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1.1 General context

There is an abundance of guidance documents on subsurface activities such sier@ge

for the selection, qualification, and management of geological storage sites and risk
management. However, the level of detail on possible failurenages, associated risks
considering likelihood as well as consequences and mitigation options in these guidelines are
not enough to address the uncertainties involved in the process.

It is in the above context that task 8.3 of the project, which deal wiest practice

procedures in subsurface operations is carried out. The task 83 S&a G t NI OGA OS t |

Ay &adzo adz2NF I OS 2 LIYRIZ-BdwE figr & fergentyResponse] Mitigation and

WSYSRAIFIGAZ2YQ fSIFRA (2 RefHdddelivarablesas f@lowingdt 2 3 St @
91 Deliverable 8.2 Best Practice Procedures for S8brface GeoEnergy Operations

1 Deliverable 8.3 Protocols for Emergency Response, Mitigation and Remediation

1 Deliverable 8.4- Policy recommendations for the environmetly conscious
deployment of suksurface operations.

The core of current documen({Deliverable 8.2deals withthe detailed investigation into
various risks and the mitigation actions for the same associated with subsurfaengegy
operations including:

1 Carbon Capture Utilization and Storage (OCUS
1 Enhanced Geothermal Systems (EGS)
1 Unconventional Oil and Gas (UOG).
The study is carried odior different stages of the plant life including:
1 Design to Production Test Stage
1 Operation and Maintenance Stage
1 Closure/Decommissioning/Pestansfer Stage
Following the identification of various risks fiifferent plant life stages for each technology,

systematiamitigation techniques/methods for the same is recommended.

1.2 Deliverable objectives

According to the project description, the objective of deliverablesta?es| 8A séb of best
practice procedures will be developed focusing on the through life design and management
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methodologies to minimize the environmental, technical and soaista for each subsurface
technique&2 ®

As indicated in the previous section, the document meets the objective by covering various

life stages of a plant for each of the different subsurface techniques. Different profiles of risks

are identified includingheir causes and subsequently, mitigation actions are recommended.

LG Aa (2 0SNPAPORIGBKIFENIRYSWBSYOe wSHalIs2yasSs
dzy RSNJ 6§ KS NBYAG 2PolicyRr&comn@iiatibng foSthe yedvisonnienfaly W
consciais deployment of subh dzNJF I OS  &lls)8ridér iheirényt af deliverable 8.4.

2 aSiK2R2l RDINDON O K

In order to meet the objectives for the deliverable, comprebiwe studyhas beercarried out
through following steps:

1 Collecting and analyzingformation from S4CE specific sites. Sites under the purview
of subsurface geeenergy operations are included and these are United Downs Deep
Geothermal Power Pject sitein Cornwall, UK (hesadter referred to as Cornwall site
in the report),St.GallerStadtwerke sitén St. Gallen, Switzerland (hexker referred
to as St. Gallen site in the report) and CarbfilJE8Gitenear Reykjavikn Iceland
(hereafter referred to as Carbfix site in the report).

9 Collecting and analyzing information from otherent consortium partners in the
project. Inputswere obtainedfrom, but not limitedto, ¢ a1 p @1 Wased A Iy 2
a2F0 61 NS F2NJ SYGANRBYYSyYyidlFftf AYLI OG RSGSN)Y)
'Y FyR GlF &l poy WSWAESE 2d.avvbyy (! 2IFE &13KASE G dif &1 A

1 Extensive desktop studyas beencarried out based on variougandards and other
relevant publications. The standards include argnot limited to IS@1000 and API
580/581. Inputs from relevant journal publications are fed into the report.

1 The task made use tiie TWI library database andhluable inputs are derivefilom
industrial members who are also the owners of TWI.

1 The project advisory board briagn multiple years of technical expertise that has been
made useof to develop this report.

1 Various inputsvere sought and obtained fromegulatory agencies and other relevant
organizations such as the International Geothermal Organizatiore&nvironment
Agency UK.
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1 The Covidl9 pandemic happened during the lasty®f the project. Even thoughe
effects of Covidl9 is not mentionedor the scope of deliverables in Work package 8
(WP 8), arextraeffort has been madéo assess the impact of Covl® especially on
the geothermal energy particularly focusing on the European context. This study is
included as appropriate in the three detrables of WP8 mentioned in the previous
section.

3/ FNDB2Y [/ LIWNdNE ' GATAT I GA2Y

Carbon Capturéltilizationand Storage (Q45) is a process consisting of the separation of CO
from industrial and energyelated sources, transport to a storage location, and kergn
isolation from the atmospherdn one methodFig 1) capturedpure CQ is compressed into

a dense fluid and injected into deep underground formations for permastrage thereby
preventing the carbon dioxide from enteg the atmospherdFigurel). In another method
(Iceland), C&is carried as a dilute solution in water, which reacts with the reservoir rock to
form permanent solid carbonate minerafS@S draws on many decades of expace in the
electricity generation, industrial gas separatiggeothermal,chemical and manufacturing
industries, and oil and gas industries, including substantial experience with subsurface
injection techniques. For over 3@ars,scientists have beemvestigating CAS as an option

to mitigate the effects ofjreenhouse gasdHG emissions on climate change. The roots of
CQS go much farther back to when £®as first used for enhanced oil recovery (EOR).
During the past decad€CU%as gained great momentum with billions of dollars committed
worldwide to research, developmenand demonstration (RD&D) projects in an effort to
prove and improve the technology in time for tsttale commercial use.

Although CQ@ injection has been useébr enhanced oil and gas production for decades,
permanent geological storage integrated with power plants and industrial facilities is
emerging technology. Most experts a@CUScepticsagree thatCCUSnust be successfully
demonstrated ata commercid scale in various geological formations and geographic regions
before the technology is considered ready for witmle deployment.
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geologic
sequestration

CO, stored in depleted oil/gas reservoir

CO, displaces trapped oil (enhanced oil recovery) *
seal
CO, stored in saline formations

seal

Figurel. An overview ofCCUS proce$s]

In addition to technological development, a comprehensive legal and regulatory framework
isrecognked as a necessary antecedent to widealeCCUSleployment. Framework issues
are complex and include acee® onshore and offshore storage sites, pspace ownership,
pipeline access, liability, lortgrm stewardship, air permitting, subsurface permitting, and
measurement, verificationrand accounting. Government support for early projects is also a
significant element of framework discussions. Much kvbas occurred internationally and
nationally on this front and, while legal and regulatory frameworks are notsinefits-all,
common themes are emerginés an example of recent progress, during the lifetime of this
S4CE project the CCUS method inalogélwas changed (2019) to a distinct brand subsidiary
of partner Reykjavik Energy called CarbFix.

3.1 Design to Production Test Stage

This sectiorwill addressthe technical aspects of carbon capture, utilizati@md storage
(CCUS) and compabest practice pocedures among different institutiongocussing on the
design to production test stages.

3.1.1 CQcapture and separation technologies

CQ is formed during combustion and the type of combustion process directly affects the
choice of an appropriate G@&moval process. The main application ohbCéapture is likely to

be at large pint sources: fossil fuel power plantsiel processing planisnd other industrial
plants, particularly for the manufacture of iron, steel, cerhand bulk chemicals. Thereear
three main C@capture systems associated with different combustion processes, namely,
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post-combustion, precombustion and oxyel combustion, as shown iRigure2. Tablel
shows the cost comparison fa different process. These @apture technologies are
available in the market but are costlygeneral and contribute to around 7€B0% of the total

cost of afull CCUS system including capture, transpammtl storagd2]. Therefore, significant
R&D efforts are focused on the reduction of operatiogts and energy penalty. Mininaison

of energy requirements for capture, togethesith improvements in the efficiency of energy
conversion processes will continue to be high priorities for future technology development in
order to minimize overall environmental impacts and cost.

Postcombustion systems separate £ftom the flue gases npduced by combustion of a
primary fuel (coal, natural gas, oir biomass) irthe air. Oxyfuel combustion uses oxygen
instead of air for combustion, producing a flue gas that is maigy &hdCQ, whichis readily
captured. Precombustion systems proes the primary fuel in a reactto produce separate
streams of Cé&Xfor storage and that is used as a fuel. Other industrial processes, including
processes for the production of leearbon or carborree fuelsemploy one or more of these
same basic capte methods. Preeombustion is mainly applied to cegasification plants,
while postcombustion and oxyfuel combustion can be applied to both coal andfimgas
plants. Postombustion technology is currently the most mature process faraa@ture[3],

[4].

( Post-combustion CO; Capture Process )

Air Power . .
N\ + Heat de NO, /FGD |—~| CO; absorption / adsorption |7
Fue|

(Pre-cnmhusﬁnn CO; Capture Process ) CO;

) — Hy+ €O, separation
Air steam Ga§|ﬁcalilon or CO; absorption / adsorption
Fuel partial oxidation "
. Ha

compression

Air flue gas
)

transport

( Oxy-fuel CO; Capture Process )
0;

Air 0, / N, separation Power €O, + H,0 storage

Fuel\ 4 Heat

+

( Chemical Looping CO; Capture Process )

A\r—*| Metal oxidation |——>Dep\eted air

MeO Me

Fuel CO; +H30
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Tablel. Cost comparison fahe different procesg6]
Capture technology
Fuel type Parameter Post Pre
No capture . : Oxyfuel
combustion| combustion
Thermal efficiency (% LHV) 44.0 34.8 31.5 354
Coaffired Capital cost ($/kW) 1410 1980 1820 2210
Electricity cost (c/kWh) 54 7.5 6.9 7.8
Cost of Ceavoided ($/tCQ) - 34 23 36
Thermal efficiency (% LHV) 55.6 47.4 41.5 44.7
Gasfired Capital cost ($/kW) 500 870 1180 1530
Electricity cost (c/kWh) 6.2 8.0 9.7 10.0
Cost ofCQ avoided €/tCQO,) - 47 92 84

CQ separation technologies can be applied to isolate the fo@n the flue/fuel gas stream

prior to transportation. Advanced technologies, such as wet scrubber, dgemerable

sorbents, membranes, cryogenics, pressure and temperature swing adsorptiomtlaerd

advanced concepts have been develop&dble2 provides acomparisonof different CQ

separation technologies.

Table2. Comparison of differen€Q separation technologies

Technology Advantage Disadvantage
1 Absorption efficiencglependson
1 High absorption efficiency (490%) C.Q gqncentratlon
.| Significant amounts of heat for
. 1 Sorbents can be regenerated by heating . .
Absorption N absorbent regeneration are required
and/or depressurization . .

1 Most matureprocessor CQ separation T Environmental impacts related to
sorbent degradation have to be
understood

1 Process is reversible and the absorbg 1 Require higktemperature adsorbent

Adsorption can be recycled 9 High energyequiredfor CQ
1 High adsorption efficiency achievable desorotion
(>85%) P
Chemical 1 CQ is the main combustion product . .
. . . . . 9 Operational probleméncludelow
looping which remains unmixed withNz, thus .
. s . ; . : fluxesand fouling
combustion avoiding energyntensive air separation
1 Process has been adoptdor separation L
9 Process is still under development
Membrane of other gases . .
! . . - . and there is ndarge-scaleoperation
separation 1 High separation efficiency achievab .
experience
(>80%)
Hydratebased {1 Small ener enalt 9 New technology and more research
separation gy p Y and development is required.
_ § Mature technology 1 Only viabldor veryhighCQ
Cryogenic . . 9 Should beconducted at very low
A 1 Adoptedfor manyyearsin the industry
distillation temperature
for CQrecovery . . .
9 Process is very energptensive
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3.1.2 CQ transport

Once Cois separated from the rest of the flue gas components, it needs to be transported
to the storage site or the facilities for its industrial utilization. Whatever the chosen final fate
of CQ, areliableasafe and economically feasible system of trangpera key feature of any
CCU$%roject. Depending on the volumes involvedvariety of means of transport maybe
utilized, ranging from road tankers to ships and pipelines. A study relate@tds the North

Sea highlights that GQransport by ship tanker, using technologies derived from the LPG
carriers, is feasible and cesbmpetitive with pipelines with a total cost ranging from 20 to
30 USD/tonne when more than Rillion tonneMt) CQ/year are transported within the
distancegnvolved in North Sea storagé].

Pipelines are considered to be the most viable method for onshore transport of high volume
of CQ through long distances a€CUSwould likely involve when widely deployd@].
Pipelines are also the most efficient way for-@@nsport when the source of G& a power
plant with operational life sparionger than 23 years. Fa shorter period, road and rail
tankers are moreconomical9]. The cost of transport varies considerably wiitle regional
economic situation. A cost analysis in China shows that for a mass flow of 400@ayChe

use of shiptankerswill cost 7.48 USD/tonne C®compared with12.64USD/tonneCQ for
railway tankers and 7.08SD/tonne C&for 300km pipeline$l0].

Currently only a few pipelines are used to carry£a0d are almost all for EOR projects. The
oldest is the Canyon Reef Carriers pipeline, a 225km péeéliilt in 1972 for EOR in Texas
(USA). The longest is the 800km Cortez pipeline which is carryikig/2€ar of CQ from a
natural source in Colorado to the oil fields in Denver Qigxas since 19§31].

For commerciakcale, CCUS projects an extensive network of @ipelines needs to be
developed. An integraténetwork, where different sources will merge for their final transport
to the storage areas, can reduce the total pipelines length by 25%, but it will reqairalth
sources produce COstream with the same quality (e.g. pressuréemperature water
content) before being combined together. When the flow managed through a network of
pipelines increaseshere is an exponential decrease in the cost of transpodgsis highlight
that the cost for transporting CGlong a 1000km pipeline is around 8 USD/tonne for a mass
flow of 25 Mt CQ@year with a further reduction down to 5USD/tonne if the flow increases to
200Mt CO2/yeal12]. Thecost does not include the increased risk of pipeline damage by
corrosion when water vapour or moisture encounters;CO
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3.1.3 CQ utilization and geological storage

After capture, the high Content stream can be transported for geological storage, or for
CQ utilization. CQcan also be used in other areas such as food beverages, refrigeaadts
fire extinguishing gases. Current £dailization accounts for only 2% of emissions, but
forecasts predict chemical utilization could mitigate 700 megatons offfe®year, far greater
than the combined potential of nuclear, windnd cellulosic biofuel technologi¢$3]. CQ
can be utilized through mineralization,pocess based on the accelerated reaction ok CO
with Mg/Ca rich silicateacks or inorganic wastes to form stalol@bonateshat can beeither
stored permanently oused.

CQ can be stored into geological formations such as deep satinders thathave no other
practical use, and oil or gas reservoirs. Geological storaaepiesent considerethe most
viable option for the storage of the large £quantities neededo effectively reduce global
warming and related climate change. A typical gemalgstorage site can hold several tens of
million tonnes of C&Xrapped by different physical and chemical mechani§ib4s.

Three different geological formations are commonly considered fors@dage: depleted (or

nearly depleted) oil and gas reservoirs, unmineable coal beds, and saline aquifers. Deep ocean
storage is also a feasible option for Cforage although environmental concerns (such as
ocean acidification and eutrophication) wikely limit its application. It has been shown that

CQ storage potential can reach 400,000 GT for deep saline aquifers compared with only
920GT for depleted oil and gas and 415 GT in unmineable coal $&&ms

Enhanced b recovery (EOR) using £fm capture processes can significantly increase CO
utilization [16]. Other related new sectors include the use o@®a cushion gas for energy
storage[17].

(1) Enhancedail recovery (EOR) in oil and gas reservoirs

CQ is used forEORfrom mature fields. C&for EOR operations has been employed in the
miscible and immiscible states. When injected into oil; B&3 the capability to swell the oil,
reduce itsviscosity, redce interfacial tensionand in some cases become miscible with the
oil allowing fao singlephase flow. Of the twatates for EOR via €@jection,the miscibility

of CQ in oil usually provides higher recoveries. The ability of t6@ecome miscible in oil is
determined by the minimum miscibility pressure (MMP). At and above this pressuses CO
miscible in oil and below, it is immiscible. Though, @ection in this process is done
primarily for EOR, it comes with the added b&hef storage of C® contributing to
minimizing global warmingas the injected Cemains stored there permanently. Up to 40%
of the residual oil left in an active reservoir can be extracted after primary produd&jnin
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fact, fluidinjection methods have been widely used in the oil and gas extraction industry for
decades to enhance the recovery of residual oil and gases. Therefore, theredsrammic
incentive for injecting CQrecovered from an associated captureopess) into depleted oil
and gas reservoirs in order to offset the hiGUSost commonly involved in the process.
Technologies for injection of G@r EOR are mature and there are studies on various aspects
of EOR, such as migration simulatipf9], geochemicalmodelling and leakage/risk
assessmentThe Weyburn project is one of the largest EOR projects for €l@age that
started in 2000 in the Weyburn oil reservoir in Saskatchewan, Canada. Although the aim of
the project is not to investigate the potential for €€dorage, the reservoir is estimated to be
able to store more than 30 million tonnes of &&aptured from a gasification plant in North
Dakota, USA and transported to the site through a 320km pipeline.

(2) Storage in saline aquifers

Deep aquifers at 7G1000m below ground level oftehost high-salinity formation brines.
These saline aquifers have no commwial value but can be used to store injected.CO
captured fromthe CCU®rocess. Deep saline aquifers can be found in widespread areas both
onshore and offshore and are considered to have enormous potential for storage.dU€0O
to their large storage capacity. There are several trapping mechantbrastake place in
saline aquifers when G@ injected. Solubility is the am trapping mechanism, where G@3
dissolved in the formation brine watandthe dissolved CO2 reacts with Ca, Fe, orthged
minerak to form carbonate precipitates (mines)l Hydrodynamic andesidualare other
trapping mechanisms. Undissolved CQOs trapped by overlying low permeability caprock
(hydrodynamic). Fothe residual mechanism, CQuill be gradually dispersed and rises
through watersaturated rockdisplacing water from the pore spagehe whole rock volume
retains a residual saturation of @O

White et al.[20] conducted a comprehensive review on th®rage of the captured GGn

deep saline aquifer sandnd commented that, with the experience gained in several
concurrent projects, storage of Gfd deep saline aquifers is technically feasible, and can have
little or no negative environmental impadi®0]. Michael et al[21] conducted a similar study
based on the experience froexistingto rageoperations and presented similar conclusions
[21]. These authors also discussed the importance of monitoring and verification and pointed
out that there are limited monitoring programs for existing projects, as well as limited data
from postinjection monitoring of C&behaviourin the storage reservoifNevertheless, the
experience gained in these operations helps to establish best practice guidelines for future
CQ geological storage. More recently, Myesviewed the global status of geological £LO
storage and indicated the lack of data on pogectionbehaviour inside the storage reservoir
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and the need for more field assessments on the processes thattteptlime stabilization
and longterm trapping[22].

(3) Deep ocean storage

Oceans cover more than 70% tfe 9 I NsBuifaRe and are the biggest natural k. It is
estimated that oceans contain about 38,000Gt of carbon and take up carbon from the
atmosphere at a rate of about 1.7Gt annually. At the same time, oceans prodqt@®bt
carbon (in the form of phytoplan&n) annually, which is greater than the intake by terrestrial
vegetation. The carbon inventory in the ocean is enormous at about 50 times greater than
that of our atmosphere. At depths greater than 3 koaye injectedCQ will be liquefied and

sink to thebottom due to its higher density than the surrounding seawater. Mathematical
models suggest that Gnjected in this way could be kept for several hundred y¢agj.
House et alfurther showed that injecting COnto deepseasediments at a depth greater
than 3 kmcouldprovide permanent geological storage of CO2 even with large geomechanical
perturbations [24]. Therefore, deep ocean storage can present a potential sink for large
amounts ¢ anthropogenic C® However, this approach is more controversian other
geological storage methods. Injecting large amounts of difectly into our oceans may
affect the seawater chemistry (such as reducing its pH) causing ocean acidification, which may
lead to disastrous consequences to the marine ecosy$&&h

3.1.4 Risksg Design tothe production stage forCCUS

The principal aim o€CUSechnologies is to reduce the @@missions from aritropogenic
sources to the atmosphere. Most of the processes associated @@ Slescribed in the
previous sections would require the construction of infrastructure and installation of facilities
(such as scrubbers, compressors and pipelines), additional use of chemicals (such as amine,
hydroxide or zirconate), solid waste andastewater disposal, etc. Energy would also be
required for manufacturing, transporting, installingnd operating these facilities, and for
producing chemicals, and thus, resulting in.@@issions. Therefore, it is necessary to carry
out a lifecycle analysis CA) on GHG to determiménethera particularCCU$echnology can

result in a net reduction in GOBecause of the nature of projects and the importance of{ong
term safety, life cycle frameworks are widely used in carbon capture utilization and storage
(GCUS) regulatory frameworks, projects, guidance and best practices. These identify main
stages and milestones for the carbon capture utilization and storage (CCUS) project
development activities, permitting and regulatory approvals. Lifecycle frameworks are
embedded in the CCUS regulatory frameworks in several jurisdictions to provide upfront
clarity about future requirements, including the pesjection phase, closure and transfer of
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responsibility Figure3 shows C@storage life cycle frameworkrisk management during the

main project phases and milestones

Phase 1 Phase2 Phase3 - Phase 6
Assessment Characterisation : Development Operation Pre-Transfer Post Transfer

Transfer
Responsibility to
Member State

M1 M2 M3
Award of Award of Start Injection
Exploration Permit Storage Permit

Injection/
Closure

Site Characterisation

Figure3. CQ storage life cycle frameworkrisk management during the main project phases and
milestoneg26]

Table3is a life cycle framework and stages tlaat recommended for CCUS.

Table3. Life cycle framework for Geologlctorageof CQ

Global carbon capture,

utilization and storage

Institute (GCCUB Asset
LifecycleStage

Phase/Stage Milestone Main StorageObijectives

Planning

Single Site 1 Identify Potential Sites
Selected/Storage | 1 Select Preferred Site and
Exploration Permit Technology

Identify
Evaluate

Site Screening
Site Selection

Site Appraisal (Seismic, wells)
Detailed Site Assessment/
Characterization

i Storage PermittingConsenting
and Approval

Design & Development Plan
FrontEnd Engineering and
Design (FEED) Studies

= =

Final Investment
Decision (FID)/
Storage Permit

Site Assessment

and Characterization Define

= =4 =4

Active

Project Execution
Select Contractors
Site Construction and
Development
Baseline monitoring
Drill Injection well

Development Start Injection Execute

Commissioning
Operatelnjection and Storage
Ongoing Monitoring

=4 =4 =4 |- -8 -8 -89

Operation End of Injection Operate
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Decommission assets
Permit closure

Asset

Closure L
Decommissioned

Closure

= =

Postclosure

1 Update Performance Forecast
PostClosure/ Pre Transfer of 1 Post closure Monitoring
Transfer Responsibility 1 AgreeTransfer of
Responsibility
PostTransfer 1 Monitoring as needed

Types of Risk for G(storage

According to theCCU®Directive, a geological formation shall only be selected as a storage
site, if under the proposed conditions of use there is no significant risk of leakage, and if no
significant environmental or health risks eXig6]. The deihition of "leakage" is any release

of CQ from the storage complex (but not necessarily to the atmosphere).

The safety and environmental impacts of geological storage related to the risk of release of
stored CQfall into two broad categories: local eneirmental and safety impacts and global
effects resulting from the release of stored £3@io the atmosphere. The local health, safety
and environmental risks and hazards arise from three principal causes:

71 Direct effects of elevated ggshase C@concentratons in the atmosphere above a
storage complex, and in the shallow subsurface and-sediace environments;

7 Effects of dissolved GOr fluid movement on groundwater chemistry which could
lead to water contamination, pollution and other environmental sisk

1 Effects that arise from the displacement of fluids by the injected, @@luding
displacement and leakage of other formation fluids, including oil or gas, ground
displacement and induced seismicity.

CCUsso has global environmental impacts, in thatsessful storage will reduce emission
from fossil fuel use and increase its potential as a greenhouse gas emissions reduction option.
In contrast, high release rates from storage sites would reduce the effectiven€sSufis

an emission reduction option

In assessing all the riskbe features, processes and mechanisms are closely related to the
impact and movement of injected G@ the underground and the risks of g€l@akage out of

the storage complex, either to shallower formations orthe@ atmosphere. Iraddition, it is
important to understand how C{behaviour influences the behaviour of other flui@sther
through physical displacement or through chemieglctions. As a final element, the impacts
need to consider human safety, both fro@Q exposure and effects, together with other
potential risks (e.g. ground movement), and all possible environmental risks in the biosphere.
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(1) Geological Leakage Pathways

Table4 contains themain leakage hazards and risks relating to geological paththaysre

in the following areas:

T

Caprocks, which may be ineffective in containing,@@expectedly absent over part
of the storage area, or degradetiecause of geochemical reactions and/or
hydrocarbon depletion.

Faults and fractures, with leakage through natural geological pathways, or resulting
from CQ injection and build up in the reservoir, hydrocarbon depletion, natural or
induced seismic activity

Structural spill out of the trapyhere the reservoir is smaller than expected anditor
isoverfilled.

Up-dip leakage through high permeability intervals, of particular relevance to
stratigraphic trapping or Migration Assisted StordlygAS)

Other areas such as transport of €Qut of the complex thathas beendissolved in
formation water.

For oil and gas options, the evidence that there has been hydrocarbon containment will be

favourable in relation to the geological risk assessment, althoughfgpessiues, particularly

related to caprock and well integrity, for @8orage in oil/gas fieldstill need to be assessed.

The assessment should consider the impact of @&h different physical and chemical

properties and how it might alteihe sealingconditions.

Table4. Potential geological leakage pathways from geological storage sites

Type of Leakage Potential leakage
. Notes
Pathway pathways/mechanisms
9 Dependent on caprock
9 Through the pore system in low characteristics, and interplay
permeability caprocks the capillary with CQ build-up inastorage
entry pressure is exceeded or the 4© site
in solution 1 Relevant to all storage trap
types
Caprock 9 Largely a function of capck

distribution and thickness
Requires maping using seismic
1 1f the caprock is locally absent (includey and well data
injection featurespipes and erosion) 1 Relevant to all storage trap
types
1 Injection features and pipes are
common in some areas tfe
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North ®a and scale must be
considered

9 Depends on sitespecific
geochemistry and potential

1 Through a degraded cap rock as aresy reactions between caprock, @O
of CQ/water/rock reactions and water phases

1 Largely sitespecific but possible
in all trap types

9 Depends ornthe fracture
gradient in caprock and pressul
build-up inthe storage reservoir

1 Relevant to all storage trap
types

1 Not all faults are potential
pathwaysfor leakages. Sue of
them are closed or sealed

9 Depends on fault and fracture
distribution and characteristics
and geomechanics

T Relevant to all storage trap

Faulting/Fracturing types

9 Depends on fault anftacture
distribution and characteristics
and geomechanics

9 Relevant to all storage trap
types

9 Also dependant on seismicity in
the region

9 Depends on site structure,
capacity and storage
management an be managed
during injection

1 stage through monitoring and

9l operating strategy

9 Dependant on rock types and
permeability

T Mainly applicable to
stratigraphic and Migration
Assisted Storage (MAS) trap
types

1 Via dissolution of C{nto pore fluid and | 1 Depend on dissolution rates an

Other subsequent transport out of the storagg the hydiogeology of the storage

complex by natural fluid flow complex and surrounding regio

1 Fracturingof the capock induced by

Caprock, fracturing injection

1 Via natural faults and/or fractures

1 Via induced faulting/fracturing resulting
from seismic activity

1 Via a spill pointthie lowest point inthe
structure that can provide lateral
closure) ifthe reservoir is overfilled

Overfilling/Structural
spill

Updip leakage 1 Via high permeability zones updip

(2) Manmade Leakage Pathways

The main risks in this category are related to:

1 Well integrity of any wells and boreholes in a;@ich environment. All types of well
or borehole from oil and gas, coal, mining or water exploratiand exploitation
activities may be relevant and must be considered. The risks tetatdoth pre-
existing wells and wells required for the £8orage ativity and must take into
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account the geochemical environment and reactions that may result from CO
storage. Previously abandoned wells are a key risk in oil and gas reservoirs and regions,
particularly older wells before modern abandonment prees.

1 Le&kage from well integrity issues could occur from the types and quality of materials
used in the well and the design, management and maintenance of the well itself. A
methodology was proposed for addressilapgterm integrity issues for potential
leakage fom a well bore; this includes scenario analysis and sensitivity studies for
each well component. These studies are then used to develop and support a
mitigation strategy based owell completion repair and specific monitoring options.
This type of approdcwill place emphasis on the specific issues in each well.

1 Mining activity may result in leakage pathways associated with mine workings,
induced subsidence or pressure cones. This is of particular relevance to storage
options in coal beds, includirtghhaned Coal Bed Methan&CBMand underground
gasification.

Table5 contains the main leakage hazards and risks relating to manmade pathways.

Tableb. Potential manmade leakageaphways

Potential emissions
Type of Leakage Pathway pathways/sources Notes

1 Main risk from all abandoned
wells in and around the
storage site

1 Risk depends on their age an
physicalintegrity of specific
wells

9 Inadequately constructed,
sealed, and/oplugged wells
may present the bigest
potential risk for leakage

9 Techniques for remediating
leaking wells have been
developed

1 Likely to be rare as establishe
drilling and well oprations
practices reduce risk

1 Possible source of higftux
leakage during drilling and
injection operations, usually
over a shoriperiod

9 Only in areas wherCQ
storage has already taken
place

1 Blowoutscan be remediated

Operational or abandoned wells
(and boreholes)

Wells and boreholes

Operational or abandoned wells
(and boreholes)
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3.2 Operation and Maintenance Stager CCUS

The operation and maintenance stage of subsurface-@eargy operations is simply the
period that starts withthe main operation of the subsurface system for which it is built until
the main operation is stopped to proceedttwe closure of the system.

3.2.1Activities and roles during the Operations phase@CUS

ThelifecycleofaG@ G 2 N» 3S LINP2SOG OFy 06S RAGARSR Ayl?

gatS ¢ I LILINER I OK Figud@4 [46K ®B 6 M3 i Figure 4 represents different
milestones.

Phase 1 Phase2 Phase 3 Phase 4 - P:(:-:zlseS [ Phase 6

Assessment Characterisation Development Operation PorZ-Tra‘:lssl:‘ﬁ Post Transfer Phases

A

M1 M2 M3 M4 Cease M5 Transfer Major
Award of Award of Start Injection Injection/ Responsibility to Project
Exploration Permit Storage Permit Closure Member State Milestones
i g i Circumstance 1
+Assess storage Re\nfew of ;tor_age I[lspeclluns CHEM o cen! -Longterm
potential permitapplications +Qversightof any “Review of storage Cunmlgev‘:z;;:dmns, stewardship by
<Define storage _ _ baseline monitoring @ permit - T g Member States
sites and (Compliance with & reporting "E'&See MrHE g e *Monitoring to CA
exploration allrequirements of +Approval of any .‘;:m"eg monitoring/CM plan detectleakages
requirements Directive, updatesto monitoring/CM plan _ g “iaalnE Reguiatory
‘Review cons!denng monitoring & updates Circumstance 2 corrective .
exploration permit opinions of corrective «Ensure corrective +Take on operator measures, as Activities
applications Commission) measures plans measures n;?:,?nﬂbge:r[;r needed
-Peljodic gdustmgnt cM, updg;es‘:o Sn:' *Surrender
of financial security FreT o eI allowances, as
and modelling needed
M5
M4
AM1rd M2 Circumstance 1 Approve transferto CA
wal Al e E— MS o
J pproval/Award Authorise Closure ) Permits and
Exglora_':on Storage Approve Definitive Rele::g]ﬁ[?;"c'a' A [
ermi f PostClosure Plan rovals
Permit MS takes PP
responsibility for
site
Circumstance 2
Decide to close
site after permit
withdrawal

Figure4. Summary of C&storage liecycle phases amilestoneg26]

These phases are separated by five major project or regulatory milestones as defined by EU
directive 2009/31/E@s shown irFigured. The duration for each phase of individual projects
shown inFigure 4is generic and will be projespecific[26].
CKA&d NBOASG LINAYINAfAISN2OMRFEAEZY KKOKADRKBASE
LyaSOouAaz2zyé YR SyRa |G aGanyY théodpeiafon phyise 800G A 2 v
exphined below and shown ifable6.

9 Start injection The commissioning of the project and the start of.@Gection in the

storage site by the operator (Milestone 3) is a major project milestone at the beginning
of the operatons phase (Phase 4). Prior to the start of injection, authorities need to
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ensure that storage facilities have beemstructedaccording tathe storage permit
[26].

1 Operations During the operations phase, monitoring of the stgeacomplex and
taking corrective measures are key activities as this is associated with the risk
management procesfg26]. As recommended by EU directive 2009/31[E6], the
results and feedback from monitoring must be reported to the concerned pairties
an agreed manner throughout this phase. Moreover, where required, plans for
corrective measures to manage and mitigate any significant irregularities such as
leakages s discssed below in Section 3.24& In the operation phase, routine and
non-routine inspections are effective to examine all records as discussgelction
3.22. In addition the development ofa new storage site and the drilling activities
associatedvith this may also take place during the operations phase.

f Cease injection/ClosureThe operation phasendsg A 0 K &/ f 2adzNB¢ gKS
injection into the storage site is terminated. In practice, the closure stage corsprise
of a series of activities suds cessation of injection, plugging and abandoning of
selected wells, equipment removal, @ite inspection, and updating of the provisional
post-closure plan considering operational and monitoring history (i.e. the impact of
any irregularities, leakagesnd corrective measures taken during the operations
phase). This stage is not reviewed in #@stion Duringthe operationstage, a storage
site isconsidered for closure under thelfowingcircumstance$26]:

0) When therelevant conditions specified in the storage permit meets and the
total amount of CQauthorized to be geologically stored is reached.

()] If the operator requests the closure of the site due to reaching a safe limit
of injection or if continued injection tuns out to be uneconomical, and the
authorities approve closure accordingly

(i) If the authorities withdraw the storage permit under certain circumstances
such as if the operator could not meet the storage permit requirements.
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Table6. A summary of the activities and roles during the Operations pe&sg&ing fromthe
injection and closure of @CU$roject[26]

Stages Role of the authorities Key operator activities Duration
Start of i 1 Start of CQ injection operations and i
Injection monitoring

. . Perform injection operations, monitorin
1 Undertake inspections ) JeCtie P ¢
. . 9 Perform reporting
1 Reviewthe storage permit and, . L
. .| T Update site charactezation, models as
as appropriate, update correctiy
needed
measures plan . o
. o 1 Change, review and update monitoring
1 Supervise monitoring and .
A and corrective measures plans
. reporting ; .
Operations 1 Take necessary corrective measures in|5-50 years
1 Approve any updates to N
o the event of leakage or significant
monitoring . .
. irregularities
9 Ensure necessary corrective -
. 9 Surrender allowances for any emissiong
measures are implemented o )
L : from the site, including leakages
9 Carry out periodical adjustment - . .
) . . significant irregularities pursuant.
of financial security. )
9 Submit updated postlosure plan
There are two main circumstance
for closure:
1 At the request of the operator
and subject to approval by the
authorities- where permit 1 End of injection operations and
conditions have been met, and| continuous operational monitoring of
Closure o -
based on an updated post injection
closure plan 1 Partial reclamation of the site
1 At the initiative of the authoritie:
which may decide to close the
site afterthe withdrawal ofthe
storage permit

3.2.2Risks inCCUSluring the operation phase

In the life cycle of £LCUroject, the operations phase is the first phase when therans

actual risk of leakages and any other significant irregularities due to the initiation of CO

injection. For CCUSrojects, most of the probable risk of €@akage occus during the

operational stage, which is expected to reduce when injection stops and the secondary

trapping mechanisms takeffect [27], [28]. During this phase, the initial migration and

movement of Cg possibly through different pathways brings risks as the plume progresses

and expands, and pressure increases. Risk&Jd$an be different depending on thmain

CQ storage options, which are categeed into four namely (se&able7):

(i)

(i)
(i)
(iv)

PU

Enhanced Hydrocarbon Recovery (EHR) in existing oil and gas fields,

depleted oiland gas fields

saline aquifers, and

unmineable coal seams
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Other potential storage optionsiz. basalts, salt caverns, disused mines, underground coal
gasification (UCG) voids,-situ and insitu carbonation of ultramafic/mafic rocks (including
ophiolites), shales, and deep cool ssilrface storage as liquid €@nd CQ hydrate. Scale
and nature ofstorage potential (both onshore and offshore settings)yMaom country to
country and different options are more or less important in different countries.
Understanding of the prospective and inherent geological uncertagfiyndamental to the
characerization of any of these storagaptions;they hawe discussed details by EU directive
2009/31/E26].

Risks associated with the geological storage of @Qleep subsurface formations are a
combination of natural and technolagalhazards (not solely depend on the technology under
operation), hence the potential causes are not fully underst{4j.

Table7. Considerations for different geological options for.G@rage[26]

Advantages Disadvantages
Enhanced Hydrocarbon Recovery (EHR) in existing oil and gas fields
1 The potential for leakage through pre

9 Geological integritys demonstrated bythe existing wells and facilities will need to be
ability to hold oil and gas for millions of assessed and may need to be remediateq
years. prior to commencig injection.

1 Have high certainty about thgeological 9 Capock integrity will have to be assessed
characteristics, thus, making geological 1 EHR viability is fieldpecific. Offshore GO
analysis and site characterization relativel Enhanced Oil Recovery (EOR) viability
straightforward. unproven; Enhanced Gas Recovery (EGR

technology is at the demonstration stage.

Depleted oil and gas fields

1 The potential for leakage through pre
existing wells and facilities will need to be
assessed and may need remediation prio
to commencing injection.

1 Capock integrity will haveéo be assessed.
1 Facilities and wells may not be suitable fo
conversion to Cgstorage, depending on

their age and physical condition

Tt20SyiGaAalrt SEAaGA T4
corporate knowledge and dataat may
result in the storage integrity being affecte
by the lack of detailed documentation
associated with the engineering, operatiof
and characteristics of the field.

1 Geological integritys demonstrated bythe
ability to contain oil and gas for millions of
years.

1 Moderate to high certainty about the
geological characteristics and capacity,
providing knowledge and dat#s not lost
when fields are abandoned.

1 Potential sie-specific opportunities for re
use of facilities, infrastructure, and wells.

Saline aquifers
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1 The geological characteristics proximal to
the proposed storage site will be less
certain thanfor oil and gas fields due to a

Widespread, with potentially large L
T P P ylarg lesser amount of well and seismic data.

capacitiescc _ _ )
- . _ 1 More primary data will need to be acquire
1 Present both within and outside oil and ga . .
regions to reach the equivalent high levels of

technical certainty compared with oil and
gas fields.

9 No fluid flow data about reservoir
performancewill exist. Hence, significant
testing of the reservoir will likely be

1 With significantlyfewer well penetrations
than other options, the risk of leakage
through any preexisting wells will be less
than for storage in oil and gas fields in mo

cases. . .
required to estimate the longerm
performance characteristics prior the
final commitment to develop the site.
Coal seams
1 Potential storage opportunities in regions | § Current estimates indicate capacity
without other options considered is relatively limited compared t
1 Mainly located in coabearing regions, other options, but subject to uncertainty.
primarily onshore 9 Technology athe pilot stage with
1 Enhanced Coal Bed Methane (ECBM) significant scientific and technical
production uncertainty

Figure5 shows a conceptual risk profile for CCUS projects as reported by Qi[2T7]alA
geological formation can only be selected as a storage site, if there is no significant risk of
leakage, and no significant environmental or health risks exist.

A 1

|
High risk|  <¢— operaton —» : :
|

1
1
I
phase stage |

Risk Profile

|
1
I
I
|
|
|
I
I
|
I
I
|
1
I
|
|

1
|
!
|
1
|
|
1

= L]
>
Injection Injection 2xInjection 3xInjection nxInjection
begins ends period period period

Low risk

Figure5. A conceptual risk profile @CU®rojects[27]

Risks for C&storageare often required tobe looked atfrom a nontechnical point of view.
Manders et al. discisshow CCUSisks associated with netechnicalpublic contrasts with
experts[30]. Risks associated with e$Porageare classified into many categories such las t
potential safety and environmental impacts of geological storgyd, duringdifferent stages
of operation[30] and deferent kinds of leakag@here will be some overlaps in some of the
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categories, howeverthis is helpful to compare and priodé based on the impact/
consequences for each ridRamenet al. have reported that the potential risks @CU a

geological reservoir can be divided into five groups, &@kage, CHleakage, ground
movement, seismicity and displacement of br{B&].

3.2.2.1 Local risks in GGtorage

Potential impacts on the environment locally include impacts to air quality, biological state,
soils, land use, surface waters, and other resources. There are three principal causes for local
health, safety and environmental risks and hazards:

(@) The effects of elevation of CQOconcentrations in the atmosphere above a storage
complex, and in the shallow subsurface and reanface environments,

(b) The chemical effects of dissolved £0 the subsurface, which could lead to water
contaminationpollution and other environmental risks, and

(c) Theeffects from the displacement of fluids including oil or gas by the injectedsg®
Figure6) [32].
3.2.2.2 Global risks in G@torage

These are primarily linked to uncertainties concerning the effectiveness oé@@ainment,
in other wordsthe release of stored C{nto the atmosphereausing a detrimental effecbt
the carbon reductin in the atmospher§27].
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I
Local
1

CO, in atmosphere or
shallow subsurface

Suffocation of human
= and animals above
ground

|__Effect on plants above
ground

Biological impact
|___below ground on roots,
insects and burrowing
animals

CO, dissolved in

subsurface fluids Displacement

Mobilisation of metals == Ground heave

or other contaminations

|__ Contamination of
potable water

___Interference with deep
subsurface ecosystems

== Induced seismicity

1
Global

|_ Release of Coto the

atmosphere

Contamination of
= drinking water by
displaced brines

|___Damage to hydrocarbon

or mineral resources

Figure6. Taxonomy of risks associated with the geological storage of22D

3.2.2.3 Risks in GQtorage in different stages

TheRisks in Cstorageare classified into three as below:

i. The isksassociated with the capture of @O his include hazard from chemicals used

and any potential explosions in the capture process.

ii. The isks associated withhe transport of C@ This includes pipeline leak, blocks or

pressure builelps in the pipeline, any environmental impact due to pipeline leaks.

iii. The isks associated with the storage of @Orhis mainly includes various leaks to

potentially impact marine ecology, food chain asglwater In addition any water

displacement due to pressure builgp from CQ storage and any plate movements

causing large scale seismic activity.

3.2.2.4CQ leakage

In terms ofrisk, this is of the utmost intereqt31]. Potential leakage pathways, hazards and

mechanisms (i.e. types of leakage risk) by whichda® be released from a storage complex

are divided into three main categories:

I. Geological leakage pathways
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Caprak: For any storage trap types, a low permeability caprock can result in
pore systems leading to potential leak pathways due to high capitatry
pressure and C&build up. There are also, local absence of caprock due to the
injection features, pipelines and erosion. A ssfecific leakage pathway
sometimes is when caprocks degralkecauseof the reaction between CO
water and rock.

Caprog fracturing:While CQinjection,the fracturing of caprock can occur

Leakage though natural faults and/or fractures dinced often by seismic
activity

Overfilling
Updip leakage

ii. Manmade Leakage Pathways

a.

Wells and boreholesThe main risk of potentis#gmissions pathways are the
abandoned wells around the storage site. The risk depends on the age and
integrity of these wells

Pathways from mining activitiesAgain, abandned mining site can act as
potential emissions pathways, especially in the case aafl bed storage.
Previously abandoned wells are a key risk in oil and gas reservoirs and regions,
particularly older wells bef@ modern abandonment practs

iii. Hazards arising from the movement of other gases and fluids byeC® methane)

[

a.

f.

Risks relating to fresh groundwater including contamination from dissolved
CQ heavy metal mobifiation and displaced brine;

Leakage or emissions from thdisplacement of hydrocarbons due to £0
injection and movement, particularly in depleted oil and gas fields and coal
seams;

The isk fromthe movement of other hazardous components such aS;H
Ground movement, uplift and/or subsidence;

Natural seismicity,seismic hazards and tectonics; include exposure to
earthquakes; and

Effectsof sabotage or terrorism.

Possible leakage pathways of 0@m a geological reservailiscussed above are shown in

Figure7 [32].

3.2.2.5 Induced Seismicity

The sudden phenomena that release energy in the form of vibrations that travel through the

Earth as sound (seismic) waves eatled Seismicit{83]. Energy may be released when rocks

PU

Page31of 165 Version3.0



Deliverable D8.2 Best practice procedures for sub surfago-energy operations s

(( ) ScienceqCleanEnergy

break and slide past eamther on surfaces or crack&glts). Energy may also be released
when rocks break in tension, opening cracksractures. In the case of CCUgected CQ

can activate faults within the geologic storage system, leading to induced seismic events
above background levels.

3.2.2.6 Toxicological effects

CQ does not have a high degree of toxicity, but it displays symptoms at one level or another
almost as soon as it is absorheserious symptoms might be experiendgdnhabitants local

to a large leak from the G@tream withoutthem noticing because GOn its own is without
taste or odour. If bSexists inthe CQ stream, the unpleasant odour of bad eggs would serve
to alert people that there is a problem, and their inclination would be to find an area away
from the smell until it had dispersedE.g by the release of GGstreams containing toxic
impurities such adhS from integrated gasification combined cycle (IGCC) facilities. The
toxicological effects of Gdepend on the concentration, duration of exposure..C8uses a
significant physiological effect in humans at concentrations over 3% and will produdgsiztal
above 10%34], [35].
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deep, stably stratified lake :
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Figure?. Possible leakage pathways of sequestered[32)

3.2.2.7Environmental and ecosystem effects

Ore of the main environmental risks is groundwateontamination fromCQ, brine or
mobilization of metals. The ecosystem effects include high concentr&t@exposure, which
isdetrimental to plant life[34].

3.2.2.8Risksfrom natural impacts

During the injection stage of the operation, the storage facility is susceptible to external
factors such as weather as well as natural disasters. For example, sudden or extreme
temperature changes can causef{pBase changes in surlaor subsurface facilities, causing
rapid changes in flow characteristics. While transporting tB@ugh the buried pipelines, it

can be susceptible to ground movement arising from earthquakes. While storing tenCO
external event could reactivate autt becauseof pressure or thermal stress exceeding the
fault strength. This could yield migration along a stratigraphic pathvscauseof the
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structural features in the subsurface, in particular, the caprock, a stratigraphic pathway may
exist for brineor CQ leakage from the primary containment complex.

Ground movemerd such as earthquakes are particularly risky for buried pipelines. A few
examples ar¢ghe 1971 San Fernando earthquake, 1983 intense, prolonged rainfall associated
with the EI Nifie Southern Oscillation (ENSO), 1982 severe floods and landslides in Ecuador.
In all these instances, significant damage was caused to water and sewage pipelines, pumps
and networks. Flash or higlelocity floods are the most damaging because their force can
knodk out pumping installations.

3.2.2.9Geological seal fractures

Geological seals can be fractureshder highstress formations. One of the reasoissthe
uncertainties associated with actual fracture pressure for the caprocks identified f@@hES
project Another being operational error. Both can result in high injectrmuced hydraulic
and thermal stress (cold GOwhich can lead to stresses above the fracture stress of the
geological sealgesulting infracture.

3.2.2.10Subsurface trespass

The storel CQ either wrongfully or flow ld with native substances or taking storage space
which could have been used by the rightful property owner are gtamof subsurface
trespasg36]. Examples of underground impacts on othsers include plume extension or
pressure or temperature change beyond permitted areas or beyond areas covered by
contracts with owners of subsurface or subsurface rights, contamination of drinking water
aquifers by he CO2 stream ancboling of geothermalesources, etc.

3.2.2.11Climate effects

CQleakage could harm thelimate, whichs primarily linked to uncertainties concerning the
effectiveness of COcontainment, in other wordsthe release of stored COinto the
atmospherecausing a detrimentadffect to the carbon reduction in the atmosphej26].

3.3 Closure/Decommissioning/Pogtransfer Stage

A CQ storage Life cycleypically include six phasgincluding assessment, characiation,
development, operation, postlosure and postransfer. According to the In Salah €0
capture and storage projectvhich is a world pioneering onsho@CUSroject, the post
closure stage and postansfer stage lasts for approximately 5 and 30 geagspectively37].
Thesetwo periods (35 years) take up about 70% of the total life cyttbe plant[28].
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3.3.1Risks in CCUS duritige closurephase

Identifying potential risks associated with the activities ascritical process in risk
management. There are several methods available to determine the risk. These methods are
briefly introduced in the following sections.

3.3.1.1 Featues, events angrocessegFEPS)

FEPsare the most common approach to identify peat-specific risk§38]. There are two

steps involved in this method. The first step is determining relevant FEPs and the second is to
determine scenarios anconsequences. Identifying the relevant FEPs can be achestieat

using thebottom-up or top-down method. The bottorup method uses checklists, such as
Quintessa 2014 database, as a starting point to gendilere scenarios, while in the tep

down approach, the identification is more that of a brainstorming ses&6h

An example of the application of the FEPs approach on the risk assessmeptedka@e for

an alandoned Czdt oilfield is detailed by Arild et aJ39]. In this case, the bottomp
methodology was applied base on the Quintessa GeneridHE®s Database to identify the
FEPs. The list of FEPs regarding abameon is given inTable8. Then, based o FEPs
interaction matrix, a set of most concerned leakage scenarios for abandoned well were
determined. Essentially, these scenarios stemmed from the seal failure categdmry wit
distinctive leakage pathways. The scenarios estimated for further analysis are litallén

0.

Table8. The initial set ofeatures, events and processes

Class Subclass SubSubclass FEPs identified (higlevel abstraction)

Plug locations

Plug thickness

Plug porosity

Plug permeability

Plug material

Date of abandonment

5- Borehole seals and Abandonment procedures
Boreholes | abandonment Cement cracks

Forming othe microcannulan
Seal failure cement

Casing corrosion
Debonding of cement plugs
Blowout to surface
Underground blowout

Closure and sealing
for boreholes

Blowouts
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Table9. Scenarios generated from the FEP analysis

Leakage path | Leakage path Leakage scenarios

category subtype
Leakage between cement fill and outside of the casi
Leakage between cement plug amdide of the casing
Wells Abandoned Leakage between through cement well plug
wells Leakage through casing

Leakage in cement fill fractures
Leakage between cement fill and formation rock

3.3.1.2Failure modes, effects,ra criticality analysis(FMECA)

To ensurdghe well integrity and identify and assess the impact of the failure of well barriers,
it is common to carry out reliability analysis wheie main steps involvedre [40]:

To define and become familiar with the system

To identify failure modes and failure causes

To construct a reliability model of the well barrier system
To perform a qualitative analysis of the fault tree

To perform a quantitative analysis of the fault tree

= =4 4 A4 -4 -2

To report results

The first step is to define the operational situation, reviewha well schematics, construct
barrier diagrans, and list barriers and their barrier functions. The second step is to identify
failure using relevant methods such as FMECA. Based on the FMECA analysis, a fault tree
model is established, and further analysis is carried ostep 4 and 5The final stp is to
document the results.

FMECA is the most common method to idengifitential failures. It is carried out to answer
the following questions:

1 In what ways can system components fail?
1 What are the underlying causes of failures?

1 How can failures be dected?

1 What are the failure effects, on the failed component and on the system as such?

1 How critical are the failure effects, in terms of damage to humans, the environment,
or material assets?

The FMECA worksheet is the core of an FMECA. There isjne and widely accepted layout

of the FMECA worksheet, and many variants are therefore fourmnmpanies, standards,

and textbooks. The main elements are, however, the same in all variants. An FMECA
worksheet for the assessment of a downhole safety vaDHdSYV) is shown in Appendix
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3.3.1.3Fault Tree

The process of answering the key questions posed in an FMECA leads to the construction of
fault trees, to structure the connections between specific failures and possible leakage
scenarios.

The fault treeis started by the TOP eventin the context of well integrity, this event is
ISYSNI f & Uqul trep lisTcébnSidcted tePy-step from the TOP event by
repeatedly listing the cause for the event. Théy regarding each cause identified as an
event, the causes for this event are invigatedand listed again. This process continues until
the root failure mechanism is identified. An example of the fault tree is showmgure8.
This is the top structure for the fault tree where the event is leakage to the surroundiags.
causes,rom leakage flow path1 to 10, are identified for the event. Then, édeakage path

is investigated futter. For exampleto consider® S {1 3S LI 6K ¢ Q | a GKS
is developed, as shown Figure9. A sinilar processgs repeated for the rest of the leakage
paths to complete the fault tre€The method has intuitive logic and can be in cooperate with
both qualitative and quantitative analysis.

Leakage to the

surroundings
I [ I [ |
Leakage Leakage Leakage Leakage | . __ .. Leakage
flow path 1 flow path 2 flow path 3 flow path 4 flow path 10

Figure8. The top structure of théault tree [40]
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<EEE)

TLBD
[

N

Leagage through
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Leakage tubing
above DHSV

DHSV

Figure9. A complete fault tree for the event of leakage pathwaly16]

3.3.1.4 Profile of risk uncertainty in postlosure stage

The profile of risk andincertainty throughout the life cycle of G©®apture storage is
presented inFigurel0 [41]. It can be seen that the uncertdinis nearly constant during the
closure stage, with the magnitude of about half of the maximum value in the operation stage.
After entering the postlosure phase, the magnitude begins to decrease and reach a low level

gradually within 25 years. The rigdacheghe maximum value at the beginning of the closure
stage. Then, with the increasing time, the risk keeps on decreasing and is halved at the end of
the closure stage. It further reduced to a low level after ten years in the-glostire stageA

similarrisk profile forCCU®rojects was also reported by Qi et @7].

Uncertainty (%)

00

5

Operation

Post-
closure

Post-
transfer

'G n 18

4 26

3 38 4 28

Risk (%)

Figurel0. The uncertainty and risk profile during the life cycle of Cpture storagg41]
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3.3.1.5Potential risks in Postlosure

Tablel0summarises five essential major categoriesisi bearingon CQstorage[36].

Table10. Categories of risks associated with CO2 storage

Category Brief description

Injected fluids activate faults within the geologic system, leading to
induced seismic events above background levels.

The toxicological effects of G@epend on the concentratiorguration of
Toxicological effects| exposure. CO2 causes a significant physiological effect in humans at
concentrations over 3% and will produce fatalities above @8}
Groundwater contamination: carbon dioxide, brjrm& mobilzation of
Envirommental and | metals enter the groundwater supply.

ecosystem effects | Ecosystem effects: high concentration carbon dioxide exposure is
detrimental to plant life.

The sored CQ either wrongfully commingled with native substances or
took up storagespace thatould have been used by the rightful property
owner.

Climate effects CQleakage could harm the climate.

Induced seismicity

Subsurface trespass

In addition to these five categories, in the pasbsure phase, a well, th&gused to generate
profit usually, becomes a liability and there may be an unwillingness on some operators to
invest adequately to decommission it. There is also the risk ttedilems are identified in the
years postdecommissioning, when the operator may no longer be in existence; therefore,
the liability couldbe orphaned, resulting in a burden on the public pura].

3.3.1.6 Causes for risk

Lealage is the main cause of the risks. There has been extensive research on the issues
regarding geological storage safety, and leakf@§¢ Various leakage paths were identified,
such as geological leakage pathways, manmade leakathways. Thisection however,

only focuses on those cases involved in the mdssure and postransfer stage. There are
several reasons for the leakage, including lokmtegrity of wellbore, the integrity of the
wellhead system, fatigue failure 8low Out Prevente(BOBR and fluids plume, as follows:

(a) Wellbore leakage

The most likely mechanism for theakage of a closed reservoir would be wellbore leakage
[36]. The C®(or other reservoir fluids) can go through the leakage pathways in the poorly
plugged and abandoned wellbore. These potential leakage pathways in the plugged and
abandoned wellbore have beenell-identified (see[38], [43]) as shown inFigurell. The
leakage may go through the cement sheatsing interface (Path a), phegsing interface
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(i.e.micro annuludeakage)Path b), cement plug or cement sheath (Path c), casing (Path d),
cement fracture (Path e) and cement shedtirmation interface Path f).

?‘@&
o gl |

AR
TR S

)

Figurell. lllustration of potential leakage pathways in a plugged welljd&3
(b) Wellhead system leakage

In addition to the wellbore, leakage also can go through the poorly sealed well wellhead
system. For example, in March 2012, the Elgin platform well located in the North Sea
experienced a significant incident of the uncontrolled release of hydrocarbonthdo
atmosphere[44]. In this incident, reservoir gas from the Chalk formation leaked to the A
annulus initially and then gradually may& Gannulus and finally leaked to-&nnulus due

to the poor sealing capability of wellhdacomponents and connections-dhnulus was the
conductor annulus and not connected to any barrier for preventing leaks, the gas leaked to
the environment uncontrollably, as shownkigurel?2.
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Figurel2. Leak path in wellhead of a platform well in EIgiB]
(c) Fatigue failure of the Blowout Preventor (BOP)

Additionally, leakage also can be the result of the fatigue failure of the wellhead system. The
wellhead, especially for the subsea wellhead, is exposed to external static and cyclic loads
caused by the BOP that installed on the top. The cyclic loadsacae fatigue damage to the
wellhead and create well integrity issues.

(d) CQplume

The unstable C{plume also can lead to leakage. Although @&ction has stopped in the
post-closure stage, the underground €@ume may not have stalutd. Therefore, ltere are
continued risks of irregularities and actual leakage from the storage corffgx

3.4 Risk Managementor CCUS technique

The purpose of risk management is to ensure that opportunities and risks related to the
geological sirage of C@at a given site are effectively managed in an accurate, balanced,
transparent and traceable way. The recommended risk management process is modified
from 1ISO 3100{46] to take account of specific considerations for.@éological storage and

is illustrated inFigurel3. This process is designed to:

1 Run in parallel witlthe project life cycle stages Figurel4d
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