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Executive summary

The work presented here has been carried out in the KIBMIoject, which is part of the national research

LINE ANI YYS @dgfatnief o8 Rffe@s of Mining (KEM), initiated by théutch Minister of
902y2YAO ! FFFANR YR /fAYIGS t 2t A Otabandokn®entWuikt € G A d
YAINI GA2Y YR 3ANRdzy R Y2GA2y NARA&A1& AYy adzada2NFI OS S

Background

Oil and gas production in ti¢etherlands is in steady decline, which is accelerated by the energy transition
and public concerns on safety. More and more oil and gas fields and accompanying infrastructure will be
abandoned. On the other hand, there is an expected increase of newitiastinn the subsurface of the
Netherlands, such as energy production using geothermal sources arse r&f oit and gas reservoirs for
storage of hydrocarbongarbon dioxideor hydrogen The possiblerisksas a resulbf active production

or storage advities can still develop long after the activity has been ceased. To date no risk assessment
(and management) framework is available for assessing, monitoring and treating the undesirésttong
effects of mining after abandonment of the facilities.

Postabandonment risks can occur over long time scalesn Qa {2 wmandilddge spatidl saalésk NA 0
omMnnQa G2 wmaForin&ancezfllid nvigsaficdBrécésses are believed to continue well beyond

the operational time spans and the field boundariof gas production. Possible vertical migration of fluids

out of the reservoir along geological pathwdgsg. natural faultspr alongwell trajectories may lead to

leakage of fluids and deteriorate the quality of potable water resources. Potentialtefédso include
changes in pore pressure and associated ground motiom&ycompaction and reactivation of faults,

which may lead to damage of bdiihgsand other infrastructure. These logrm changes may interfere

with future productionor storage activities in the subsurface and increase their risk profile.

Objective

The KEML9 project aimed to identify and characterize the hazards and risks associated with the long
term effects of mining operations in the Netherlands after abandonm(erg. gas production). These
relate to lateral pressure redistribution at the production level, vertical fluid migration via wells and
geologicapathways and ground motion. Also the possible interferencéedfects of)past gas production

with future subsurfaceactivities has been evaluated. The case selected for this study was the Groningen
gas field and its direct surroundings. This aim has been achieved through the following objectives:

9 Lterature reviewregarding posbandonment rislkassessment. Results have been reported
in a separate deliverable.

1 Quantitative analysis df) pressure redistribution and their effects on ground motion &)d
of fluid migration along wells and development of conceptual models for migration along
geologi@al pathways.

KEM19: Evaluation of posabandonment fluil migration and ground motion risks in subsurface
exploitation operations in the NetherlandsPhase 2
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1 Recommenditionsfor a quantitative risk assessment framework and monitoring strategies
for effects of subsurface mining activities in the Netherlands after their abandonment.

Approach

The activities in the KEO project have been embedded &nrisk management framework, which is
based on the ISO 31.000 standard for risk manageméte(tion 2018). The main components of the
modified framework are:

i Establishment of the context;

1 Risk identification and screening;

1 Quantitative hazard andsk assessment;

1 Monitoring and risk treatment;

1 Stakeholder communication and risk review.
The process of risk management is of cyclic nature with several feedback loops, which results in regular
updates during all stages of mining activities including phase of stewardship after abandonment.
Continuous monitoringvill notify that indicators of assessed ad or risk ae keptbelow predefined
threshold levelsaand thus complyvith safety acceptance criteridn case a critical thehold value wuld
be exceeard, mitigationmeasure need to be deplad to reduce the hazard or risk level to acceptable
level. Additional contingency monitong may beinstalledto monitor the effectiveness of thenitigation
measuresAlso,the assessment models mayeed an update taaccommodate the learnings from the
monitoring. These fedback loops maynvolve one or more components of thesk management
framework

Main outcomes of the hazard analysis

Longterm evolution of pressureedistribution

Numerical modelling of the pressures in tBeoningengas reservoir and adjacent aquifers revealed that
over alongperiod oftime (simulation time wasip to 560 yearsfter the start or productiolhthe pressure

may drop significantly in the adjacent aquifers whereas only little pressure-bpitaf a few bars is seen

in the gas reservoir itself. In some areas, the region to the north of the gas field and the southern
Lauwerszee Trough, the pressimehe aquifer may decrease with up to 3050% of the preproduction
pressurein 500 yearswith the largest change occurring in the first 100 years

The sensitivity of the pressure evolution has been studied for several parameters related to permeability,
the characteristics of hydraulic barriers atite size of aquifers. The resultimgngein pressuredrop in

the aquifersshows a considerable regional variation from more than 25 bar up to 98tithe end of the
simulation period %60 years after the start of gas productjon

Inthe area around the Groningen field, many small gas fields odberinfluence othesesmallnearby

gas fields and their possibladditional)impact on fluid migration has not been accounted for in the
present study. The study of the effect of small gas fietdthe pressure drop in the southern Lauwerszee
Trough (southwest of the Groningegas field) is one of the recommendations.

KEM19: Evaluation of posabandonment fluil migration and ground motion risks in subsurface
exploitation operations in the NetherlandsPhase 2
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Subsidence and uplift

Based on the pressure modelling the amount of subsidence and uplift has been quantified for a period of
100 years after abandonment of the Groningen gas field. The maximum additional substadpeced

is between 9 and 13 cm for the area to the NW of the Groningen gas reservoir and between 4 to 7 cm to
the West of the reservoir. The maximum uplift has been calculated to about 1 cm above the southern part
of the gas reservoir. Some uncertaintiesnain though, in the magnitude of the pressure depletion and

in the aquifer compaction coefficientBeviations from thenodelled values will linearly propagate to the
estimated surface meements.Pore pressure measurement in the aquifers would bem@fat help in
constraining the size of the subsiden@anstraining by INSAR measurements will also be very helpful, in
particular because they will give an areal distribution of the subsidence rather than giongie
measurements of the pressure in theservoir if wells wuld be present.

Induced seismicity

A full probabilistic quantitative assessment of the seismic hazard induced by gas production is a very
complicated matter, which is far beyond the scope of the current project. The propensity fori@gism
has been approached by analysing the potential of fauligtvation. For thapurpose,a subdivision has
been made between faults with no offset and faults with offset.

Subsurface@mpartments with neoffset faults could be approached as zones wititaxial deformation.
Mechanical analysis of the-gctivation potential of this type of faults has shown that it is very unlikely to
happen as it would require a pressure drop of abmatre than 200bar. This is larger than thexpected
pressuredropsin the aquifers.

Reactivation of bounding faults and faults with offsets in aquifers adjacent to the gas reservoir can be re
activated as a result of pressure depletion. This is confirmatidpccurrence of somseismic events in
aquifer zones with sigficant pressure depletion.

Fluid migration along wells

Numerical radial symmetric modelling of fluid transport along wells revealed that there must be a source
at sufficient pressure and a well migration path to allow leakage. What pressure is suffiegerids on

the local subsurface conditions such as the thickness of the cap rock. In the present case study, the highly
depleted gas reservoir is not a likely source for gas leakémsever, mallerdepletedreservoirs with an

active waterdrivethat can repressurize the gas after abandonmeatuld still become a leak sourdéa

source of gads present in the systemat hydrostatic pressureand the cement sheathis extremely
damaged a methane plume could extend hundreds of meters away from well with free gas
accumulating in the Peelo aquifer. The worst case could result in a leakage rate of a few tons per year into
aquifers and the atmospher&hallow sources of gas ameore likely tocause leakagdf wells intersect

gas bearing formationabove the target reservoir, they should besigned a higher ris&vel.

Fluid migration along geological pathways

Conceptual modelling with support of fault tree analysis aided in identifying plausible geologialonig
pathways.For migration pathways to form, fault reactivation is the most likely process, in which case the
fault needs to be transmissive. In addition, the source needs to be at sufficient pressure for gas to migrate
upward. Alternatively, gas couldiigrate laterally (spill) and then migrate upwards in areas \itlor
sealing propertiesAlthough the presence of a geological migration path seems to be unlikehe
studiedsubsurfacebecause of thelepleted conditions in the reservoir, the excelleseal andbecause of

KEM19: Evaluation of posabandonment fluil migration and ground motion risks in subsurface
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the lack of shallow gas accumulatigitsvould need further scrutinizingotential local conditionbefore
drawing a more definite conclusion. The fault tree is a helpful todeteelop a simulation plan to test the
conditions that could lead tmigration, or where in the migration pathway potential hazards could arise.
Similarly, the results of the analysis can be used to inform future ground investigations and which
subsurfaceproperties to focus on to quantify or potentially falsify the occurrence potential events.

Interference with subsurface activities

In or near areas with past gas production activities, new subsurface activities may be deployed like
geothermal energy produion, storageof gasedn porous/ permeable(sedimenary)rocks orstorageof

gases orcompressed air in salt caveri=or interference with subsurface activities, we distinguish future
activities in thesame, abandoned reservoir, adjacent to the abandoned reservoir and in the rock
sequence above the reservokuture activities below the reservoir have not been considere

As geothermal energy production witnesses an enormous interest and growth in the Netherlands, the
focus will be on the interference with geothermal energy. For salt caverns, which can cause subsidence,
it is recommended to include subsidence from anwany (abandoned) gas fields in the evaluation of
potential subsidence.

Recommendations for quantitative assessment and monitoring

Based on the outcomes of the hazard screening and quantitative analyses, integrated workflows for
regional hazard ad risk) assessment have been proposed. Integration refers to linking the various
modelling routines to one another, incorporating other gas field in the region, nesting of more detailed
models in the regional model and representing the outcomes in common assessragit and maps.

A main aspect of the proposed assessment workflows is the identification and propagation of
uncertainties in the modelling and agreement on the representation of the outcome with suitable metrics.
Monitoring is key in calibrating the models and signalbhgndesired levels of hazard (or risk) that call
for preventative or mitigative measureslso,the time window of decades or centuries needs to be
decided upon as well as on the necessity to extend the hazard assessment to risk assessment.

In the hazardassessment of pressure redistributiamd ground motion particular attention is to be
directed to the inclusion of more detailed models in areas with large pressure drops in aquifers and with
neighbouringsmaller depleted gas fieldaquifer pressure motwring at locations with higher uncertainty

in these modelsis proposed for the calibration of the numerical modelisSARdata are key for
constraining compaction in the subsidence modelling. The further quantitative assessment of fault re
activation andnduced seismicity requires characterisation of the fault geometries and their mechanical
properties. Seismic monitoring data from pressure depleting aquifer zonesmbination with aquifer
pressure monitoringire necessary to constrain the models foulfae-activation and induced seismicity.

Plausible scenarios of geological migration along geological pathways need to be defined in a systematic
manner. Subsequent sensitivity analysis of leakage via geological pathways is recommended before any
detailed quantitative hazard assessment of fluid migration along geological migration will be decided

upon. For the quantitative hazard and risk assessment of fluid migration along well pathways, a systematic

KEM19: Evaluation of posabandonment fluil migration and ground motion risks in subsurface
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screening of the integrity of all wells in the regidhe presence of pressurized gas pockets and of the
geometry of shallow aquifers is required to feed the modelling work.

For the evaluation of interference with future geothermal energy production or storage projects it is
proposed to define Areas dhfluence for pressure and stress changes in the subsurface, the resulting
ground motion and gas leakage footprirats a result of former gas productiomhese should be ffor-
purpose for the development of future projects and associated méiastructureand may includehe

size of areas of influence for temperature, pressure and stress chatiges dependence of these
changesandvolumes instead of areas

Monitoring is key in calibrating and testing the models for assessing ground meiibges leakage, and

to initiate preventative or mitigative measures. For many decades to centuries to come regular
measurements are considered to be necessary. Deep pressure monitoring, regular measurement of the
guality of shallow ground water and grountbtion monitoring includingnSAR and seismometers are key
components, which can be integrated in already existing monitoring netwafkst the first period of
equilibration of about 20 years the seismic monitoring resolution can probably be reduced.

Oucomes of the recommended regional quantitative assessment and monitoring are meant to inform
the public, government orgasationsand companies who are active in performing subsurface production
or storage activities or intend to do so in the future. It is of particular interest to entities who are involved
in subsurface activities within the Area of Influence of past mining desyie.g. gas production. When
assessing the HSE footprint they will need to take the -tenm effects of past mining activities into
account. These companies may be active in production of geothermal energy, storeeg, aiitural gas,

CQ or hydrogenproduction of oil or gas or salt extraction.

The recommended assessment work is relevant for the Ministry of Economic Affairs and Climate Policy
and the StateSupervisiorof the Mines to develop policies and regulation for the management of past
subsurfae production and storage activities and the development of guidance for new subsurface
activities in the Area of Influence of past subsurface production or storage. The recommended assessment
of past mining activities is of specific interest for the depetent of an approach for seismic hazard and

risk assessment of geothermal operatio@eoption to approach this is to avoithe development of
geothermal activities in the Area of Influence of former gaesduction. The geomechanical modellimg

the present study indicatethat in the absence of faults with larger offset seismicity is unlikalysuch
areaswould thus not be includedh the Area of influence foincremental seismic risk of former gas
production.

Other stakeholders are representatives at the provincial and municipal levels as well as citizen interest
groups and individuals.

KEM19: Evaluation of posabandonment fluil migration and ground motion risks in subsurface
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1 Introduction

As the energy transition continues, oil and gas production will stedédiine,and more and more oil and

gas wells will be abandoned. On the other hand, there is an expected increase of new activities in the
subsurface of the Netherlands, such as energy production using geothermal sourcesusedieil and

gas reservoirs for stage of hydrocarbons and carbon dioxide (Verweij et al. 200®).risks after the
period of active deelopment (e.g., production, storage) can still develop long after the activity has ceased
(van Gessel, 2019; Lemay et al., 2018) dae no risk assessemt (and managementjramework is
available fothe undesiredongterm effects of mining after abandonment of the facilities

Postabandonment risks can occur over long tieeales and large spatial scales. For instance, fluid
migration processes continueell beyond the operational time spans and the field boundaries of gas
production Possible vertical migration of gas and/or brine out of the reseralting geological pathways

or welltrajectoriesmay lead to leakage of fluids and deteriorate the quatit potable water resources.
Potential effectsaalsoinclude changes in pore pressure and associated ground mbyi@ompaction and
re-activation of faultswhich may lead to damage of builp areas and other infrastructure. These leng
term changes maynterfere with future productionor storage activities in the subsurface and increase
their risk profile (see alsbigurel-1).

Ground motion Greenhouse emissions
ﬁ ) @
RN b —i T

shatiow -~ {11)
"a'quifers" a0

© Seal Ieékage

Geothermal -
operations -/}

(1)

Q@
70 | -————‘/

Salt caverns

Figurel-1. Schematic representation of impacts and pathways of post abandonment fluid migration and ground. ré@tson
occurrences are incited in orangeaquifers are indicated in white, aquitards are indicatedrigen,and the rocksalt cap rock
is indicated in pink. The deeper aquitard below the gas fiétdlisated ingrey
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This project aims to identify and characterize the hazards and risks associated with thertorgffects

of mining operations in the Nethenhds after abandonment (e.g. gas production). These hazards and risks
relate to pressure redistribution, vertical fluid migrationa wells and geological pathwaysd ground
motion. Also, the possible interference of past gas production with future mining activities will be
evaluated. This aim will be achieved through:

1 Conducting a thorough literature review to understand the work that has been done in other
jurisdictions regarding posibandonment risk assessment.

1 Creating quantitative models for the analysis of pressure redistribution

9 Creating numerical models to quantitatively assess Ithegterm effects of well leakage on
aquifers and conceptual models for fluid migration along geckigathways.

1 An assessment dhe effect ofpressure redistributionin terms of subsidence angrobability of
fault reactivation(as a first step towardssessingisk of induced seismicity)

1 Provide recommendations on developing cuantitative risk assessment framework and
monitoring strategies for longerm effects of subsurface mining activities in the Netherlands after
their abandonment.

The KEML9 projectincluded four project deliverables, which are:

1 Dlg Literaturesurvey on post abandonment risks related to fluid migration and ground metion
suggestions for modelling approaches, case studies and tools

1 D2¢ Simulations and case studies of fluid migration, leakage, and ground motion threats in
selected hydrocarbon aas in the Netherlands

1 D3¢ Recommendations for the development of a quantitative post abandonment leakage hazard
and risk assessment method

9 DA4c¢ Public summary of project key messages

The first step with @omprehensive literature review on relevant preses and impacts associated with
longterm effects of gas fields after their abandonmérats already been finished and reported in the first
deliverable of the KEM9 project(D1)

I TNO & Deltares (2021). KEM Evaluation of posatbandonment fluid migratio and ground
motion risks in subsurface exploitation operations in the Netherlandgerature Review and
Proposed Activities for Phage Phasel, 81p.

The conceptual and quantitative modellifig2) and the recommendations for quantitative hazard and
risk assessmer({D3)are reported in the present deliverable of the KHBI projectin Chapters 5 and,6
whichalsoincludes a summary of the outcomes from the first deliverdhilen Chapter®, 3 and4.
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The expected users of the outcomes of the KEMproject are the Ministry of Economic Affairs and
Climate Policy and the StaBupervisiorof Mines in the Netherlands. The results will help in improving
abandonment procedures for operators and monitorstgategies for delayed fluid leakage and ground
motion effects. It may also inform the definition of requirements for regulating subsurface management
and accompanying inspection.

The Province of Groningen may use this report as a refence for the evaludtigeothermal plansr
other uses of the subsurfaca the vicinity of the Groningen gas field, even whils¢ study was not
initiated and carried out for that purposdlore broadly the project results are of use for communication
on the subjectvith stakeholders.

The chapter subdivisiorof this report followsthe basic elements of the proposed risk management
framework After the introductionof the framework in Chapter 2, the scope of the risk management of
gas fields after their abandonmentpsesented in Chapter 3. This includes a shortened description of the
setting of the Groningen gas field from the first deliverable (TNO & Deltares, 2021). Chapter 4 identifies
hazards and risk of past gas production, which includes a summary of the mdimgé in the 1
deliverable (TNO & Deltares, 2021) and the conceptual model for fluid migration along geological
pathways. The quantitative analysis and assessment of pressure redistribution, fluid migration and ground
motion arepart of Chapter 5. Chaet 6 concludes the main report with recommendations for quantitative
hazard and risk assessment. Several appendices with more detailed technical background are added to
this deliverable.
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2 Risk management framework for gas fields after abandonment

The 1S081.000 (2¢ edition 2018) Standard on Risk Management which has been adopted by the
Nederlands Normalisatie Instituut (NN2018, provides asuitable basisfor the development of a
framework forthe management of regional postbandonment risks. Thisamework which includes risk
assessment, monitoring and risk treatment as main elemeniis.enable the systematic assessment of
past mining activities e.g. gas production, and their effect on the quality of shallow groundwater and
surface waterand onground motion. Gas production activities in the past may also constrain future
mining activities, e.g. geothermal energy production.

The ISO frameworkconsists of the following basisteps: define scope and criteria, perform risk
assessment, define riskeatment, and develop monitoring planExecution and wtcome of these
exercises must be communicated with stakeholders and restitisk management activitidse recorded
(seeFigure2-1). Risk management is a continuous cyclic process through all stages of subsurface activities
from the preparation stage up to and including the pabandonment stage (represented by the arow

in Figure2-1).

Scope, Context, Criteria

Risk Assessment
-_'-'—-.________.--'-'-.
Risk
Identification
%
Risk
Analysis
S —=
Risk
Evaluation

-_‘_-‘--..--'-.-—
RECORDING & REFORTING

MONITORING & REVIEW

COMMUNICATION & CONSULTATION

Figure2-1.Risk management process in ISO Standard 30.100 (NNI, 2018)
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Risk management frameworks have been developed for various subsurface technologies including
geothermal energy productiorikenwilo, 2016; Lohne et al., 2018), gas production (van Elk et al., 2017)
and CQ storage (OSPAR, 2007; EC, 2011). These examples (3e& DBltares, 2021) provide useful
building blocks for a framework on thiegionalmanagement of risks resulting from gas production after
abandonment, which includes but is not necessarily restricted to the risk of unintended migration of
natural gas tohe shallow subsurface or surface water, and emission towardatthespherethe risk of
undesired ground motion and the interference with future activities in the deep subsurface.

Building on the 1SO 31.000 standard for risk management and work done on designing a risk assessment
approachin the GeoWell project (Lohne et al., 20E8more detailed versionf a framework for the
regional assessment of mining activities after their abandonninas been develope(Figure2-2). The

more detailed framework is a starting point fime development of methods and workflows for the hazard

and risk asessment of mining activities after their abandonment with special reference to leakage of
fluids (gas or brinegnd ground motionlt consists of the followinfjive main stepswhich will be discussed

in the next sections

0. Establishment of theontext

Risk identification and screening
Quantitativehazard and risk assessment
Monitoring and riskreatment

Stakeholder communication and risk review.

PN
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0. Establishment
of the context

1. Risk

identification &
screening

2_ Quantitative

hazard & risk
assessment

3. Monitoring &
risk treatment

4, Stakeholder
communication
& risk review

*Objectives « Identify risks «Focus on hazard, = Define risk based *Prepare
*Depletion and *Qualitative or exposure and for plan communication
containment semi-quantitative effect analysis +Baseline and strategy
concept evaluation = Select method contingency = Implementation
*Setting * Monitoring and «Deterministic or monitoring plan
«Criteria risk reduction probabilistic *Testing of +Interact with
+Resources measures «Sensitivity and modelled stakeholders
*Ranking and uncertainty behaviour with
selection analysis measured «Review and
behaviour updating risk
*Assess outcome i management
with metricsand +Define
criteria preventative and
corrective
measures *
A . - / .

1 Not in scope of current study

* Based on ISO standard 31.000: 2018

Figure2-2. The proposed framework for riskanagement of fluid leakage and ground motion from abandoned depleted gas reservoirs sites
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2.1 Establishment of the context

The first step in the process is to define the context of the risk management of fluid migration and leakage
and ground mabn resultingfrom past gas productionThe contexincludesthe specific objectives of risk
management, theevaluationcriteria, the reservoidepletion andcontainment concept witlgeological

and engineeredbarriers and system boundaries, tiene horizan, the sitespecific geological and
geographical setting anithe resources needed.

Objectives describe what the risk management is aiming at in identifying and evaluating s fisid
migrationto potable groundwater or surface water and ground motion resulting fedmandoned mining
sites, e.g., gas production, defining monitoring requirements and minimizing damage. It sbasalder
any regulations oother requirements as to how the managemaatto be performed.

A good understanding of the reservalepletion andfluid containmentbehaviouris essential for the
execution of risk managemenrdctivities in particular for the identification of possible causes of
unintended fluid migration and gemd motion The system boundaries will defitiee horizontal and
vertical extent of the regional assessment area so that relevant flow and mechanical processes can be
quantified properly.

Thegeological and geographicstting of the gas reservoir and agdd well infrastructure is especially
important for characterizing the quality of the geological and well barriers and barrier deficiencies.
Understanding of the geographical setting in@adnformation orpopulation density, protected water
resourcesland usenatural reserves and builip areas.

Criteria or indicators are to be definpthese aremeasures for hazard or risk related to fluid migration
and leakage, and ground motion after abandonment of depleted gas reservoirs. They can either be
guantitative or qualitative Criteria express the potential damaffem fluid migration and leakageyr
ground motion indicatorsare proxief increasing risk (e.g. pressure, temperature, corrosion etc.).

The definition of the time horizon of managing the effeof mining activities after their abandonment
needs to be practicaDne angle to define the time window is to judge the duration of the root cause of a
risk, e.g. pressure depletion as result of gas production; risks need to be managed until a nestajpliasi
situation arises. Another option is to judge the level of résglincremental risk; if théncrementalrisk

has become insignificant, the active risk management may come to an end. One needs to be cautious
here, in particular when there is a delay between cause and effect. Also risk acceptance criteria may
become moe stringent in time, which would extend the time horizon of risk management. Defining the
duration of risk management is a societal question, as it should limit the burden for future generations.

Successful risk management requires the availability dfigant resources. This includes budget
personnel with required competences and skills, data and information concerning the abandoned
depleted gas reservoir site, as well as toolsrfsk assessment and monitoring

Chapter 3 provides more details tme context of risk management of gas reservoirs in nadistern
Netherlands after abandonment.
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2.2 Risk identification and screening

A comprehensive overview of risk factors is to be assembled once the context of the risk assessment has
been defined. Such axercise may start with the identification of possible well barrier failure modes and
their causes, which is also referred to with hazard identification. Depending on the assessment objectives,
the identification could be limited to this part or extenddd the identification of detrimental
consequences of unintended loss of fluids from the gas resemasgrvoir compaction or release of
seismic energy fothe environment, human beings, builpp areas and subsurface or surface resources.
This complete geof activities is referred to as risk identification. Special attention is to be directed to the
occurrence of cascading eventhich couldresult in adverse consequences.

The identified hazards andrisks are qualitatively or senguantitatively characterized in terms of
probability and severity of the impact. This offers the possibility for ranking and screening the various
hazards andisks. A first evaluation of possible risk treatment and its etgureducing effect on the risk
level is to be included. Risk treatment includes monitoring, preventative or corrective measures.

A preventative measure helps to reduce or avoid an irregularity (threat or consequence) before it is
detected,and a correctie measure reduces or completely neutralizes an irregularity after it has been
detected.

An appropriate method for risk identification and screening is to be selected or is prescribed by existing
regulation. Various methods based on expert judgment aqpstting databases are available; a broadly
applied method is the bowie riskmanagemenin combination with risk registers and risk matrices (see
alsoVan Gessel et al., 200Bowtie risk management is a practical concept for risk management of
undesied events linking their potential causes and consequences in a logical manner and subsequently
help define barriers including monitoring to reduce the risks to accepiekitds Figure2-2).

Bowtie risk management has a lot of terminology which varies strongly among users of this concept. The
following basic terms and definitions are proposed:

9 Hazard: condition which may lead to damage (of memvironment or infrastructure). In the
present study this is the presence of abandoned gas fields through loss of cantifolr the
natural reequilibration with regional geological, hydrogeological, and geomechbhoonditions

1 Undesired event: loss aontrol or natural consequence of productideading to damage, e.qg.
migration of fluids (gas, brines, formation water or a mixture) out of the reservoir, ground motion
or interference with future subsurface activities after ceasing production and abaneonof
the site

9 Cause (or threat): possible origin of undesired event;

Consequence (or impact): possible effect of undesired event leading to exposure and damage;
9 Barrier: measure to reduce the likelihood and magnitude of damage, which can be classified a

preventative, detective or corrective action.

This methodenables efficient communication of risks as it brings together all relevant aspects for risk

management in &isual intuitiveway.

=
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Risk assessment N

Hazard assessment
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Hazard
Abandoned gas field

Consequence 1
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Consequence 2

Detective barrier 1-X
Detective barrier 1-Y
Corrective barrier 1-W

Preventative barrier 1-V

Consequence M

Figure2-3. Bowtie risk management concept with its principal elements and scope of hazard assessment versus risk assessment

The overview of risks and their assessment is to be updated and recorded during all stages of the project
lifetime including the stage after abandonment of subsurface mining activities, which can come to an end
once theincrementalrisk is proven to remaiat a sufficiently low levelTheacceptancdevel could relate

to the Local Personal Rigkto the natural background levef methane concentratiorAcceptance levels

need to be defined ujpont. Note that the updating and recording step is not parttleé scope in the
present study.

2.3 Quantitative hazard and risk assessment

A bowtie assessment typically relies on expert elicitation and is most often of qualitative nature and at
best semiquantitative. This type of evaluation is very helpful to screen ramk hazard and risk factors

Ff 6K2dzZ3K a2YS &adzwa2SOGAQGAGE YR o0Ala Olyy2id o06S | @2
sound physics and analysis of the main uncertainties is necessary which captures the main critical hazard
and risk factors aothe preceding qualitative assessment. Hazard or risk metrics can then be gquantified in

a deterministic or probabilistic manner and compared to tolerance thresholds. This provides a good basis
for comparing the modelled behaviour in the assessment with dteserved behaviour through
monitoring and to decide on the order, timing and magnitude of intervention. As the workload for a
guantitative risk assessment is orders of magnitude larger than for a qualitative approach, it requires an
appropriate justificathn of its benefits.

Quantitative analysis is to be performed in a staged manner with methods varying from simple analytical
models to complex coupled mufphysics numerical models. The required level of complexity of the

analysis very much dependsontyfid 1 dzZNB 2 F (GKS NARAala (G2 oS-oftr yGATFAS
Sy@St21LSQ ljdzZ yadAldGlIGAPS Iyrteara Aa adFFAOASYOHT A
coupled ThermeHydroMechanicalChemical models. Choices are to be made whethderdg@nistic

approaches are sufficient or fully probabilistic assessment lines are necessary.
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There is a largaumberof methods for quantitative risk assessment (QRA) available, a selection of which
is listed inTable2-1. An even larger number of QRA tools is available, see for example Van Gessel et al.
(2019: Annex A). Fault and event tree analysis (FTA and ETA) which are idtegtiaéecombined cause

and consequence analysis, are logical extensions of the bowtie approach, discussed in the previous
section. Fault tree analysis is further explained in Seeti@ri

Table2-1 Overview of a selection of quantitative risk assessment methods and their suitability for different phases
of risk assessment (modified after Lohne et al., 2RisK id = risk identification, risk amisk analysis, risk
ev = risk evaluation

QRA Riskid Risk an Risk ev Brief description

method

FTA X X X Fault Tree Analysi&raphical representation of failures anc
consequences, and risk reduction measures

ETA X X Event Tree Analysi&raphical representation of events
leading to top event

DTA X X Decision Tree AnalysiSraphical representation of the risk
for different options and decision nodes

Cause & X X Combination of FTA and ETA: Graphieptesentation of

consequenc system failure with both causes and consequences

e analysis

Markov X X Define system component states and transitions

chain

analysis

ERA X X X Environmental risk assessmeftuantifying risk level for
combinations of hazard arehvironmental damage

MCDA X X X Multi-Criteria Decision AnalysRanking of the options
ranging from best to least preferred with weighted criteria

Monte X Systems model with uncertainty represented by

Carlo frequentisticstatistical sampling from probability density

simulation distributions; can be integrated in previous methods

Bayesian X X Systems model with causal links between variables with

statistics mathematically based prior and conditiorbbabilities

and (degrees of belief); can be integrated in previous method:

networks
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Depending on the assessment objective, the hazards are to be quantified in terms of resulting fluid
migration and leakager ground movementhazard analysisgxpressed in terms afoncentratiors or

rates or in vertical movement and seismic magnituBeeferential flowpaths need to bedentified and
characterized. Ultimately, fluid migration may letidthe exposure in the shallow subsurface or at the
SI NI KQ& & dzNJF lysB)SFinallg, Ehe dsfféctzdfBxpdsufd-to various receptors (e.g. environment,
drinking water resources, human beindsuildup areas and other infrastructuyecan be quantified
(effects analysis). The temporal and spatial scales of the haaaddsskneed to becharacterized.

Ste-specific information including the characterization of uncertainties is required to execute a
guantitative analysis. Uncertainties that remain in the subsurface characterization, need to be addressed.
To understand the influgce of the uncertainties on the risk level, one may perform sensitivity analysis to
identify the most relevant parameters in the quantitative risk analysis. The outcome of the analyses will
be assessetby verification withcriteria or indicators for risk eceptance and a conclusion on compliance

will be drawn. Anyemainingcritical uncertainties for the outcome of the evaluation will be identified and
follow-up work may be defined to further reduce these uncertainties.

2.4 Monitoring and risk treatment

The outcome of the risk assessmanthe previous steprovidesinput for the development ofisk-based
monitoringstrategieswhich includeghe required duration and intensity ajpecificmonitoring activities.

It will also serve as a basis for definmgasures to reduce the risk level, e.g. pre\aive measures during

the abandonment of mining sites. Monitoring providaformation for the undesired migration of fluids
originating from the abandoned subsurface mining activitieground movement A nonitoring plan is

to be established withhe definition ofmonitoring parameters which are adjusted to the identified risk
criteria, and any associated indicators. Suitable monitoring technologies with monitoring locations,
durations and sampling frequems are part of the planAny insitu monitoringpreferablyneeds to be
implementedbefore the subsurface development is abandoned

The output fromthe monitoring surveysis comparedwith the expected modelledluid migration or
ground movementIn casehe observed behaviour is deviating from the expected behaviour, felipw
mitigation or remediation actions may be necessary. The initial monitoring system (like measurement of
ground movement or groundwater quality) may need to be extended with additimaaitoring activities

to understand the nature of the fluid leakage and its consequences. If the deviating behaviour has been
resolved, the additional monitoring can be stopped.

Risk reduction measures may be emplaced to redumtkeep the risks as loas reasonably achievable
(ALARA Developing these measures already starts in the phase of risk identifi¢agensectiorf.2).
Once risks have been identified, potial riskreduction measures can be assigned to individual risks.
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2.5 Stakeholders communication and risk review

Regular communication with and engagement of stakeholders is an integral part of risk management.
Different groups of stakeholders can bdentified with different interests, i.e., industrial mining
companies (business case), regulator and inspector (compliance with safety and environment rules), local
public (safety and environmeak concerny and local authorities (soci@conomic wellbeing Proper
communicationwith and engagemenof the various stakeholdergquire a communication strategy and
implementation plan.For theinterest of the local populationone may consider to execute atefit
assessment of any future subsurface actitdtypalance any incremental hazard of thetivities.

The presented framework for risk management of subsurface mining sites after their abandonment
requires regulareview and updating of risk management actions so that the risk is kept at a low,
acceptabldevel (sedrigure2-2). Newdata, rules or criteria, or monitoring results may require updating
all or part of the risk managemeattivities This makes risk managemeatbe of cyclic nature.

Plans for updating mst be made, whether initiated at periodic intervals or triggered by events. Significant
deviations should be documented, approved and distributed to the stakeholders.

The present KEM9 project focuses in particular on the steps of risk identification secréening and
guantitative hazard assessment.
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3 Establishment of the context

The sections in this chapter are limited to the context of the current HEMroject and thus does not
provide a complete risk management framework as has been described prefious chapter.

3.1 Objectives, assessment parameters and resources
Theobjectiveof the present study is to assess:
1 regional effects of (lateral) fluid migration at gas fields after their abandonment and the resulting
pressure redistribution
1 the extent to which fluids (gas or brine) may migrate via wells or geological pathways to shallow
aquifers or to surface water where it may adversely impact the fresh water quality after the
abandonment of gas reservoirs
1 the possible influence of pressure rettibution on ground motion (subsidence, uplift or
seismicity).
1 Interference of past gas production activities with future mining activities, e.g. geothermal energy
production.
The focus is on hazard assessment, the degree to which gas production mayp leadesired fluid
leakage or ground motion after abandonment of the gas field. The evaluation does not elaborate on the
exposure to and effect on protected goods and safety, and the resulting risks. Quantitative modelling
work, with a focus on sensitivignalysis, is directed to pressure redistribution, fluid migration along wells
and aseismic and seismic ground movement after abandonment of producing gas reservoirs. Considered
time frames and assessment parameters kisted inTable3-1.

Table3-1.Chosen time frames and assessment parameters for quantitative fluid flow and transport modelling and
mechanical modelling

Top event Time frame after Criterion/indicator Dimension
abandonment (yr)
Pressure 100500 Pressure (1) kPa (~16*bar)
redistribution
Fluid migration along = 100 CH leakage rate (1) Kalyr
wells Saturation (T) %
Plume extent X, z(in m)
Uplift and subsidence 100 Vertical movement m
SINIKQ&a & d:
Seismicity 100 Sip tendencyor shear | [-]

capacity utilization

Before the quantitative modelling work an inventory of potential causes and consequences of lateral and
vertical migration of fluids, ground motion and interference with mining activities is executed. These
results will €ed into the quantitative modelling work. Potential geological fluid migration paths are to be
described. Proposals for monitorisgrategies will be given.
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Conclusions on most important sensitivities are to be drawn and recommendations for Quantitative Risk
Assessment to be given.

Execution of the study required expertise in numerical fluid flow and transport modelling, mechanical
modelling and geological expertise for site characterisation. Furthernexeertise in project and risk
management are required. Access to suitable flow and transport modelling software is necessary.

3.2 Groningen setting

The area of the Groningen Gas Fieltbwelected as the case study area for this project. During the lifetime
of the field itself more than 350 wells were drilled that are now in different stages of well lifetime and
abandonment. Several other hydrocarbon fields are located in a similargjealsetting in the North
East of the Netherlands onshore region.

The main reservoir of the Groningen Gas Field is the Upper PeRoifirgend Slochteren Sandstones.
These sands were deposited under a dry arid climate in aeolian, fluvial or mixed @mosditong the
southern fringe of the Southern Permian Basin. The Slochteren Formation is the most important reservoir
in the Netherlands(onshore and offshorg with about 2/39 of the total gas productionMinistry of
Economic Affairs and Clima@slicy 2019).

Permianage halites and anhydrites dhe ZechsteirFormationform the main seal for the Groningen Gas
Field as well as most of tlmther Rotliegend gas fields in the Dutch subsurface. The thickness of Zechstein
saltdeposits control the preence of gas reservoir strataabove or below the Zechsteiits thickness is

the dominant control orthe structural style and history as well as the fault pattern of the overlying strata.
The Groningen area shows Zechstein thicknesses between 50 nrédimam 1500 m in varying structural
configurations layer cake, salt diapir@ndthin Zechstein due to salt withdrawalhe Groningen ares
therefore considered a good example for Paleozoic gas fields with Zechstein salt gnedeninodel for
developng an approach to postlosure hazard assessments

The overburden of the Groningen Gas Field is typical for platform structural settings in the Dutch
subsurface, with Upper Triassic and Jurassic sediments mostly absent (Kombrink et al. 2012), though some
remnants are stilound along the southern and eastern margin of the field, close to the edge of the Lower
Saxony Basin as well as in+#ynclines along salt structures. These sediments are overlain by shales of
Lower Cretaceous age and thick Upper Gretaus chalk. The deposits of the Cenozoic are dominated by
deeper marine clays and marls from the Palaeocene to Miocene and during the Pliocene to Pleistocene
by fluvial sediments of the Eridanos and the Rhine deltas. During the Quaternary the aredwesasdauf

by glaciations.
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Figure3-1. 2D Cross section through the Groningen Gas Field from NNW to SSE, crossing-0klEnd ZWVED1
showing the main structures and formations in the afesirawn from www.dinoloket.nl)

The fault pattern in the Carboniferous and Rotliegend sediments shows normal faults trending mainly
NNWSSE with some minor faults trendinrg\Eand NS.Dating of the faultsn the Rotliegends difficult,

due to thethick salt overburden Howeverthe area was affected bgeveralphases of tectonic actiyi
throughout the Paleozoic and Mesozditost of thesegectonic phases reactivated pexisting structures
causingoblique movementslong faultsor inversion The strongest tectonic phase in the aisaelated

to the opening of the North Atlantiduring the Late Jurassic to Early Cretaceous. Extensional movements
during this timeformed the main rift basis in the Dutch subsurface and triggerealokinesis. Mst of

the fault pattern observed in th&roningen areat presentdayis believed to beelated to this phasen
addition, small popup structures in the Rotliegend are seen as evidence for the influence of
compressional movements during the Late Cretaceous to Paleogendagerand Visser, 2017)The
different stress directions during these later tectonic phases suggesiughinovement along these faults

as well. The thick salt layer acts as detachment layer between the Paleozoic andgbezoic Figures-1)

and hard linked faults are only expected where the total Zechstein thickness is less than 50 m. The
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Mesozoic fault pattern can be mostly linked to salt tectonic activity as either crestal faults on top of large
salt walls or diapirs or as collapse structuresstly linked to salt withdrawal (Logeman, 201¥ore

details can be found in TNO& Deltares (2021
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4 Hazard andisk identificationscreeningand measures

Chapter 4describes part | of the 1SO risk managemefmameworkwith the qualitative risk identi€ation
and screening (Sectidgh?2). It builds onthe main findingsof the literature review in the first deliverable
of the KEM19 project. In addition, the results of the conceptual modelling of fluid migration along
geologicapathwayshave beerdescribedn Sectiord.2.1

4.1 Pressure redistribution and lateral migration

Inits natural state, the gessure in the subsurfads in equilibriumpressure increases with depth due to
the overlying fluid columrwhich is called a hydrostatipressure distribution Deviations from the
hydrostatic pressure distributiofnormally overpressuregdan occur naturally due tihe burial history and
charging of gas fieldRue to theremoval of gagor oil) from the subsurface, a pressusik is creatd.
After gas production ceases pore pressu redistribute towards a new equilibrium, which is
associated with fluid flowPressure redisibution already starts during production andidence of fluid
flow can beidentified during productionor from the production historysuch as: strong aquifer drive,
reservoirs found below virgin pressure or experiencing pressure depletitmout being produced
observations of pressure increase in situand abandoned reservoirs, observed defbn in adjoining
formations, and subsidence above aquifers connected to argaservoit Such evidence suggests
connectivity betweengas reservoirs anddjacentreservoirsand/or aquifers Many instances of such
evidenceof comectivity have been obserdein the north of The Netherlandghe equilibration of
pressuresaround abandoned gaseservoirscan take long and occsibver large distancedJsually the
equilibrationresults in a rise in pressure in the abandoned reservoir and a decrease in tharling
area. Thefinal equilibration pressure depends on tlanount of gas produced and the volumand
compressibilityof aquifersattached. The higher the net production ofjas (and water)the larger the
resultingpressure sinkand the more potential fodepletion in the surrounding are&Vhen the aquifers
are verylargecompared to thedepleted reservoir, considerablepressurization of the abandoned gas
reservoir can occuilhe permeabilityf the connectedaquifers andsurrounding formationsarethe most
important factor todetermine how fast theressure can radtribute, including the permeability of faults

The pressure redistribution can impact future subsurface operations, such as drilling ope(at@priest
circulatian), geothermalenergyproductionand storage.The impact can be direets a result of the low
pressure, such as increased requirementdomping in geothermal production or indiredthe change in
pressure causes changes irsitu stresses, whichould potentially cause ground motion (compaction,
subsidence, induced seismicity) at solfvertical or lateral) distance of the originally produced field.
Subsidence and induced seismicitg discussed in Sectisd.3and4.4 respectively.

Forthe quantitativeanalysi®on understanding how much and how fast the surroundingsradbandoned
gas fielddecrease in pressurencluding the uncertainty in the permeabilitistribution isof primary
importance.Secondarieare the volume and compressibility of the connectednations.
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4.2 Fluid migration teshallow freshwater aquifers and the atmosphere and

biosphere
One of the concerns related to the abandonment of gas fields is that fluids can demayibe reservoirs
and migrate upward as a consequence of the former produ@mhsubsequent abandonment. This could
potentially lead to the contamination of shallow freshwater aquifers, the biosphere and atmosphere, and
changeconditions in the deeper subsurface which could imgatire subsurface use.

In this study, two processes of vertical fluid migratemna result of field abandonmentere considered.
The first is fluid migration along natural geologicallpedys and the second along well borés.the
subsurface, these pathways may be linked fcaraple when a fault crossesall, but they are discussed
separately.

4.2.1 Fluid migration along geological pathways

For upward fluid migration from the reservoir to occur as a result of reservoir abandonment along
geological pathways, there needs to be a nefdrmed migration pathwayput of the reservoirand a
source of gasThe presence of the gas field is evidence that no current pathway®sf the reservoir
across the seal are presefor migration pathways to forracross the seafaultreactivation is the most
likely processin which case the fault needs to dmme transmissive Fault reactivation can lead to
permeable faults in particular for brittle rocled less for faults in shale, clay or sélbove the seal,
pathways maylreadybe presentandare also most likely to be faulth addition, the source needs to be

at a sufficientpressurefor gas to migrate upwardfor an explanatiorof necessary conditions for upward
gas migratiorseeAppendixD.3.]). As a result, thdighlydepleted fielditself willlikelynot be a source of
upward migrating gas, andostlylittle depleted or undepleted gas pockedsljacent to the reservoican

be a potential source.Another option would be the migration of gas across a spill point as a result of
pressure lowering anfluid migration toanareawith poor seal quality

Tomakesure that all processes that could lead to upward fluid migration atmapgicalpathwaysare
considered a conceptubmodel was developed with a team of experBubsequently a fault tree analysis
wasintroducedin support of qualitative risk identification. This method is also recommended for later
guantitative risk assessment, and in that phase can aid in identipotential mitigative and preventive
measuresas well as a monitoring strategy. These are preith AppendixB.

Figure4-1 shows a schematic drawing of the conceptual martelerticd fluid migration along geological
pathways The numbers refer to different stages that the upward migrating methane needs to pass before
it would reach the shallow aquifer and/or the biosphere/atmosphefer convenience, the vertical
geological sequence is subdivided into eight leMéshould & realized that reality ifar more complex,

with a number of deep and intermediate heterogeneous aquitards and aquifers consisting of alternating
layers with variable permeability, intercalations, fault zones etc. However, for the construction of a
concepual model working with eight levels is suitable as it allows the description of all processes
associated with vertical gas migration.
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Figure4-1. Drawing of the conceptual model of vertical fluid migrafiemm a gas reservoir. Each described stage is

indicated with a number.

The bowtie diagram irFigured4-2 summarized the threats that were identified, and the differénpacts
that could follow from upward migration as a result of abandonment.

Re-activated faults

Poor seal quality

I Shallower pressurized gas

sources

Mobilisation of gas below
free water level (FWL)
during depletion

Spilling: lateral flow

Hazard
=
g Depleted gas
ﬁ reservoir after Explosion leading to
ﬁ abandonment damage of infrastructure

and injuries to people

GHG emission

CH, leakage

via geological
pathways

Adverse effects of CH,
leakage on groundwater
quality, vegetation
and/or animals

Microbial alteration

Interference with other
mining activities

Figure4-2. Simplified low-tie for fluid migration along geological pathwaygsk reduction and monitoring
measures have not been included
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A narrative of the conceptual model is providedAppendixB which refers to these numbers. For each
stage in the migration pathway, the conditions that are favorable for fluid migration are listed, and
potential hazards that could occur related to 8w steps. These stages are 1) fluid escape from the
reservoir; 2) Upward migration; 3) Accumulation below low conductive layer; 4) Upward migration
through low conductive layer; Burther upward migration through intermediate unconsolidated aquifer;
6) Ga accumulation below shallow unconsolidated aquitard and 7) Gas enters the shallow aquifer.

Subsequently a fault tree was set up to determine what possible geological pathways there are for
methane to vertically migrate to shallow aquifers. Fault tree analysis is an intuitive method to represent
andquantify the probabilities ofhe conditions combinationsand sequence of events that could lead to
undesired consequences. The method originates from safety engineering such as aerospace and nuclear
power industries. It was introduced to groundwater quality related decision making by Tartakovski
(Tatakovski, 2007, 2013Figure4-3 shows an example of such a fault trée practice they can become

quite complex but more revealing than a qualitagvbowtie in terms of identifying risk treatments,
monitoring, and other interventions

Aquifer contamination

N
Spill occurs

I 1

Natural attenuation Remediation effort
fails fails

Figured-3. Simplified fault tree for possible aquifer contamination (Source: Tartakovski, 2007)

4.2.2 Fluidmigration along wll pathways

There are several types of cement failure that could occur in a wellbore, jeopardizing the cement integrity.
The stress state in the wellbore changes throughout the life of the well, from the drilling stage, to
completion, welltesting, stimulation, production, and injection phases. The well leaks can manifest in the
form of sustained casing pressure (SCP) measured at the wellhead, surface casing vent flow (SCVF), casing
failure (CF), and gas migration (GM) observed as gadibghib the ponded area near the wellhedkhe

leaked gas can entethe atmosphere and contribute to the increase gneenhousegases in the
atmosphere. In addition, gas can enter fregtier aquifersand, in some casesnpact the water quality.
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The following pathways in wellbores have been identified as possible routes for fluid leakage. It should be
noted that the mere presence of a flow pathway is not sufficient for a well to leakbufce of gasind
sufficient presgre gradientacross the leakageathwayare also necessary conditions for well leakage to
occur(for an explanation of necessary conditions for upward gas migratiodppendixD.3.]). A more
comprehensivesummary of the risk factor®r zonal isolation in wells is provided the KEM18 report

(van Oort, 2022)Van Oort (2022provides a qualitative method to categorize wells accordinghe
leakage risk.

1.

6.

Fluids can leak through the cement sheath due to cement mechanical failure and chemical
interactions. This could occur due to high stresses induced by well operations spcbsaure
testing, or hydraulic fracturing; poor cement quality leading to high shrinkage and weak cement
structure; changes in wellbore temperature due to injection of hot or cold fluids; chemical
interactions between cement and-gitu fluids (Gill et g, 2012; King and King, 2013; Bois et al.,
2011, Wasch and Koenen, 2019)

Poor cement placement practices can create leakage pathways. Cement channels could form due
to poor mud removal or casing centralization. Gas migration through cement during coritty
form permanent high permeability pathways (Dusseault et al., 2000; Davies et al., 2014).

Fluids can leak through the uncemented portion of the annulus. This depends on the local
abandonment regulations as in some regions operators can leapertion of the casing
uncemented. This is particularly important for older wells that were abandoned before more
rigorous abandonment practices were in place (Bachu, 2017).

Fluid leakage can occur at the interfaces between the casing, cement and the iformbhis
could be caused by cement shrinkage, or a drop in casing pressure and temperature during well
operations (Moghadam et al., 22p

Fluids can leak through the damaged casing wall or connections. This could be exacerbated in a
corrosive environmenfKing and King, 2013).

Leakage can occur through cement plugs (Davies et al., 2014).

In terms of the source of gas, the following d¢afiuencethe leakage riskhat were not considered in the
KEMA18 report

1.

2.

The presence of thermogenic or biogenic gaswdrgre along the path of the weilhcreases the
risk of leakageThis includes the target reservoir (for an oil and gas well), or shallower formations
containinggas (organigich layers, coal seams, etc.)

The pressure of the gas sourcan determine the gkof leakage Slightly depleted, ydrostatic
and overpressured sources can leak whilghly depleted formations are not likely sources of
leakage.
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3.

Gas saturation at the sourdedicates the type of flow that can occur. If gas saturation is above
10-20% advectiveflow could occur which leads to higher leak rates. Saturations below the critical

value indicates diffusive flow which is typically sritalirra et al., 2015)

The variouscausesand consequencesf fluid leakage via wells have been depd ina simplified bowtie
(Figure4-4). If a source of gas leakage pathwayand sufficientpressure gradientaicross the pdiway

exist, leakage wilbccur. Themagnitudeof leakage and the fraction that reaches the atmosphere versus
the aquifers depend on theroperties of the systenhe wells that meet all the criteria for leakage should
be monitored,and remediation may need to take place depending on the magnitude of leakage and its
impact. The following points should be considered for the monitoring strategies:

1.

Permeable intermediate formations can act as a buffer and accumulate the leakeldrgagh
the well If no permeable formations are present between the source and the aquifers, the
magnitude and impact of leakage will be more significant.

Unconfined aquifers will not store a significant amount of, ghsrefore are not good candidates
for monioring.

The best locations for monitoringvould beunder the confining layer of the deepest freshwater
aquifer.

Groundwater movement can distort the shape of the gas plume in aquitasitoring should be
doneas close as possible to the welbwnstrean from the well location in terms of groundwater
flow.

Monitoring and water sampling should be done as close as possible to thasibl plume may
not travel more than 500 m away from the wellhe 500 m estimate does not take into account
the impactof groundwaterflow.
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Figure4-4. Simplified bowtie for fluid migration along wellsjsk reduction and monitoring measures have not
been included

4.3 Subsidence and uplift

After shutin of the Groningen productignpressureredistribution will continue totake place until an
equilibrium has been reached. The pressure changes also induce geomechanical effects. Areas which
experience pressure reduction will show compaction and stress @safidne largest changes take place

in the connected aquifersedistribution of the pressure between the aquifer and the gas reservoir results

in much larger pressure changes in the aquifer than in the gas reseduartothe compressibility
contrast betveen the gas in the gdsearing strata and the water in the aquifefehe main causes and
consequences of uplift and subsidence arapiically represented in a simplified bowtigigure4-5).

Based on the above analysis and discussion we have identifiedssues that influence the risks
associated with expected ground movemeiihe first isa largerthan-expected pressure degien, the
second the possibility ofevy different compaction coefficienis the aquifersversusin the gasbearing
parts. Regular subsidence estimates through interpretation of satellite dethhelp quantifying the
surface movement. In addition, thegan helpto estimatethe reservoir aquifer compaction and the
associated stresses. Aquifer pore pressure measurements would also help gréeatiietaletermine the
pressure distribution and the associated compaction field and induced stresses.
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The main &ects of subsidence and upldtein groundwater managemensSubstantial subsidence means
that the groundwater level must behanged to be able to maintain tleairrent functions of land uselhe
change irrelativegroundwater leve(with respect to the surface) and tloecurrence ofnhomogeneities
in the shallow subsurfadéhology will jointly control if substantialdifferential subsidencéakes placeA
guantificationadditionallyrequires adequate understanding thfe shallowsal mechanics responsand
damage model$or infrastructure andbuildings
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-~ -
o -
-

Water management
s issues
ra

Y r
Gas reservoir size — A Subsidence and k\\

uplift
A Damage to built
Presence or absence of _/ ,-"Il ~—_ infrastructure

flow barriers

Compaction and change | ,-"
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Figure4-5. Simplified bowie for subsidence and upljftisk reduction and monitoring measures have not been
included

4.4 Induced seismicity

In the context of this study, we include ground motion in the forneafthquakes Much work has been
performed on this subject, and valuable reviews are available (Gaucher et al, 2015; Buijze etlal, 2019
Candela et al, 2018; Van Weeisal, 2014, 2018). A change in pore pressure or Hsitintemperature
affects the stresses, both locally and at distances away from the distortion. Depletion of aquifers
connected to a gas field, even after abandonment of the gas field, will thus daaisges in the criticality

of faults present in the subsurface. Too large criticality can result in exceedance of the slip resistance and
induce slip behavior. When the fault is sligakening, seismicity may take place. A first estimate of such
behavior igherefore a slip tendency assessment. Approaches range from 1D analytical to 2D and 3D finite
element studies on fault reactivation, with little or much detail on the geological context and the dynamic
reservoir development (ter Heege et al, 2018).

The man volume of the depleted reservoir is in reservoir sections which are thin in comparison with their
horizontal extent and of which the vertical variation is limited. For such blocks, a umipgiaximation
can be employed when computing deformation agsult of pore pressure changes.

Uniaxial deformation implies that there is no lateral displacement. In addition, the total vertical stress,
controlled by the weight of the overlying subsurface strata, is constant. This means zero vertical stress
change ad zero horizontal strainsWithin linear poroelasticity lte compaction and the change in
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horizontal stresses cahen be calculated as linearfunction of the pressure change. The compaction per
unit of reservoir thickness is the vertical strain, dhd properties on whiclit depends arghe pressure
change itselfthe Poisson ratio and the Biot coefficierih addition, for reactivation to take place, the
failure criterion must be exceeded. Thiappens when the stress becomes critiaghich, on its turn, is
described by thdriction coefficient and thecohesion.The original stress field in the Groningerars
arguably not criticalTherefore,a minimumdepletion is required before fault reactivation can take place.
This minimunmeeds to be determined as a function of the input paramet&fgen the regions in which
the minimum is exceeded can be identifiasl risk regions.

Faults that are boundingeservoirblocks or that divide parts of the reservoir into blocks at different
heights (faults with offset) need to be treated differently. In facgmy ismic events in Groningdrave
been locatedon faults that exhibit considerable offsefA proper fieldspecific analysis should map the
faults, consider their offsets, quantify the pressure drops around it, incorporate the stress field, and
include all uncertainties connected to these parameters. Then thetaffébe pressure drop on the stress
couldbe quantified and related to eeactivationmodel like a MolCoulomb failure analysis or a Dieterich
rate-and-state friction approachit would also integrate observations of seismicity, as well as hypocentre
and focal mechanism determination. It would include-@nd offfault plasticity, dynamic behaviour of
faults, stress transfer, creep in the reservoir and surrounding formatipnspertiesof fault gouge,
elasticity contrasts, sliveakening, response of pipressures to slip, eté comprehensive study in this
sense is beyond the scope what is described ithe currentreport. What can be done, though, is to
follow the guidelines that States Supervision of the Mines hiorenulated or follow a statistical
interpretation on similar fields in the Netherlandk allcases, thenain parameters to be assessadd
monitoredare the pressure depletion, thie-situ stresses, and the fault locations and orientations.

The effects of induced seismicitgn be damage to infrastructumnd buildingsinjuries if the seismicity
involves large events, and interferences with other mining activifdsowtie representation of causes
and consequences of induced seistyits shown irFigure4-6.
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Presence of large
permeable aquifers
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Presence or absence of
flow barriers
Compaction and change
in effective stress

I Fault properties: dip,

Damage to built
infrastructure

Injuries

Interference with other

mining activities

Top event

Induced
seismicity

offset, orientation etc.

Figure4-6. Simplified bowtie for induced seismicity; risk reduction and monitoring measures have not been
included
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4.5 Interference with subsurface activities

For the interference with subsurface activities, we distingbistweenfuture activities in the abandoned
reservoir, adjacent to the abandoned reservaind in therock sequence above the reservoir.

In theabandoned reservoithe pressures are depleted and pressures will gradually increase due to inflow
from adjacent aquifersTherate and amount of increase in the pressure depeoxshe local conditions,
such as the amount of produced gt size of agifers and permeabilityThese changes should be taken
into account when planning geothermal activities in the abandoned reservoir-osirg it asa storage
medium In addition, future wells should be planned in areas whiendt re-activation andinduced
seismicity are unlikely to take placA. major concern is to what degree a geothermal project could
influence the hazard of induced seismicity as a result of gadugtion in the past both from pressure and
thermal effects

In aquifers adjacent to the depleted reservoir, fluid migration towards the depleted area may take place
in combination withpressure loweringn the aquifers Near existing faults this may ledo re-activation
andinduced seismicityAlso here thes factors shouldbe taken into account when planning new wells
for gas storage or geothermal activities

Therock sequence above the reservi@motexpected to bén pressurecommunication with the depleted
reservoir.However, in the rare case leakage has occuriteghay result inthe formation ofgas pockets
which mayposea drilling hazardSuch leakage will only take plasbereathin Zechsteir{<50m) seais
present faults with large offset couldbe reactivated and undepleted or little depleted gaspresentat
the sourceln addition, it should be realised thatl@w permeability strataare penetrated by abandoned
wells, thestratamay be shorircuited due to wé-bore integrity loss.

In the processof geothermal dilling, operators are aware that gas pockets in the subsurface can occur
andtake measureso manage therisk of leakageThis means that there is mgignificantrisk from gas
pockets that originate dm well leakage.

The ground motion effects of the reservoir abandonment should be included as an additional effect on
top of any other ground motion calculation from subsurface activities, for instance in subsidence
calculations for salt caverns. Aparbfin that, for the storage of energy carriers in salt caverns, no negative
impactsfrom the abandonment of gas reservoirs could be reasoned, as long as the base of the caverns is
300 m or higher above the abandoned reservdhiis is based abservations that no faults seem to cross

the Zechstein salts if the thickness is more than 300 m.
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5 Quantitativehazard andaisk analysis and evaluation

Based onthe identified hazardsand riskin the previous chaptemuantitative modelling workhas ben
executedto understand the sensitivies of:

Subdivided dr individual undesired eventsaligned with context and screening stages previous
chapters):

1 Pressure redistributioat the reservoir levelSection5.1)
1 Subsidence and uplifSections.2)

1 Induced seismicit{Section5.3)

9 Fluid migratioralong wellg¢o biosphere(Sections.4)

Fluid migration along geological pathways to biosplemd interference with subsurface activitieave
been aralysedin qualitative terms ory in Sectios4.2.1and4.5, respectively

5.1 Pressure redistribution and lateral migration

In thissection numerical simulations are used to quantify the temporal and spatial scales of the pressure
redistribution in the aquifers surrounding thelepleted Groningenfield and to evaluate the impact of
subsurface uncertaintysingsensitiviy analysisA workflow hasbeen setupfor a numericalmodelling
exercisgFigureb-1). Results of the various steps are briefly déseat in the following subsections.

Sensitivity

modelling input

Regional pressure
for base case & . _ Numerical .
. Numerical history evolution
variants:

matching of regional A = T i sensitivity for
* Parameters

" + regional reservoir
reservoir pressure e e base case & Identify risk
* Boundary pressure sensitivity entify ris
conditions

variants factors
* Assumptions

Figure5-1. Workflow applied for sensitivitgnalysis of pressure equilibration in current KEWproject: D = input to
sensitivity analysis of uplift and subsidence and induced seismicity; A = input to recommended workflow for
guantitative assessment of pressure redistributjeee Chapter 6¥low diagram symbols are elgined inAppendix

A

5.1.1 Modelling approach

The spatial and temporal scales of interest in this projectlarge: > 5(kilometers and > 200 years.
Thereforea simplified regional numerical fluid flow model has been developed to perform the required
simulations.
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Creating a fluid flow model consisof two components: a generic model code and the input values to
make the model code applicable to a specific subsurface location (such as depth, thickness, aadosity
permeability of the aquifers). These input values are normally adjusted to recobatrved behaviour.

This process is called history matching or model calibration and is required to gain confidence in the
forecasts made by the fluid flow model. Creating a detailed geological and fluid flow model of the region
and history matching it tall available observations while at the same time honoring the uncertainty, is a
massive effort. Here, a much simpler representation of the subsurface is created in order to capture the
main trends and uncertainties. The goal here is an understandingeofeheral behaviour rather than

the detailed representation of conditions at individual locations. The key paramé#tatsshould be
represened with reasonable accucgare the gas initially in place (before production start), the amount

of gas producedthe initial and abandonment pressure distribution and the average permeability
distribution in the field the amount of gas produced determines the size of the pressure sink that has
been created and the permeability determines how the pressure is reoligéd.

To limit the vertical size of the model, the pressure redistribution is assumed to occur predominantly
below the Zechstein seal and only that part of the subsurface is included in the model. The lateral extent
of the model includes those areas whiare possibly hydraulically connected to the depleted Groningen
field. The simulations are done accounting for two phases: gas and water. The gas is simulated in a
simplified way as a dry gas, i.e. not including condensate and water vapour, and withstanton
composition in the entire area. Differences in temperature in the field and possible thermal effects are
not included. A number of main faults is included in the model, but many faults are not simulated
explicitly. The same is true for the small §jakls around the Groningen field: some of the larger ones are
included in the model, but most are ndroduction from these small fields is not included.

The goal is to understand the pressure behaviour after abandonment and thus it might seem logical to
simulate only this time period. However, the historical production needs to be included in the simulations
to capture the uncertainty in the aquifer pressure at abandonment. Aquifers already deplete during
production of the gas field and although the pseasge in the gas field at abandonment is quite well known
and observed, this does not hold for the pressure in the aquifEinerefore,the production history is
simulated with different values for the aquifers to represent this uncertainty.

Theindustry-reference reservoir simulator ECLIPSE Black Oil v2019.3 is used for the simulations. Petrel
2019 is used for the generation of the geological model.

5.1.2 Input data

The input data and history match are described in detaAppendixC Suffice to mention, most of the
input is basedn the Petrel model made available by the NAM (NAM V6 modatjpusNAM status
reports anddata from ThermoGIS.nfa website shoing geothermal potential at the national leveA
history matching wasarried out the amount ofgas initially in place, the pressure history at the wad
the abandonment pressure distribution from the detailed motglNAM were matched in the history
matching procedure. Thmodel input parametersised to achieve the history match are tfree water
level for the gas initially in place atfte permeability of aquifers, faults and flow barriéos the pressure
related parameters.
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In

Table5-1 the Gas Initially In Place (GIIP) is compared to the best estimate by NAM (Zeeuw and Geurtsen,
2019). The estimate of GIIP split up in different parts, but the bulk is containadthe Slochteren
Sandstone (Sst) (first line of the table) and differs by 2.4%ATineSGés hielowFree Water Levek is gas

that is thought to be present in the aquifbelow the gas fieldwhichis not included in the model used in

this report. The Limburg group of the Late Carboniferous (referred to in short as the Carboniferous)
underlies the Slochteren Sst and also contains some gas. The smaller gas fields Norg and Annerveen are
only part of rggional modelusedin this reportand not in the NAM modelThe distribution of the gas in

the model (n yellow) and as estimattby NAM (green outlines) is shown kigure5-2. Overall, the
distribution is quite similar, with a discrepancy on the neethst side. Also clearly visible are the many

small gas fields not included in the model.

Table5-1. Overview of Gas Initially In Place (GIIP) of NAM models and the model in this report (in normal BCM (1
atm, 0°C)).

Gas fields/main compartments NAM best match This report
(Zeeuw and Geurtsen, 2019

Groningen (abov&WL) (incl. land assets 2894 BCM 2964 BCM

included in NAM reservoir model)

Gas below Free Water Level 103 BCM Not included

Carboniferous 42 BCM 34 BCM

Norg Not included 69 BCM

Annerveen Not included 36 BCM

Gas saturation

ks

—0.9

I 12500m l

1:234005

Figure5-2. Gas distribution in the Upper Slochteren &skeft) and Limburg Group of the Carboniferobsright)
(blue is aquifer; yellow is gagd outline is the outline of the NAM model; green outlines are gas fields).
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To demorstrate the pressure @itch, inFigures-3 for four wells the observed and simulated pressures
over time are presentedwvhich show an adequate match for the pressure in the gas field
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for four wells in the gas fieldh the background is the pressure in 202 well locations and the gas fieddtlines
(in green).

5.1.3 Sensitivity analysis results

The base case model described in the previous section was used to simulate the pressure redistribution
for 500 years after abandonment. The results were compared to the predictions made by the NAM model.
Bath models predict only a small increase in pressure in the gas field: in the order of a few bar for the field
average pressure for the next 50 years. This is consistent with mass balance analysis, which shows that
the volume of the connected aquifers isuificient to repressurize the depleted gas fiékge Appendix

O. Locally a larger pressure increase can occur due to pressure equilibratiotmevghs fieldOvertime,

the depletion in the aquifers increases. Figure5-4 the depletion at the prognosed end of production
(year2026) andl00 years after the production has stoppseér2126) is shown for the base case both

at the top of the Upper Slochteren Sst and the top of the Limburg Group (Carboniferous). The depletion
is shown as a percentage of the gseoduction pressure. This shewhat both in the Slochteren and the
Carboniferous pressure decreases in the aquifers. It should be noted that the depletion of the small gas
fields is not included in these simulations and these pictures show the depletion due to the Groningen
field only.
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Figure5-4. Percentage depletion year2026 (stop of production; left) angar2126 (right) at the top of the
model (top row; Slochteren) and thettom part of the model (top of Limburg group (Carboniferobsjtom row).
Color scale ranges from 0 (pink) to 100% (red).

The interest in this study is on the depletion of the aquifers surrounding the gas field. Therefore, the focus
of the sensitivity aalysis is on the aspects that impact the depletion in the surrounding aquifers. Since
the permeability influence the pressure redistribution most, the sensitivity analysis was done on the
following aspects:

The pemeability of the Limburg GroupGarbonifeous, DC)
The rmeabilityof the aquifers in Upper and Low8tochtererSst
Vertical permeability (general)

The position of théAmeland clayvhich forms a barrier between the Upper and Lower Slochteren
in the north of the field.
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- The transmissivity of thbarrier betweenLowerSlochteren and Carboniferous
- Fault permeabilityall faults)
- Size of thenalyticalaquifers Rysum and Moewenstegpore volume multiplier, seAppendixC)

- Transmissivity between segments (representing faults not explicitly included in the model, see
AppendixC FigureG10)

In all sensitivities, the historical producticend the prediction period were run as a single rumhis
workflow enablesincludingthe uncetainty in the conditions at abandonmeyrd history match checkor
all runs andphysicallyconsistentruns. For detailsthe reader is referred tdAppendixC. The averaged
pressuredepletion resulting from the sensitivity runs does not deviate much from the base cdsgifne
5-4). More interesting is the range in thressuredepletion resulting from the sensitivity analysighich
is illustrated inFigures-5. The backgroundnap representshe range inpressuredepletion inyear2126
(maximumdepletion2126¢ minimumdepletion2126). The graphsn Figures-5 A-Fare time series of the
pressure development over 500 years at various locations of intefét.regions impink indicate the
areas vhere very little variability is observed between the sensitivity runs, either because the runs differ
very little (a few ba) like in the gas field or because the depletion is small overall (e.g. ilNtn#hern
Lauwerszee Trougdffrigures-5 A)and nearthe gas storage sitiorg in the southwest (Figures-5 C). The
largest variability occurs on the boundari@sthe gas fieldmaximumrangeof ~130 bar)and the aquifers
connected to the Harkstede ardéa the southern Lauwerszee TrougWoreover,the simulationsresuts
indicatethat at the gas storage sites Norg and Grijpskérkar Figure5-5 C) the depletion due to the
Groningen field is not expected #orive within the next 100 years.

Please note thain this reportonly the depletion due to the production of the Groningen field is shown
The impact of small fields was not accountedin the pressure depletion shown in this report. However,
the Groningen field is surrounded by smaller fields, in particular in #& and southTherefore, br any

local analysis, the impact of the nearby small fieddsuldbe included. The impact that the small fields
can have on their surroundings is very similar to that of the Groningen field: for connected aquifers
pressure is gpected to decrease significantly as the case of the southern Lauwerszee (seafigure

5-5 B and D) There is one large difference though: the smafields will recover in pressure due to the
depletion of the aquifer (example: Rodéald), thus limiting the potential depletion. The Groningen field

is so large that that is not the case and the low pressure will remain in place for a very lonthtime,
allowing the pressure decline to move much further from the field than is possible for the smaller fields.
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Figure5-5. Time series of the pressure depletion for all sensitivity scenarios kacations around the Groningen
field. Timeaxis: 1965 to 2526. Pressurayis: 160 to 440 bar. Background figure shows the range in depletion in
2126(scale from 0 bar (pink) to 150 bar (red@his moment in time is also indicated on the time series.plots

5.1.4 (onclusiors

In this section, ahigh-level,simplified model was used to investigate the ranggsrassure depletiomue
to the depletion of theGroningen gas fieldThe results show a continuing decline in pressure in the
aquifers connected to the Gramgen field.Some areas were identified in which tpeessure declinés
expected to besignificant(up to 30-50%o0f pre-production pressurgin the next500 yearsand in which
the uncertainty isrelativelylarge These are the areashich should be prime areas fomore detailed
studiesand monitoring. These areas are in particuler the north of thegas field and in the Southern
Lauwerszee Trougffhe uncertainty range in the gas reservoir itself and inottying,low-permeability
areassuch as the Northern Lauwerszee Troughmuch smallerin the gas reservoir itselfonly little
pressure increase is expectddp to ~10 baraveraged over theaeservoi). In addition, areas with
interference with other depletedjas fieldshould be furtherinvestigated sincéhis was not included in
the current analysis

5.2 Subsidence and uplift

To analyse sensitivities mhgterm subsidence and uplififter ceasing gas producticmworkflow has
been setup for aquartitative modelling execise Figure5-6). Results of the various steps are briefly
describel in the following subsections.
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Modelling input:
* Mechanical Semi-analytic Regional maps for
parameters forecasting of subsidence and
* Boundary regional subsidence uplift for base case
conditions or uplift sensitivity & variants Identify risk
«  Assumptions factors

Figureb-6. Workflow applied for sensitivity analysis of subsidence or uplift in currentlogibject: D = input from
pressure redistribution modelling; X = input to recommended workflow for quantitative assessment of subsidence
and uplift (see Chapter 6)

5.2.1 Modelling approach

After shutin of production fromthe Groningeriield the reservoir dynamics will not have ceased. Pressure
redistribution will take place until an equilibrium has been reached. The pressure changes also induce
geanechanical effects. Areas which experience pressure reduction will show compaction and stress
changes. The largest changes take place in the connected aquifers. This is related to the compressibility
contrast between the gas in the gasaring strata andhe water in the aquifers. Redistribution of the
pressure between the aquifer and the gas reservoir results in much larger pressure changes in the aquifer
than in the gas reservaoir.

For the subsidence we are interested mestimatethat isconsistent withthe surface movement history

as observed above the Groningen gas reservoir and with the modelling by NAM [NAM,12@26fore,

we haveemployed the Rigid Basement model that NAM also employed [van Eijs & van der Wal, 2017, Van
Opstal, 1974]. The differee with the most simple possible geomechanical model Gkeertsma model
[Geertsma, 1973], is very small due to the relatively deeply seated rigid basement.

5.2.2 Input data

Compaction is driven by the pressure depletiBressure fields fahe years1965 2025, 2080 and®126
have been used. The period betwethe years 2025 and 2126 is primarily controlled by the pressure
redistribution. The various sensitivities have beéscdssedn Sectiorb.1.3

For the geomechanical modekviuned the compaction coefficient to mimic the observed behaviour. For

the Rotliegend sandstone we typijahave a Poisson ratlo m& v We use an average depih= 3400

m. Then, with a compaction coefficie@t = 0.21*10° bar'we arrive at subsidence valuesyrar2026 of

0.4 m in the centre of the subsiding area, in accordamitie the NAMreported values [NAM, 2020]. We

like to note here that the pressure calculations are not of the detail that is used for precise assessment of
the Groningen behaviour, as the facwof the present study required coarser discretization. More
advanced models than that of Geertsma and Van Opstal (e.g.; Fokker and Orlic [2006]) were considered
to provide only little additional insights in the present context.

5.2.3 Sensitivity analysis ressilt

We have calculated subsidence in the yg2025, 2080, and 212@&-igure5-7). The difference between

the 2025 and 2126 maps represents the additicnddsidence realized through the pressure equilibration

in that period. During this period we see subsidence continuing mostly above the NW part of the aquifer,

KEM19: Evaluation of posabandonment fluil migration and ground motion risks in subsurface
exploitation operations in the NetherlandsPhase 2



TNO Deltares 46/ 161

with a largest value of around 12 cm additional subsidence at RD coordinates (x,y) ~ (232000).64

second maximum develops West of the field at RD coordinates (x,y) ~ (233000, 582000) with a value of
around 6 cm additional subsidence. An uplift of about 1 cm above the southern part of the reservoir is
also observed in this perio@his is dued limited repressurization of thatart of the field, due to pressure
equilibration.

The incremental subsidence aftehutin was calculated for all scenarios defined abhoVke results are
represented irthe AppendixE The scenarios show very little variation for the production period. For the
postshutin period the sensitivities show the same qualitative beibar with a limited variation in the
maximum additional subsidence expectérl¢ 13 cm for the NW position and @7 cm for the West
position.

%10° Subsidence 2025 Base Case «10° Subsidence 2081 Base Case

2 21 2.2 23 24 25 26 27 2 21 22 23 24 25 26 2.7
xm] x10° x [m] X10°

%10° Subsidence 2126 Base Case Subsidence 2025-2126 BC

2 21 22 23 24 25 26 27 2 21 22 23 24 25 26 27
x [m] x10° x[m] x10°

Figure5-7. Subsidence fields in 2025 (left top)2080 (right top) and in 2126 (left bottom). Right bottom gives
incremental subsidence between 2025 and 2126. The black line Is the outline of the Groningen. fgsal®érin
m.
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5.2.4 (Qonclusion

The scenarios show very little variation for the producticeripd. The sensitivities show the same
gualitative behaviour with a limited variation in the maximum additional subsidence expettes.
absolute value of these numbeissrather limited subsidence is not expected to pose an important threat
after shutin for the Groningen gas field.

However, there is some remaining uncertainfyhepressure depletion can be larger than expected
although this is unlikely because thmessure in the reservoir has been histomatched Alsq the
compaction coefficient irthe aquifer can belifferent from thevalues in the gabearing partsMonitoring

and interpretation in terms ofthe driving force can bedeployedto better constrain the subsurface
mechanical behaviouRegularsubsidence estimates through interpretation of satellite dat#l help
guantifying the surface movement. In addition, they can help constrain the reservoir aquifer compaction
and the associad stresses. Aquifer pore pressure measurements would also help greatly to constrain the
pressure distribution and the associated compaction field and induced stre@segptimal amount and

the placement ofadditional wellgequires more investigationral sendivity analysis

5.3 Induced seismicity

5.3.1 Modelling approach

The Groningen gas field has shown considerable seisniitigyefore the risk on seismicity in connected
aquifers upon their depletion is an issue deserving attention. We will provide hierefeassessmentf
the possibility of fault reactivatiorthat underlies seismicity. Wéase ourselveson the pressure
development as given in the previous section. A similar treatment was given by Buijze et al [2019].

The main volume of the depleted reseir is in reservoir sections which are thin in comparison with their
horizontal extent and of which the vertical variation is limited. For such blocks, a umipgialximation

can be employed when computing deformation as a result of pore pressure chaRgalts that are
bounding such blocks or that divide parts of the reservoir into blocks at different heights (faults with
offset) need to be treated differentlpecause theapproximation ofuniaxialbehaviorcannotbe used
Larger changes in stregdll develop locally because dfass concentrationglevelopng at thefault.

5.3.1.1 Reactivation in uniaxially deforming parts of the reservoir

To analyse sensitivities of logrm reactivation of faults with no offsedfter ceasing gas production a
workflow has been set up for a quantitative modelling exerciSgre5-8). Results of the various steps
are briefly described in the following subsections.
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Modelling input:

* Mechanical
parameters

* Fault orientation

+ Assumptions

Analytic Mohr-Coulomb Hazard assessment of
forecasting of re- of re-activation potential of
activation potential of no-offset faults on the basis
no-offset faults of friction coefficient & Ap Identify risk
factors

Figure5-8. Workflow applied for analysis of reactivation potential of faults with no offset in current kEpfoject;
D = input from pressure redistribution modellipgocess ends asigbelievel that the risk of reactiating faults with
no-offset is low.

Uniaxid deformation implies that there is no lateral displacemantl thetotal vertical stress is constant.
Withl 221 SQa f I ¢ -elasyclyi(FRjaBekay[ZD08] #2eN@npaction and the change in horizontal
stresses can be calculated airear function of the pressure change. Tpeoportionality constants a
complex expressiooontairing the Biot coefficienand the Poisson rati(see theAppendixE).

Both the horizontal andthe vertical effective stresses increaapon depletiong i.e. negative pressure
change Whether destabilization takes place is determined by examining the moveofiesfiear stress

and the effective normal stressith respect to the MohCoulomb failure envelopéviovement of the

stress in the direction of destabilization happens when the slope of the increase in the Mohr diagram is

larger than the friction coefficient (Figure5-9). The slope is given by—. Depletion causes a stress
development in the direction of destabilization when this number is largem tha
Whether destabilization happens depends on the Biot coeffigignhe Poisson ratid and the friction

coefficient’ itself. For every pair of Biot coefficigntand Poisson rati® we can calculate the friction
coefficient at which the slope is neutral, i.e. equal to

Figure5-9 Mohr-Coulomb diagram witimoving Mohr circle. Depending on the relative movement of the horizontal
and vertical effective stresses, thgessfor the most critical orientatiowan move toward or away from criticality
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An alternative way to approach theensitivity to reactivations by determining the percentage of fault
orientations for which the stress develops towards more critical values. In such analysis all possible
orientations are considered, not only the most eqmone ones.

Finally, when thestress path is critical, an important question is how much pressure change is required to
reach the MohrCoulomb failure line. This pressure change can be assessed if both the original distance
to the failure line and the rate of movement toward it are kvro For the stress at a fault that is most
critically oriented we can calculate thatress distance to failure in the Mohr diagraam thedistance
between the start of the dotted arrow to the failure line Figure5-9. Wecan also calculataow much

this distance changesitlu a change in pressurehen we know how far the arrow will reach upon a change

in pressure Combining tlesevalues we can calculatéé minimum pressure at whichctivation can be
expected.

5.3.1.2 Reactivation in bounding faults and in offset faults

We also brieflyconsider faults which show an offset or faults that exhibit a pressure drop between the
two sides i.e. where thebehaviouracrosghe two sides of the fauléxhibitsa discontinuity Theanalyss

of the longterm reactivation of faults with offset after ceasing gaoduction has been based on
guidelines foipressure depletiort the location of seimic eventdn aquifersadjacent tothe gas reservai
(Figure5-10). Results of the various steps are briefly described in the following subsections.

Regional hazard assessment
Location of of re-activation potential of
seismic events offset faults on the basis of Identify
relative pressure depletion risk
factors

Figure5-10. Smplified workflow applied for the analysis of reactivation potential of faults with offset in current
KEM19 project; D = input from pressure redistribution modelling; M = input to recommended workflow for
guantitative assessment of induced seismicity in Chapter 6

A proper fieldspecific analysis should map the faults, consider their offsets, quantify the pressure drops
around it, incorporate the stress field, and include all uncertainties connected to these parameters. Then
the effect of the pressure drop on theresscouldbe quantified and related to eeactivationmodel like

a MohrCoulomb failure analysis or a Dieterich raied-state friction approachlt would also integrate
observations of seismicity, as well as hypocentre and focal mechanism determinateould include

on- and oftfault plasticity, dynamic behaviour of faults, stress transfer, creep in the reservoir and
surrounding formations. Properties of fault gauge, elasticity contrastsywaakening, response of pore
pressures to slip, et& canprehensive study in this sense is beyond the scope of the custedy.

MuntendamBos [2021] performed an analysis with some elements of the above description for all the
gas fields in the Netherlands. She analysed the stress development on boundiagfalibn reservoir
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internal faults with small and large offsets, upon the actual depletion, with the 2D analytical stress
solutions by Jansen et al [2019]. Again, the magnitude of the stress change will be proportional to the
pressure depletion. Now, inthtendam. 2 8 Qa | yI f @3A &> GKS &aKSIF NI O LI OA
the Groningen gas field at around 43% of the pressure depletion in 2016.

A study like the one by Muntendaios can only give a general idea about the issue of induced seismicity
to be expected. Many complexities are ramtdressedand a number of caveats must be considered. One
issue inthis paper isthe change of stress ratio as inspired by the lafti@n-expected number of fields

under a considerable evaporite seal where sédstynoccurred. This change appears to be rathehad.
Another is the possibly different slip behaviour of faults in-lgearing and watebearing strata. The
physical and chemical behaviour of faults which are saturated with water may be differerteFuhte

vertical extent of the faults and the distribution of pressure along it will be different from typical faults in
the gasbearing part. This can affect both the onset of reactivation and the slip behaviour itself. Yet
another issue is the effect aftress changes due to the depleted gas field. Close to the gas field and its
large numbers of depletion, Coulomb stresses have already distorted the stresses in the aquifer. Finally,
the approach we have followed is completely based on linear poroeldsi@viour. The mechanical
response of Groningen has also shown inelastic creep [Pijnenburg et al, 2018]. This complicates matters,
especially when pressure changes are large and long times are considered.

The guidelines of States Supervision of the Mimescribe the use of a deterministic hazard analysis for
induced seismicity as a first screening to determine whether a more elaborate assessment is warranted
[SodM, 2016; Van ThieneVisser et al, 2012]. Although a deterministic approach has limitedtyaltien

the uncertainties are large, we discuss it here for completeness. The very first criterion considered is the
pressure drop related to the initial pressure. When this ratio is less than 28%, the probability of seismicity
isconsidered negligibldt must be mentioned, however, théthe methodhas been formulatedpecifically

for gasfields, not for aquifers. It is questionable whether pressure depletioariraquifer will lead to the

same activity aa smilar pressure @pletionin a gas field.

5.3.2 Input data

For thereactivation in uniaxially deforming parts of the reservoir only a sensitivity to the geomechanical
analysis is presented. Fire reactivation on bounding faults and faults with an offset,hagecompared

the pressurechange thatwas indicated as a thresholgith the actual fields calculated ife previous
chapters, and we have iogporated seismic events outside thgasbearing part of the reservoir, as
observed during the production period of Groningen.

5.3.3 Sensitivity nalysis results

5.3.3.1 Reactivation in uniaxially deforming parts of the reservoir

Whether pressure depletion ithe aquifer results in destabilizatias represented irFigure5-11. For
every pointin the’ h  plane, the friction coefficient must be larger than the indicated value to ensure
stabilization upon depletion. Critical movement is reached earlier (neutral coefficients are larger) if the
Poisson ratio is smaller or the Biot coefficient is larger.
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Figure 5-11 Friction coefficient for which stress development upon depletion is neutral. This is the minimum
coefficient for which the stress depletion is not towards critical numbers

The next stepto approat the sensitivity to reactivatioris by determining the percentage of fault
orientations for which the stress develops towards more critical values. As an example, consider a friction
coefficient of 0.4. The combination of Biot constant and Poisson ratio for which the mospeoros faut
orientation moves towards criticality is to the lafpper part of Figure5-11, left and above the line
indicated with 0.4. Only in that region, theage fault orientations possipimoving towards criticality. We

have quantified the percentage of possible orientations, inspired by the work of Levandowski [2@&18].
calculated the stress path for a number of evenly distributed fault orientations iniadmdally isotropic
normal stress field. Then, we determihtine fraction of paths that are critical when the friction coefficient

is 0.4 or 0.6, respectively. The results are representdtgare5-12.
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Figure5-12 Fraction of fault orientations that are critical for different combinations of Biot constant and Poisson
ratio, for frictioncoefficient 0.4 (left) and 0.6 (right).
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Figure5-13 Change of distance to failure line as fraction of pressure change. Left: ftiction& . Right: frictiort

. As an example, a value of 0.1 indicates that 10 MPa change in pressure will change the stress at a fault at the
most critical orientation towals the failure line with 1 MPa. The Change = 0 lines coincide with the lines of neutral
friction coefficient fof 1@ and‘ 1@ in Figure5-11

Fnally, we wish taassess th@ressure change that is required for activatidn thescheme ofigures-9

we want to know how mucpressurechangewe need to bring theend of thedotted arrowto the failure

line. We needfor that the original stress fieldinthe Groningen arethis fieldis arguably not critical [Van
Wees et al, 2014, Van Eijs, 2015, Munteneos, 2021]. The estimate leading to the most critical initial
stress state in Groningen has been given by Muntendars [2021] on the basis of earlier leakoff tests
but with a corretion for the effect of overlying evaporites. She used a stress faffy of ~0.7 for the
Rotliegend reservoirs. With zero cohesion and a friction coefficient of 0.6 this corresponds to a distance
to the failure envelope of approximately 4.5 MPa at 8 depth. The Poisson ratio of the formations in
Groningen are of the order 0@20.3 [MuntendamBos, 2021]. Reactivation of faffset faults is then only
possible for MC friction parameters of 0.6 or smaller, and for pressure drops that exceed 10Hames t
distance to the MC line, i.e. ~45 MH&azen incorporating a factd? for safety, the pressure depletion
would have to be more than 20 MPThisis much larger than the pressure drops envisaged in the aquifers
studied.

All these results suggest that i&avation of an internal fault in the depletiraguifer without offsetand
without pressure drop aass itis unlikely to show reactivation. This is an important observation, since
the largest events in Groningen have been observed on faults with smadroroffset, consistent with
numerical evaluations [Buijze et 2019. The levels of depletiorequired for activation of naffset faults
have been reached in the later stages of the depletion of the Groningefiedghi®ut will not be reached

in the conected aquiers.

5.3.3.2 Reactivation in bounding faults and in offset faults

Seismic events in Groningen typically start earliefmunding faults andaults that exhibit considerable
offsetthan on faultswithout offset and withoutpressure drop across. iThis was already indicated by the
value ofdepletion of 43% of the total pressure dropStill, 43%is considerably more than the values
reached in the aquifer as reported in the previous Chaptied reactivationbased on this crérion is
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unlikely, except very close to thgasreservoir outline However, the margins are considerably smaller
than when considering neaffset faults.

Following the guidelines of States Supervision of the Mines, we needltalatewhether the relative
pressuredrop is larger thar28% of thevirgin value Based on the relative pressure fields presented in
Figure5-14, the pressure drops are smallein virtually the complete aquifer. For the parts of the aquifer
where a larger pressure drop is envisaged, the fault density and the elastic modulus contvestrioe
overburden and aquifer must be studied in more detail. We recommend a more elaborate geological and
reservoir characterization than possible in the present study to be able to do such analysis. Starting with
an identification othe regions where théargest pressure drops aftshutin occur, the most important

faults in those regionshould be mapped. In particular their offset and dip are important for the stress
analysis. Ranges infput parametersshould then be defined and thianssert almodd [2019] could be
usedto calculate stress drop and activation risk

A preliminary insight can be provided by mapping the seismicity in the aquifer that has already been
detected Theseevents are alsgiven inthe 2025 map irFigure5-14. The white dots indicate the events
which have beemttributed to the Groningen gafield and are located outside the boundary of the gas
reservoir Seismic eventsissociated with nearby dids have been excluded since our study has not
accounted fothe pressure drops in those fields.

A number ofissues must be mentioned here. In the firsag#, the uncertaintpf the localization of the
events issud that eventswithin a distance o8 kmof a gas fieldare usually attributed to that gas field.
These events cantherefore not be unequivocallyssociated with the aquifeiThe 7 events in the -
westcan be associated with the Bedum fie&till, we seeanore eventsnorthwest and southwest of the
field than in other locations. Those are exactly the locations wheradjuifer is in pressure contact with
the gas reservoiand some aquifer depletion is se€rherefore the conclusion that pressure drop is the
first maindriver of seismicitys underlined This is in line with the conclusion of Muntend#os et al
(2022).

Fourseismic eventfall outside the 2km distancecontour from the gas field. Three of them are located

in the southwest The locations of thesevents however, reveals that thegould alsobe connectedo

nearby gas fields not studied in the preseontext PasopRoden and VriesThese fields are known to

have active aquifers which extend in the direction of the Groningen field. NAM (Zeeuw en GeR0%8)

has assumed that these fields cause pressure drop at the locations of the 3 events identified. The lack of
north-south orientated faults in this area could explain the good connectivity, however, no direct pressure
observations are available to gport this. Theremainingevent in the northwesis located far into the
WaddenseaThemechanism there isot yet completely clear.
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Figure5-14 Base case pressure drop relative to initiegssure, in 2025 (left) and 2126 (righthe seismic events
which happened during prodtion, and which are locatedoutside the boundary of the gdmearing layersare
indicated withwhite dots

5.3.4 (Conclusion
Induced seismicity is related to depletioftis in in line withconclusions in the context of the study of
MuntendamBos et al (2022) assessing all events of induced seismicity in the Netherlands.

We have limited ourselves here to identifyingticd factors for fault reactivation Induced seismicitis
alwayscaused by reactivation of faultdyerefore fault reactivation is dirst proxy forinduced seismicity.
Too large criticalityon a faultcan result in exceedance of the slip resistance and induggdshaviair.
When the fault is slijpveakening, seismicity may take place. A first estimate of such balrasitherefore
a slip tendency assessmeAtfullanalysishoweverjnvolves alsdhe identification whether slip is seismic
or aseismigcrupture modellingmagnitude determinationandriskanalysis based on such aspe@sich a
study involves a scope much larger thaas possible within the present setup.

Reactivation of faults without offset and without pressure drop acrossistunlikelyin the aquifers
connected to the Groningen gas fieliecause they require large pore pressure drdjss is an important
outcome sincehese fault types in the Groningen field are usuadlgponsible for the larger event§he
pressure drops in thgasbearing parts of th&sroningenfield are much largethan in the aquifer thus
making possible thactivation d non-offset faultsin the gasbearing partsat the later stages of the field
life.

Offset fultsand bounding faults which are preseintthe southwest and northwest aquifersan show
reactivation upon the ongoing depletion of the aqugar those regionskigure5-14 (right) clearly shows
the expected extension of depleticafter 100 yearsof shutin. The variability in thesareas is, according
to the results presented earlielimited. It is therefore inportant to follow the present study up with a
more indepth geomechanicadtudy of the behaviouof the aquifes in thesouthwest and the northwest.
In such a studythe incorporation ofnearbygas fieldss critical.In addition more information is requed
with regard b the parameters involvedault locations,orientations, and frictional properties but also
general mechanical properties like the virgin stress field, stress anisarapgubsurfacteterogeneity
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A monitoring system needs to be kept in placertap all possible future seismicity. Building that database
and incorporating the acquired knowledge in the modeilshelpconstrain the uncertainties and sharpen
forecasts.

5.4 Fluid migration alongells to biosphere

The goal of the proposed numerical modethis projectis to calculate the extent of the methane plume

in a shallow aquifer over long time frames (100 years or more). This includes the saturation of free
methane near the leakage sit@@the level of dissolved methane in the water. This enables the regulators
and operators to understand the extent of methane contamination of the aquifer over timgualge the
necessity ofa mitigation strategy. In addition, understanding the expectadius and intensity of the
methane plume can assist with the design of monitoring campaigns. Particularly, the rate and location of
water sampling needed to monitor the methane levels in aquifers.

The geological setting aridrmation properties will contréthe methane contamination levels of shallow
aquifers. The focus of the numerical model will be on the wells in the Groningen field, in the Netherlands.
However, thequalitativeimpact of various risk factors on well leakagi®uld be applicable to diffent
regions.After analyzing the logs and lithostratigraphy of the wells in the areaselected theZWDO01

welliz 0S8 GKS T20dza 2F G(KS Ol asS atdReod ¢KS w»nSOKaGs.

location and ahick section of an orgaairich claystone at a depth of nearly 2 ksnpresent which could

be a source of ga3heZWDO01 wellalsointersecs shallow coal seams that could also act as sources of
methane. Considering the higher potential leakage risks in the-@¥iell (thinner Zechstein and thicker
organierich claystone), the numerical model will be based on the geology at the@Wizll lo@tion.

The formation properties will be collected from different sourcasch asThermoGIS for the aquifers
well logs and reports from NLOG, and NAM repdithere relevant data is lackingewvill use estimates
based on the values reported in the litévae.

To analyse sensitivities of fluid migration along wells a workflow has been setup for a numerical modelling
exercise Figure5-15). Results of thearious steps are brieflyescribedn the followingsubsections

Sensitivity
modelling input
for base case & Radial symmetric
variants: numerical n-
* Parameters component/m-phase
base case & o
* Boundary well flow model Identify risk

Local 2D sections
with CH,
distribution for

- variants
conditions factors

* Assumptions

Hazard assessment of
resulting CH, flow
rates

Figure5-15. Workflow applied for sensitivity analysis of4s@tgration along wells to the biosphere in current KEM
19 project: Y = input to recommended workflow for quantitative regional assessment of fluid leakage via wells (see
Chapter 6)
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5.4.1 Modelling approach
In this section, a brief summary of the modelling agmio and the results is presented. A more detailed
description of the modelling approach, input data, and results, is providégmendixD.

The numerical simulations in this wonkere conducted using theommercialcompositional simulatqr

CMG GEM. A twphase (gas and liquid), tamomponent(methane and water)nodel was developed

with a 2D axisymmetric geometry around the wellbore. The medetlomain is a cylindrical wedge
around the wellbore. Only one grid is considered in the tangential direction, effectively making the model
two dimensional. This geometry is valid assuming that the formatione@r®geneousn the horizontal
direction. Tke model extends from the base of tl&ochteren Formatioithe main reservoir) up to the
surface for a total depth of approximately 3000 m. The outer radius of the model is 1 km, while the inner
radius is the radius of the cement sheath in the well.
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Figure5-16: A schematic of the domain of the numerical study. The-nedirregion is magnified on the top left (color schel
correlates with permeability). The bottom left section shows the top view afytivedrical wedge with a radius of 1 km. Tl
well (cement sheath) is located at the left corner of the wedge and connects all the formations. The image in th:
illustrates the side view of the domain. The stratigraphy in the region is summarizedpmedented in the model from th
base of the reservoir at the depth of 2950 m, to the surface at sea level.
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Figure5-16 illustrates the schematic of the domain of the numerical model. The grid blocks at the left
corner of the cylindrical wedge represent the cement sheath. The cement sheath connects all the
formations from the reservoir all the way to the atmosphere. Thalfleakage along the well is assumed

to occur through the cement sheath. The casing on the left of the cement sheath is assumed to-be a no
flow boundary. A ndlow boundary is also assumed at the base of the reservoir. The outer boundary on
the right sideof the wedge is assumed to be at a constant pressure. The radius of the wedge is large
enough that the impact of gas leakage over 100 years does not reach the boundary in any of the
simulations in this work. The top of the model is assumed to be at aamingressure representing the
atmosphere.

5.4.2 Input data

There is uncertainty associated withet input parameterdor the numerical modelWe attempted to

collect all the available data to constrain tparametersand use best assumptions from the literature

The goal of this simulation exercise is to conceptualize a risk assessment framework for well leakage in
the study area. Thereforéhe focus of the simulation study was placed on the impadhefpresence of
various gas sources in the system and thmest sheath damage, indicating the permeability of the
leakage pathwayA more comprehensive sensitivity analysis of the impact of the multiphase flow
parameters on welleakagecan be found in the literature (Nowamooz et al., 2015; Rice et al., 2018;
Rea@n et al., 2015).

Based on the stratigraphy and the gas shows during dr{llimgv.dinoloket.n| EBN Gas Shows database,
retrieved Jan. 2021 three potential sources dfee gas were identifiedthe Slochteren Fanation (main
reservoir), Organicich clays (OC), and tligreda FormatiofBRD). The gas saturation in the reservoir is
approximately 80%SGS Horizon BV, 2Q1Blowever, the saturation is uncertain in tliemainingtwo
potential gas source¢The organigich clay and the Breda FormationjVe used 10% and 60% gas
saturations for both sources to investigate the impact of the uncertainty in saturation. The permeability
of the shallowsources (OC and BRMas also changed by an order of magnitude to quantifyitigact

of the uncertainty.The cement sheath was considered to be mildly or extremely dam&gesikd on the
recent analyses in the literaturayerage cement sheath permeability 0 md is at théop of the range

of the measured or inferredialuesin wells (Gasda et al., 2013; Kang et al., 2015; Tao and Bryant, 2014;
Moghadam et al., 2020; Moghadam et al., 2021). Therefore, an extremely damaged cement sheath is
assumed to have a permeability of A@nD. A mildly damaged cement sheaith assigned an average
permeability of 1 n.

The simulation domain is initialized assuming allfdvenationsare fully saturated with water, except 1

to 3 formations that potentially contain free gas (depending on #imulation case). The water gas
contact in the reservoir is below the base of the model (only gas cap is modelled in the reservoir). The
initial pressure in the entire model was hydrostatic, except the caprock and the reservoir. The caprock in
this field B over pressured bgpproximatelyll MPaand is modelled as an ultlaw permeability porous
medium The reservoir was initialized at gxpected abandonmenpressure of 6 MPa, likely in 2023.
Methane is assumed to be dissolved in water in all the forometi except the freshwater aquifers (Boxtel

and Peelo)In total 25 cases were consideredl imulations were run for 100 years after the start of gas
leakage.
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5.4.3 Sensitivity analysis results

Cases 1 to 8ssume the reservotp be the onlysource of gaslhe results indicate that methane does not
escapethe reservoi through the cement sheathas long as the reservoir pressuresigficiently below
hydrostatic Due to the depleted pressure state of the reservoir, water from the caprodkpermeable
overlying formaionsflowsinto the reservoir through the cement sheatsome water will alsélow from

the caprock to the reservoir directly but is ignored in this studyje water leakage into the reservoir
increasethe pressure and water saturation around thell. Figure5-17illustrates the pore pressure and
water saturation at the top of the reservoir after 1§@ars. For the extremely damaged cement sheath
the pressure near the wellbore increadsy 500, to 6500 kPa anble water saturation increassto 0.45

from 0.2. Thispressureincrease is relatively small and should not lead to adverse effects near the
wellbore. The results overall indicate that even for a highly damaged cement shdathladepleted
reservoir is not a major risk for gas leakage. Buoyancy, diffusion, and localized pressurization are not
strong enough to counteract the large downwardgsure gradientrenderingupward gas flow unlikely.
However, for this tde the case, the reservoir needs to be sufficiently deplet@d.have included more
detailed discussionn gas flow out of a depleted gas zone in #mpendixD.3.1
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Figure5-17: Pressure and water saturation at the top of the reservoir after 100 years.

Cases 10 to 19 consider both the reservoir amel ©rganieich clays (OC) to be sources of free gas. The
reservoir is set to its abandonment pressure of 6 MPa for all the OC related cases. A point of uncertainty
for the OC layer is the gas saturation. We considered gas saturations of 10 and 60%stigateséts

impact on the leakage rate, while critical gas saturation for the OC layer was assumed to be 10%. At 10%
gas saturation the leakage is entirely due to diffusive flow. Only when gas saturation in the OC layer goes
above the critical saturatiorbulk gas flow can occur.

For the bulk phase flow, the cement permeability becomes the dominant parameter controlling the
leakagerate. Figure5-18 illustratesthe leakage rate into the atmosphere and the Peelo aquifer for the
mildly and extremely damaged cement sheaths. The results show a higher leakage rate into the Peelo
aquifer compaed to the atmosphere. Mild cement damage leads to small stestale leakage rates, 24

and 8 kg/year for the Peelo aquifer and atmosphere, respectively. The extremely damaged cement sheath
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shows significantly higher leakage rates, 3400 and 800 kg/yearthforPeelo and atmosphere,
respectively. In total, 4200 kg/year of methane leaks into the aquifer/atmosphere system.

Leakage into the Peelo Aquifer Leakage into the atmosphere
1.00E+04 1.00E+04 £
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Figure5-18: Methane leakage rate into the atmosphere and Peelo aquifer for mildly anehesly damaged cement sheatt
(cases 12 and 16

For context, the MOM2 well in the Netherlands had an estimated leakage rate of 3880 kg/year into the
atmosphere (Schout et al., 2019). Boxtel aquifer does not show significant accumulation of methane in
any of our simulations. Most of the methane thatters the unconfined Boxtel aquifer escapes to the
atmosphere. Therefore, there is minimal methane accumulation in the formation.

A similar analysis is conduced assuming Breda Formation is the source of free gas. Cases 20 to 25 cover
various scenarios paining to the Bredd&ormation.Figure5-19 showsthe methane leakage rate in the

Peelo aquifer for several cases that assume a mildly damaged cemeniediame rate into the
atmosphere is not shown as the values are too small (less than 10 kg/year). Case 20 assumes a gas
saturation of 10%, which is below the critical saturation. No leakage is observed due to a lack of bulk phase
flow in gas. Gas saturati in case 21 is 60% which leads to a leak rate of 115 kg/yr. Case 22 considers a
permeability of 10 md for the Breda Formation, up from D.nihe increase in permeability only increases

the leak rate from 115 to 124 kg/yr. This is consistent with theltegtom the OC analysis, that source

rock permeability does not appear to increase the leak rate significantly. This is likely due to the fact that
the limited cement permeability is choking the gas leakage. Case 23 assumes both an increase in
permeability and a 10% oveasressure in Breda Formation. The leakage rate in this case increases to 330

kalyr.

Overall, the mildly damaged cement shows a higher leakage rate from Breda Formation compared to the

OC formation with an approximately fifeld increase rf Y 3SR FNBY wnQa G2 wmnn | 3k
distance between the source and the surface is expected to increase the leakage rate. Another factor is

the lack of intermediate formations between the Breda and the shallow aquifers. Presence of shallow gas

is moredetrimental if no permeabléormations exist between the source and the aquifers to act as a

buffer.
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Figure5-19: Methane leakage rate in the Peelo aquifer for the mild cement damage assuming Breda is a gas source (
to 23).

5.4.4 onclusiors

The following conclusions can be drawn from the numerical modelling of gas leakage along an abandoned
wellbore:

Theleakage is fundamentally balanced between the capacity of the source to leak, the capacity of the
cement sheath to transport, and the capacity of the aquifer/atmosphere system to receive the leaking
gas. Depending on the parameters of the system, one afatiaks in the flow chain can be the controlling

one. In the OC case, the cement sheath permeability plays the dominant role in controlling leakage. At a
high cement permeability in the Breda case, the source permeability plays the dominant role.

Gassource
Ahighlydepleted reservoir is not a likely source of gas leakage, as laheg aas flow potentia{defined
ask 0 " "Qct the top of the reservoipressure is belowthe gas potentiabf the closest aquifer

overlyingthe caprock (please refer téppendixD.3.11.2). Based on our results for th&roningen
reservoir in the region of study gas pressure must be ab@® MPa for leakage to begiAdpendix
D.3.11.2). Considering the abandonment pressure of 6 MRareservoir in the Groningen field will not
be a likely source of leakaggioyancy and diffusion are not sufficient forces againsttessure gradient
(across the cement sheatbetween the reservoir and thehallow aquifers)if the reservoir is sufficiently
depleted It is more likely thatvater moves into the reservoir through a damaged cement sheath.
However, this should not lead to reservoir pressurization due to high compressibility oSmader
depleted reservoirs with an active watdrive that can repressurize the gas after abandonment could
still become a leak source.

Cement damage anthe gas source
For a mildly damaged cement sheath with an average permeability @, Jalhscenarios show relatively
low levels of gas leakage. The highest value in cases 1 to 9 was 31 kg/year, well bedge amissions
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of a dairy cow (100 kg/year). When the cement sheath is extremely damaged (DO@verage
permeability), methane flow (biogenic or thermogenic in origin) into the freshwater aquifers is likely. If
the gas source isufficientlydepleted, the magnitude of the leakage is expected to be small (under 20
kg/year) with a plume extending up to 20 m away from the well after 100 years. The source of gas will
likely be dissolved methane in the underlying formations, not the gas from the target r@servo

If the reservoir and the caprock are at hydrostatic pressure (a case for new/active leaky wells), extreme
cement damage can lead to significant methane leakage into the atmosphere and aquifers. In this case
methane plume can extend hundreds of meters avieym the well after 100 years. Free gas can
accumulate at the top of the Peelo aquifer. The warase scenario indicates a leak rate of a few tons of
methane per year into the atmosphere and aquifers.

Shallower formations

Presence of gas at hydrostaticessure in formations shallower than the target reservoir can lead to
methane leakage along the damaged cement sheath. Shallower gas sources at or above hydrostatic
pressure can lead to higher leakage rates due to the shorter travel distance. Gas satirdtie shallow
formation has to be above the critical saturation to lead to significant leakage (due to advective flow).

The majority of the leaked gas will be stored at the base of aquitards making them suitable locations for
sampling. Unconfined aqeifs such as the Boxtel Formation will not store significant amounts of the
leaked gas. Permeable intermediate formations between the source and aquifers can act as gas storage.
Natural groundwater flow in aquifers can change the extent of the methane pintheir direction, while
reducing the size of the plume in the opposite direction. The quantitative impact of groundwater flow is
not studied in this work. Lack of permeable formations to store the leaking gas can also increase the
ultimate leakage intahe atmosphere and aquifers.

Monitoring

Water sampling should be done at the top of the deepest aquifer, as close as possible to the wellbore
(ideally less than 100 m, and no more than 500 m). The sampling should be done in the direction of the
groundwaer flow at the well location for more concrete results.
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6 Recommendations for quantitativezard &risk assessmernd

monitoring

Building on the work carried out in KEM which has been described in the previous chapters 4 and 5, an
approach will be prposed for the quantitative hazard and risk assessment of pressure and stress re
equilibration after the production of gas has stopped and the related facilities have been abandoned. Also
preliminarymonitoring strategies will be recommended, in particular for the pressure evolution in the
deep subsurface, leakage of methane in the shallow subsurface, and seismic or aseismic ground
movement.

The risk assessment focuses on the following undesired sjrergions with abandoned gas fields:
9 Pressure redistribution as a consequence of depletion of gas reservoirs
1 Vertical migration of fluids to shallow aquifers and surface water
o Viawells
0 Via geological pathways
1 Ground movement
0 Subsidence andplift
0 Induced seismicity

These physical processesuld lead to darageto built-up areas oiinfrastructure to quality of potable
water resources or tinterference with othe productionor storage activities in the subsurface.

Quantitative modelling work including sensitivity analysis has been flon@essure redistribution, fluid
migration along wellssubsidenceand, to some extentfor seismic ground movement. Conceptual models
hawe been defined for migrationlang geological pathwaysut no quantitative modellinglnterference

with other subsurface activities was described in qualitative terms. This implies that the recommendations
for further development of approaches for quantitee hazard and risk assessment work starts at
different levels of maturity for the individual items listed above.

The quantitative modelling work in the KEI project dealt primarily with characterisation of the hazards
and much less on the resulting dage to buildings and other infrastructure, to the quality of potable
water and to undesired interference with other activities in the deep subsurface. This will require
particular attention in the recommendations. Also the-joefinition of suitable assement time frames

and assessment metrics will be touched upon.

Outcomes of the recommended regional quantitative assessment and monitoring are meant to inform
companiesand other organisationsvho are active in performing subsurface production or storage
activities or intend to do so in the future. It is of particulaterest to entities who are involved in
subsurface activities within the Area of Influence of past mining activities, e.g. gas production. When
assessing the HSE footprint they will need to take the-tengm mechanical or hydraulieffects of past

gas poduction activities into account. These companies may be active in production of geothermal
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energy, energy storage, storage of natural gas,d@ydrogen production of oil or gas or salt extraction.
Results from the regional assessment and monitorimg also relevant for people living in the
neighbourhood.

The recommended assessment work is relevant for the Ministry of Economic Affairs and Climate Policy
and the StateSupervisionof Mines in the Netherlandsto develop policies and regulation for the
management of past subsurface production and storage activities and the development of guidance for
new subsurface activities in the Area of Influence of past subsurface production or storage. The
recommended asssment of past mining activities is of specific interest for the development of an
approach for seismic hazard and risk assessment of geothermal operations.

Other stakeholders are representatives at the provincial and municipal levels as well as ntgrest i
groups and individuals.

6.1 Pressure redistribution and lateral migration

The quantification othe pressure redistributiordue to lateralmigration of fluidsn the deep subsurface
as a consequence of past gas production plays a central role mataed and risk assessment as it feeds
into several other parts of the quantitative evaluatiomgludingground movement and interference with
other subsurface activities.

Figure6-1 shows the workflow proposed for the assessmehthe regional pressure redistribution after

the abandonment of producing gas reservoirs. This work builds on the outcome of the sensitivity analysis
(depicted with A), the radts of which have been describedS$ection5.1. The outcome of this analysis is
used in other parts of the hazard and risk assessment (indicated with B).

Uncertainty
Define regional Modelling input:
model concept * Parameters
with uncertainty * Boundary
Define key propagation: conditions
modelling * min-max * Ranges/
uncertainties * pdf probabilities
* Assumptions

Numerical history Numerical forecasting Regional pressure

a A Match A . .
matching of regional + of regional reservoir evolution

reservoir pressure pressure uncertainty uncertainty

Aquifer pressure
monitoring data

Figure 6-1 Proposed workflow forhe quantitative assessment of regional pressure redistribution in the deep
subsurface with input from the sensitivity analysis in the KBMroject (A) and output to the assessment of vertical
fluid flow, ground motion and interference (Bpw diagram gmbols are explained ippendixA.

A first preparatory decision is to be taken on tkey uncertaintieso be included in the quantitative
modelling. These wilit leastinclude the permeability of the aquifers, the faujisoperties position,
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orientation, permeability)the positionand typeof the model boundariesand the presence of gas. The
modelling concept will build on the approach developed for the sensitiviayyais. A challenge is to define

a pragmatic approach for the propagation of the uncertainties in the quantitative modelling. The history
matching should preferably incorporate pressure monitoring data in wells transecting the aquifers
adjacent to the gageservoirs. The outcome of the pressure evolution modelling with propagated
uncertainties is used as input for the hazard and risk assessment of fluid migration and ground movement
(seeSection6.2and6.3).

The metrics to be produced include pressure related parameters like pressure (P), preggu@ deA 2y 6kt 0
YR NBftFGAGBS LINPfar diffizieds tinfe Steds & eyl to oeint@ial time scales. Time

scales could extend to several centuri€nly very little repressurization of the Groningen gas field is
expectedon a time scal®f up to 500 yeargup to about 10 baraveraged over the gas resenjpihusa

steady state conditiomvith pre-production pressure distributioin the gas fields only expected to occur

on geologicalttimescales.The rate of pressure change will decrease with time angs ttmoritoring

frequency can decreas@d o express theincertainty, one could represent pressure values fap, Jso

and/or pyo or more simply pin, Pav, Pnaxdepending on the approach to express uncertainty.

The proposed workflowand metricsfor regional analysiprovides insightin the regionalhazard
distribution anduncettainties, howeverfor local analysishese results ardikely to betoo coarse. At the
local scalemore detailed analysis is required including the information from small gas fields in the vicinity
and a more detailed representation of fauliheresults from the regional workflow can be used as input
for the local scalein particular for theboundary conditionsAn exampleof a smaller regiomequiring a
local model ighe Southern Lauwerszee Tigh The aquifer in this area has fdarriersin north-south
direction and appears tdeplete both due to theGroningen fieldand the small gas fields in the west
(Roden, Vries and Pasop)ithough ismicity has been observed the aquiferin this area it is not
unequivocally cleathat they can all be attributed to the pressure drop in the dgu (see Sectiorb.3).
The model are@ould be bounded on the ebby the Groningen fieldwhich can serve as a tinvarying
pressure boundargondition. To the north, the venfow permeable fault between the northern and
southern Lauwerszee Trough can be used as boundary conlitidil 2020)To the west, the small gas
fieldsand the gas storage site Nosbould be included and history matchedthough thecoarse model
used here did not show depletion from the Groningen field near Ntothe near future, a more detailed
study including the depletion from the small giéaslds, could lead to more certainty on this topithe
south boundary can probabbe the bounding fault of theAnnerveen fieldbut this requires some further
investigation.For other locations, differenthoices for the boundary conditionsvill be appropriateand
additionaldata collection may beequired, for example to the east of the Groningen field
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6.2 Fluid migration to biosphere

Past gas production activities may trigger the vertical migration of fluigspatural gas, along geological
pathways or wells and influence the quality of potable water in the shallow subsurface or at the surface.
The current assessment is restricted to the incremental effects of gas production. Quantitative modelling
work has ben done for migration of fluids along well, the results of which are present€thapter SFor

the migration along geological pathways conceptual models have been developed but which have not
been quantitatively assessed. So the starting points for defimecommendations for quantitative
assessment of migration along wells and geologiattiwaysdiffer strongly.

6.2.1 Fluid migration along geological pathways to biosphere

A quantitative risk analysis for fluid migration to shallow freshwater aquifechdéenging since the
assessment of the magnitude of the consequences is associated with large assumptions about migration
pathways and associated with many unknowhds easy to discard the probability of fluid migration to

be insignificant based on not Wdounded ideas about the processes at play and properties of the seal
and rock sequence. Therefore, there is a danger that biases, beliefs or ruling theories are adopted if the
hazard not elaborated further. To identify the actttaleats and the potential impacts it is advised to first
further develop a conceptual model of potential pathways with a team of exgesta different fields
Thisreduces the chanchat potential threatsor impactsare overlookedall potential pathwayare taken

into accountand a validated hypothesis is formulated

Conceptual models of fluid migration along geological pathways for the general Groningen setting have
been described and illustrated with graphs and fault tree diagram€hapter 4and Appendix B.
Subsequentlyafault tree analysis can be progressed and consolidated out which describes the sequence
of events and conditions that need to be fulfilleefbre undesired consequences take place. This intuitive
way of representing the different steps failure aid in the identification of preventive and mitigation
measures and the design of a monitoring strate@ge Section 6). In addition, byassociating
probabilities to the different events a semuantitative estimate can be made of failufeurther details

of the fault tree analysis method are AppendixB.

This represents the starting point (CRigure6-2) for the recommendations for quantitative hazard (and
risk) assessment oiuiild flow to shallow freshwater aquifers or surface water.

After consolidation of the different potential geological migration routes for fluids which have been
identified in this project, it is suggested to select the plausible and most critical patherags indepth
sensitivity analysis of the migration and leakage hazard. An example workflow is presented in the upper
part of Figure6-2. In case scenarios with significant leakage hazard have been identified, this could be
followed up by a systematic regional quantitative assessment of the leakage hazard and its consequences
for groundwater quality (see lower part &fgure6-2). This might for example be the case in areas with a
very thin (<50 m) or absent rodalt seal. Th@utcome of the assessment may indicate areas with a
significant geological leakage hazard where monitoring of methane concentration could be beneficial
Suitable assessment metrics in line with existing rules for compliance need to be ¢efirsd could
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includemethane leakge rate,saturation or another concentrationdrm and plume extenfor different
time steps Agreement should be reached on the time frame to be considered

Regional
characterisation and
screening of CH,
sources and

Evaluate and
select potential
migration
pathways with

Define model
concept for
sensitivity analysis of
CH, migration along

Numerical modelling
of sensitivities in
migration along

geological pathways Identify key
uncertainties

geological pathways

E fault tree analysis
in overburden

geological pathways

Uncertainty
Modelling input:
* Parameters Numerical forecasting
* Boundary of CH, migration along
conditions geological pathways
+ Ranges/ with uncertainty
probabilities
* Assumptions

Define model concept
for CH, migration along
geological pathways
with uncertainty
propagation:

* min-max

* pdf

Hazard assessment of
methane rates and
concentrations

CH, footprintin
fresh aquifers
with uncertainty

Regional hazard
map of CH,in
fresh water
aquifers with
Aol

Fresh water CH,
monitoring data

Figure6-2 Flow diagram for the hazard (and risk) assessment of fluid migration along geological pathways to shallow
fresh water resources or to surface water. The upper part depicts a flow diagram to identify main uncertainties in the
hazard of fluid migration and leakage along geological pathways. The lower part shows the optional workflow for
guantitative assessment of the leakage hazard as a result of migration along geological pathways. Aol = Area of
Influence

6.2.2 Fluid migration alag wells to biosphere

In Chapter 5 the main outcomes of the quantitative modelling of fluid migration along wells and leakage
to potable water resources have been present&te results show there are scenarios in which methane
leakage is possible and contamination of uppeugiwater bodies could occur that are used for drinking
water and spray irrigation. In these cases, groundwater monitoring should be carrié8uslding on this

work a workflow for the quantitative hazard and risk assessment of methane leakage is recdednen
here.

It is proposed to do a screening of all wells which were drilled for gas production purpbseapproach

with fault tree analysis for migration along geological pathways could be applied to the screening of the
well barrier elements as welPdential sources of methanand fresh water aquifers and surface water
near wells need to be characterized. The stygsented in this report, has revealed that shallower
sources of gas pose the main risk, particularly if they are normally pressuredrgregsurel and above

the critical gas saturation fadvectiveflow (see upper part dfFigure6-3). Furthermore, the number and
properties of thepermeale intermediate formations between the fresh water aquifer and the source,
and the confinement of the fresh water aquifer are to be specifiddntifying the locations with shallow
sources of gas camarrow downthe number of welland locationsn need of further analysis.
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Once the potential gas sources are identified, sieal integrityof the wells can be evaluatazh the basis

of the description of the well barriers (cement and casing quality) and indications of fluid migration like
sustainedannular pressures, fluid losses efault tree analysis for well related pathwaysy support

this exerciseThis can provide a list of higisk wells that demand a closer attentigiue to the presence

of shallow gas angotential well integrity issuel possiblyrequiringmonitoring and/or remediationA
pragmatic approach for qualitativer semiquantitative assessment of lealge hazards from wells is
providedby VanOort (2022).Based on an example from literaturdely suggest t@core theoverall iisk

level ofindividual wellson the basisof a number of risk factorand map these geographicalkx.more
guantitativeprobabilisticrisk assessmeratpproachhas been recommendefdr wells with high risk level

and scarce data

The quantitative assessment could start from the modelling approach which has been described in
Chapter 5. Afterspecification of the uncertainty ranges and distributions, the modelling could be
performed for specificcasesof loss of well integrity, methae sources and aquifer geometriebhe
outcome could then be presented in maps with well leakage hazards (see lower pagtig6-3). A large

part of the work, i.e. characterisation of methane sources and aquifer geometries and properties, could
be lined up with similar work for migration along geological pathways described in the previous section.
The proposed metrics for leakage to potable ground watee similar to those proposed for leakage
resulting from migration along geological pathwaygell-abandonment solutions have a finite lifad
probabilities of future failurehat need to be considered if wellbore migration modeling shows there can
be consequential impacts to receptors.

Monitoring of shallow groundwater could aid in calibrating and testing of the numerical mdsiets.
place for water sampling is the top déepestconfined aquifer as close as possible to the wplto 100
to 300 m away in the direction of groundwater veloci#y similar approach could be deployed for
monitoring of leakage via geological pathways.
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Figure6-3 A workflow for quantitative assessment of leakage hazard from fluid migration along wells; Aoi = Area of
Influence
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6.3 Graund motion

Past gas production has left pressure and stress footprints in the deep subsurface which may trigger
STF¥SOUa G GKS SINIKQa adzNF I OS Apprhaghedifdt thesquadtitaive | & S A ¢
assessment of both processes will be elucidated below.

6.3.1 Subsidence and uplift

Thegeneralconclusion from the quantitative modelling work presentiadChapter 5 is that thexpected
additional subsidencefter abandonment of the gaseservoirs is limited and hardly anyplift is
anticipatedabove the gas reservoirs themselv&hesmall amount ofanticipated upliftis related to the
smallamount of expected pressure increadering the pressure equilibration process.

Building on the findings from the preceding sensitivity analysiafigure6-4) the main uncertainties for

the probabilistic modelling, e.g. aquifer compaction coefficients, need to be characterized. Uncertainties
in the pressure depletion are transferred from the pressure redistribution modelling Fgirre6-4),

which is described in a previous section of Chapt&dnpactiorand the resulting stress fielare input

for the assessment of fault ractivation (Y irFigure6-4; see next section). bhitoring data, e.gInSAR
satellite data, are key to constrain aifgr compaction and resulting stress changes.

Compaction and
stress field

Uncertainty
Define regional model Modelling input:
concept for subsidence * Parameters Semi-analytic Regional
and uplift with * Boundary forecasting of regional characterization Hazard assessment of

uncertainty propagation: conditions subsidence or uplift of subsidence subsidence and uplift
Identify main * min-max * Ranges/ with uncertainty and uplift

uncertainties * pdf probabilities
* Assumptions

Hazard map of
subsidence and
uplift

Insar data

Figure6-4 A proposed workflow for the quantitative assessment of vertical aseismic ground movement above gas
reservoirs after their abandonment

Theassessment metr&includethe rate of vertical mosment and cumulative moveme ¥ (G KS S| NIi K
surface for different time step#\ decision hat be madeon the time window of inteest. The pressure
redistribution hasnot yet equilibrated after 10§ears. One may consider a longer time window, which

would be closer to a new pressure equilibrium and higher values for vertical ground movement. In
addition to the rates in movement one may also express the outcome as horizontal gradients expressing
differential movements.
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6.3.2 Induced seismicity

Quantitative modelling of the seismic hazard and risk as a consequence of gas production is a complicated
matter, even in cases with ample passive seismic monitoring data like for the Groningen gas field. Little
dataare available to constrain the hazard of induced seismicity in or near depleting aquifers adjacent to
gas reservoirs. For that reason the modelling of induseidmicity in Chapter Bas beerreduced to the

hazard of fault reactivation, which is an inditar of the seisnic hazard. In the assessment of fault re
activation in the adjacent aquifers and accompanying seismicity the following risk factors are to be
considered:

1 Initial criticality of the stress field

9 Friction parameters of faults in the watbeaing aquifer
1 Larger than expected pressure depletion

1 Unmapped faults

1 Model step from reactivation to seismicity

In the recommended quantitative hazard (and risk) assessment of induced seismicity after abandonment
of producing gs resevairs the following paameters with their associated uncertainties are to be
included(upper part ofFigure6-5):

1 Virgin stress
9 Elastic moduli
9 Faultproperties:
9 Distribution,
Density
Orientation,
Offset

Frictional properties

= = =4 =4 =9

Permeability,
1 Rupture behaviour

An analytical modelling similar to the sensitivity analysis of faudatévation (Chapter 5) will propagate
the uncertainties to the regionaldzard of fault reactivation. Seismic monitoring data from the aquifers
will be used to constrain the model output (see lower parFaure6-5). The maelling of reactivation
further requires input from the modelling of pressure depletion, compaction and stress distribution (B
and Y inFigure6-5). Suitablemetrics for the quantitative assessment of fault-extivationare the slip
tendency (atio of shear and normal effective stresses on a fault) and the shear capacity utilization (
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of shear stress and critical shear stressa fault)for selected time stepsA decision hato be made on
the time window of interestfter ceasing gas production.

Geological and reservoir
characterisation in areas
with expected high

pressure depletion:
* Fault dip and offset

Characterize
key
uncertainties

Uncertainty

Define regional model Modelling input:
concept for fault re- * Parameters Analytical 2D Regional
activation with * Boundary modelling of fault re- characterization Hazard assessment of
uncertainty propagation: conditions activation with of re-activation re-activation
*  min-max * Ranges/ uncertainty potential
* pdf probabilities

* Assumptions

Hazard map of
fault re-
activation with

Aol (indicator of
Seismic seismic hazard)
monitoring data

Figure6-5 A proposed workflow for the quantitative hazard assessment of fadictivation as an indicator of
induced seismicity; Aol = Area of Influence

Expansion of the hazard assessment of faetactivation to a full probabilistic assessment of seismic risk
(damageresulting from induced seismicjtyvould require a lot more wrk, which requires the inclusion
of the following aspects (e.g. TNO, 2020):

1 Nucleation of seismicity at a fauilt

1 Propagation of rupture along a fault;

9 DNRdzyR Y2dA2y Ay RSSL) ddzoadaNFIF OS LINRLI I GAy3

i Damage to building&ollapse);
1 Human safety{probability of lethal accident)

The procedure that is currently uséar the risk assessmefior seismicity in Groningen can be uded
this purpose buit needs to be filled with specific information for the aquitbat isthe subject of the
present study.

6.4 Interference with subsurface activities

In or near areas with past gas production activitieew subsurface activities may be deployed like
geothermal energy productioar gasor hydrogenstorage inporous/ permeable(sedimentaryyocks or
gas, compressed air biydrogen storage in salt caverns. Thesaynmterfere withthe pressure and stress
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footprint and abandoned well infrastructure left by earlier gas production and the resulting hazards of
fluid leakage subsidencer induced seismicity. As geothermal energy production witnesses an enormous
interest and growth in the Netherlands, the foowdl be on the interference with geothermal enerdyor

salt cavernswhich can causesubsidenceit is recommended tanclude subsidence fromany nearby
(abandored) gas fieldsin the evaluation ofpotential subsidenceFor storageactivities interferenceis
possible with respect tinduced seismicity

In the possible interaction between geothermal energy production and past gas production two possible
effects are considered here, which are the mutual effects of geothermal energy productiomean gas
production on the level of seismic hazard and on the hazard level of fluid leakage.

6.4.1 Geothermal energy production and seismic hazard

Geothermal energy production in closed loop systems leads to changes in temperature, and in open
systems to a local change in pressure and temperature near the production and injection well. In particular
the cooling effect of the injected brine on the ess state of nearby faultsustbe evaluated The final

effect requires the incorporationf the stresschanges induced earlieWWe suggest to definean Area of
Influence(Ad) both for the altered stress state near faults afaf the expected alteration®f stressdue

to the geothermalactivities.The Aols can be made time dependent aither canbe deterministic or
probabilistic.Construction 6the hazardmap of fault re-activation inFigure6-5 can then be focused to
where these areas overlaff the Area of Influence of a geothermal project overlaps with g&i2 ¢r3D)

Aol resulting from former gas production, the geothermal progeteloper needs to take the pressure

and stress effects of former gas production into accodntriterion for defining the Area of flaence

could be a threshold value for the stress chanfee threshold values fatefiningthe Areas of Influence

need b be definedTheidentification offault reactivationhazard in the overlap of the Areas ofllrence

can be done by assessing &l tendency or theshear capacitytilization in those regions.

6.4.2 Geothermal energy and hazard of fluid leakage

Geothermalenergy production may also interfere with fluid migration and leakage as a i@Saltmer

gas production. When existing gas production wells would besesl for geothermal energy production

this may directly interfere with fluid migration along wells and leakage to potable water resources. The
recommended regional assessment of the dralzof leakage via wells described in a previous section of
Chapter 6, identifies wells with a significant hazard of fluid leakage. A geothermal project developer
should address this hazard andinstate the sealing integrity of the well if necessarystixy or new

wells that transect faults which could act as a fluid migration path (see previous section in Chapter 6)
should undergo precautions to prevemhintended fluid migration along the well.

Plumes of methane may develop in shallower aquifers altbeaock salt as a result of fluid migration
along wells or geological pathways, which may also be target reservoirs for geothermal energy production.
Theseplumesmay be represented as Areas of Influentiee production and injection activities assocthte

with geothermal energy production may mobilize (part of) these plumes. Geothermal projects in areas

KEM19: Evaluation of posabandonment fluil migration and ground motion risks in subsurface
exploitation operations in the NetherlandsPhase 2



TNO Deltares 73/ 161

with possible presence of methane plumes need to evaluate the increased hazard of fluid leakage to
potable water resources.

When geothermal wells arglamed near an abandoned welhere may be some risk gfasleakage
interference between the abandoned and new geothermal wéflthere isa hydrostatic source of gas
below the geothermal target, there is @ossibilityof gas leakage into the aquifer. Tle&tent and the
severity of the plume largely depend on thievel of cement damage and aquifer permeability. The
simulations irsection 5.2ndicate that the extent of the plume will likely be limited to 500 aweaym the
well (a conservative estimatearticularly for a deeper aquiferOperating a geothermal producarithin
500 m ofan abandoned well magad toa small amount of methankeeing praluced with the hot water.
Adding an injection well near the abandoned weky interferewith the plumeshape and reduce the
leakage rate due to an increase in aquifer pressure near the abandonedgetithermaldoublet design
should not include aabandoned well between the injector aride producer.

6.5 Monitoring strategies

A good monitoringstrategyfollows relevantprocessesn time which makesit possible toact timely so
that the occurrence ofundesired events can be mitigatedor prevented This Gapter discusses a
monitoring strategy for each of the main issues related to reservoir abandonment discussed in this report.
It shouldbe realizedthat this monitoringstrategyis basedon the currentpractices and wilprobably be
suitable for the cominglecadesThe risks associated withandonmentare expectedto be presentfor
at least several hundreds gEars In the meantime global and climate changes will occur that auet
known yet:is it under the conditions that will b@resentat that time still necessary tmonitor and
mitigate risks concerning seismitazards subsidence and leakage to the shallow aquifets?s
recommendedo update the monitoring strateggvery decadé¢o keep updated on the current use of the
subsurfaceor more frequenly if monitoringresultsso indicate

The proposed strategies presented here preliminaryas robust monitoring strategies wouldllow the
guantitative risk assessmenitscluding acceptance criteria, ceisenefit tradeoffsof monitoring and the
intervention designsAt the same time somia-situ monitoringin wells need to be considered nowfbes
the abandonment is realized.

The outcome of the risk assessment informs the design of monitoring systehsh together help
defining interventioms to prevent loss of control or tmitigate the consequencda line with Part 3 of the
ISO risk manageent processin this manner the main elements of bowtie risk managemsitit have
been addressed.

6.5.1 Monitoring strategies for lateral fluid migration

Lateral fluid migration results in pore pressure changes in the reservoir. These changes at depily can
be monitored directly through dedicated pressure sensors at the bottom of the abandoned gaswells
in dedicated observation wellSuch a network of pressure sensors would deliver valuable information on
the actual response of the reservoir sbandnment andwould also alert to anomalous values that
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indicate processes in action that may lead to undesired consequektmstoring locations should be
focused on wells that are in or near the surrounding aquifers of the gas field. Monitoring in ab@nhdone
gas wells will mostly show the response in the gas reservoir, which is relatively insensitive to changes in
pressure in the surrounding aquifers. Locations for monitoring could be based on the locations where the
largest uncertainty in the future pressihas beenidentified. The simulated range in pressureRigure

5-5 shows this to be in souttvest andon thenorth side of the Groningen fielélore detailed simulatiors

are required to refinghe pressure predictions and optimize the monitoring strategy.

Apart from measuring the pressures at the base of the abandoned wells, an indirect signal of fluid
migration isexpected to show up in verticamovements at surface levelThese can be accurately
monitored with INSAR satellite measurement$hese measurements can be used to incretse
understanding of the reservoir and iilsterconnections andcan be used for model calibration so that
future effects of reuse of the reservoir can be better predicted.

6.5.2 Monitoring strategies of ground motion and seismicity

At present, the KNMhonitoring networkin Groningen consistsf 23 acceleration stations,07bore-hole
stations withaccelerationand geophones, and 8 bofele stations with only geophones. Tipisesent
monitoring network can register seismic events with a magnitasiéow as 0.5 (KNMil) andis designed

for the gas field in productiorSincethe largest pressure equilibration in the gas zone takes place in the
first 20 years after closure, it is recommended to keep this monitoring resolution during this period and
to compare to predictions.

The monitoringstrategy after this first period shadidepend on theesults until that time anan the aim

of the monitoring. If the purpose of the future monitoring is to accurately follow the evolution of the
abandoned field and to calibrate seismicity predictions, high resolution of monitoring of mdgrit5

could be continued since the effects are expected to be low event rate and low magnitude. To combine
effort, pressure monitoring wells in the aquifers surrounding the gas field could be equipped with
geophones.

If future monitoring is aimed at gistering events that could lead to damage or impact sadetg the
measurements are in line witkexpectations,the sensitivity of the monitoring could be lowered to
magnitude 1.5 Thisis standard in areas in which seismicity can be expeaeaudagnitudel.5 eventis

near what can be felt at grouridvel (knmi.nl). It should be considered to extend tmenitoring network
outside of the outer contours of the field to register seismicity related to equilibration in the aquifers
surrounding the field.

Apart from seismicity monitoring, BAR satellite measurements and analysiesuld be continuedo
monitor ongoing slowground motionafter the abandonment of gas reservoirs.istrecommendedo
embedthe requirenent of such monitoringn regulation.

6.5.3 Monitoringstrategiesor methanemigration along geological pathwagrsd well bores
Methane is naturally present in groundwater bodigdwfzandet al.,1994).To be able to detect an
abnormal increase in methane concentrations due to leakage from alvettigas fields or abandoned

gas wells, the baseline methane concentrations should be well known. Additionally, the natural variability
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(spatial, in depth, and over time) of methane concentrations needs to be known and understood as well
as the geochemicaprocesses that take place in the groundwater that influence the methane
concentrations. Also, other sources of methane leakage may exist in the area like industrial installations,
storage tanks at the surface, and petrol statiohkerefore, a overview ofpotential sources other than

the abandoned gas fields should be made to be able to distinguish an increase in methane leakage from
an abandoned gas field or abandoned gas well.

In Groningen, but also other areas with gas fields present, many groundweataitoring locations have
already been installed by the drinking water companies, municipalities, and waterboards. Additionally, a
provincial groundwater quality monitoring network and a national groundwater quality monitoring
network exist, which consist groundwater wells and sampling and analyses techniques of high accuracy
(Meinardi et al., 2003). The depths of the filters of these monitoring networks is however limited (up to
25 m below the surface). Data from all of the abamentioned monitoring neworks form the baseline
groundwater quality dataset available. However, an inventory should be made of information applicable
to the monitoring location. Are measurements of water quality parameters available or are only pressure
heads measured? And if ditg data are available, are these relevant for the detection of methane? For
the specifications of all the monitoring wells as well as information about the owner of the welsrthe
databasecan be consulted through thBinoloket(www.dinoloket.n).

In the case of well boreslufd migration is mstly expected to pose a threat when gas pockets migrate
upwardfrom under a seadlong adamagedwell bore This could lead tandesired consequence &hallow
freshwater aquifers such as greenhouse gas emisswai®r quality changesr explosion or asphyxiation
hazards.Upward migrating gas can be monitoredth groundwater monitoring wellsn which water
samples are periodically sampledmatiltiple depths.If increased methane concentrations are measured,
an isotope analysis should be used to determine the source of the methane (biogenic or thermogenic).

Theresults of the numerical modeling indicated thaater sampling at the top qthe deepest)confined

aquifers is the best place to detect leakage. The monitoring well should be placed as close as possible to
the wellbore (ideally less than 100 m, and normthan 500 m). The sampling should be done downstream

of the groundwater flowdirection with respectto the well so that an eventual methane plume can be
detected.

The location where fluid migration along geological pathways could lead testeface mehane leakage

is less easy to pinpoinEor some of the levels in the fault tréleat was developed fothis kind offluid
migration a dedicated monitoring strategy for detecting methane leakage could be designed. Such a
strategy could be focusemh the events at the bottom of the fault tree thatvould happen firstimigration

from the reservoir)However, it could also be aimed at the detection of a process to take place just before
they could lead to undesired consequences, in order to takely preventive or mitigative measures.

The first case is suitable if the initiation of a process may likely lead to undesired consequences. The latter
case may be sufficient if the probability of occurrence of an undesired event is low or the consequences
manageable.For fluid migration along geological pathways, monitoring migrating gas near the surface
just before a hazard can take place is considered adequate.

If verticalfluid migrationalong geological pathways would occur, it is only expected to take plageas
above a thif<60 m) Zechstein seah combination with high offset faults that could be-aetivatedand
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the presence of anndepleted or little depleted gasource.In addition, large faults that cross many strata
in the overburden are favordd for migration. In areas that fulfil these conditions, the existing monitoring
network should be extended at strategic locations, suchedew aquitardsunderlyingthe capture zone

of drinking watemwell fields,or in groundwater flow pathsowards vulnerable groundwater dependent
nature.

Recent developments in remote sensing have made it possible to detect methane emissions into the
atmosphere, such as the TROPOMI satellite (Hu et al., 2018). For large sources of leakage this has proven
to be a valuable tool. However, at present the ground resolution of minimkh#%nd expected relatively

low flux of a potential gas migration compared to the background flux are not expected to be picked up

by this sensor. However, future technologies maybletter suited.
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Appendces
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B Conceptual modelling of geological fluid migration pathways

B.1 Defineelemens of geological pathways

One of the concerns related to the abandonment of gas fields is that fluids can escape the reservoirs and
migrate upward as a consequence of the former production and subsequent abandonment. This could
potentially lead to the contamination of shallow fregater aquifers, the biosphere and atmosphere, and
affect future subsurface use. Tassessvertical fluid migration, first a conceptual model of potential
pathways was developed with a team of experts. Subsequently, the migration pathway in the conceptual
model was translated in a fault tree analysis, which describes the sequence of events and conditions that
need to be fulfilled before undesired consequences would take place.

FigureB-1shows a schematic drawing of the conceptual model. The numbers refarimusstages that

the upward migrating methane needs to pass before it would reach the shallow aquifer and/or the
biosphere/atmosphere. For convenience, the vettigaological sequence is subdivided into eight levels:
1) the reservoir (in this case the Rotliegend sandstone formation), 2) the cap irotkig case the
Zechstein salt formation), 3) a hypothetical deep aquifer, 4) a hypothetical intermediate aqijaad,
hypothetical intermediate (unconsolidated) aquifer, 6) a hypothetical shallow unconsolidated aquitard,
7) a shallow (freshwater) aquifer and 8) the atmosphere. It should be realized that reality is more complex,
with a number of deep and intermediateeterogeneous aquitards and aquifers consisting of alternating
layers with variable permeability, intercalations, fault zones etc. However, for the construction of a
conceptual model working with eight levels is suitable as it allows the descriptionl pfagesses
associated with vertical gas migration.

Below is a narrative of the conceptual model which refers to these numbers. For each stage in the
migration pathway, the conditions that are favorable for fluid migration will be listed, and potential
hazrds that could occur related to these steps.
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FigureB-1.Drawing of the conceptual model of vertical fluid migration from a gas reservoir. Each described stage is indicated
with a number.

Stage 1: Fluigscape from the reservoir

For fluids to migrate upward, there needs to bsaurceand there needs to be migration pathway. The
source is the methane in reservoirs that has been stored there over geologicadates. Therefore, for
fluid to escape frm the reservoir along natural pathways as a consequence of reservoir abandonment,
first new pathways need to be created related to the changed conditions due to abandonment.

Source

Pressures in the depleted reservoir are much lower than virgin conditibms. inhibits upward fluid
migration since pressure gradients will be directed towards the depleted resefTbé resulting
downward counterflow enhances the capillary force of the original tsdgich counteracts the buoyant
force generated by the heiglif the gas column of the depleted reservdihis means that the depleted
reservoir itself is unlikely to be the source and will more likely act as a sink for fluids. Upward fluid
migration resulting from changed conditions due to reservoir abandonmewtisideredmore likelyfrom

little depleted or undepleted fields adjacent to the depleted reservoirs, or in the overlying rock sequence.

Another potential option is that the equilibration of pressures after abandonment results irgtberth

of gas pocketeesultingfrom volumetric expansion due to depressurization and migration ofgasilarly,
gaswater contacts may tilt in response to heablanges. Aa result,gas pocketsnay cross spill points.
This could result in gas migration to spots witheak or absent cap rock that could subsequently migrate
upward.
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The followingconditions favoring migrationf gasfrom a sourcecan be identified:

Undepleted fields adjacent to the depleted reservoir;

Fields at relatively high abandonment pressure;

(Unidentified) Pockets of gas in the rock sequence above the main reservoir;
Presence of spill points near weak seals.

Migration pathway through caprock

The only likely newly formed natural migration pathway through the caprock related to the production
and abandonment of a reservoir is fault reactivation due to the pressure depletion and compaction in the
reservoir. For these faults to form a migrationtipaay they need to be transmissive and cross the entire

cap rock. Earlier studies have shown that faults are only hard linked (i.e. they can be traced above and
below the Zechstein) if the thickness of the Zechstein is less than BlemVeen et al., 20)2The
conditions favoring the formation of migration pathways are summarized below:

Conditions makindaults most susceptiblé¢o reactivation

High offset faults

Differential depletion between both sides of the faults
Highcompaction (highporosity / high rock compressibility)

Critically stressed faults: in this case orientation NSBE

Conditions makindaults more susceptible to permeability creation
Zechstein < 50m (Ten Veen et al., 2012)

Juxtaposition of Basal Zechstein caprockltzl8eren sandstone
(Hunfeld, 2020)

Faults with high offset: the larger the fault the wider the damage zone
around the fault

Hanging wall side of the fault (normal faults)

Strikeslip faultswith undisturbed rock in the fault corf@onson et al.,
2007)

No or little salt along the fault

No or little clay/shale along the fault

Faults extending into the shallow subsurface.

Along and over salt domes transmissive faults extending over laigfé ©
may exist chroot & R.T.E Schuttenhelm, 2R03

It should be noted that the stress conditions in Groningen with a normal faulting regime ando&apic
horizontal stress, no full fault failure is expected, and usually reactivation is limitegstyvoir level
(below the Zechstein).
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Stage 2: Upward migratiothrough high conductive layer

If a source and a migration pathway are both available, it will lead to the upward migration of free gas
into the overlying rock sequence. In this rasgquence the gas will migrate upward through the deep
aquifer until it meets a layer of low permeability, here indicated as the intermediate aquitard under which
gas will accumulate. This upward migration can take place in the porous rock sequencep lutcaigh

a preferential pathway such as transmissive faults that cross the rock sequence. While migrating upward,
methane may come out of solution from the formation water increasing the amount of free methane
This is a self sourcing mechanism which megeleratethe migration process anishcreaseshe volume

and mass of free methane.

Conditionsincreasing the susceptibility for upward migration
High permeability strata

Presence of long transmissive faults

High concentration of dissolvedethane in pore water

Stage 3: Accumulation below low conductive layer

The gas will migrate upward until it is intercepted by low permeability layers. If this happens, free gas will
accumulate and form gas pockets under these layers. These may podéing thazard. In addition,
awareness of potential newly formed gas accumulations is important for the planning of future subsurface
use activities, such as geothermal operations.

Conditions favourabldor formation of gas pockets
Presence of continuousw permeability layers

Stage 4: Upward migration through low conductive layer

Upward migration of the methane can proceed if horizontal expansion of the gas accumulation finds an
area of high permeability, such as a transmissive fault or a spill pamtta discontinuity or lateral
heterogeneity of the low permeability layer. Also, when the buoyancy pressure of the gas column
eventually exceeds the capillary forces in the layer of low permeability gas will migrate upward. As the
gas migrates to more shaw strata, the entrapment efficiency of the low permeability layers decreases
as porosities are higher and stress and capillary gradients are lower.

Conditions favourabldor further upward migration through overburden
Transmissive faults

Heterogeneous or discontinuous aquitards

Build up of gas columns

Stage 5: Further upward migration through intermediate unconsolidated aquifer

The upward migration through intermediate aquifers is identical to the upward migration through deep
aquifers The gas will migrate upward through the intermediate aquifer until it meets a layer of low

KEM19 Evaluation of postbandonment fluid migration and ground motion risks in subsurface
exploitation operations in the NetherlandsPhase 2



TNO Deltares

89/ 161

permeability. This upward migration can take place in the porous rock sequence, but also through a
preferential pathway such as transmissive faults that crosspibrus rock sequence. While free gas
migrates upward, dissolved gas may come out of solution from the formation water increasing the amount
of free methane and accelerate the migration process. Groundwater flow systems will start playing an
increasingly irportant role as the gas migrates into shallower reaches. Hence, dissolved gas will be
advected along with the groundwater flow.

Stage 6: Gas accumulation below shallow unconsolidated aquitard

When the rising free gas encounters a barrier again it wilienulate and form a gas pocket. Eventually,

a gas pocket could form below the uppermost layer of low conductivity, right below or in the shallow
freshwater aquifer. From here, the expanding gas pocket could seep through to the shallow aquifer
through heteogeneities or discontinuities in the low permeability layer. Moreover, if the gas pocket
grows higher, it may overcome the capillary forces and break through the low permeability layer. Faults
are not present in the young and plastic clays at such shalépths.

Apart from the potential of free gas seeping through this layer, diffusion of methane through the low
permeability layer may take place if there is a concentration gradient between the top and bottom of the
low permeability layer. This may resuita flux of dissolved methane into the freshwater aquifer.

Conditionsincreasing the susceptibility for gas to migrate upward through a shallow low
permeability layer

Discontinuity / heterogeneity of low permeability zone

Vertical buildup of gasolumns

Thickness (for diffusion)

Diffusion coefficient (for diffusion)

Concentration gradient (for diffusion)

Stage 7: Gas in the shallow aquifer

Eventually, if all previous barriers have been passed, gas will enter the shallow freshwater aguéer. H

it can escape into the atmosphere where it will add to the greenhouse gas load. In addition, it could
accumulate in confined spaces, such as basements, where it could pose an explosion or asphyxiation risk.
Dissolved methane could lead to groundwatquality changes which could form a threat to
environmental protection zones. Finally, it could form a hazard when it is pumped up in drinking water
wells.
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B.2 Fault tree analysis

As part of the risk assessment methodology, we propose the use of faulhti@gsis. Fault tree analysis

is an intuitive method to represent and analyse the conditions and sequence of events that could lead to
undesired consequences. The method originates from safety engineering such as aerospace and nuclear
power industries. ltwas introduced to groundwater quality related decision making by Tartakovsk
(Tartakovsky, 20Q72013).FigureB-2 shows an example of such a fault tree. In practice they can become
quite complex.

Aquifer contamination

—
Spill occurs

I 1

Natural attenuation Remediation effort
fails fails

FigureB-2. Simplified fault tree for possible aquifer comtiaation (Source: Tartakovski, 2007)

In a fault tree, the basic events that could occur or conditions that could be present in the subsurface that
contribute to undesired consequences are isolated and put in a logical order, and subsequently linked
with Boolean AND or OR operators. The top of the fault tree represents the undesired consequence (also
G2 S@Syié 2N aFIFAESR adldSeoo

The fault trees map the potential pathways to failure (undesired consequence) very intuitively. Advantage
of this is that it spports the design of a dedicated simulation plan that tests the diffetentlsin the

fault tree for consequentiality. In other words, the simulations test what conditions (physically or
geologically) need to be fulfilled to passthe next levein the fault tree. This way, through simulations a

fault tree can be falsified (if orlevelis impossible to take place) or be deemed consequential (potentially
passing the entire sequence lefvek leading to an undesired consequence is physically possible). In the
latter case, the conditions under which a fault tree is consequentialloamibe compared with data from
literature or site investigations to determine the likelihood and severity. For instance, if the simulation
shows that to pass kevelthe hydraulic permeability value of a layer needs to be higher than 0.1 m/day,
and data sbws that these conditions cannot realistically be present in this setting, the consequential
model can be falsified. Similarly, the results of the analysis can also be used to inform future ground
investigations and which subsurface properties to focutayuantify or potentially falsify the occurrence
potential events.
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In addition, the fault tree analysis can be used to design preventive and mitigative measures. Moreover,
it can be used to design monitoring networks, as it intuitively shows at wénes monitoring is useful
and where mitigative measures are optimal.

Application of Fault Tree analysis in the case of fluid escape along geological pathways to shallow
freshwater aquifers in Groningen.

For this project, a fault tree was set up to determine what possible geological pathways there are for
methane to verticdy migrate to shallow aquifers. This fault tree is based on the conceptual model
discussed previously. It assumes that due to gas production pressure depletion has taken place, and the
resulting compaction leads to fault reactivation. The following sectiescribes the fault tree narrative

for the causal nodes and gives a short description of the processes at play at each of theséhedes.
actual fault tree is shown iRigureB-3.

TableB-1. Fault tree narrative for the upward migration of methane. The fault tree is provideidumeB-3.

Level Sequence of events Favorable Monitoring
conditions
A An accumulation of undepleted or little depleted = Remaining Seismic survey
methane is present adjacent or above the deplete methane
reservoir (1), accumulations at
(near)virgin
pressures
OR Gas expansion crosses a spill due to expansii Presence of spill InSAR surface
by nearby pressure lowering (2), points deformation
measurements

THEN a source of free gapissent (3),

AND if the pore pressure of the gas is higher than
hydrostatic pressure groundwater (4)

THEN a potential source of upward migrating gas
present (5).

B Fault reactivation due to compaction takes place | Seismic
monitoring
network

AND fault links rocks above and below the cap ro. Zechstein < 50m
), Large offset faults
AND the fault becomes transmissive (8), No or little salt or
shale
THEN a migration pathway is available (9)
C IFa potential source is present (5),
AND a migration pathway is available (9),
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THEN free methane enters overlying rock sequen Pore pressure
(20). changes at
well base
D IFthe overlying rock sequence is permeable (11), Presence of sand
stone
OR if it is crossed by transmissive faults (12) Presence of long
faults, little salt /
shale gouge
THEN gas migrates further upward (13), High
concentration of
dissolved
methane present
coming out of
solution
El IFmethane encounters a barrier of a low
permeability layer (14),
AND
OR a transmissive fault is present (15),
OR discontinuity or permeable heterogeneity
present (16),
OR aas column builds up with a buoyance force
higher than the capillary pressure in the low
permeability layer (17),
THEN free gas enters the overlying rock sequenc
(18).
E2 IFmethane encounters a barrier of a low
permeability layer (14),
THEN this could create a drilling hazard or interfe Low permeability Seismic survey
with future subsurface use (19) strata with
geometric traps
F IFthe rock sequence is permeable (20),
OR if it is crossed by transmissive faults (21)
THEN free gas migrates further upward (22),
Gl IFmethane encounters the uppermost low

permeability layer (23),

AND

OR the layer is heterogeneous or laterally
discontinuous (24),

OR a gas column builds up with a buoyance force
higher than the capillary pressure in the low
permeability layer (25),

THEN free gas enters the shallow freshwater aqu Groundwater

(26), quality
monitoring
network

KEM19 Evaluation of postbandonment fluid migration and ground motion risks in subsurface
exploitation operations in the NetherlandsPhase 2



TNO Deltares

93/ 161

G2 IFmethane encounters the uppermost low
permeability layer (23),
THEN this may give rise to a shallow gas pocket Seismic survey
drilling hazard of have implications for future
subsurface use, such as ATES (27).
AND if a concentration gradient of dissolved
methane exists across the layer of low permeabili

(28)
THEN dissolved gas enters the shallow freshwate Groundwater
aquifer through diffusion (29). quality
monitoring
network
H1 IF free gas enters the shallow freshwater aquifer
(26),
AND it can accumulate in a confined space (30),
THEN amsphyxiation hazard or explosion hazard Built
can occur (31) environment
Infrastructure
H2 IF free gas enters the shallow freshwater aquifer Groundwater
(28), quality
monitoring
network
AND it escapes to atmosphere (32) Tropomi
satellite
mission
THEN it will add to the greenhouse gas load (33)
11 IF dissolved gas will enter the shallow freshwater
aquifer flow system through diffusion (29),
AND provided that the capture zone of a drinking Drinking water
water well intersects the flow system carryitige protection zone
dissolved methane (34),
AND provided that the dissolved methane High methane
concentration reaching the well is around the flux
saturation concentration (35) No natural
attenuation
AND provided there is nmethane separator at the
site of the well (36)
THEN explosive methane can develop by exsolut
in enclosed spaces (37)
12 IF dissolved gas will enter the shallow freshwater
aquifer flow system through diffusion 29),
AND if thedissolved methane impacts the High methane Groundwater
groundwater quality exceeding standards (38), flux quality
monitoring
network
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Vulnerable
groundwater
quality

AND the groundwater discharges in a vulnerable groundwater
groundwater dependent ecosystem in an dependent
environmental protection zone (39), ecosystems

THEN an environmental hazard can occur (40)
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FigureB-3. Fault tree for the verticahigration of gas to shallow aquifers.
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C Regional pressure equilibration modelling

In this section, the regional model used for the pressure redistribution calculation and the results are
described in detai Sensitivities will be used to evaluate the impact of some of the uncertain parameters,
in particular those that influence the pressure in the aquifers.

C.1 Geological model

C.1.1 Model area

The regional flow model in this study should include all areas arouvadstioningen gas reservoir that
could potentially be depleted over the time period of interest (i.e. 500 yrs). These areas are all active
aquifers as identified by NAM (NAM, 2020) (5egureG1). The geological model made available by NAM
(NAM V6 modelavailable vigublic.yoda.uu.nl however, it does not cover the required area and needs

to be extended. There are some practical limitations on the extension of the model in the areas in
Germany to the east of the Groningen field, for which very little information is available. Thesaome

for the far north part of the field which lies beneath the Waddenzee. Taking these limitations into account
the following boundaries were selected compared to the NAM model:

1 North: extendthe NAMmodel to include the northern aquifergclude theRuby and NO-B fields,
north of the island of Schiermonnikoog

M South: extendhe NAM modeto includethe Annerveen field

1 West:the Lauwerszee Trough included in the geological modélecause from history matching
the Groningen mode(Zeeuw and Geurtsen2019) it is known that the depletion in the
southwestern fringe of the Groningen field is influenced by the depletion from the gas fields in
the Lauwerszee Trough. The Hantum fault from D&M (Digital Geological Model v5.1 made
available by the Geotcal Survey of The Netherlands)selected as the boundary of the model.
Although currently no interference with the northern Lauwerszee Trough is observed, it is
included for sensitivity analysis purposes.

1 Eastin the rorth-eastpart of the model in te Eems areahe modelsurfacesvere extended and
matched to well topgsee below for a more detailed specification of the surfaces used)

Most aquifers have been included explicitly by extending the model size. However, for the aquifers
Rysum and Moewenmsert it is possible that the aquifer extend is underestimagszt FigureG1). To
account for the potential underestimation of the aquifer si®e block pore volume waincreased

on the edges, instead of increasing the model sidecEp the model size manageabléhe impact of

the size of these aquifers is investigated in the sensitivity analysis.
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FigureG1. schematic representation of the aquifers (in blue) surrounding the Groningen gas field (figure 20 from

NAM, 2020).

C.1.2 Structural input data and grid

There is a wealth of technical information and data available on the Gramigge field, including a full

field Petrel reservoir model (Zeeuw & Geurtsen, 2019). For the main reservoirs of the Groningen field, the
Upper and Lower Slochteren Sandstone, a natiihe property grid is available from ThermoGis

(Vrijlandt et al, 2019).

The geological model was built using the following surfaces:

- ThermoGIS Top ROSUpper Slochteren Sagrid (Sept 2018), 250 x 250 m resolution

- NAM V6 model: thickness grids of Ten Boer Claystone (ROCLT), Upper Slochteren Sst (ROSLU), and
Lower Slochtereisst (ROSL{ttps://public.yoda.uu.nl/geo/UU01/IQHOMW. htrl

- ROSLL is not present everywhere in the Groningen field, so the Top ROSLL grid was extended to

the south by merging with the base

- ThermoGIS Top ROSLU grid is really the top of theBden Claystone (ROCLT), that overlies
wh/[¢ Aaz2Ll OK YI L) ¢ &
the areal extent of our model, and used to construct the real Top ROSLU grid. In a similar way, the

wh{[! o !

top and base ROSLL were swacted.

ROSLU grid

SEGNI OGSR FTNRY
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- Carboniferous is included in the model by creating a zone of 300m thick (analogues ttYeNAM
model)

- The Ameland Clay is not included in the model explicitly, butteamissivitymultiplier.

- In the Eems area the surfaces needed to be conditibto well tops, because the maps did not
extend into this area. Wells used are: GHS GHZ 8, MNSIZ1, EMHZ 1A

The following faults were used in the model:

- Faults from NAM Groningen model (NAM Fault Nomenclature) that arearseshown irFigure
G2).

- Simplifications NAM faults:
o B83B24 merged
o Smplified faults B46 and B51

- Hantum fault from DGM5.1, 3 parts (not shown iRigureG2):
o Il_Hantum_noord 1 RO ZE
0o VI 29 RO ZE
o VI 26 _RO_ZE

The resulting model size and faults can be sedfignreG3.

By using these input surfaces and faults, the geological model is discretized in space with a grid which has
a resolution size of 500 x 500 m in the horizontal direction. In vertical direction the grid size is variable, in
total 15 layers are identified.hE resulting grid is presented Figue G4. In FigureG5, a cross section
showing the different geological formations is shown.
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E Boundary Fault:
B2-B11

E Boundary Fault:
B83-B24-B22

Graben 1: M1-
M2

Graben 2: B46-
B51—B54S-B52

M68 and W

Series of smaller faults
not included as faults
but with regions

Annerveen Boundary

Fault: Veendam-1
S Boundary Fault: B31 ault: Veendam

FigureG2. Overview of the faults from the NAM model used in the regional model
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FigureG3. Model area (pink outline) and faults included in the model and ThermoGIS surface of the top depth of the
Ten Boer Claystone.
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Figue G4 Depth map of the top of the grid.as fields are shown in green, blue outlindicatesthe size of the NAM

model,blackdotted lines are faults.
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Zones
Zonhes

- =

FigureG5. Cross section of the model showing the geological layers and in blue thagasontact (From top to
bottom: ROCLT = Ten Boer Claystone; ROSLU = Upper Slochteren Member, ROSLL = Lower Slochteren Member and
DC = Limburg Group of the late Carboniferous).

C.1.3 Properties

The properties porosity, negross ratio (NtG) and permeabiligrfthe Slochteren (ROSLU and ROSLL) are
based on the ThermoGIS maps. The Ten Boer Claystone is assumed to have zero net reservoir and is thus
not included in the flow simulations. The Limburg Group (referred to as Carboniferous) is based on the
average prperties of the NAM Petrel model. In overview:

- Ten Boer Claystone (ROCLT): 1 layer, por = 0.0, perm = 0.001GnDON

Upper Slochterei®st(ROSLU): 5 layers, por, perm and NtG from ThermoGIS 2.0

Lower Slochteren Sst (ROSLL): 5 layers, por, perm anfdoRiGhermoGIS 2.0
- Carboniferous (DC): 4 layers, por = 0.085 and perm=1.6 mD, NtG=0.1

C.2 Overview input talynamicreservoir model

Based on the geological model a dynamic reservoir simulation model is created. Simulations are done
using the black oil simulat ECLIPSE 100 by Schlumberger (v2019.3). In addition to the model with
properties described in the previous section, the following additional information is used to construct the
dynamic model (Burkitov et al., 2016; Zeeuw and Geurtsen, 2019; NAM, 2020):

- Gas water contact depthMain field: -2985 m TVNAP Lauwerszee Trough: 3065 TV/NAP
Annerveen: 3020 nMfVNAP.
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- Gas properties: 86% @HA4% N, gravity: 0.644 sg air (modelled as dry gasg Petrel default
correlations: Dranchuk and AbcKassem1975) for the Zactor and (Carr et al., 1954) for gas
viscosity

- Average reservoir temperature of 102.2°C
- Initial pressure: 347 bara @ 2875 m TVNAP

- Water properties are based on aater salinityof 280,000 pprm(Petrel default correlationssed:
(Spivey and McCain, 2003) for density and (Kestin et al., 1981) for viscosity)

- Pore compressibility: 3& 1/bar (representative for por=0.15)
- Relative permeability: Rotliegend representative for@15; Carboniferous séggureG6

- Capillary pressure: Rotliegend representative for por=0.15; CarboniferoldgaeG6

C.2.1 Free Water Level

Free water level (FWL) varies from 2972 m TVDSS on the East side of Groningen to 3016 m TVDSS in the
Harkstede block. A value €985 m TVDSS for the main fipldvided a good match to NAMaGInitially

In Pace (GlIPYalues.

In the southern Lauwerszee Trough are a number of small fields (e.g. Roden, Vries). To allow studying the
impact of pressure decline on such fields, FWL was lowered in this amaate small gas fields. The
surfaces are too coarse to get an accurate representation of the GIIP of these field. The FWL selected was
3065 m TVDSS.

To the south of the Groningen field, is the Annerveen gas field. This field is not included in the N&IM mod
GIIP of this field was severely underestimated. Therefore, FWL was lowered to 3020 m TVDSS to come
nearer to the observed GIIP.

C.2.2 RelativePermeability and Capillary Pressure

Two sets of relative permeability and capillary pressure were taken: one éoRttliegend reservoir
(ROSLU and ROSLL; saturation functiarrigureG6) and one for Carboniferous (DC, saturation function

2 in FigureG6). Both are imbibition curves, since drainage occurs only in very few places in the model.
Capillary Pressuref the Rotliegends based on the NAM curves fornp0.15 (Burkitov et al., 2016for

the relative permeability of the Rotliegendthe base case values for tBeooksCoreyfunctions were used

with Swc=0.16 and Sgat(or=0.15) = 0.31.

Capillary Pressure for dmburg Group of the Carboniferous)ase on the NAM curves for por = 0.08
for the curves iZeeuw and Geurtser2019) The relativepermeability curvedor the Carboniferousire
based on the curves from Zeeuw and Geurts&bil 9for por = 0.08.
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Figure G6. Relative permeability and Capillary pressure used for the Rotliegend (Saturation function 1) and
Carboniferous (Saturation function 2).

C.2.3 Gas properties

Gas properties are taken constant over #mdire model area: 86% GHL4% N, gravity: 0.644 sg aifhe
default correlations used in Petrel for Bg (gas formation volume factor) and gas visresiiged (see
FigureG7). A dry gas simplified model is used which does not take into accoatarwontent (5 to 10
m*Nm?) and condensate (~0.55%Mm?3) (from the Winningsplan Groningen, 2007 available on NLOG.nl).
The dry gas simplification was also used by NAM up to gBdikitov et al. 2016).

KEM19 Evaluation of postbandonment fluid migration and ground motion risks in subsurface
exploitation operations in the NetherlandsPhase 2



TNO Deltares

106/ 161

80 120 160 200 240 280 320 360 400 440 480
! I I I ! I ! L L I I I ! I ! I ! L L L L

bt

N_ o
2 o
[= Lo

a - N

[s)

6

Ll“: 3 .

° o

o ’Eg)

£ 73

3 el <

<o . §Q

3] @,

= Bt &

© =5 >
=

g n _g%

u? 2 . M=

=S . 3

o .

(D - C)
3 re
=4 @
C]l

g0 120 160 200 240 280 320 360 400 440 480
Pressure, [bar]

Symbol legend

—*— Gas formation volume factor (Groningen gas) —* Gas viscosity (Groningen gas)

FigureG7. Gas formation volume factor and viscosity used in the model.

C.2.4 GasProduction

The gas production of the Groningen field is implemented in a simplified manner.nfibaldistorical

gas production(Figure G8) is divided over all clusters via a group constraint. This means the gas
production per cluster is proportional tdé wells potential. Each cluster is represented by a single well
with large diameter (20 inch) and high negative sk (hat is perforated over the entire depth of the
reservoir. Bottom hole pressure (BHP) calculated in this setup is not represenvétihe observed
bottom hole pressure. Flow to tubing head is not accounted for.

Gas production from other fields is not included in the model. Thus, the depletion from the Groningen
field only is simulated. Historical gas production is available 20820. But some production is expected

up to 2025. The expected gas production for 2021 to 2025 is based on the published values in the advice
on the security of supply from Januaryn H(@asunie Transport Services BV, 20Rladdition to the gas
production a minimum BHP is implemented to avoid that some wells depleted much more than others.
The minimum BHP decreases over tirhegQreG9). The water injection at Borgsweer is not included in

the model since these small volumes influence the pressure only locally.
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FigureG8. Historical annual gas production of the Groninges field including prognosis for the last years of
production.
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FigureG9. Minimum Bottom Hole Pressure (BHP) over time used as additional constraint for the production wells.
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C.3 Historymatch

C.3.1 Data
The following data are used for matching the reservoir model to the historical behaviour:

- Amount of gas initially in place (GIIP)
- Historical gas production
- Historical water production

- Pressure in the gas reservoir: time serfie®@ Af 6t S FNBY (GKS Dbl!a 6S0aj
(https://lwww.nam.nl/over-nam/feiten-en-cijfers.htm).

- Average pressure estimated by NAM using their more detailed, but smaller simulation model.

Because this is a very coarse model, the match done hgralgative. Only the historical gas production

of the Groningen field is exactly reproduced. For the historical water production no accurate data was
available, because no distinction is made between formation and vapour water in the reporting of the
produced amounts of waterGS Horizon B.V. 20Q16lowever, due to the dry gas assumption, vapour
water was not included in the model. The amount of vapour water produced is expected to be around 11
to 22 million ni (based on 5 to 10 Awater per million Nriof gas). Formation water has been produced

in very few wells historically. In this study the following guideline was used: the cumulative amount of
formation water to be produced should not exceed 1 millioh m

In the following first the model parametersdahwere adjusted in the history match are presented and
then the match to the data.

Flow barriers (horizontal)

The main horizontal flow barriers are the Ameland Clay and a barrier between the Slochteren and
Carboniferous (Limburg Grp). The Ameland clagleivthe Slochteren in the Upper and Lower Slochteren
and is only present in the north of the field. The layer is not included explicitly, but as a multiplier. The
multipliers decrease from 0.01 in the middle of the field to 0.0001 in the north. The hritippresenting

the barrier between the Slochteren and Carboniferous is 1 in the base case model.

Flow barriers (vertical)

Vertical flow tarriers(mostly faults) form barrierto horizontal flow Al fault transmissibility multipliers

have been set t®.001in the base case model. In addition to the faults, in some areas transmissibility
multipliers were defined between segments to represent additional faults. In particllarc@énnection
between Goningen, Harkstede and the southern Lauwerszee Trough is characterised by a range of small
faults (FigureG2). This is represented via regions with trpliers in between, because the grid is too
coarse to represent these faults accurateyn overview of these regions and multipliers is presented in
FigureG10.
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Segments

t

FigureG10. Segments defined in the model and the transmissibility multipliers used between them.

Aquiferpermeability

Permeability of the aquifers was reduced compared to the values fhermoGIS. The permeability is
model dependent: because this is a regional model in which few faults have been included, these flow
barriers have to be accounted for implicitly in the permeability. Thus, the large scale permeability entered
in this models$ not representative for the local permeability.

Rotliegend:
- Permeability of the aquifer: aquifer permeability was reduced by a factor 50 compared to the
ThermoGIS permeability.

- NtG was estimated at 0.7 (was: 0.9 for ROSLU and 0.8 for ROSLL).

Carboniferous
- Initial permeability for the Carboniferous was 1.6 mD (average from NAM model). This was
reduced by a factor 50.

- NtG was estimated at 0.1

Vertical permeability was 0.1*permeability throughout the model.
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C.3.2 Gas initially in place

The match to the amount of gas initially in place is presentéthinieG1. The difference in GIIP for the
Groningen field is 2.4%. Since the goalh&f mmodel is to investigate long term and large scale pressure
development in the aquifer, the fit in GIIP is accepted as beidgripurpose. Also the surfaces are too
coarsely represented to accurately model the smaller gas accumulatioRgyureG11, the distribution

of the gas is shown for the Upper Slochteren and the Carboniferous. The overall gas distribution matches
with the contours of the Grangen gas field. In a small area in the neetist the gas distribution is not

well reproduced. Most smaller gas fields are not included.

TableG1. Overview of Gas Initially In Place (GIIP) of MAddels and the model in this report (in normal BCM (1
atm, 0°C)).

NAM best match (Zeeuw  This report
and Geurtsen, 2019)

Groningen (above FWL) (incl. land asse 2894 BCM 2964 BCM
included in NAM reservoir model)

Gas below Free Water Level 103 BCM Not included
Carboniferous 42 BCM 34 BCM
Norg Not included 69 BCM
Annerveen Not included 36 BCM

C.3.3 Pressure

Figure G12 shows the match of the simulated pressure over time in four example locations in the
Groningen gas reservoir. This shows that the pressure behaviour in the main gas field is represented well.
FigureG-13 shows the difference between the deptveraged pressure from the NAM reservoir model

and the reservoir model from this report. These diffieces are explained as follows:

- To the west, depletion is underestimated in the Bedum field (13.5 BCM) in the model presented
here compared to the NAM model, because production from this field was not included in this
model. The Bedum field is isolated rindhe Groningen field by faults.

- To the North of Bedum is the Warffum field (12.3 BCM). Depletion from this field is also not
included in our model causing overestimation of the pressure in this area. In contrast to Bedum,
Warffum is connected to the Gramjen field and thus the difference between the models is
smaller.

- The same is true in the southern Lauwerszee Trough: here the depletion from the fields Roden
and Vries is missing. In the south the depletion from Kielwindeweer and Annerveen are missing.

- Onthe east side of the model a few discrepancies are present which are artifacts caused by
subtracting two models with a difference in the position of the boundary.

Pressure in the gas field itself are very close to the pressures in the NAM model. Gveralhdel was
judged fitfor-purpose.
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For the southern Lauwerszee Trougtihe history match requires a special note. For tloeitbern
Lauwerszee Trougho direct pressure measurements are available in the aquifer. To guide the history
match despite the lek of measurements, NAM assumed that the depletion in this area should be larger
than 90 bar based otie earthquakes in the aquifer at Paddepaeld EelderwoldgZeeuw and Geurtsen,
2019). This is based on the observation that earthquakes are only olskEmvesservoirs at more than

28% depletion (see the discussion in Section 5.2.1). This depletion was partially attributed to the depletion
resulting from the fields Vries, Roden and Pasop which are located at the west boundary of the southern
Lauwerszee rdugh ((Zeeuw and Geurtsen, 2019). The depletion of these fields was implemented on the
boundary of the NAM model and this resulted in a drawdown of more than 100 bar in the entire aquifer
already by 2006. At Eelderwolde which is in the middle, the depletiould be caused in approximately
equal amounts by the Groningen field and the small fieléh® Jouthern Lauwerszee Trough has few
north-south oriented faults,which could explain the good easiest connectivity. In the model used in

this report, the dgletion of the small fields Vries, Roden and Pasop was not included resulting in different
results as the NAM model. At this point, no consistent match has been done for the entire Lauwerszee
Trough and the gas fields in it and thus it is not clear whetlieh an active aquifer and large depletion
matches the observations in both the Groningen field and the small fields Faan, Pasop, Roden and Vries.

Gas saturation
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FigureG11. Gas distribution in the Upp&lochteren Ssi(left) and Limburg Group (Carboniferous)right) (blue
is aquifer; yellow is gased outline is the outline of the NAM model; green outlines are the gas fields).
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FigureG12. Comparisn between observed static pressur#’ @ nalQe) and simulated pressuoe airi ovafige)

for four wells in the gas fieldn the background is the pressure in 2026, the well locations and the gas field outlines
(in green).
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FigureG13. Difference between the pressure in 2020 as simulated by NAM and the model in this report (Pressure
NAMC ¢ pressure this report). For positive values, NAM pressures are higher. Negative values inelésaite [im this

report are higherRed and blue outline indicate the boundaries of the NAM model and model from this report
respectively. Grey outlines are gas fieM#hite dotted lines are faults.

C.4 Prediction results

C.4.1 Base case

The base case model desciibim the previous section is used to simulate the pressure development for
the next 500 years. NAM has published pressure predictions up to year 2080. These predictions are
compared to those from our model. FigureG14 and FigureG 15 the pressure development in the gas
field is compared. Ayear 2080, the range in pressure predicted by NAM is slightly larger than in our
model, but the predicted pressure is very similigureG16 shows the difference in pressure between
the NAM model and our model year2053. It is clear that the pressures are much more in line in 2053
than they were in 2020. This is because the pues has equilized over the field and depends less on the
details of the production. From this it can be concluded that the predictions from this model are in line
with the much more detailed NAM model in the immediate area of the gas field. Next, ibavill
investigated what happens in the aquifers.
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FigureG14. Prediction of the reservoir pressures in the Groningen field from the Status rapport 2020 (NAM, 2020)
indicating the range of expectguessures in the field up to 2080.
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FigureG15. prediction of the reservoir pressure over the same period of time from the base case model. Each colored
line indicates the pressure development at a vealation.
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FigureG16. Difference between the pressure in 2053 as simulated by NAM and the model in this report (Pressure
NAM( pressure this report; in bar). For positive values, Nddsuesare higher. Negative values indicate, pressure

in this report are higheiRed and blue outline indicate the boundaries of the NAM model and model from this report
respectively. Grey outlines are gas fields. White dotted lines are faults.

Figure G17 shows how the pressure depletion changes in the first 100 years after the stop of gas
production. In the gas filled area the pressure rises only a fewibaine Slochteren Fm the depletion in

the aquifers cledy increases in particular in the north and in the southst. The depletion in the north

east is probably overestimated, because the model lacks a fault in this area. This can also bEigees in
CG16 (red area on the east side of the northern boundary of the model). On the west side the aquifer
depletion is likely to be realistic. It is known that in this area, the gas field is connecedictive aquifer.
FigureG18 shows the depletion percentage 500 years after stop of production. Now large parts of
connected aquifers have depletedame than 40%, in particular in the north. In the souwtilst in the
southern Lauwerszee Trough, the pressure dissipates slowly due to the low transmissivity of the
Slochteren in this area.
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