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Public abstract

The objective of the task presented in this deliverable report is to synthesise the results of the modelling
studies carried out in SP1, SP2 and SP3, focusing on various mitigation and remediation techniques, and
carrying out an evaluation of their performance as either threat barriers (for risk reduction) or recovery
and preparedness measures (for consequence benefits) that can be achieved. The issues considered
were relating to technology specific issues of the techniques, including their implementation costs.
A methodology was proposed to quantify the effectiveness of the techniques in a manner which allows
for a comparison of the indicative performance metrics, based on the results of the scenarios that were
investigated. The overall performance characterisation was based on five dimensions, as agreed during
the course of the project, namely:

1 likelihood of success

1 spatial extent

1 longevity

1 response speed

1 cost efficiency
The overarching goal is to subsequently feed the outcomes of this report into the on-line remediation
selection tool which was developed in parallel under SP5.
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MiReCOL

1 | NTRODUCTI ON

1.1  Objective

The overall objective of WP11l is tosynthesie the results of CO; leakage
mitigationtemediation modelling studiearried ouduringthe MiReCOL projecandto
evaluate their performance as either threat barfoesotential leakage risteduction or
recovery and preparedss measurdsr leakageconsequence reductionhe technology
specific issuesof relevant techniquesincluding their implementationcosts were
consideredn thisdeliverable report

1.2  Bow-tie analysis

A number of projects have adopttte bow-tie analysis for risk managemeatross a
variety ofbusiness sectorgorld-wide, and the method has been in widespread use since
the mid1990s.In the bowtie analysisa® t o p iimitlly idéntified. In the case of
COz storagethis is oftenan event ofeakage from thetsrage reservoifThethreats such
as a leaky fault or injection induced oymessurgwhich might trigger the top everdye
then identified. The threat barriersreferred to asrisk mitigation techniques are
subsequently assessadrderto reduce or eliminate the threklithe top event is already
occurring at the time of analysie.g. an identified leakage ofCO. from the storage
reservoir, the methodonsidersconsequencesuch as loss of CGstoragepermanence
or environmental impactand using consequence barrieesms to limit such adverse
impacts Thus the bowtie diagramalso facilitates the assessmerndf recovery and
preparedness measuresferred to agemediationtechniquesin order toreducethe
severity of the consequenceBigure 1 illustratesthe bowtie diagram for WP11
indicating all the techniqueshat were investigatednder the scope of the MiReCOL
project

1.3  Assessmeninethodology

In order to evaluate thmitigation and remediatiotechniquesthe resultghat were
presentedopreviously in the MiReCOL project SP1 to SP3deliverablerepors were
analysed In particular, he quantification of effectiveness of a techniqugeserally
based on either: (a) the delay achieved irathigal timeof the CQ plume at the location

of apotential threate.g.leaky faults or fractures; (b) the reductioramount of CQthat

could migrate beyondthe reservoispill point; (c) the reduction iamount of CQ that
mayleak through suseismic fractures in the caproicito a shallower formatigr(d) the
redudion in the reservoir pressure which could potentially induce or exacerbate leakage;
or (e) the enhancement of the dissolution of injected i@@he reservoir brine teither
reducethe local pressure ¢he amount of C&that mayleak.

1.3.1 Success pbability estimation

The results obtainefdr theeffectivenessverepooled to generate cumulative probability
plots that allow for the quantification b the expected valgeof succes of the
implementation of tha@echniques however,conditionedonly on the mitigation and
remediationscenarios that weretailedin the different SP1- SP3work packages. It is
also important to note that in thaeiitigation case the implementabn could either
improve or unexpectedly make matters worse, and hencenitigation effectiveness
couldrange between negatiyeot effectivg and positivgeffective)values, whereas for

D11.2 Copyright © MiReCOL Consortium 2014-2017
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Threat Recovery,
THREATS Barriors Preparedness CONSEQUENCES

Measures

Methods to prevent the event from occurring and keeping control Recovery methods, if the event occurs, limiting the severity of the event

Figure 1. The bowtie diagram for the MiReCOL project
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the remediation case, effectiveness values were assumed to be strigiggadine.
1.3.2 Overall performance characterisation

Furthermorethe scoringranking of individual techniques as implementedusing an
ordinal classification (low, medium and high)five dimensions, namely: (a) likelihood
of success (see Table 1); (b) spatial extent (see Table 2); gevion(see Table 3); (d)
response speed (see Table 4); and (e) cost efficiency (see Tdidseds),on the results
that wereobtainedfor different scenarios

Table 1. . Classification of the likelihood of succedisnension

Rank Likelihood of Succes&hb)
Low 0-33

Medium 34-66
High 67-100

Table 2 . Classification of thespatial extentimension

Rank Spatial Extent (kr)

Low 0-1
Medium 1-5

High >5

Table 3. . Classification of thedngevitydimension

Rank Longevity (yearg

Low 0-1
Medium 1-10

High >10

Table 4. . Classification of theesponse speatimension

Rank Response Spedgeary
Low >1

Medium 0.1-1
High 0-01

Table 5. . Classification of theost efficiencydimension

Rank Cost Efficiency(M €

Low >10
Medium 1-10

High 0-1

Despite being a qualitative outptite resulting spider chadutpus represent thbest
efforts thatcould possibly benade to standardise the s&ale different dimensions
order to ensure that it isdicative of the overall merit of a given technigaad also
allowing for makinga comparisorbetween techniques.

D11.2 Copyright © MiReCOL Consortium 2014-2017
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2 ASSESSMBERTHECONSEQUENCES REQATED
MI TI GATI ON TE&HNI QUE

2.1  Adaption of injection strategy to control the migration of CQ2
plume in the reservoir

The selection oanappropriate C®injection stratey offers the potential for increasing
both the safety and longevity of containmenthe storage reservoiit can potentially
prevent or at least retardCOz from arriving at ad passing througlipre-defined
undesired migration pathsych adaults, fracture zones or spill pointBy doing this,it
may alsodecrease thaecessity folactive remediation, such as gel and foam injection,
brine injection or chemical immolbsation of CQO,, at a later stage of the storage cycle.
Thereforeselection of an injection strategy asraactive measungould becost effigent
whencompared tahe implementation ainactive remediatiotechnique

The impact othreatmitigationthroughthevariation of injection location and rateking
into account of thgeological conditionswereinvestigatedoy GFZ at the Ketzin site,
Germany.The results were discussieddetail indeliverable D3.2.

In order to quantify theuccess of thadaptaton of injection strategin threatmitigation

I.e. the percentage of delachievedn the simulated time taken for tidumeto arrive

at undesired migration patfays that potentially resultn CO; leakage a cumulative
probability plot was generated Ippoling the results obtained for all the scenarios that
were consideredrigure2aillustrates that if the desirable mitigation level is assumed to
be 20% or greater, then the probability of sucdesghreat mitigationis only 10%.
Moreover,the probability of occurrence o# situationworse than the baseline scenario
(when no mitigation is implementedorresponding t®% threat mitigatiorlevel) is
approximately 75%, which additionallyndermineghe applicability of thetechniquen

the given ontext Figure 2b illustrates a summary of the outcomes of the technique
considering all the dimensions

P(Success) = 10% Likelihood of Success

[
)

o
»

Cost Efficiency Spatial Extent

Cumulative Probability
o
FS

o
no

0
-225 -150 -75 0 75 150 225
Threat Mitigation (%) Response Speed” “¥Longevity

(a) (b)

Figure 2. Adaptation of injection strategy techniqya) success probability; (b) spider chart
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2.2 Novel approaches to lower reservoipressure by accelerating
convective mixing between brine and CQ@

The possibility for enhancing the dissolution of ibrine was investigated with a view

that it: (a) potentially lowers the pressure of the reservoir duringigé€xtion; and (b)
ensureghat CO2 would no longer migrate as a separate phase, and thus restricted to the
migration of reservoir brine which is relatively much sloweting to its higher density

In order to enhanc€O; dissolution during the injection phase, theigjection of CO2

with nanoparticles (NPs) to enhance convective mixing was considered. The proposed
method enhances the natural process of convective mixing by increasing the density of
the CQ-saturated brine by using NRéeavy NPs (e.g. metadsd/or metabxides which

are in the order of-b0 nm in size) move into the britegether with the C¢& which
increases the density of the &€aturated brinevhich results inan increasedate of
convective mixing.

To evaluate the feasibility of using NPs for remediagind/or mitigationTNO evaluated
to two aspectsnamely (a) the placement of NPs; (b) the quantification of enhancement
of convective mixingthereby increasinthe dissolution of C®into the brineFor the
first aspectinvestigations included the sihation of the injection of aixturecontaining
NPs atthe interfacebetween the C®and brine in the reservoirThe main question
addressetty the NP placement simulation was relating to &oeeptable density of the
NP-COz mixture for injection It wasconcludedthat a homogeneous mixtuneould be
heavier than Cg) but lighter tharbrine. If themixtureis too heavy, then it auld move
into the brine and not spread on the interf@ethe other hand, ihemixtureis too light
(i.e. density difference with th€0O; is small), the spreading woultbt be efficient.
Furthermore, dr the second aspect, a situatisasassumed whene a mixture of free
COz and NPdayeris presenton topof brine (bothare assumedtationary).Equations
from the literaturdor theestimation of C@dissolution resulting frormonvective mixing
wereimplementedThe result®btainedwere discussed in detail in deliverabléd.B

In order to quantify the success of the NP injection in threat mitigatothe percentage
increased Ce@dissolution into reservoir brine for the simulated time, a cumulative
probability plot was generated by pooling the results obtained for all the scenarios that
were considered. FiguBaillustrates that if the desirable miéiggon level is assumed to

be 20% or greater, then the probability of sucéasthreat mitigations 85%. In addition,

it is observed that the minimum threat mitigation level is 10%, suggesting that there is a
noticeable improvemeritom the baseline scano. Figure3b illustrates a summary of

the outcomes of the technique considering all the dimensions.

D11.2 Copyright © MiReCOL Consortium 2014-2017
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P(Success) = 85% Likelihood of Success

o
o

o
o

Cost Efficiency Spatial Extent

Cumulative Probability
o
»

-225 -150 -75 0 75 150 225
Threat Mitigation (%) Response Spee ongevity

(a) (b)

Figure 3. Acceleration of convective mixing techniqye) success probability; (b) spider chart

2.3  Smart cement with a latexbased component fomitigation of
potential well leakage

Although thecapacity and injectivitpf ageological formatiomlays an important role in
its consideration forCO; storage the prevailingconfinement conditionsare also
necessanif, howevertheformation meetsill the required conditions, the only potential
means of C®@leakage should theoretically be via the wellbokéellbores have been
identfied as the most likelpathwaysof leakageata CQ storage siteMultiple leakage
pathwayscould be associated with the wellbore thetoften formed due to inadequate
well completion,or the use of unstable wellbore materials in a-@¢h setting.The
proposed methodsing smart cement presents a noveltthe mitigation ofthe riskof
COz leakagedrom deep reservoirgia wellbores Imperial College investigated the use
of latexbased smart cement for the purpose ot (@@kage mitigation at the wellbore.
The main objectivesvere: (3 to investigate the effectiveness efart cement irthe
mitigation of leakage either through the casiogment or casinrgock interfaces, or
through the fractures within tlbemenitself; (b) to characterise the lateement mixture
for its permeability, mechanical behavioand strength sing core samples; (dp
characterise the permeability of lateement under deep reservoir conditions by
subjecting samples of the lateement to C@flow using mp er i al Coll ege’ s
cell; (d) to compare stregzermeability behaviour of the micnmaulus of the latex
cement with hat of Class G Portland cemenfhe experimental observations of
permeability, mechanical properties and sealing characteristics of thecéambent
cementwas subsequentlyised as an input to a wellbore numerical modettnly the
effectiveness of remediation through the use of lagment for overall integrity of CO
storageThe resultobtainedwere discussed in detail in deliverable.®

In orderto quantify the success sfnart cement implementatiamthreat mitigéion, i.e.

the percentagef the amount of leakageduction achieveghouldeakagainexpectedly

occu within thesimulatedtime periods, a cumulative probability plot was generated by
pooling the results obtained for all the scenarios that were considered.fagusrates

that if the desirable mitigation level is assumed to be 20% or greater, then the probability
of succes$or threat mitigationis 70%. In addition it is estimated that therobability of
occurrence of a situation worse than the baseline scenario is approxig@@eligure

4b illustrates a summary of the outcomes of the technique considering all the dimensions.

D11.2 Copyright © MiReCOL Consortium 2014-2017
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1 + Likelihood of Success
P(Success)=70%
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Figure 4. Smart cement wellbortechnique (a) success probability; (b) spider chart
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3 ASSESSMBRT THE CONSEQRENAESD
REMEDI ATTEOONHNI QUES

Options to enablethe flow diversion of CO plume

Foam injection

TO

3.1
3.1.1

Foam is used irhk oil andyas industry for mobility control of gas sweep during enhanced
oil recovery. The desired effect is to reduce the mobility of the gas, forcing the injected
gas to take alternative paths thus contacting more oil as well as delaying gas breakthrough
in the poduction wells. Foans alsoused to reducgas coning/cresting at production
wells. In the current context, foam injection was investigdte&INTEFas a technique

to remediateCO; leakage, n the event of an unexpected migration of the plume in the
reservoir. It primarily involvesthe injection of a solution comprising of surfactant and
brine in the reservailThesolution reacts with the Gan-placeleading to the generation

of foam, whichcauseghe reduction inthe mobility of the CQ@ therebyminimising
potential leakage.The plugging effect of foam treatment dependsseweral factors,
including the reservogeology, position and type of leakage, injected surfactant volumes,
surfactant concentration, adsorption, foam strength and foam staffiktynain purpose

of the study wa to exploréheranges of some of these factors and to quantify their impact
onaleakagesvent The results obtained were discussed in detail in deliverahi@ D

In order to quantify the success fafam injection forleakage remediatign.e. the
percentage of the amount of leakage reduction achegftedthe detection of occurrence
of an unexpectelkakagewithin the simulated time periods,cumulative probability plot
was generated by pooling the results obtaimedli the scenarios that were considered.
Figure 5a illustrates that if the desirabikemediationlevel is assumedo be 20% or
greater, there is a nprobability of success foleakage remediationThe threshold
remediation leveto measuresuccesshowever, is dependent on the cumulative amount
of COe that is injected prior to leakage detectitm.other words, a higher threshold is
desirable if a large amount is injected into the reservepresenting a conservative
measure of succesMore specificlly, in the scenarios considered, the cumulative
amountof CQ; injected is7.5Mt and the amunt leaked beyond the spill point is
approximately 4Mt Hence,a higherthresholdremediation level(>20%) would be
desirableFigure5b illustrates a summary of the outcomes of the technique considering
all the dimensions.

i | P(Success)=0%

Likelihood of Success

o
-]

ot
o

Cost Efficiency Spatial Extent

Cumulative Probability
=}
i

het
(%]

(=]

0 20 40 60 80 100

Remediation (%)

(@)

Response Spee:

Longevity

(b)

Figure 5. Foam injectiortechnique (a) success probability; (b) spider chart
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3.1.2 Polymer-based @l injection

Crosslinked hydrolysed polymegel injection isused in petroleum industry to improve
conformity of fluid flow in the reservoir, remediate leakage around wells, and also used
in conjunction with enhanced oil recovery at various terafure and pressure conditions.
Waterbased gels are highly elastic sesolids with high water content, trapped in the
threedimensional polymer struate of the gelPolyacrylamide (PAM) is the main cress
linked polymer used mostly by the industry. The use of biopolymers is more challenging
as compared to the synthetic polrs due to chemical degradation at higher
temperatures, causing the loss of mechanical strength. Most of pajgingystems are
based on crosslinking of polymers with a heavy metal ion. The most cdynosed
heavy metal ion is chromium Ill. However, wmew of its toxicity and related
environmental concerns, its application in reservoir conformance andléa®age
remediation is considered to be limited. Therefore, more environmental friendly
crosslinkers such as boron, aluminium and zirconium have fregosed and used in
recen years.

Imperial College used numerical simulators to implement the known interaction
properties of polymer solution and crosslinkers using data from the literature and
laboratory tests. The effect of reservoir permeabilipglymer and crosslinker
concentrations, pH and gelation kinetics were investigated. The prdjzesty results
were further translated into the simulation of scenarios farl€Bage remediation using
polymergel injection in the reservoiithe results obtaed were discussed in detail in
deliverable 3.3

In order to quantify the successpuflymergelinjection for leakage remediatiorne. the
percentage of the amount of leakage reduction achieved after the detection of occurrence
of an unexpected leakaggthin the simulated time periods,cumulative probability plot

was generated by pooling the results obtained for all the scenarios that were considered.
Figure 6a illustrates that if the desirable remediation level is assumdxsk t20% or
greater, theres a 100%probability of success for leakage remediatibime high success
probability in this casés only indicative and, as highlighted for foam injection in the
previous sections dependent on the cumulative amount ok @@t is injected prior to
leakage detectianFigure 6b illustrates a summary of the outcomes of the technique
considering all the dimensions.

1 Likelihood of Success
P(Success) = 100%

208
H
3
° 06
o Cost Efficiency Spatial Extent
H
= 0.4
]
£
0 0.2

0

0 20 40 60 80 100
Remediation (%) Response Spee Longevity
(a) (b)

Figure 6. Polymer-gel injectiontechnique (a) success probability; (b) spider chart
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3.1.3 Brine/Water injection

In secondary oitecovery, brine or water injection has a long history either to support
reservoir pressure or to displace oil towards producing wells. There is a range of
techniques and theories.§.Buckley Leverett analysis) about how water injection can

be used to inease oil recovery. Volumetric sweep management and realignment of
production in contiguous layers are the nearest analogues in the oil industry to the use
water injection in order to stop the migration ©0.. Industry has studied several
mechanisms by wbh water injection can be used to reduce:@G@ration such as(1)
creating a high pressure barrier in front of the migrating [@@ne; (2)chasing CQwith

brine ensuring storage securind(3) injecting water directly into the advancing €0
plume.

Threedifferent examples of water injection remediation have beeestigatecby the
projectpartnerslistedas follows:

1 SINTEFused a portion of the Johansen formation as the basic model with water
injection in front of the C® migration plume. Themodel wasmodified to
represent the key characteristicswénty other possible C&storage aquifers.

1 Using a gened model, Imperial Collegstudiedthe reduction of CQ leakage
through a sulseismic fault by means of water injection via the well presiypu
used for CQinjection.

1 TNO also used the Johansen model to simuttalternative scenariagsing a
combined approacbf water injection and Cfbackproduction as remediation
measures

The results obtained were discaedsn detail in deliverablB3.4.

In order to quantify the success of brine/water injection for leakage remediagione
percentage of the amount of leakage reduction achieved after the detection of occurrence
of an unexpectelkakage within the simulated time periodgumulative probability plot

was generated by pooling the results obtained for all the scenarios that were considered.
Figure 7a illustrates that if the desirable remediation level is assumed to be 20% or
greater, the estimated probability of successcimkage remediation is 35% summary

of the outcomes of the technique considering all the dimensions is illustrated in Figure
7b.

1 Likelihood of Success
P(Success) = 35%
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Figure 7. Brine/water injectiotechnique (a) success probability; (b) spider chart
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3.1.4 Brine/Water withdrawal

The over-pressurisation of the reservaiuring CQ injectionis of concern because it cou
have a largescale impact, namely interference with the operations in neighbouring oil a
fields, or CQ storage sites that could-exist in the same formation. Such interference
has regulatory implications since issuing permits to operators would then be based
outcome of a mulisite process evaluation, which can be quitgoived, and rathe
unnecessary. In the literaturewas demonstrated that by producing brine from the resel
the pressurgriven leakage was minimised and consequently the net of amount of leal
largely buoyancydriven, thus reducing the rate of leakage. While aress management vi
brine extraction is not be considered a mandatory component forsleatge CQ storage
projects, it could also potentially provide many other benefits, such as increased
capacity utilisationsmplified permitting, smaller areaf review for site monitoring, and th
manipulation of C@plume in order to increase its sweep efficiency.

Imperial College investigated the technique using numerical simulations :o$tG@ge anc
leakage remediation for an offshore and compartmeathtiepleted gas reservoir, called
P18A block (in the Dutch offshore region). The scenarios considered the study of a clt
gas fields in the reservoir in order to understand the plume migration and reservoir g
response during COnjection, and the remediation achieved using brine withdrawal in te
of flow diversion and pressure reliethe results obtained were discedsin detail in
deliverable D4.4

In order to quantify the success of brine/wat&hdrawalfor leakage remediation.e. the
percentage of the amount of leakage reduction achieved after the detection of occurrer
unexpectedeakage within the simulated time periodscumulative probability plot wa
generated by pooling the results obtained for all the scenartoséha considered. FiguBa
illustrates that if the desirable remediation level is assumed to be 20% or greater, the e
probability of success for leakage remediationl@®?6 (indicative. A summary of the
outcomes of the technique consideringladl dimensions is illustrated in Figuske.

1 Likelihood of Success
P(Success)= 100%
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Figure 8. Brine/water withdrawalechnique (a) success probability; (b) spider chart
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3.2 Blocking of CO. movement by immobilisation of CO. in solid
reaction products

Experience with unintentiongrecipitation or scaling and formation damage, as comm
encountered in the oil and gas or geothermal industries, sheds some light onto the pos
for forming solid reactants. Mi ner al s
be mtential candidates for controlled precipitation. Frequently occurring scales asst
with oil and gas production are calcite, anhydrite, barite, celestite, gypsum, iron sulphi
hdite. Reinjection of production water is prone to scaling of catticarbonate, while
strontium, barium and calcium sulphates are more relevant for seawater injection. In &
to fluid-fluid reactions, fluidgas nteraction could promote mineraiton. Controlled
intentional clogginglue tosaltprecipitation, which occurs whehe solubility is exceedeualy
the evaporation into injected dry gasould potentially prevent the leakage of £®his
process is similar to salt scaling in natural gas and oil prodyetnehCQ injection in saline
aquifers and depleted gas fields.

TNO investigatedscenarios to study tHeasibility of injecting dime-saturated solution as
COe-reactivesolution above the caprock, at the location where the leakage has been d
Thesolutionhas a low viscosityvhich simplifiestheinjectionprocessThe results derived fo
the injection of the limesaturated solutioprovided a geneal insight in leakage remediatic
using nonswelling CQ reactive substancadowever, he production andractical use of suc
a fluid was beyond the scope of teudy. The results obtained were discedsn detail in
deliverable D3.5

In order to quantify the success of the injection of@€active limesaturated wate
investigated in this projedte.the percentage of the amountexikage rate reduction achiev
after the detection of occurrence of an unexpeletakiagewithin the simulated time period:
a cumulative probability plot was generated by pooling the results obtained for all the sc
that were considered. Figure flastrates that if the desirable remediation level is assum
be 20% or greater, the estimated probability of success for leakage remediation &
summary of the outcomes of the technique considering all the dimensions is illustr:
Figure 9b
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Figure 9. Polymetgel injectiontechnique (a) success probability; (b) spider chart
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3.3  CO2back-production

The backproduction of formerly injected COnay provide a suitable technique {)
mitigate undesired migration of G0Gn the reservoir by inducing a pressgmadient
driven directed flow of C@ and @) manage the reservoir pressure. Furthermore, the
production of CQwill also form an integral part of any temporary storage of @@he
frame of a differentarbon captre storage andtilisation and/or poweto-gas couoepts

In COz storage combined with enhanced hydrocarbon recp@&ywill be co-produced

with the recovered hydrocarbons. The production ratio of gas to reservoir fluid is an
important design parameter all contexts. Below a minimum flow velocity in a well, the
critical Turner velocity, no fluid is producedndhencewell load up (cone shaped brine
accumulation) occurs.

The COz backproduction techniquavas investigated in this project usingse stues
based onwo exampleseach aroffshore and onshore sjtiested as follows:

1 GFZand Imperial College jointlgarried outnumerical sudiesprior to and after
the Ketzin pilot field test to support itdesignanddemonstrate the performance
of the historymatchedbackproduction model, and thereby estimateettected
reduction in reservoir pressure achieved.

1 TNO carried out a case study ftre K12-B gas field in the North Sea to
investigate theébackproductiontechnique Numerical analyses focused &ry
factors such as recovery rate, £@io, well pressure and water-pooduction.

The results obtained were dissed in detail in deliverable (¥

In orderto quantify the success @Oz production technique.e. the percentage of the
reductionin reservoir pressurachieved within the simulated time periasanndirect
indicator for potential leakage reductjacumulative probability plot was generated by
pooling the results obtained for all the scenarios that were considered. E@pmre
illustrates that if the desirable remediation level is assumed to be 20% or greater, the
estimated probability of suess br potentialleakage remediation i980. A summary of

the outcomes of the technique considering all the dimensions is illustrated in Figure 10b.
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Figure 10. CO; backproductiontechnique (a) success probability; (b) spider chart
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3.4  Hydraulic barrier

It has been suggested that injection of brine above the caprock, at a higher pressure than
the CQ pressure in the reservoir, would create an inverse pressure gradient to reverse the
flow direction and increase the solubility of €@ the saline w&ter barrier formed, and
prevent or limit leakage. Furthermore, coupled with fluid management procedures during
aquifer storage (saline water extraction andhjection aboe the caprock), thisan also

be used to minimise displacement and migration tiv@#rine, and avoid pressure build

up in cbsed or seraclosed structures.

Imperial College investigated the effectiveness of pressure gradient reversal (PGR), a
hydraulic barrier techniques a potential remediation technique for-d€akage from
deepsaline aquifers using generc andgeologicallyrealisticmodel, comprising of the
reservoir,caprockand an overlying shallow aquifelhe focus was on the role of
controlling parameters which may affect the success or failure of the hydraulic barrier
technology considere@he results obtained were dissed in detail in deliverable C8

In order to quantify the success of tiydraulic barrier techniqyée. the percentage of

the amount of leakage rate reduction achieved after the detection ofemceunf an
unexpectedeakagewithin the simulated time perioda,cumulative probability plot was
generated by pooling the results obtained for all the scenarios that were considered. Figure
1laillustrates that if the desirable remediation level is assumed to be 20% or greater, the
estimated probability of success for leakage remediatidd®¥. A summary of the
outcomes of the technique considering all the dimensions is illustrated in Eidpre

1 o Likelihood of Success
P(Success) = 95%
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Figure 11 Hydraulic barrietechnique (a) success probability; (b) spider chart

3.5 Polymer-getbasedsealantinjection
3.5.1 Well leakageremediation

The use of synthetic and biopolymer solutions by the petroleum industry has been mostly
assocated with enhanced oil recoveaynd widelyusedaround the worldFor polymer

gel compounds (usually crosslinked with a heavy metal), the application is considered for
watercut and flow conformance control within the reservoir as well as leakage
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remediaton in the near wellbore are@he polymer solution is composed of molecular
chains of the chosen polymer, a carrier fluid such as water or &nida crosslinker such

as chromium Ill, zirconiumand aluminium. Polymers are made of coiled chains,
especidly of high molecular weight polymers. Once they are added into solution, the
charged areas on the chain repel eachr @he force the chain to uncolls a result, the
viscosity of the solution increasé3enerally the charge also affects the speed atlwh

the chain uncoils. The higher charged polymers will uncoil faster, whereaspmon
polymers may never fully uncoil since they carry no charge.

Imperial College carried oudttoth laboratory testeind numerical simulations order to
understand the ffctiveness of polymegel treatment on the permeability reduction of
wellbore cement, thereby effectively minimisi@0z leakage through a microannulus
between cement and casiingerface and in near wellbore region of the host/caprdek.
particular deep, high temperature and hjglessure reservoir condition®re considered
for the simulationsThe results obtained were dissed in detail in deliverable B

In order to quantify the success of the use of polygetrbased sealant injection for
wellbore leakage remediationg. the percentage of the amount of leakage reduction
achieved after the detection of occurrence of an unexpleetkage within the simulated

time periodsa cumulative probability plot was generated by pooling the resultsebta

for all the scenarios that were considered. FidLi® illustrates that if the desirable
remediation level is assumed to be 20% or greater, the estimated probability of success
for leakage remediation is 100% (indicative). A summary of the outcomebeof
technique considering all the dimensions is illustrated in Figjilve

1 » Likelihood of Success
P(Success) = 100%
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Figure 12 Polymergel sealant injectiotechnique (a) success probability; (b) spider chart

3.5.2 Caprock leakageremediation

Additionally, polymergel injection above theaprock(in an assumed shallow aquifén)
seal fractures was investigateg Imperial Collegein deliverableD6.3. The results
obtainedsuggestthat the performare outcomes of the technique are similar to those
presented previously in section 3.1.2.
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4 CORLUSI ON

In this deliverable reporg methodologyor assessing the overall performanceafious
techniques that were investigated under the scope MiBReCOL project was discussed.
Based on the bowe analysis approach, the techniques were braaldised undetwo
groups. Theaechniques that deal withpotential threat (or risk), such as a leaky fault or
injection induced ovepressure, were referred to as mitigation techniques that reduce or
eliminate the threat. On the other hathsethat dealwith the consequences of leakage,
such as loss of C{storage performance or environmental impacts, were referred to as
remediation techniques that reduce the severity of the consequences.

In order to standardise the assessment for th@taupsof technques five performance
metrics (dimension¥ were considerednamely: (a) likelihood of success; (b) spatial
extent; (c) longevity; (d) response speed; and (e) cost efficiencyreBhéis obtained
from the scenariosanalysedor eachtechniquein the MiReCOL projectwere used to
classify (or rank}he performancef the techniquéased on these dimensions, leading to
overall performance outcomes in the form mfobability plots andspider chart
visualisations

Suchvisualisation toolareconsideredo beparticularlyuseful in facilitating theyeneral
comparison between techniques, or choosing a portfolio of technifpuesperators
dealing with a situation where G®torage securitgnaybe compromisedh the field.In
view of this, the projectimed to use the resultpresentedn this report todesign a
portfolio optimisatiorprotocol to enable the selection of a subset of techniquagiieen
leakage scenarid/loreover, the purpose is alscsiabsequently feed the outcomes of this
report into anon-line remediation selection tool whidtas beerdeveloped in parallel
under SP5.
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