-
porta-
tion, or
Storage

6.4.8 XC Technical |[Lower cap- |C—oT-Sa X X X
ture efficien-
cy due to the
upstream
plant flexible
operation

6.49 XC Technical |Insufficient |S—>T—Ca X
storage
resource

6.4.10 (XC Technical |[Reservoir S—-T—Ca X X X
does not
perform as
predicted
(injectivity
reduction,
storage
resource,
geomechan-
ical stability,
contain-
ment)

6.4.11 |XC Technical |Model un- S—-T=Ca |X X X X X X
certainties
regarding
the storage
performarce
(capacity,
injeativity,
contain-
ment)

6412 |XC Techhieal |Lack of CsTaSa |X X X X X X
Mainte-
nance and
emergency
control
procedures;
Safety relat-
ed accidents

6.4.13 |XC Technical |Corrosion CSTaSa X X X
and material
problems

6.4.14 |OAor [All Transporta- |T-=S—Ca X
XC tion Risks

a The arrows in the table indicate the way in which a risk on one part of a CCS project chain impacts the others.

Engi- | Con- | Cap- |Trans-| In-
por- | ning | neer- |struc-| ture | por- |jec-
tuni- ing | tion tation | tion
ty

Based on this exercise, the following recommendations apply to identifying overarching and
crosscutting (OA-XC) risks.
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A number of common practices are recommended for identifying overarching and crosscutting risks:

a) Use a team with a range of experience and diverse expertise which covers all CCS subsystems
including capture, transportation, and storage;

b) Conduct a systematic approach in sufficient detail to comply with the established objectives and
scope of the risk analysis.

c) Apply available and practical techniques for risk identification. Whatever technique is adopted for
risk identification, Table 3 can be used as the basis for a checklist to identify overarching and/or
crosscutting risks.

d) Ensufe thatall information that relates to risk targets, sources, and pathways is taken into accoulnt:
histofical data, theoretical analysis, informed opinions, expert advice, and stakeholder input.

e) Perfofm the first stage of risk identification, for example a Preliminary Hazard Analysis (PHA)
could|be applied.

5.3 Ratiing and evaluating risk

5.3.1 Rijsk assessment, risk tolerance, and risk evaluation processes

For crossqutting or overarching risks, the basic elements of rating and-evaluating risk are the same|as
for compgnent-specific or phase-specific risks. In order to be managed, the risks associated with gny
scenariosfor FEPs relevant to a project need to be assessed and.deScribed in a comparable way so that
their relatlive importance can be judged. Risks are semi-quantifiéd as the product of categorically scaled
attributed that are labelled similarly to

a) impagt severity, and
b) likelilhood.

The scaleg for these attributes typically consist.of 4 to 10 stepped (ordinal) categories, and each categgry
descriptidn uses criteria that can be observéd-ér estimated for the project. Accordingly, assessing a rjsk
according|to each scale yields a value between (for example) 4 and 10. The product of those two valijes
generates|a risk magnitude that - altheugh it is not measurable in an objective sense - can be used| to
compare fisks with different charaeteristics on a similar basis and to prioritize them.

Once riskls are assessed in this, way, they can be evaluated with respect to risk tolerance criteria.
Risk tolerfance criteria may beestablished methodically by the project operator in consultation wijith
regulator$ and, potentially; other parties. The evaluation step provides the objective criterion by whjch
the operafor judges the fieed to treat actively (take action to reduce or control) the risk, as compared to
merely monitoring it. i concept, the decision scale that is linked to the tolerance criterion has valyes
similar tofthese:

— Highdst risks: “Stop activity immediately until this risk is reduced”.

L« . . . . . . )

— Inter jate-

— Lowest risks: “Do nothing now, but maintain watch in case risk increases”.

5.3.2 Riskscales and expert judgment

In the context of crosscutting or overarching risks, the scales of likelihood and severity are developed
and expressed. The scales and the risk tolerance standard are defined so as to be applicable to all
project components and phases, so that risk control efforts can be applied efficiently and where most
needed across the project. The risk scales do not differ among the various project components, but are
themselves, crosscutting and overarching.

In order to address crosscutting and overarching risks outside of individual components of a project,
the risk manager involves appropriate expertise from the relevant disciplines.
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5.3.3 Risk evaluation for overarching or crosscutting risks

The foregoing (see 5.3.1 and 5.3.2) emphasizes that the presence of overarching and/or crosscutting
risks heightens the need for the processes and yardsticks of risk assessment to be consistent across all
project components. Two best-practice conclusions emerge from this observation:

a) The risk management process may benefit from including on project staff a specific person whose
principal role is project risk manager. This individual is responsible for managing risks (establish
and carrying out processes to identify, assess, evaluate, treat, and track risks) across all project
components and phases, and advises and reports to the project executive level.

b)| Near the beginning of a project, senior project staff and the project risk manager convenge,to develop
and establish the project risk scales and risk tolerance criteria, and to agree on general [processes
and resource allocation for risk treatment and tracking.

5.4 Risk treatments

5.4.1 General

Rigk treatment involves selecting and implementing options to maodify risks. Following afre typical
opfions for risk treatment:

a) | Acceptance (applicable to low risks), i.e. deciding to do nothing to reduce the risk or to control it.

b) | Reduction (applicable to high risks), i.e. acting to reduce the likelihood and/or the consgquence of
the potential mishap (by changing designs, procedures, management methods etc.).

c) | Transfer (applicable to risks with serious censequences and low likelihood) by such |means as
insurance or contractual arrangements.

d)| On-going management (applicable to risks with serious consequences and a low likelihdod, which
could increase unless actively managed).

e) | Avoid the risk (applicable to risks\with serious consequences and a high likelihood), i.e. npt to start
or continue with the activity that gives rise to the risk.

f) | Retain the risk (applicableto residual risks, left after risk reduction, which may require fijnancing).

Thie full value of comprehensive risk assessment becomes evident in selecting the most appropriate risk
trdatment options.

5.4.2 Aspectsiofrrisk treatment that are overarching and/or crosscutting

With regard-to risk treatments that are overarching-crosscutting in a whole CCS project of part of a
CCE projegt; the process for decision for options and actions to be taken can be conducted om an inter-
sub-systém basis. Experts from capture, transportation, and storage could be convened fo discuss
anfl@gree upon risk treatment for overarching or crosscutting issues. The organization car establish
int feati i i i i decision
and action. For smooth and effective risk treatment decisions, it is essential to ensure cross-sectional
communications and to establish cooperative climate between subprojects. This also encourages the
accountability and ownership of risk.

6 Inventory of overarching and crosscutting risks

6.1 General

This clause suggests an approach for addressing overarching and crosscutting risks that have the
potential to be significant, as identified in Table 3. It focuses on generalities and principles, as many of
the details of particular risks are project-specific. The specific risks exclusively associated with capture,
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transportation, and storage are excluded from this evaluation and are dealt with by the respective
working groups of ISO/TC 265 in appropriate documents and reports.

6.2 Identification of overarching and crosscutting risks over the lifecycle of CCS
projects

Table 3 in 5.2.2 was the result of extensive discussion among CCS experts and risk analysis experts
from within and beyond ISO/TC 265. This clause is designed to correspond to the most prominent risks
identified.

6.3 Oveérarching risks

6.3.1 Oyer-arching risks?¥
Overarch]]ng, or overall risks are risks that affect the entire CCS project.

Over-archiing risks can also be split into three types, commercial, stakeholde¥ and design and
construction.

— Comipercial

— dplays in obtaining, refusal, or the application of onerous conditiens for consents;

I
(@)

pnstruction delay affects project cash flow;

—

dnd issues related to ownership and access (delay, cost, terms, non-availability);

—
Q

4dnd issues related to environmental and site conditions;

|
O

pst overruns due to increased price of indispénsable factors;

|
QL

bailability of suitable contractors, experitise, and/or skills;

I
o5}

Vailability of components and hardware;

— Fprce Majeure affecting time, cost performance, and viability;

—
—

ifigation;

|
QO

pailability and price.6f debt;

— dElays due to industrial action;

—n

Iterest rate changes;

|
o

kchangexate risk for imported materials or equipment;

— dpyeloper credit risk.

— Stakeholder
— public opposition;
— land issues related to ownership and access (delay, cost, terms, non-availability);
— providing assurances for environmental and site conditions along the route;

— Design and construction

— unavailability of suitable design standards;

4)  Defined as “risks that are truly outside of the capture, transport, and storage elements of a CCS project chain”.
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— design problems raise significant CCS technical issues;

— unexpected land contamination;

— land issues related to access;

— unavailability of suitable expertise and/or skills;

— late or unavailability of hardware (e.g. steel availability or capacity in rolling mills);

— unexpected archaeological discoveries;

6.3

6.3

CcC
Go
co
pr
(e.

infrastructure development. Strong financial and policy action may be required by goverl

oV
pr
CC
to

de
ar{

Ge

— unexpected environmental issues (rare flora or fauna discovered);
— criminal or intentional damage;

— delays due to inclement weather;

— poor quality assurance during construction;

— accidental fatality on site.
.2 Policy uncertainties

.2.1 Context

S deployment will be driven through government policies [International Energy Agency (IH
vernment policies relevant to CCS include: laws and regulations, international agreements
ntrol policies, access to transportation infrastructure, storage sites and pore space, envif
ptection requirements, monitoring requiremerits, liability obligations, resource use

brcome obstacles to private investment;including the technology risks associated with ea

S in the absence of a punitive price on COy emissions. Government action may also bg
stimulate new markets, to addréss market barriers and failures, and to promote infrg
yelopment in support of deployment. Because of their high cost and long operational lives,
 particularly sensitive to(policy risk.

heral policy risks and uncertainties include:
inadequate policy support for CCS;

gaps in CCSPpolicy, laws and regulations;
inadequdte policy detail;

misinformed or excessive regulatory burden;

2018(E)

A), 2012].
emission
onmental
priorities

b. groundwater, oil and gas, coal etc.), taxation, industry incentives, subsidies and promption, and

hments to
rly mover

bjects, relatively high capital and operating costs, and the lack of direct cost benefit to unldertaking

required
structure
CCS assets

©lI

regulatory conflicts between government bodies with legal authority over a project;
lack of experience or precedence with implementation of policies, laws, and regulations;
inconsistent or unpredictable enforcement of laws and regulations;

changes to existing policy detail or policy priorities;

unexpected delays in providing necessary approvals;

fiduciary uncertainty and requirements.
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Impacts of policy uncertainty include:
— project delays, resulting in additional costs or cancellation of the project;

— escalation in project cost due to compliance with overly cumbersome regulations or risk-aversion
where regulation is ambiguous or inconsistently applied;

— underperformance by operators who seek to test the scope of the regulations. This may result in
lower costs for the operator in the short term, but may lead to adverse outcomes for the environment,
the community, the operator, and the reputation of the CCS industry;

— highef risk premiums, in the form of higher interest rates charged for financing CCS projects| to
cover|contingencies for uncertainties.

6.3.2.2 [Examples

The lack df a clearly-communicated, coordinated government position on CCS deploymentis recogniged
as one of [the factors that contributed to the abandonment of the Dutch Barendreghtproject in 20[L0.
Differencg¢s in policy are brought into sharp focus when storage sites straddle jurisdictions (f.e.
transboundary storage), or when approval is sought to transport CO7 across jurisdictional boundarigs.

While substantial progress has been made in some jurisdictions to énact laws, regulations, dnd
guidelineg to support CCS activities, there are many policies that have-yet to be properly tested|or
clearly ddtailed by policy makers, as happened with the UK CCS«Commercialisation Programme| in
2015. Regjulatory gaps are possible in even the most advanced regulatory regimes. Policies will change
over time[with experience, changing priorities and expectations,depending on how CCS and competing
low emisgion technologies develop. CCS developers and operators therefore evaluate the impact| of
existing plolicy, identify gaps, and consider adopting contingencies for change based on likelihood 4nd
potential jmpact. In a changing policy environment, businesses monitor policy developments in order
ipate changes that may impact their business:' Governments can provide more certainty|to
industry By setting clearly defined breakpoints or gateways that indicate when or if policy will moveg to
a further gtage.

6.3.2.3 onclusions

The econdmics of CCS would improvesand uncertainties and risks would be reduced, if CCS projects were
operated pnder consistent, policies, principles and rules in most, if not all, jurisdictions. Experien¢es
and best practices achieved in oné jurisdiction could then be more easily applied for the benefit| of
projects ih other jurisdictions. Harmonization of rules would be of greatest benefit for jurisdictigns
with the least experience ywith CCS projects, providing greater certainty, lower risk, and a significant
head starf on the learning.and cost curves.

6.3.3 Upcertaincgst or regulations for integrated project

6.3.3.1 [Context

Uncertainty in cost of construction and operation as well as 1 costs associated with closure and post
closure affect the potential implementation of an integrated CCS project. Changes in costs of materials
and services result in changes in the overall cost of a project.

Regulatory approvals of construction and operating permits for the capture, pipeline, wells and storage
components are critical pre-requisites which enable the implementation of any CCS project. The absence
of regulatory “directives” for CCS projects may cause significant impact to the regulatory timeline in
any jurisdiction, which adds cost from a project developer’s perspective.

6.3.3.2 Examples

There may be risks to project scheduling due to the immaturity of key aspects of the legislative and
regulatory regime for carbon capture and storage in any jurisdiction (e.g. subsurface storage, pore space
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resource). For example, failure to secure adequate pore space resource under the mineral property laws
and in conjunction with competing uses of the subsurface under an appropriate regulatory framework,
would also represent significant risks for permitting commercial-scale integrated CCS operations.
Integrated CCS projects that are added to existing facilities may result in increased oversight and an
expanding scope of the regulatory process to include examination of the existing facility and operations.

6.3.4 Engagement

6.3.4.1 Context

Public engagement can impact the entire CCS project chain at any pointin a projectlifecycle (oyerarching
risk). For example, public support or opposition in the opportunity, planning, and engineering[phase can
inflluence whether or not a project goes forward. During the operational phases, issuesaroynd public
didclosure of data can impact a project, or a safety-related incident at any CCS project coulf create a
requirement for operations to cease until the nature of the events that led to the incident have been
as¢ertained, so that similar occurrences might be avoided. Risk communicatipn may be cornducted at
diffferent stages of a CCS project, and may be especially important when @pproaching closure and/or
popt-closure.

Bept practices for public engagement in CCS have been published~and provide resources|aimed at
iddntifying and managing the risks associated with engaging the public on CCS. These docurhents also
indlude case study examples of public engagement in CCS for successful and unsuccessful projects. For
example, see Guidelines for Community Engagement in Carbon dioxide Capture, Transportption, and
Stqrage (World Resources Institute (WRI, 2010), Public. Odtreach and Education for Carbdn Storage
Projects [National Energy Technology Laboratory (NETL),"2009], Communication/Engagement [loolkit for
CCP Projects (GCCSI and CSIRO, 2011), Communications for Carbon Capture and Storage: Identifying the
Bepefits, Managing the Risk, and maintaining the TiUst of Stakeholders (GCCSI, 2013a), ESTEEM: Engage
Stdkeholders through a Systematic Toolbox to Manage New Energy Projects (EU 5108351, 2009), Social
Sitp Characterization and Stakeholder Management(GCCSI, 2013b), Qualitative and Quantitative Social
Site Characterizations (SiteChar, 2011). There are also numerous peer-reviewed articles on this|topic.

6.3.4.2 Examples

By| following best practices for public engagement and effectively engaging host communitigs CCS can
bujld trust between the public@ahd a project operator, effective public engagement does not ensjure public
support for a CCS effort. Case-studies describing experiences in engagement on CCS have beenpublished
by|the World Resources-Institute (WRI, 2010) and the Global CCS Institute (GCCSI, 2014, 2012, 2010b,
¢, d1). These case studies-describe the engagement strategy and outcomes at various projects] including
CCP projects that faced opposition and did not go forward for a variety of reasons such as Barendrecht
(Shell) and FututéGen (FutureGen Alliance). These case studies also cover successful CC} projects
inqluding the INinois Basin Decatur Project (ISGS) and Otway (CO2CRC). There have also bgen recent
(2015) publications in the peer reviewed literature describing the issues with public engagement on CCS
in Germany.dnd the role the media has played in these projects (Pietzner, 2015 and Diitschke, 2015).

6.3.4.3 Conclusions

Guidelines and processes have been established for public engagement in CCS projects and are available
to the project developer, including ISO 26000 Social Responsibility standards for public engagement.

6.3.5 Project permits not obtained

6.3.5.1 Context
While the issue around regulatory uncertainty impacts all phases of an integrated CCS project, the risk

around a failure to obtain project permits can be related to other technical issues associated with a CCS
project.
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6.3.5.2 Examples

For instance, the permitting authority (i.e. government) is not satisfied that adequate design margins
have been included to reduce risk to an acceptable level. Also permits for drilling and injection might
be refused or significantly delayed due to negative project perception. Issues such as surface owners
objecting to seismic surveys, for instance, can have a consequential impact on the permitting process.
A CCS project proponent’s inability to convince stakeholders of the long-term performance of the
storage system can also impact permits approvals. An inability to demonstrate storage feasibility (i.e.
containment, injectivity and capacity), and inappropriate pore space and injection site selection clearly
poses a serious threat to project permit approvals. Permits will be difficult to obtain if issues such
as late st - 751 i i fCtime 1 i or
perceived|lack of knowledge and understanding of CCS, CO3 toxicity, etc. occur within the CCS projgect
management. In some cases the correct decision will be to not permit the project.

6.3.6 Lack of or changes in financial driver

6.3.6.1 [Context

The availability of adequate government incentives that create value for)'CCS alone currerl'ily
representf a very uncertain market driver for financing CCS projects in most, if not all, jurisdictiops.
This uncdrtainty spans all CCS project elements and the associated investments in equipment gnd
infrastrudture for capture, transportation, and storage of CO;. In most.cases, however, it is anticipated
that there]will eventually be some mechanism of credits or route to.deriving value for the capturing gnd
storing off CO2. This risk includes continued uncertainty regarding whether the incentive regime may
allow for & decline in value of previously granted incentives or credits below the financial assumptigns
around which a CCS project is developed. The value a CCS project might be reduced if for example (CS
credits were not tradable at fair market value as a result:of restrictive or additional GHG regulatiops.
In additioh, uncertainty may result in the price of CO2 dropping to non-economic levels during projgct
operation| During the life of a CCS project, CO2 may have a higher value use (other than direct storage)
elsewhergq such as being transported to a CO EOR project. Ultimately, the extent to which changeq in
the finangial driver are shared between elements'in the CCS chain will have a substantial impact on risk.

There is 4n element of regulatory risk embodied in the financial risks a CCS project may face. For
example, § change to regulations or policy around issues such as well abandonment requirements, taxes
or the cosft of carbon dioxide emissions or the regulators not allowing incidental storage in associat{on
with enhdanced oil recovery (EOR)(t0 be recognized as a CO; storage project may have a significant
impact on the financial viability'‘of a CCS project. Local market changes within any jurisdiction of a
large rise|or fall in oil prices.may affect also the financial viability of a CCS project relying on saleq of
captured O3 for use in CO2*EOR operations.

6.3.6.2 [Examples

The risks|of uncertain financing were underscored in December 2015, when UK government cancelled
£1 billion|in funding for CCS projects. The announcement halted both the White Rose (National Gfid

Carbon) ajpd Peterhead-Goldeneye (Shell) projects. The announcement also led to a massive reductjon
in interestaﬁd-ﬁhe-abaﬁﬁbﬂmeﬂ%ehﬁes%e%-pfeﬁebéewle@meﬂﬁ—, } :

In China, Sinopec has intended to scale up Shengli Oilfield EOR pilot test since 2013, however further
action is pending, due to the fall in oil prices and the lack of other financial drivers.

In the context of the Weyburn CCS project, this risk has resulted in a change in the project economics
resulting in the target volume of CO; not being stored. Such a change in project economics could be
brought about for a variety of reasons including:

— a change in project economics during the transition from EOR to storage (e.g. changes in cost and
revenue structures, or the injection rate of CO stream as oil extraction reduces);

— achange to regulations or policy (e.g. well abandonment requirements, taxes, cost of carbon);
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— achange to the value of storing CO (e.g. CO2 may have a higher value use elsewhere such as being

transported to another EOR project);
regulators will not allow EOR to be recognized as a CO; storage project;

lack of financial driver.

6.3.6.3 Conclusion

Premature closure of the site or cancellation of a CCS project may be driven by a number of factors
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.7 Changes in financial factors external to the project/Insufficient project financial
sources/Changes to the cost of capital

.7.1 Context

ficient financing is key to any successful commercial-scale integrated CCS project. Given
Velopment stage of CCS technologies and lack of market incentives for climate mitigation tec
ancing large-scale CCS projects is both challenging and-cemplicated. Therefore, any first
S project is likely to rely heavily on direct or indirect subsidies, or other forms of financiag
ancing a CCS project generally requires two typesyof financing mechanisms. The fir
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] operates mainly through a market mechanism, like carbon trading, and CO-EOR. Differ
CCS project development also involve different financing combinations and primary inve
ure 8). For demonstration projects;.a combination of public support and entrepreneurial

hjects.

.7.2 Examples

the case of SaskPoWwer’s Boundary Dam Project, (currently the world’s only operational C
the power sectdr),‘the total cost of the project was $1,3 billion. SaskPower received $24
m the goverament for part of the project’s capital expenditures and paid an additional $1
bital costs itself. However, given that SaskPower is owned by the province of Saskatchewan,
pject was.effectively Government funded. Operational costs for the plant are financed in pa;
 sale.oficaptured CO to Cenovus Energy for enhanced oil recovery under a 10-year agreen
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For examjle, for its Kemper County }6CC+CCS project (USA), Southern Company received a $270 milljon
grant from the US Department\of Energy under the Clean Coal Power Initiative Phase II and $133
million infinvestment tax crédits approved by the Internal Revenue Service. Nevertheless, becausg it
missed itq original deadlineof putting the plant into operation by May 2014, Mississippi Power (owned
by Southern Company)-had to repay the tax credits to the federal government.

Project d¢lays and-eost increases go hand to hand: the initial estimated project cost of the Kemper
project has beenwraised to $6,3 billion from an original $2,4 billion, due to a number of factors, including
regulatory issu€s, engineering problems with the pipe construction, and lack of experience in design
and constfuetion of an IGCC plant. In July 2016, the Kemper County IGCC produced its first syngas.

6.3.8.3 Conclusion

When planning and designing early CCS projects, it is critical for project owners to prepare financing
plans that incorporate, or at least recognize, the possibility of unexpected regulatory and cost changes.

6.3.9 Uncertainty in CO32 supply

6.3.9.1 Context

In the planning phase, lifecycle design and plant layouts are made for the technical infrastructure of
an integrated CCS project. The actual CO; stream supply volumes at the time of operation may differ
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from the initial planning. It can be either lower or higher and the mismatch between planned and actual
supply can affect:

— capture, transport, and injection rates, operability of technical infrastructure;
— utilization of the storage capacity of a reservoir;
— planned lifetime of infrastructure and overall project life time.

As a consequence of changes such as these, the operational costs and the cost per tonne of CO emissions
avoided can diverge from the initial economic calculations.

6.3.9.2 Examples

Preliminary contracts for CO; supply may be signed during project planning. These-contradts may be
infernal management agreements in enterprises holding upstream and downstream companies, so
that the entire integrated CCS project is within one organization. Another business mode} could be
contracts made with external business partners willing to supply CO; frem 'CCS applicatigns. There
ar¢ many possible reasons for enterprises changing their initial intentions or being unable t¢ meet the
contractually agreed supply. Markets may develop differently from what'was originally expected. For
example in Europe, the regulation of the market for CO, emission certificates according to theg Directive
20p3/87/EC (EU, 2009; EU, 2003) on the European Certificate Emission Trading Scheme (E(¢ ETS) led
to |certificate prices well below expectations and below those prices needed for economicglly viable
CCP projects. The low certificate prices were one of the main reasons for companies in Europe to
withdraw CCS plans, applications or permits granted for sterage site exploration. However, hiigh prices
fo1 certificates or a carbon tax might lead to “carbon,leakage” to other countries. The terrh “Carbon
legkage” does not indicate physical leakage, but signifies a situation in which, as a result of stringent
climate policies, companies move their CO2-generating production to countries with less gestrictive
mgasures. While apparently reducing emissions i the host country, the movement of productfion to less
efficient systems abroad can lead to a net rise.jvglobal CO; emissions.

Teghnical developments could create alternative solutions for CO2 emission reductions, that may be
mqre attractive financially, technically~and energetically, as well as less risky and more acceptable to
stdkeholders than CCS. Hence, thesé alternative options might be favoured when the integrated CCS
project actually commences operation. The CO2 supply may also be reduced because an ¢nterprise
changes its strategic direction.and portfolio of products and companies, or plainly suffers bgnkruptcy.
In fontrast, more CO, than plahned may be available from the source. This could be the case for example
in Europe, where Article 2Uof directive 2009/31/EC requires non-discriminatory access to[transport
anfl storage infrastructure for third parties.

Geperally, economicrisks exist when technical facilities with differences in expected lif¢time and
bupiness cycles-are combined in CCS systems. Plant operation times may be shorter than life-time for
filling large COz reservoirs, such as the “COz superstore” suggested by National Grid, offshorefin the UK.
Lafge scalé.transport and storage infrastructure may be planned to be provided and offered by one
opgrator.to a variety of possible CO2 sources, needed to achieve technically and economicallly efficient
trgnspert and storage rates.

6.3.9.3 Conclusions

A number of technical and administrative provisions have been described which have the potential to
reduce the risks associated with uncertainties in the supply of CO;. These include:

— placing contracts for COz supply which take into account counterparty credit and performance
risk, and

— ensuring that contracts contain clauses addressing such matters, including, for example,
compensation for deviations from the agreed supply. In such cases, the parties may consider
reinsurance of financial risks.
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Technical considerations for reducing risks of CO2 supply could include networks collecting CO; from
a variety of sources or obtaining CO; from a source in an industrial region, offering potential for
substitutes, in case a supplier is no longer able to meet their contractual obligations.

6.3.10 Lack of emissions accounting

6.3.10.1 Context

Emissions accounting is used in part to bulld publlc confldence in CCS asa cllmate mltlgatlon approach
and accoupt i : e nventories

d sub-national greenhouse gas reporting programs (EPA, 2016) and non- proflt organizatigns
(e.g. Ameijican Carbon Registry, 2016). Failure to account for COz emissions can result in the reputation
of a comppny being tarnished, leading to public opposition to continued operation as well'as finandial
risks assdciated with failure to receive Certified Emission Reduction (CER) credits (for€xample under
the Clean|Development Mechanism or national tax program). The lack of emissionsjaccounting is|an
overarchihg risk that affects the whole CCS project chain, primarily during the op€pational and closure
phases. Fgllowing an established CCS-specific emissions accounting framework helps address this rigk.

6.3.10.2 [Examples

Recently questions have been raised regarding the acceptance of negative emissions credit for bioenergy
with CCS In the context of the European Union’s Emissions Trading-Scheme (EU ETS (Kemper, 2014){ In
the United States, California is undergoing the process of establishing a quantification protocol for (CS
which wopnld enable accounting in the California ETS.

6.3.10.3 [Conclusions

Framewofks are available and in use, designed tevenable the accounting of emissions reductians
associated with CCS at the national to project-specific levels.

6.3.11 Technology scale-up

6.3.11.1 Context

There arq risks associated with\scaling up any new technology, and this represents uncertaintjes
for futurq projects. For example, many of the capture technologies have been either used in other
industrieg or demonstrated.at large scale. As these approaches are extended for use on commerdial
scale projects, the processes will need to be redesigned and optimized for full-scale efficiency. The
uncertainfies around téchnology scale-up may affect the entire CCS project chain and are best descrifed
as an ovefarching risk-that is most apparent during the start-up (engineering and construction) and
operationpl phases\(capture, injection). There are two distinct classes of impacts stemming from pgor
performafce of-snew technology which results from technology scale-up risk:

a) impag¢tsion safety or project economics;

b) impacts on public opinions of CCS.

6.3.11.2 Examples

Technology scale-up risk is often echoed by the media in reports of delayed or underperforming
operations during project start-up and early operations. These reports can affect public and academic
attitudes regarding specific CCS approaches. Examples of such reports include delayed start-up and cost
overruns at the Kemper County IGCC in Mississippi, United States as well as in the poor reliability of the
capture unit at Boundary Dam in Saskatchewan, Canada. In addition to the impact on public opinion of
CCS, there are also practical impacts on the project such as a delay in the planned emissions reduction
or increased cost associated with a delay.
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6.3.11.3 Conclusions

Large-scale demonstrations can reduce scale-up risk, but some process improvement and necessary
shut down should be expected for first-of-a-kind facilities. Adopting transparent communications and
outreach about such learnings during engagement with various stakeholders can help to build trust.

6.3.12 Lack of knowledge or qualified resources for operating the unit

6.3.12.1 Context

Pefiods of high activity with other associated or competing energy projects, or consolidation of the
mdrket place may not only result in financial pressures on a CCS project but could also'give rise to a
significant shortage of skilled labour. CCS project operators generally will strive to aghieveleconomic
mgximum production and cost effective operating performance, management of allinisks and position
thémselves to capture opportunities for their respective CCS project(s). To achieyeithis, qualifjed labour
is p requirement. Attempting project execution without the appropriate skills can lead td schedule
delays, cost overruns and potential health, safety and environment issues.

6.3.12.2 Examples

Lops of institutional knowledge and/or experienced field personnelan result in significant delays while
trgdining occurs. Delays can interrupt scheduled MVA activitiesiwhich might result in permit Yiolations.
Skijlled field personnel are needed for sampling, site maintenance, laboratory analysis, analysis
inlerpretation and quality control, and report preparation.<Skilled individuals often have a MS degree
in geology, hydrogeology, soil science, chemical engineeiing, mechanical engineering, chemistry, fluid
dypamics, or similar discipline. These challenges haye been experienced and managed at the Illinois
Bakin Decatur CCS project in the United States.

6.3.12.3 Conclusions

Rigks associated with the lack of qualified\resources or loss of key project personnel can be apticipated
anfl managed to avoid impacts on the CCS effort.

6.3.13 Project impacts on the. environment

6.3.13.1 Context

Potential impacts anintegrated CCS project may have on the environment includes impacts to 4ir quality,
bidlogical organisms (plants and animals), soils, land use, surface waters, the viewshed, and cultural
anfl historical reseurces. Any large energy project will have some degree of impact on the envlironment,
anfl it is important that local or regional regulations for Environmental Impact Assessments [EIAs) are
followed. litsome jurisdictions, an EIA may not be required. For example, in Alberta, Canada the addition
of LCS te.an existing project would not require an EIA—different places will have different cifiteria and
ex¢mptions from the EIA process. An environmental impact assessment can help identify sign:lficant and
potentially significant environmental impacts and provide a clear process for determining agppropriate
mitigations. The environmental impact assessment is usually carried out during the planning and
engineering phase of a project (often a requirement for governmental approval to begin a project),
however environmental impacts can also occur during operation, closure, and post-closure periods.
Environmental impacts can also happen at or in-between any point in the capture, transportation, and
storage project chain. As noted in the introduction, the risk assessment can be integral to the EIA.

6.3.13.2 Examples
Examples of an EIA or Environmental Impact Statement (EIS) that have been developed for CCS projects

and include such risk analysis include: the Gorgon (Chevron) Project in Australia and the FutureGen
(FutureGen Alliance) Project in Illinois.
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6.3.13.3 Conclusions

6.3.14 External natural impacts on project

Risks associated with environmental impacts of a project can be reduced by carrying out an EIA where
the potentially significant impacts are identified and mitigation measures are identified and then
subsequently implemented. Although external natural impacts may affect primarily a single project
component as in the examples below, they can impact a CCS project throughout the whole project chain
and lifecycle.

6.3.14.1 [Examples of external natural impacts on project

Capture: [A CO; capture facility is vulnerable to external impacts from weather (temperature chanige,
wind, seyere weather, etc.) as well as natural disasters (earthquakes, floods, etc.), Ambient-pir
temperatyire increases require increased energy for compression. Sudden or extreme,temperatyre
changes chn cause CO; phase changes (liquid, gaseous, dense) in surface or subsurface+facilities, causing
rapid chajpges in flow characteristics.

Transportation: Buried pipelines are particularly vulnerable to ground movement, such as might(be
experienced during an earthquake. The 1971 San Fernando earthquake .¢auSed the rupture andfor
buckling ¢f several water, gas and sewage pipelines (Ariman, 1983), some ‘of which were large diamefer
(up to 16"} 406 mm), but fortunately low pressure (150 psi, 10 bar) compared to that expected for CS
applications. During late 1982 and early 1983 intense, prolonged rainfall associated with the EI Nifio-
Southern Pscillation (ENSO) phenomenon brought severe floods afd landslides to many coastal regiqns
of Ecuadof. There was significant damage caused to water and sewage pipelines, pumps and networks
atthies, 2006). Flash or high velocity floods are the-most damaging because their force dan
knock oufjpumping installations.

Storage: For CO; storage, an external event could redctivate a fault if reservoir pressure or thermal
stress exdeeds the fault strength. This could yield migration along a stratigraphic pathway: As a result
of the strjictural features in the subsurface, in\particular, the caprock, a stratigraphic pathway may
exist for brine or CO2 migration out of the primary containment complex. More extensive measurement
monitoring and verification (MMV) measures’may be required, injection may need to be cut back|or
redistribyted, potentially over additional wells, and CO; credits could be lost if uncontained volumeg of
CO3 incur|penalties or result in loss of ¢credit. If loss of containment remains undetected contaminatjon
of potablewater zones and leakage toysurface may eventually result which could endanger public heaflth
and safety, cause environmental damage, legal action, and considerable loss of reputation.

6.3.14.2 [Conclusions

Consider fhe potential)fer external natural impacts to impact a CCS project throughout the whple
project chain and liféeycle, to include potential geological discontinuities and seismic events. Extreme
natural eyents sheuld be considered in a risk assessment for each element of the CCS project chain.

6.3.15 External man-made impacts on project

6.3.15.1 Context

Man-made impacts (including pre-existing wells) can also affect an overall CCS project through the
whole project chain and lifecycle.

Future CO3 injection sites that are geologically connected with a pre-existing injection and storage site
could reduce the pore space capacity available to original project both injection projects. Incremental
injections into the same injection horizon in a geologically connected formation could elevate the
pressure in that area and reduce capacity and injectivity. The consequence of this scenario may be
that additional infill wells are required away from the adjacent CCS scheme but within the region of
influence to maintain injectivity and to compensate for loss of storage capacity. Extra pipeline and/or
laterals may be required to provide maximum offset to the adjacent CCS scheme.
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6.3.15.2 Examples

Capture: Examples of man-made factors that could create risk for the capture plant include a human
error which causes a plant shutdown, missed maintenance, or an unrelated accident that occurs at an
adjacent plant or unit.

Transportation: Third party interference to transportation infrastructure is statistically the most
common cause of inadvertent product loss, for instance puncturing a buried COy pipeline during
earthmoving operations [e.g. on the Jackson Dome Tinsley CO; (Delta) 8” pipeline].
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frdm offending well. More extensive MMV measures may be required ‘and CO; credits could|be lost as
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6.3.16 Conflicts with other land-use rights

1Issociated
Although
sessment,

ere is potential for conflicts.with existing land use or uncertainty in the land use impacts 3
with a planned project to affect CCS project through the whole project chain and lifecycle,
thé¢re are limits to which aspects of land use uncertainty can be addressed as part of a risk ag
indlusion of these risks'can enable a more robust risk assessment effort.

6.3.16.1 Context
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plants radloactlve waste dlsposal groundwater extractlon 011 and gas productlon operatlons and
mines®). The criteria for risk evaluation of this uncertainty include the potential for degrading HSE
aspects of the project and/or performance modification and/or stopping the underground exploitation.

Conflicts of use are differentiated below according to their typical occurrence during the pre-
operational phase vs. the operational phase. Once a project is closed, it is assumed that each physical
component of the CCS project is independent from the others.

5) COy storage can be combined in a beneficial way with another use such as oil and gas production (EOR), heat
extraction, or saline water production (EWR).

© ISO 2018 - All rights reserved 37


https://standardsiso.com/api/?name=0f3d97e4fe98114b7afb217664fdcb2c

ISO/TR 27918:2018(E)

6.3.16.2 Examples

6.3.16.2.1 Pre-operational phase

During the pre-operational phase, conflicts with other users may arise from modifications to the initial
state by construction of the CCS facilities. In the case of capture, construction of the specific capture
installation implies the extension of the power plants or other COz emitting industry, which could
impact on landowners and nearby land use® For transportation, the identification of the path of the
pipeline requires negotiation with land owners and identification of the juridical status of the portion
of land bearing the transport facilities (public easement, rent to landowners). Concerning storage, the
occupatio£ of surface facilities and well pads has also to be negotiated with land owners, as well as the

areas usefl for monitoring (even if the occupation is temporary, e.g. seismic surveys). In the substirface,
conflicts fay be the result of the vicinity of other pre-existing underground users (see list in"Context),
aiming at|using either the same pore volume or the caprock bearing shale gas (or oil). Conflicts coyld
be the cohsequence of underground plume extension or pressure and temperature, change beydnd
permitted area or beyond areas covered by contracts with owners of surface or subsuiface rights.

In case of refusal by landowners, the whole project could be stopped for a whilg, until a solution is
found, either financial or by exchange of properties. The development of a project could also be halted
if underground users in the vicinity consider that the development of a Gtprage project negatively
impacts their assets. In that case, the project operator should demonstraté that the COz plume maxiral
extensionf altogether with pressure and temperature changes or any otheér impact, do not affect other
users. Any leakage through a well or a fault should be avoided in orderto prevent any interaction wjith
other usefs. Another option for the project operator facing this risk would be to continue the projgct,
but arrange for appropriate compensation or leasing of storage rights.

There may also be conflicts with existing land use that result in an inability to determine the basellne
environmpntal data needed for monitoring.

6.3.16.2.2 Operational phase

During thle operational phase, impacts on othér users related to capture or transport are limited| to
specific ifnpacts such as noise, air qualityrapart from an accidental release of CO2. The latter belng
treated ag a risk specific to capture or transport. A new land use planning could result in a conflict
between the construction of a facility,\e.g. a new road or public building, and the pipeline path. At the
storage sife, conflicts with land owners or farmers should be resolved during the preoperational phajse.
Nevertheless, they could possiblythappen in case of a suspected leak of CO; or need for new monitoring

or tempeifature change beyond permitted areas or beyond areas covered by contracts with ownerg of
subsurfack or subsurfacerights, contamination of drinking water aquifers by the CO3 stream, cooling of
geothermpl resources,ete.

Risk treatment during the pre-operational phase:

— To get the project running regarding capture and transport, dealing with the land owners and
getting public acceptability in the vicinity and surroundings are essential. An appropriate regulatory
framework may be used to obtain access to land (depending on local regulations). Respect to
storage, site screening (i.e. establishing a first list of possible areas) needs to take into account the
proximity of other underground users, on either a vertical dimension (mainly for potable water
aquifers) or the horizontal one (geothermal, gas storage, hydrocarbon exploitation, mines etc.).
Once the site is selected, site performance analysis and modelling of risk scenarios allow evaluation
of the maximum plume extension and consequently possible interactions with other underground

6) Notnecessary in case of capture-ready plant.
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exploitations. Modification to the initial project should be made to minimize risk of conflicts with
other users. A characterization report should be made available for the regulators, stakeholders,
public and relevant NGOs. Regulations and standards for conflicts of use, if any, should be properly

applied.

For risk treatment during the operational phase regarding capture and transport,

the same

comments apply as those for risk identification because any potential conflicts with land owners or
farmers that could affect the project are managed in the framework of other overarching risks. With
respect to storage, careful monitoring of the plume extension is needed to detect any migration close
to another underground exploitation or a leakage up to a potable aquifer. In case of proven impact,

e.g. to decrease or stop the injection, or even back-produce CO3.
. Crosscutting risks

.1 General

psscutting risks are risks that affect more than one part of a CCS projecCt chain. Integratior
nsidered crosscutting for the purposes of this document.

S systems, composed of multiple sources and/or reservoirs, are more complex than simple
nt” CCS projects comprising a single source and sink. This isrespecially true if the latter is
a single operator. As systems incorporate additional sources of CO; linked to additional 1
'e is required to minimize the potential impact of potential variations in the composi

isture in one stream and pressure drop in another stream could increase the risk of co
the combined CO; stream. With respect to qualitative and quantitative variations of CO;
ay be appropriate to distinguish single source-Sink projects from small and large CCS sy

gle source-sink CCS projects: In a simple process chain, connecting one source with one
ndstill or decreased performance affécts the entire process efficiency, and within a given ti

brarching risks may be easiér. Necessary maintenance periods of technical infrastructu
nned well in advance and compositional changes resulting from the blending of CO; stre
Fious sources do not neédjto be considered. On the other hand, the designer has the option
b product stream accdonding to his own criteria, for instance choosing to transport COz W
isture content thralgh stainless steel pipelines, rather than dehumidify the CO; strear
ver-cost carbon-stéel pipeline materials.

Lensive CCSinfrastructures: Extensive CCS networks including various sources and sinks,

a transpoptation grid would offer the greatest flexibility for coping with disturbances at
tallations or within storage reservoirs, as alternative sources, transport options, and st
hilablé and could be used for switching and alternate routing within the network, so thatb

—theoperator reeds toapply thecorrective measures inctudedir the storage risk mamagement plan,

| risks are

“point-to-
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sing from failures at single points could be bypassed. Downstream, a pipeline grid and

a cluster

of storage sites would provide buffer capacity for temporarily elevated fluxes of CO; streams. In
a blending of various gas streams, it may be possible for composition changes of the stream coming
from one particular source to be attenuated (note that in this case, the overall composition of the
CO; stream needs to be monitored carefully to ensure that the combined product does not breach
impurity limits). However, management of such an infrastructure network and temporal alignment
of the production and CO7 capture from independent companies will be a complex task (Middleton et
al.,, 2013). High investments for extensive CCS infrastructure will probably be restricted to storage
associated with enhanced oil recovery or possibly other CO utilization such as coal bed methane and
shale gas production if their technical and economic feasibility is proven. Economies of scale may create
markets for such large systems even though there may be more regulatory requirements in the future.
Numerical models are considered useful for risk assessment, performance planning, and operation of
such extensive networks, including planning of preventive measures in case the flux or composition of
the CO; stream falls out of the operational window at some installation at some time.
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Small CCS systems: Small systems, combining a few sources and sinks only, may be the most vulnerable
to changes of CO2 stream compositions arising from mixing of different streams from various sources.
The composition changes may be large, while the flexibility of the system may be low because of
the limited number of sources, sinks, and transportation options and hence only limited options to
compensate any disturbance. Including large “base-load” sources may help to cope with qualitative
variations. However, overall fluxes will be controlled by such large sources and may not be adequately
compensated by a bundle of smaller CO7 sources, when the large source is out of operation.

Enlarging the operational windows of capture, transport, and injection facilities in order to cope with
more variable CO3 stream composition and flux may increase costs and reduce efficiency of installations.
Hence, selecti i =i i T i ; TOTT; age
options, ds mentioned for OA economical risks resulting from uncertain supply (see 6.4.2.1), can|be
used for 1isk reduction. A wise mix may mean sources of CO; that are similar in their production and
capture t¢chnologies and carbon source used. Switching CO; streams from one reservoirytovanother
should take into account the specifications of transport and injection infrastructure and reservoir and
caprock lifhologies in order to avoid unwanted chemical reactions.

6.4.2 Atcidental or intentional interruption or intermittency of COz supply,. CO2 intake or
transportation

6.4.2.1 ontext
(XC, CSTES)
The quantity and quality of CO; streams might vary with titne. Intermittency is a more or less

predictable variation, resulting from the technical production process, natural influences, or reflecting
predictable variations of power or products demand. Faetors affecting power generation from fogsil
energy sources and related CO; emissions might be, for example, energy prices at power exchanges
following|well known consumers demand profiles,. or, predictable weather changes that affect solar
or wind ppwer generation, which may be given preference in the supply portfolio. Seasonal variatigns
may result from the demand for district heatirg or cooling power or the processing of perishaple
biomass dfter a harvesting season, such as sugar beets. Advanced planning in the design phase for
CCS projefts can anticipate interruptions,and enable CCS projects to be resilient to future changeg in
the COz fluxes. Planned interruptions may’be for maintenance periods, like boiler cleaning, internal
pipeline ifispections or replacement ofiliners in injection wells. These interruptions may last hours to
months aid accordingly could be mitigated by including buffer storage or flexible operation within CS
networks] In particular, in single_source-sink CCS systems, longer interruptions lead to interrupted
operation| of the entire integrated CCS project. Accidental interruptions may equally span variaple
time scalgs, with the disadvantage compared to intentional interruptions, that preparatory planning is
limited arjd adaptation te~changes can only occur in a reactive (not proactive) manner.

6.4.2.2 [Examples

Intermittg¢ncy 6f<supply may be a problem in the early years of operation of a CO, storage reservagir:
the assoclated problems will decrease when the CO; plume covers a wider area and the CO; stream

can dls ekEsemere aacilizin 2 lavagar racarunie yaliimag Tntarmittant CO - connlyg saaygy Alea ba 4 el m
pekseZmore-—easil y-in-a-largerreservoirvolumetntermittent COs-supply-may-also-be-aproble

in CO2-EOR projects, where the oil production [e.g. by alternating flooding of the oil reservoir by water
and CO7 (WAG)] and CO3 recycling will dictate the CO; demand. Depleted reservoirs that have dropped
out of oil production could, as a technical matter, be considered as buffer storages in EOR regions until
the termination of the oil production and thereafter, they could be operated in a more regular manner
as COy stores, assuming of course what the legal, permitting, and property law framework allows.

Variations of various frequencies add up to the total variation of CO; flux and CO; stream composition,
which, in extended networks, may be different at different locations within the networks.
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6.4.2.3 Conclusions

Risks may result from changing socio-economic conditions, which affect the operation frequency of CO2
sources, e.g. power plants that used to operate in base or peak load. Increased shares of wind- and solar
power in electricity generations requires more flexible load management for both base and peak load
power plants, in order to operate profitably. Hence flexibility should be considered in the planning of
CCS systems, in order to adapt to such unforeseen changes during the long time periods during which
capital is bound in infrastructures of power generation, CO; capture, transport and storage. Part of this
flexibility can be gained offshore by a combination of pipeline and ship transport, as ships are free to

navigate to whatever suitable CO; source or terminal is within reasonable reach.
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1.3 Shared infrastructure by multiple projects (uncertain ownership, performanee-¢
brdination)

1.3.1 Context

\, CST2S)

nts and industrial sources are attractive because of the opportunity to share financial
r entities (public or private) and more quickly achieve ecenomies of scale. Howevq

dels (National Grid, 2014) for sharing infrastructure (pipelines and/er storage sites) amd

e
H]rastructure also creates the need for careful coordination,and’ comes with an increased

nefits) to affect the overall project. In the early stages™of shared infrastructure dey

SO

nership and coordination may be unclear, affecting theé\overall risk associated with the |
e proposed models, the government owns the capturéand/or storage infrastructure.

Shared infrastructure can also affect specific elements of the CCS project chain, for ex
capture/transportation interface (CST). If multiple CO, sources are sharing a pipeline an
infrastructure, then the sources should be required to limit impurities within the CO; to

qu
pi
on
Cco

6.4

In

p?P
PIf
mi
thd
no
ac

pr
su

hlity specifications of the materials selectéd for the shared pipeline/storage infrastructu
eline operations. During capture, transport, and storage, underperformance of a capture
e of the sources may affect the abilitito capture CO; at another facility, or serve to unde
mpositional basis upon which thesafety and performance calculations have been performs

1.3.2 Examples
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infirastructure is described in some detail in ISO 27913

The Roadmap for Capture and Storage Demonstration and Deployment in the People’s Republic of China
(ADB, 2015) includes a discussion regarding the advantages of risk sharing and public ownership of
shared infrastructure.

6.4.3.3 Conclusions

As shared infrastructure is developed, the industry participants may be expected to address these
issues as they arise in particular circumstances.
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6.4.4 Using existing facilities

6.4.4.1 Context
(OA/XC, CSTS)

It may be possible for existing facilities to be utilized for CCS purposes, however there are inherent
risks in doing so. These risks can affect the overall project or cut across any of the specific elements of
the CCS project chain (CST2S). The condition of pipelines or other infrastructure may be uncertain
or not designed to handle dense phase impure CO3, or the corrosive environment anticipated in COy
injection. [Ffence, Where pre-ex{Sting natural gas pipeiine 0 be converted to CO; transportation [(as

has already occurred in the United States), industry participants will review the condition of the pipe,
expected pperational pressures and related operational matters to minimize these risks.

It is also possible that existing infrastructure may have unclear ownership or the contracts in place
that would make it unavailable for CCS purposes. Transitioning facilities from anotherpurpose sych
as oil and| gas production to CCS may also present risks because the timing of the 'ehd of the oil gnd
gas proje¢t may not match with the timing of completion of a capture project thdtyields transport or
injection-feady CO3. Moreover, the mineral property arrangements and other-aspects of the legal gnd
regulatory framework may not be adapted for such changed purposes.

Operatorq should be aware that using an National Energy Technology Lahoratory (NETL), 2009 exist{ng
facility thpt was originally designed around one, or a number of procéss fluids to now accept CO; from
a CCS appllication may have an impact on the safety case’) that ageompanied the original installatipn.
Issues thdt may need to be addressed may include:

— the distance between the facility and normally occupied-buildings;
— actions to be taken in the event of a breach of containnient;

— introdluction of a “Dial before you dig” policy toaninimize the potential for third party interferenice;
— introdlucing an area ban on anchor dragging offshore;

— re-idgntifying a manufacturing facility as'a HAZOP zone or similar;
— including a facility or pipeline inte.the Local Emergency Plan.

Accordingly, where existing infrastructure is to be used, industry participants conduct a thoroygh
evaluatiof of the conditions afd availability of the infrastructure, including appropriate site-specific
risk analyfsis.

6.4.4.2 [Examples

The use of existing.nfrastructure such as natural gas pipelines or offshore oil and gas platforms has
been explpred for projects in Europe. However, reusing existing redundant infrastructure has proved
to be difficult'because of issues around timing and the slow progress made on the capture side of the
CCSproje hain_The safe ase that was accepted forinstance when planning the route for a natuiral
gas pipeline, may not be appropriate were the pipeline is to be switched to CCS CO3 use. In the UK, the
design pressure for bulk gas transfer is lower than that at which the pipeline would need to operate
with the CO; stream in dense phase, and the design margins (e.g. to inhibit ductile fracture) may be
lower. In the US, existing natural gas pipeline infrastructure has been converted in at least one instance
to COy transportation and integrated into the CO pipeline network.

7)  Itis assumed that the original consent to operate such a facility was based on a safety case which included
evidence and arguments that demonstrate that the facility was acceptably safe for the specific application and
operating conditions proposed.
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6.4.4.3 Conclusions

If existing infrastructure is to be used, conducting a thorough evaluation of the conditions and
availability of the infrastructure is recommended to be conducted, including a site-specific risk analysis.

6.4.5 Unintended phase change variations in quality and quantity of the CO2 stream

6.4.5.1 Context

(0A/XC, CST2S)
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impacts of unforeseen variations of quantity or composition of CO; streams on thenaf]
h CCS technology chain can be described as a sequence from source to sink under pgrmal
nditions. Eventually, in the case of leakage, this sequence could be extended to, the oV
[face waters and the atmosphere (Table 4). Processes leading to variations of,CO; flux a
eam composition should be considered in the risk management of captutre,“transport
rage, respectively. As any poor performance or interruption of a single link of a CCS chain z

egrated CCS projects.

1.5.2 Examples

 infrastructure design, can result in the following crosseutting technical risks:
lower capture efficiency due to inflexibilities in thé\operation of the upstream plant;

accidental or intentional interruption or intermittency of the CO2 stream supply, CO;
transportation;

CO;z stream out of specification, or source gas composition not as expected resulting in cg
carbon steel components or undermining of the safety case upon which the design is pre

all links of the CCS chain, variations of the quantity and quality of the CO; stream can
hnical performance and reduce capture, transport and injection rates, and hence, the overa
O, emissions avoided. Load ¥ariations may result in exceeding or sub-optimal running o
erational windows, that.may result in malfunctioning, venting, or shut downs. Slight chan
purities in the COy stream, e.g. the addition of oxygen and injection into oxygen depleted
psurface environmehts, may have large impacts on geochemical reactions, potential
blockage of pore-space in oil reservoirs or saline aquifers, such as by providing the cong
fate-ReducingBacteria (SRB) to flourish or by precipitation or dissolution of minerals due
bH or oxidatign-reduction conditions.

I'ther, health, safety and environmental impacts may result from disturbances exceeding {
ecifications, e.g. by the release of CO; streams containing toxic impurities such as H,S in CQ
m-integrated gasification combined cycle (IGCC) facilities.
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This document does not intend to provide a detailed description of the possible effects and consequences
of variations in quality and quantity of the CO, stream on single components of an integrated CCS project.
However, the general consequences of a decreased performance common to capture, transport and
storage are considered here. Any effect that reduces the performance of a single process may adversely
affect the efficiency of the entire integrated CCS project, resulting in additional costs, more greenhouse
gas emissions (e.g. because of necessary blow downs or venting), and/or reduced emission allowances
because injection rates and storage capacity are reduced. Eventually, higher wear and corrosion caused
by impurities or increased fluxes is likely to cause longer or more frequent maintenance of technical
components. Infrastructure that is meant to be durable may need to be replaced, while replacement
had not been thought to be necessary at all over the design life. The additional work and unforeseen
replacements will result in higher investment and operation costs.
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Secondary, indirect environmental impacts may be caused by disturbances to the designed operation,
enlarging the overall environmental footprint of integrated CCS projects. Poor operational performance
may increase the energy demand for the CCS chain, and reduce the energy efficiency of power and
product generation. The consumption of operating supplies might increase. More waste products
and equipment may need to be recycled or disposed. More natural resources may be needed for the
disturbed CCS processes compared to the original plans. Ecosystems may be affected by the disposal
of capture and process related substances and by the production of an increased amount of operational
supplies. Additional greenhouse gases may be released and the overall amount of CO; avoided may
decrease.

6.4.5.3 onclusions

Monitorirlg changes to the CO; stream composition and flux along the CCS technology chain isya-task of
overarchihg importance to minimize the risks for the overall performance of CCS projectstor-systems.
As in other technological chains, the weakest link determines the overall performance, of the chdin.
Disturbarfces may affect both upstream and downstream processes. Changes to the-purity of the (O
stream mpy be within the limits defined for specific components of the CCS chain, bt may result in
incompatibilities amongst different impurities once combined. It is a challenge‘to build and operate
CCS projefts with a sufficient and equal strength of all its stages, aspects, and links. Weak links cause
disturbances and increase overall costs. Surplus measures, such as desigm redundancy for critical
systems thay be included to ensure optimum performance of one link amongst others of mediogre
performahce will increase costs as well, without significantly improving the overall performance.

Crosscutting risks may result from liabilities for technical components and processes that might
adversely|affect others. Boundaries of technical units may notialways coincide with responsibilitjes
for operatlion or warranty. If financial provisions have not been'made for unexpected maintenance and
replacemgnts, equipment may be used at its technical limits and eventually beyond. Risks of larger
failures ahd cascading consequences may rise if necessary maintenance of technical components|or
monitoring of the injection process are postponed.

6.4.6 CO2 out of specifications/Source gas composition not as expected

6.4.6.1 [Context
(XC, CSTES)

Various fdatures, events and processes have the potential to affect the composition of the CO; stream
during its|flow through the linkslof a CCS chain. Impurities interact physically and chemically with thieir
surrounding environment to.an extent that may be technically relevant (see Table 4). These interactigns
result in processes, which-may have a negative impact on the local environment and CCS-projerts
performafce or infrasffucture in general (Riitters et al., 2015).

6.4.6.2 [Examples

Source: Impurities in the CO; stream originate from the CO; generation, either in heat or power
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related to the process by which the CO; has been produced or extracted, and the quality of the original
carboniferous materials used. The production processes may include cleaning of the gas streams, e.g.
flue gas filtration or desulfurization, which might impact the composition of the CO; stream. Changes to
the production process or to legal requirements may further change the composition of the gas stream
entering the capture facility.

Capture: Carbon dioxide can be captured by various technologies, such as solvent scrubbing, oxyfuel
combustion, and solvent wash (as in IGCC). The capture process can be an integrated part of power
generation or industrial processes. It can include cleaning and compression of CO2 streams. For such
integrated facilities various standards may apply to the technical components. The concentrations of
impurities in the CO2 stream are affected by many capture-process dependent factors, such as solvent
quality and regeneration, air separation, water removal, flue gas cleaning (e.g. denox or desulfurization),
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variations in flux rates, or regulatory requirements. Negative impacts resulting from impurities may
include among others: enhanced degradation of solvents, corrosion, foaming within pipes and vessels,
and clogging of adsorber and desorber columns, wear of turbo-machinery by abrasion caused by
droplets of condensate or ash. These impacts may result in reduced capture rates, interruptions of the
capture process and eventually venting of process gases or CO; streams.

Transportation: Changes to the spectrum of impurities during transport could result from mixing of
different CO streams in pipeline networks, especially by those that are derived from different sources
and capture technologies. Even if individual concentrations of impurities are below technically tolerable
thresholds some 1mpur1t1es may not be compatible with each other Some combinations of impurities
transport
corrosion.

h the wall

system. Water, SO, and Oy, for example, can react to form sulfuric acid, enhancing steel
Mipor changes in CO2 stream composition may occur because of condensation or reactionwit
mdterials of pipelines or vessels. Other ISO standards such as ISO 27913 address this issue.

D> stream
s and CO>

Injection: During interrupted injection, formation fluid may enter the well andcentact the C
sing changes to its composition because of partitioning of substances betweéen the aqueou
hse. During continuous injection, little change to the composition of the COz-stream is expected within
Ils, as the time for reactions with steel surfaces is small compared to\the time the CO2 stream is in
ntact with steel pipes or vessels. However, transport in high quality steel pipes to former production
Ils in depleted hydrocarbon fields, made of plain carbon steel®), arelikely to be problematig. Equally,
mbining pipes of different quality in CCS systems may result in(joins that could possibly bg¢ sensitive
corrosion reactions: these should be subject to appropriate-tnonitoring and risk treatment

co
to

Storage: Major changes to the compositional spectrum_of impurities are expected in the storage
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ervoirs, where the CO; stream including any associated impurities may mix with resid
bleted gas fields or react with oil, coal, formationcwater and minerals. Mixing of CO; stre
idual gas changes its density and the CO; content in the resultant stream and thus impa
pacity (Rebscher and Oldenburg, 2005; Schoneich et al., 2007). Effects of mineral reaction
bcted CO3 stream may result in the dissolutiéh of primary minerals or the alteration of the
 formation of new minerals. The chemieal reactions caused by CO and impurities may b¢
different sites within a storage and change with time. As a result of these reactions, pq
l pore connectivity may be enlarged or reduced and hence the permeability of the re
procks. Depending on whether réservoir or cap rocks are affected and depending on the tin
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t geochemical reactions, the resulting consequences may be beneficial or detrimental to tl
'pose. Self-sealing of fractures in the cap rock or well bore cement, and mineral trapping
sitive effects of mineral precipitation. Mineral dissolution of carbonates, enhanced by
nitfrous acid, may create-an’improvement in the permeability of reservoir rocks. However,
redctions involving COzstreams and associated impurities may adversely affect the quality
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comp051t10n and the propertles of the COz stream The resultlng effects may be posmve or negative:
corrosion of metal-based materials and cements may enhance pathways, while other reactions could
result in the self-sealing of fluid pathways. The CO; stream may physically mix with formation waters,
rising together though pipes or faults (gas-lift). Leakage from the reservoir into overlying, deep
secondary or reserve storage formations, may be acceptable, if these formations do not host economic
resources such as hydrocarbons. Impacts on freshwater aquifers, which are current, or potential future
drinking water resources, and on soils suitable for food production are of particular concern. Human

8) Plain-carbon steel, is a combination of two elements, iron and carbon, with other elements present in quantities
too small to affect its properties. The only other elements allowed in plain-carbon steel are: manganese (1,65 %
max), silicon (0,60 % max), and copper (0,60 % max).
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health and safety, protected ecosystems, and private property are, of course, also elements of concern
that are usually the focus of risk management.

6.4.6.3 Conclusions

Some impurities may have beneficial effects in some parts of the CCS chain, thus it may be acceptable not
to take measures to reduce their concentrations. In other parts of the chain however, these impurities
may have negative effects. For example, the presence of SO, may enhance injectivity and storage
capacity for the COy stream but is likely to also accelerate reaction rates and to facilitate reactions not
possible in its absence, enhancing corrosion of the transport and injection infrastructure (Ziabakhsh-

Ganji and [Kooi, 2014). There may be a competition between economic arguments and risk management

in defini
(ALARP)

the tolerable level of impurities. From a risk perspective, As Low As Reasonably Possiple
ay be a desirable criterion, while economists may try to find the minimum of coststesulting

from purification of the CO; stream and damage caused by impurities, balancing costs and benefits

(Brown ef

al., 2014; Eickhoff et al., 2014), e.g. from enhanced hydrocarbon recovery (Besua;2010).
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Table 4 — Overview scheme for risks related to impurities in a CCS chain

Pre . Capture an d Transport Injection Storage Leakage
processing | Compression
FEPs to be |— combustion |— solvent — pipeline — well — saline — (abandoned
considered |facilities scrubbing aquifer wells)
— vessel
— industrial |— oxy-fuel — depleted |— overburden
processes — IGCC solid gas field — freshwater
chemical loop- — depleted |aquifers
ing oil field
— solll
~ ‘sed and
freshwater
Cquse — process — solvent — mixing of |— reactions |— reactions0 |— miking of
affecting |interruption quality different CO; |with wall betweerl fluids
C(2 stream . streams material .
. — changes in: |— solvent — COy — redctions
composi- : .
ti(I: — fuel or regeneration |— residual stteam, water, |between CO;
. gas in vessels gas, oil, coal, [strear, well
raw material |— capture rate :
. L . minerals materijal, over-
quality variations — reactions
. burdep, ground-
: .| with wall ma- .
— combustion |— gas cleaning terial waterjsoil,
or production . surfade-water,
— drying
process atmosjphere
— regulatory | SOmPress
X sion steps,
requirements
— flux rate — regulatory
. requirements
variations
Effects — solvent — mixed — corrosion |— COz phase |— well corro-
degradation incompatible dilution sion
(examples) — two-phase
. streams . .
— corrosion flow — density — pHjreduction
. — reactions reduction -
— foamijng : — cement — miking of
causing i L f . d
— clogithg stability — precipita- |formafion an
— clogging tion grounf water
7~@abrasionby | corrosion — dissolution |— physiologi-
droplets and cal effbcts
ash, — condensa- — hydrate
tion formation — freshwater
— phase e
. . contaiination
mixtures in — enhanced
installations geochemical
designed for reactions
single-phase
operation
Specific — reduced — reduced — reduced — reduced — enhancing
risks capture transport injectivity injectivity leakage path-
— capture capactty — injection |— reduced ways
interruption — transport |stop capacity — groundwater
. interruption . contamination
— venting of — leakage to |— project
CO3 stream — leakage to |atmosphere, |interruption |— impacton
atmosphere subsurface, — HSE soil and surface
— HSE ecosystems ecosystems
— HSE — project — leakage to
failure
atmosphere
— HSE impacts
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Table 4 (continued)
Pre . Capture an d Transport Injection Storage Leakage
processing | Compression
General — more maintenance resulting in additional costs
risks C .
associated — lower injection rates and/or storage capacity

with spe- — uncovered liability for cascading and progressive effects

cific risks . . i . s
— technical boundaries may not coincide with management responsibilities

— rendering of emission certificates

6.4.7 Mismatched component performance

6.4.7.1 [Context
(XC, CSTES)

A CCS project involves multiple complex processes, including COz capture, transportation, and storage.
A project may comprise a single source-sink combination or an extensive CCS-infrastructure containing
multiple spurces and sinks. It is also a long-term dynamic system to which components might be added
or removdd components as needed. Performance of individual components)such as the storage reservpir
(volumetrfic capacity or injectivity), engineered infrastructure (flexibility, operation hours), and
remaining life of any component may be mismatched in the system; which might limit the performance
of the intdgrated CCS system.

6.4.7.2 [Examples

Example: [Boundary Dam - Aquistore (temporary shertfall in CO; delivery; financial impacts and
challenge$ in plume monitoring.

At the Boundary Dam coal-fired power station“in southernmost Saskatchewan, Canada, one of the
generating units was retrofitted for COy cdpture. The COy captured from Boundary Dam is uded
primarily|for EOR at the Weyburn Unit oilfield, supplementing CO; that has for years been transported
by pipeline directly to the oilfield from,the Dakota Gasification Company (DGC) synfuels plant in North
Dakota, UBA. CO; from Boundary Dam:that exceeds the oilfield operator’s needs is provided to Cenovus
(the Aquistore COz saline storage-project). During the commissioning period of the CO2 capture unit,
service infterruptions on the pewer-plant side caused shortfalls in the expected CO; delivery to the
oilfield, which in turn limited-the CO, supply to Aquistore. Because the CO3 capture plant temporaifily
operated pt less than halfche design capacity, revenue from expected CO; sales was lost to Boundary
Dam’s owlner SaskPower, )which also paid penalties to the oilfield operator. In this case, the lesser
performahce the COp €apture stage imposed financial impact of failure to deliver CO3. This imppct
becomé€ important to the CCS project if performance had not improved.

At the Aquistore 'CO; storage project, the prospect of limited CO; delivery raised concerns amdng
project scjientists that the effects of the smaller injected mass of COz might not be detectable throygh
the desig ftori ; i —f i i "ch
investments (in baseline monitoring, equipment purchases, and design effort) and ultimate research
value. The implications of these start-up-period shortfalls highlighted risks that, had the situation
remained unchanged, could have been significant to further plant and CCS project operations. As of
May 2016, the retrofitted power unit and COz capture unit had been running smoothly at near-capacity
levels for several months.

The Jilin CO2-EOR project completed the construction of a 0,5 million tonnes per annum (Mtpa)
injection scale project, but an insufficient COz source resulted in an actual operation scale of 0,28 Mtpa.
Therefore, the facilities are not working as effectively as planned.
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At the In Salah project, the injection rate of CO2 in mid-2010 was reduced and the injection stopped in
June of 2011 as a safety measure, due to preliminary conclusions regarding the reservoir properties

(m

ainly related to capacity) (Statoil, 2013a).

At the Snghvit project, CO7 injection into the Tubden Formation started in April 2008, and continued
until April 2011. During this period, the injection was occasionally halted due to operational challenges
at the LNG plant that provides the CO; stream. The injected volume was less than planned; nevertheless,
the pressure built up faster than expected. After an intervention into the injection well, the shallower
Stg formation was perforated at the new CO storage formation in April 2011(Norwegian Petroleum
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"mation, and over 1/2 million tonnes CO, had been vented (Moumets et al., 2015). A new, inj
peing planned to make the CO3 injection as robust as possible.

1.7.3 Conclusions

e practical capacity of a single source-sink combination at a certain time is determin
vermost value of the practical capacities of the three CCS primary components (capture,
 storage). Underperformance of any one of the three components can\lead to underperfo
 other two.

" a single source-sink combination, the total amount of the storéd CO3 in the project lifetimg
> loss during the operation, is determined by the practical eapacity and the life of compong

en there are no incident-induced interruptions or intermittency, uncertainty arises, prim
 operation hours of capture component, and the injectivity of the storage component.

- an extended CCS infrastructure with multiple,gapture components and storage compong
pacity of transport components is sufficientlyarge and stable, the amount of the CO3 stoq
tem in its lifetime is ultimately determined®y the practical capacity and the life of compo

other factor affecting the uncertainty ofithe integrated CCS system is the remaining life of t
mponent which is basically affected by-injectivity and storage resource characteristics.

maining life mismatching leads'to a decrease of the CO; storage volume of the integratg
th as happened at In Salah.

1.7.4 Risk identificatioh and analysis

stated above, the mismatching of systems may occur in the whole system and normg
erational phase..The factors influencing mismatching can be characterized as follows:

The number of operation hours of plant operation

The number of operation hours in the example of a power plant follows an electrici
demand trend. Peak shaving, maintenance, or interruptions of the power plant may all
operation of the capture component, leading to CO; supply fluctuation in the system.

Directorate, 2013; Statoil, 2013b). The injected volume was less than expected. By 01/01/2015t over
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The injectivity of the storage component

Injectivity may be higher or lower than expected due to various factors. With continuous injectivity
activity, there may be a loss of injectivity due to (1) pressure build-up, (2) operational upsets, (3)
well interventions, (4) dropping BHP (Bottom Hole Pressure) constraints, or (5) geochemical

alteration of the reservoir, e.g. halite precipitation (Groot, 2011).
Storage resource

Information about this factor is presented in “insufficient storage resources” (see 5.4.9).
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6.4.7.5 Risk treatment

Measures in response to the mismatching within a CCS system include flexible operation and multiple
CO3 sources, and a contract or guarantee to have sufficient CO2 in the system among the operating
plants and networking components.

— The number of operation hours of plant operation

Multiple capture components (for example, multiple compressors in a power plant or sources from
multiple plants) may be needed to adjust the mismatch of system. In addition, the CO3 in the system
should be first guaranteed in the operation of plants. More information about flexibility operatjon
is presented in “Lower capture efficiency due to the upstream plant flexible operation” (see 64.&).

— The ipjectivity of the storage component

Plans|to increase perforations, fracture the geological storage formation, or bring enline mgre
wells|to meet injection capacity may be needed in advance.

— Storage resource

Solutjons to expand the storage resource should be reserved, such as choosing a new storage sjte,
as happened in the Snghvit Project. More information about the injectivity and resource of the
storage component is presented in “Insufficient storage resource” (see 6.4.9) and “Reservoir dges
not pérform as predicted” (see 6.4.10).

6.4.8 Lower capture efficiency due to the upstream plant flexible operation

6.4.8.1 [Context
(XC, C=T-S)

The planijing of CCS infrastructure and investment decisions can bind capital for decades, hindering
the introdluction of new technology to accommodate rapid changes in markets. Such changes gre
acceleratgd by politics fostering CO2 emission-reduction by means other than CCS, such as a transitjon
toward rgnewable energies. Markets for ‘efergy, power, and industrial products have become larger
(global) and less predictable. Therefore, industries using fossil fuels tend to prefer plants facilitating
flexible o;rerations, changing shares-of‘output between energy, electrical power, or chemical produgdts.
Further, spme plants have significantfuel flexibility. Cement kilns are one example of very flexible fir{ing
sites, as the high temperaturesin the kilns allows a broad range of combustible materials to be used

6.4.8.2 [Examples
Prominenft examplestfar this XC risk in the energy/power generation area are:
— combjned heatand power plants;

— IGCC power plants;

— co-firing of waste or biomass of variable composition and water content.

Including such plants into CCS systems, especially in simple systems, requires decisions in advance
of which business or operation should be given preference in the operation, either CO; source related
processes or CO; storage. As a result, the technical infrastructure may be designed differently. This
decision may not only take into account economic considerations but should also include technical
limits of capture, transportation and injection flexibility.

Combined heat and power plants may switch on a seasonal basis between heat supply to district heating
networks or using heat for an efficient power generation process. When heat is delivered for district
heating, it cannot be used for drying of fuel, such as lignite or biomass. This will result in changes
of water content within the flue gas and should match with an adequate flexibility in the gas drying
facilities.

50 © IS0 2018 - All rights reserved


https://standardsiso.com/api/?name=0f3d97e4fe98114b7afb217664fdcb2c

ISO/TR 27918:2018(E)

Conventionally, large base load power plants fired by coal are designed for a relatively narrow optimal
range of fuel composition. Thus the flue gas flux and composition should be relatively constant.
However, because of more variable power markets that should integrate larger shares of renewable
power, a more flexible mode of operation is now the practice for some of these power plants. Short-
term load changes within less than one hour result in fluctuations in gas fluxes and possibly in flue gas
composition during switching the boiler firing which may affect the composition of the CO; stream.

6.4.8.3 Conclusions

The variability of processes in chemical industries is process, raw material and product dependant. CO;
stifeams might also be used for CCU options such as CO2-EOR, as an alternative to storage, Because of
the¢ many possible scenarios, a further differentiation of CO; sources from chemical industries is not
pogsible here.

6.4.9 Insufficient storage resource

(XE, S-T-0C)

6.4.9.1 Context

Alghough an insufficient storage resource concerns storage specifically, it may impact the whole value
chain, as far as it stops capture and transport and the corrective measures are not immediate. This
risk is tightly linked to risk 6.4.10, i.e. reservoir does not pérform as predicted (injectivity feduction,
stdrage resource, geomechanical stability, containment), and 6.4.11, i.e. model uncertainties fregarding
stdrage performance (capacity, injectivity, containment):Nevertheless, this risk concerns the reservoir
capacities as a whole.

6.4.9.2 Examples

Ingufficient storage resource might be detected first during the injection tests of the compstruction
phpse and then during the operational phase.

Pre-operational phase

Thie principal parameters to_be ‘checked during the injection tests are the permeability and the
injectivity of the storage formation. Containment of the injected CO in the reservoir is also|crucial to
enpure storage capacity. This requires low permeability of the caprock and lack of any leakage pathway
(e.g. unexpected fault, (abandoned well). Abnormal high values of injectivity during the t¢sts could
belan indication of insufficient containment. Two possible scenarios of evolution are possible: either
linjited storage capacity, which means unconformity with performance predictions or migration of the
COp plume towards a zone of inadequate containment and possible leakage out of the storagg¢ complex.
Popsible consequences on the CCS value chain are to delay or stop of the capture plant copstruction
anfl/or need.fo change or extend the pipeline route.

Oplerational phase

As'Tor the pre-operational phase, INSUITICIENTt StOrage resOUrce can be due to

a) low permeability or low injectivity of the storage formation,

b) extension of the storage formation less than forecast due to geological uncertainty, and
c) unexpected leakage pathways, e.g. fault or high permeability of the caprock.

Unconformity of the storage predicted performances can stop injection and consequently transport
and even capture. In case of lack of any alternative solution to storage, CO2 could be emitted to the
atmosphere at the capture site. In that case, the CO2 emitter may incur financial cost if emission
certificates need to be bought or cannot be traded.
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6.4.9.3 Conclusion

Storage site screening and characterization phases are intended to discard any site with insufficient
storage capacity. Nevertheless, this risk should be taken into account in the global risk management
plan, since the consequences are high for the whole project, particularly because a project could be
delayed for years, waiting for a new storage site.

— Risk treatment during the pre-operational phase

The insufficient storage resource rlsk at the pre operatlonal stage can be treated either by testmg

existing, which implies changing the pipeline route. In both cases additional charactérizatjon
studi¢s and injectivity tests are needed.

— Risk ffreatment during the operational phase

If the[capacity of the targeted reservoir appears to be insufficient during the€ operational phasg, it
is nedessary to find rapidly a replacement storage site. As for the pre-operational phase, there are
mainly three options:

1) tyy another overlying or underlying formation;
2) search for a new storage site in the vicinity or last;

3) find a new storage site in a different area and providera new pipeline or another transpprt
pute (e.g. by ship).

—

In thd meantime, it will be necessary to find a tempgorary storage site for the captured COx3.

To pré¢vent this kind of risk, it would be worthwhile for the regulators to ask the operator to inclyde
enough overdesign to reduce this risk to anCacceptable level or to include this risk in their rjsk
management plan, proposing alternative storage sites in case of insufficient storage capacity for
the sglected one.

6.4.10 Reservoir not performing as predicted
(XC, S=T=()

A reservoir might not perfotm as predicted due to lower than expected CO; storage capacity in the
reservoir |due to properti€s-being found to be worse than expected, e.g. lower than expected reservpir
thickness| poor porosijty, the unexpected presence of natural gas (methane), or rock compressibillty.
Gradual Huild-up ofsgeservoir pressure may cause the eventual loss of storage capacity due to the
maximumn pressure constraint being reached. Pressure build up may be alleviated by increasing well
numbers fnd by pipeline extensions to create larger inter-well spacing, to access pore space elsewhé¢re
within th¢ storage formation.

Poor lateral connectivity within the storage formation results in InSulficient Connected storage volume
due to compartmentalization and the presence of pressure boundaries (associated with fault zones or
facies boundaries). Gradual build-up of reservoir pressure can cause the eventual loss of connected
storage capacity due to the maximum pressure constraint being reached.

CO2 migration along a fault pathway can take place through the existence of permeable fault systems
that act as conduits to shallow strata.

Low injectivity can be experienced due to poorer than expected near well bore properties (permeability,
skin effect). In this case, the reservoir permeability or thickness is discovered to be below the expected
range of uncertainty based on all available data or the skin is higher than anticipated, either of which
can lead to an increased cost (more wells) and potentially more time required to meet sustained
injection at the contractual injection capacity.
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6.4.11 Model uncertainties regarding the storage performance

(XC, S-T-0C)

6.4.11.1 Context

2018(E)

Subsurface data and geosciences modelling have direct influence on predicting the capacity, injectivity
and integrity of the reservoir, the performance of which can affect the whole CCS chain, as the reservoir
is the receptacle and the ultimate sink of the CO; streams. The reservoir performance is a key parameter
of the whole CCS chain and influences the level of flexibility necessary for each of the CCS elements.

T

level of confidence in the reservoir performance has an influence on the start-up

the project, on the design choices of the surface installations, the necessity of buffer ‘st
inflerconnection between storage sites, of producing water wells, and the number.oflinject
Before and during operation, the confidence in this prediction is re-assessed. If subsequent obs
using monitoring techniques are not within the range of the model predictions, the storage
mdy be suspended for an undefined period while the anomalies are investigated. This w
consequences on the whole CCS chain. Injectivity losses may require lowéring the injection
anfl additional measures to avoid this may be necessary on existing wells\or even new wells.

Qulantifying and managing these uncertainties from start-up phase to operational phasg
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ortance to ensure global performance of a CCS project. Monitoring data used for
haviour of the storage complex will also be used to re-evaluate the accuracy of existing mo

st of the methods and tools employed to quantify uncertainties related to a CO; geologic
spite the specific size and long-term performance expécted of this kind of storage, are deve

Justry).

dels are used all along the storage characterization process, at various scales (basin,
cro and nano-scales) and involve various disciplines: geology (sedimentology, depositional
atigraphy, structural), geophysics, geoniechanics, geochemistry, petrophysics, reservoir en

beral geostatistical methods can bewsed to simulate nature, geological parameters hetero
iple different models and to quantify uncertainties while keeping consistency with real g
pbphysical, test and productioh.data.

1.11.2 Examples
certainties in geosciénces models may be a result of:

Input data~tncertainties depending on the level of details of the knowledge of th
complex characteristics: geological data, geochemical, geophysical, flow parameters. G4
acquisition, processing (time-depth conversion), joint inversion with cross check from
sets.of geophysical measurements (electromagnetic, seismic, gravimetric) and their inte
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are also sources of uncertainty. Geochemical characteristics of the reservoir and the cap|

ock, flow
and petrophysical parameters, geomechanical stress regimes, their spatial variability (ct;ntinuous
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and/or discrete evolution) have direct influence on the long-term integrity of storage, the level of
risks and the scenarios to consider. The data themselves, when existing are often sparse, some of
them are extrapolated from lab experiments (such as core-flood measurements) or from analogues.

The choice of models and their parameters, the assumptions made of predominant physical and

chemical factors, the coupling of several models, the size of mesh, the modelling methods t
account discrete elements such as fractures.

The optimization of computing, sometimes requiring simplification, adding some uncert
results.
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These uncertainties have influence on CO; stream storage volume estimations, injectivity of the

reservoir, COz plume extension, as well as on long-term performance of the storage:

— €Oy stream storage volume estimations and injectivity

— Efficiency coefficient whose value can show important variations through time depending
various assumptions and can change the global storage volume estimations by one or even

several orders of magnitude (IEA GHG, 2014).

— Lateral and vertical heterogeneities have crucial influence on COz migration, dissolution and

on

pressure perturbation and propagation, thus modifying the constraint fields in the reservoir.

The mesh size, the choice of the model and of the numerical scheme are of particular importance

td model these effects properly.

Thin intra-reservoir shale layers have high influence on fluid flows and capacityCestimati
This has been shown in several feedback reports from injection at real fields, such as Snghy
Sleipner, K12B and In Salah as well as in studies like the Paris Basin (Bouquetet al., 2013).
S
u

hfe injection is crucial. Geomechanical modelling (Ryerson et alg 2011) develops
hderstanding of the geomechanical effects such as fracturing and induced seismicity.

Geochemical conditions in the injection well vicinity, as well asfurther in the reservoir, d
hpve a strong influence. An example of this would be salt precipitation which inhibits injectivj
($novhit).

el

bneric laboratory works, but also specific field tests.and core measurements (prior to a
fter COp stream injection).

QL 09

— €Oy plume extension, CO; stream storage long-termintegrity

Usually ggostatistical distribution will be designed-for each parameter to cope with lack of data and
calculate § probabilistic response for the storage performance parameters, like CO; reaching a spec
concentraftion at a specific area (Zhang et al., 2009).

As an exgmple, to predict the CO, plume.extension, the IRS (Independent Random Set) method ¢
be used tp combine both aleatory andiepistemic uncertainties. While some model parameters can
handled within a classical probabijlity framework, due to the availability of data, other paramet
are dealt|with using possibility theory, due to the imprecise or incomplete nature of the availa
informatipn. Results of calculated CO, plume extension are presented in terms of distributions of {
upper and lower probability-that plume migration distance lies below a certain value. In a decisi
making ffamework, these”results could be combined into a single distribution, referred to hg
as a “confidence index/»such as a weighted average of upper (optimistic) and lower (pessimist
probabilitiies that migration distance is below a certain value. The selected weight reflects the decisi
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maker's degree of\visk aversion”. This method allows the determination of the range of probabillity

of an event such as the presence of a specific concentration of the CO2 stream in a specific zone, th
feeding the risk'assessment of the storage system (Bellenfant et al., 2009).

us

Geostatistical methodologies are also used to assess the CO; storage according to DNV guidelines (
Norske Veritas, 2009):

— Estimate the effective resolution of the simulation models used. Multiple simulations should

et

be

performed based on different geostatistical realizations of the geology in order to allow estimation
of variability of the key output parameters. The resolution of the simulation models should ideally
be designed to reflect the reliability of the data and be consistent with the resolution of the

geological model.

— Adaptthe modelsto the observed reservoir behaviour, during the operational phase. The uncertainty
associated with the geological model should be assessed. Emphasis should be put on assessing
uncertainty related to features and parameters that have an impact on capacity and containment

characteristics, as well as parameters that may have a strong influence on the subsequent reliabil

ity
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of modelling and forward predictions. When assessing the uncertainty span, propose to identify and
evaluate best-case and worst-case scenarios with regards to capacity, injectivity and containment,
as well as the potential for monitoring and verification. It should also be indicated what efforts will
be made during operations to reduce uncertainty in the geological model further by calibrating
parameters with observations.

Sensitivity analysis and history matching techniques are of great help to reduce the uncertainties in the
model. An example of sensitivity analysis in geochemical modelling would be that of its impact on the
geochemical and reaction pathway modelling. Addressing thermodynamic database uncertainty and
uncertainty due to the selection of secondary minerals can help refine the amount of CO2 stored by
mifrerattr apping (Dclhlcfbcu etat; 2012).

History matching and other dynamic model update methodologies are used to validate risk assessments
anfl compare predicted with actual performance:

Nejw input data can be collected from the operation data. It can be dynamic datayrelated to [fluid flow
su¢h as a hydraulic head (or pressure) measurement or other monitoring datarsuch as repeat¢d seismic
acquisition.

History matching techniques may be used to refine not only the reservoiy'model but also the geological
mqdel, to keep consistency with physical, chemical properties and geelogical deposit processg¢s history,
as|far as the new data collected can be inverted and converted to input data and give valfiable new
information and accuracy.

History matching seismic impedances from 3D reservoir fldid flow and petro-elastic simulatipns can be
compared with those obtained by 4D (time-lapse) seismicinversion. The objective is to build predictive
flow models directly constrained by the geological (borehole) and geophysical (seismic) inforjmation.

6.4.11.3 Conclusions

Eafh storage site being specific, physical, chemical and biological phenomenon at both micro 4nd macro
scdles should be taken into account before'elaborating statistic models.

Coping with lack of data or sparse.spatial and temporal data, managing change of scales, dptimizing
computing and assessing the probabilities associated with the model’s outputs while keepjng model
consistency with reality are the.challenges that can be addressed by geostatistical methods| Together
with most accurate physicat™and chemical modelling as well as a wise choice of technical|solutions,
th¢se methods help definé worst and best case scenarios and quantify the model’s uncertajnties and
oufputs distributions.

Mqdel uncertainties,*can strongly influence the development of the whole CCS syst¢m. Their
qupntification through various efficient and proved geostatistical methodologies, together with good
geplogical knewledge and the engineering of technological barriers that limit the effects of pndesired
events, drafmatically reduce the risk of unexpected downgraded performance. Combined and refined
with obsérvations data, the methodologies used allow operators to define an envelope of |predicted
safe and(effective behaviour of the system. Improvements are needed to better predict the [long-term
behaviour and safety of storage sites to enable post-closure stewardship.

6.4.12 Lack of maintenance and emergency control procedures/safety-related accidents

6.4.12.1 Context
(XC, CsT2S)

The CCS process requires continuing three major operations simultaneously: capturing COp,
transporting COz and injecting CO3 into reservoirs. Daily continued operation requires a CCS process to
carry out the same risk management procedures as any other specific industrial systems and processes.
If an inadequate risk management exercise were to occur, it could lead to a lack of maintenance and/or
emergency control procedures. Then there is a chance that errors, incidents, or in the worst-case, safety
related accidents could occur. Lack of maintenance and/or lack of emergency control procedure are
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potential causes of a safety incident. Once a potential risk takes effect and stops any single element of
the CO; capture system, transportation system, or injection system, the whole CCS process is likely to
stop operating.

6.4.12.2 Examples

While the number of CCS projects worldwide is too small for a statistically relevant database for
risk analysis and risk management based on CCS projects alone, an immense quantity of records and
statistics are available from similar industries, which could be pooled to characterize risk scenarios
and to estimate likelihood and uncertainty.

The example is given for a CCS system, which handles 10 000 tonnes of CO; annually (Tanaka.ebpl.,
2013). Stqtistics from the Japanese gas industries for example, indicate that an uncontrolled escdpe
incidence|of COz is likely to be 0,5 to 0,2 times per year per 10 000 tonnes annually produced; The same
rate mighf be extrapolated to apply to CCS applications. In most cases, across the sites included in the
statistical population, the level of impact was assessed as “very slight” or less. In just 6ne’event within
the above|sample, an incident took place which propagated to an explosion leading.to physical impafts
to people|and property on the site and/or in the vicinity. This event was a resultf a combination| of
poor emergency preparedness and bad operational procedures.

Two exanpples of non-CCS CO; related accident cases, experienced by in ‘ground surface industries,
when risklmanagement went wrong and maintenance and/or emergency(control procedures were pgor
are as follpws:

— An adcident resulting from human errors during repair work"(CO; gas storage tank, Fukushima,
Japan| 1969) (Brown, 2010a). The tank had been isolated in preparation for repair work. The
power supply to the refrigerator stopped but the power, supply to the tank heater remained pn.
The ljquid carbon dioxide present in the tank, combinéd with the continued heating, caused the
temperature and pressure of the carbon dioxide intthe tank to rise until the burst pressure of the
tank yas exceeded, and a crack was generated in‘the tank wall. The tank pressure then equaliged
with the atmospheric pressure via the crack but this rapid drop in pressure meant that the liqhid
CO; within the vessel generated a vapour explosion, causing tank rupture. Debris from the ruptyre
was dcattered up to 60 m away and a.slate-roofed factory within a 50 m radius was completgly
destrpyed. Windows of houses located within a 500 m radius were reported to be also damaggd.
Threg¢ people were killed and 38 injured.

— An acfident led by lack of emergency preparedness (a research institute, [daho, USA, 1998) (Brown,
20103). A high pressure COp.fire suppression system was unintentionally discharged in a laboratqry.
They had not installed a €Q2/concentration detector or an alarm system, or escape route lighting{ or
provifled emergency breathing apparatus. Because of budget restraints, no emergency evacuatjon
drillsjhad been praefised. One person died and several workers sustained life threatening injurigs.

The triggérs and causes of these two CO;-related accident cases in adjacent industrial areas are typifal
in the context of‘a\safety-related accident. In the first case, the explosion was initially triggered [by
poor-prepgarations for the repair work. The preventative measure would be clear manual preparatjon
for repair|work based on risk analysis and assessment and the application of a robust Permit-to-W
system thlat-énsured that safe working practices {e.g-isolating electrical supplies before maintena
work commences) were in place. In the second case, an unintentional CO; gas release led to a fatal
accident. Lack of emergency awareness and preparedness exacerbated what should have been a routine
escape response. Proactive risk assessment and risk management would have prevented the fatal
accident.

In the oil and gas industry, incidents typically result from causes such as improper well drilling and
maintenance, age deterioration of materials, or corrosion of metals and degradation of cement. These
can cause what starts as very slow release of gas to suddenly release a large volume of gas or liquid, a
phenomenon called “blowout”. The USA has comprehensive accident databases of well works incidents.
Analysis of the statistics suggests that the incidence of blowouts in a well could be estimated as
approximately 0,005 times per well (Celia et al., 2009; Celia et al.,, 2011; J.P.Nicot, 2012).
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A blowout accident case took place in Hungary, and provides some idea of what happens when
maintenance and/or emergency control procedures go wrong in well operations:
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An accident caused by an unintentional incident happened during regular well maintenance [EOR,
Nagylengyel, Hungary, 1998(Brown, 2010a)]. The incident took place on a CO; collection well.

Routine work was put in hand to replace a blowout preventer with a Christmas Tree

well-head

completion, and during this the operators tried to disengage the quick-release packer (-202 m) from
the production pipe so that the pipe string could be lifted up. Instead of the quick-release coupler
being released, it is likely that they dislodged the packer seal at -2,175 m, providing a passage for
carbon dioxide gas to escape through the annulus between the 27/8” (73 mm) production pipe and

. reventer,
carbon dioxide gas started to leak out, so they tried to replace the blowout preventer an;| retighten
the mounting bolts. However, they had only inserted two when the carbon dioxide-blowoput started

with the full force of 207 bar. CO; started to escape and 5 000 residents in the immediate
evacuated.

area were

In this case, emergency preparedness based on risk assessment would reduce the consequences.

pther cases of well of blowouts in the oil and gas industry, there have been lower impacts

on people

ng in the vicinity. When the well pressure is high, it can lead to a blowout of gas and liquidl from the

ervoir including some H3S and COy in the oil or gas. This can last®for a few hours or day
ts for longer periods, to avoid adverse impacts a precautionary-gvacuation of nearby resi
necessary. Nevertheless, the pressure of a CCS reservoir may be smaller than oil or gas

ervoirs, particularly where the CO; stream is being stored.in a depleted natural gas or oil
many cases, the risks and impacts of blowouts from a:CCS processes could possibly be est
smaller than that of the oil and gas industry.

1.12.3 Conclusions

prevent any safety related accident, risks\ef’lack of maintenance and/or lack of emergen
pcedures should be analysed thoroughly and managed according to ISO 31000 and rel
essment techniques. In identifying risksarising from a lack of maintenance and/or lack of g
ponse provisions in CCS procedurés, operators can refer to experiences of risk identificg
b conventional chemical plant ifidustry, gas transportation and the mining industries. ]|
which parallels can be draww ‘is limited by the specific nature of the CO; stream (and th
olved), for which there is-ho* exact equivalent, either for its production or its transportg
ult, risk assessments shotdd also include the results of any accident enquiries and any res

relevant failure mechapisnts, such as corrosion or leakage, so that appropriate risk scenar
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isk identificationdocument should therefore be prepared to mitigate against an accident
a lack of maintenance and/or lack of emergency control. Such a document would be ex
lude:

a déseription of the potential risks of CO; in relation with capture, transportation, and st
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an analysis of incident and /or accident cases and statistics from relevant industries;

technical recommendations;

reference to relevant technical, environmental, or operational standards (international and/or local);

a list and summary of relevant national or local legislative requirements.

Once the sources of risk, areas of impacts, events (including changes in circumstances) and their causes
and their potential consequences have been identified, the risk assessment process can follow. An
effective risk control strategy avoids any potential risks that significantly affect CCS operations.
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6.4.13 Corrosion and material problems
Context

(XC, CST2S)

CO3 is non-flammable. But carbon dioxide can lead to corrosion when water is present, so water content
control, monitoring and management of the internal corrosion are necessary (de Visser et al., 2007)9).
Besides water, corrosion depends very much on the concentration of impurities contained in the CO;
stream, e.g. 02, SOx and NOx can enhance corrosion in wet CO> streams In addltlon in the event of a

air, increa 1ng the Chance of 1nhalat10n by animals in the V1c1n1ty (compared to, for 1nstance natural gas
which is lighter than air and rises to disperse rapidly in the atmosphere).

CO7 does hot have a high degree of toxicity, but it displays symptoms at one level or anotheralmostjas
soon as itfis absorbed. Serious symptoms might be experienced to inhabitants local to a targe leak from
the CO; stiream without them noticing, because CO7 on its own is without taste or odpuk. If there is H,S
in the COZ stream, the unpleasant odour of bad eggs would serve to alert people that there is a problem,
and their |nclination would be to find an area away from the smell until it had dispersed.

If leakage[caused by corrosion occurs within any of the CCS processes, there is-the risk that the integrjity
of the whole system is undermined. Crosscutting risks resulting from cotrosion should be considered
for integrated CCS projects.

One of thg industrial uses of supercritical or dense phase carbon dipxide is as a solvent. It can and d¢es
penetrate|and saturate some non-metallic materials. This can cause problems for specific items suchlas
seals, gaskets, instruments and valve bodies (Brown, 2010b).

6.4.13.1 [Examples

Capture: [The CO; stream is dehumidified as a part-of'the capture phase to prevent water condensatjon
and corropion in pipelines and allow use of converitional carbon-steel materials. CO2 from most captire
processes| contains moisture, which needs to.be removed to avoid corrosion and hydrate formatjon
during trgnsportation. Suitable corrosion resistant materials of construction need to be chosen where
the water|content is high enough for corrosion to take place. Nevertheless, the potential for CO2 hydrate
formation remains at lower temperatutes.

Transport: Corrosion is one of the mdin reasons for incidents in CO7 pipelines. For pipeline constructipn,
itis important to choose the materials to be suitable for the type and level of impurities in the CO2 stregm.

Dry (<50 |ppm moisture) €0z is not corrosive to the carbon-manganese steels commonly used for
pipelines,|even if the CO2) Contains other impurities such as oxygen, hydrogen sulfide and sulfur|or
nitrogen ¢xides.

A CO3 strgam containing a significant amount of moisture (e.g. 1 000 ppmv) is highly corrosive, so a O2
pipeline ih thisjcase should be made from a corrosion-resistant alloy. Some pipelines are made from
corrosiontresistant alloys (“stainless steel 304L") (Goutier et al., 2010)19), although the cost of materipls

i + 158 + ]
is several ei1res .argcr triah- Caro o e ga e Se-Steers:

9)  Below a threshold (which is influenced by the other impurities dissolved within the CO;) there are no “free
water” molecules available to form carbonic acid, and the CO, stream is not corrosive of carbon steel. ISO 27913
discusses this in Annex A. A water content of <50 ppmv will probably not corrode carbon steel, and if it is a mixture
of only CO,/H,0, the water content may be 500 ppmv before corrosion takes place (Ref. “Towards Hydrogen and
Electricity Production with Carbon Dioxide Capture and Storage: CO, quality recommendations” Dynamis project,
de Visser et al, 21 June 2007).

10) Oxidation of 304L stainless steel in a carbon dioxide atmosphere at 10 bar has been studied. Between 1 193
and 1 293 K the oxidation kinetics exhibit first a rapid increase, then a parabolic behaviour with apparent activation
energy of (209 + 8) kJ/mol and obeys a Langmuir pressure law. After 1,15 mg/cm?2, the kinetics become almost
linear.
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