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Project description UP %
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WarmingUP Innovatief Duurzaam Warmtecollectief
. . NNAN
« National research project, 38 partners A
« Accelerate heat transition in the Netherlands NAN AN

« 25 projects over 6 themes

Theme 4: Geothermal
« Accelerate geothermal development for sustainable heating in urban environments
« 4B: Improve understanding of potential hazards for induced seismicity

Objectives

« Enhance insight in interplay between seismic hazards and geological- and operational conditions
« Develop model capabilities for field-scale evaluation of seismic hazards

« Middenmeer case study, Delft Aardwarmte Project

« Optimization of safe operational window

National compilation for subsurface parametrisation
« www.nlog.nl, www.dinoloket.nl
« thermogis.nl
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Prediction of subsurface stress response

Modelling approach and workflow:

« Linear elasticity in isotropic layered medium

» Linear thermo-elastic strain: e, = ATa%

2
P(1v2v)

« Poro-elastic strain: ep, = A A-v)E

MACRIS stress calculation on faults

AV = (ETZ + ng) dV

Ao-ij = Agkk(Sij + ZGglJ — 3K(1AT6U
Coupled reservoir flow and
thermal simulation (OPM)

Uniaxial stress calculation for layered medium

Ao, = —AP

! ! E
Aoy = Aoyp = (er; + €pz) 7———< — AP

1+v)
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From van Wees et al., 2019.

Seismic hazard
assessment



Seismic hazard assessment

« Comparing the change in Coulomb stress to the initial Coulomb stress allows assessment of fault stability along the pillar

Coulomb stress Coulomb stress

CSini
— ACS

— Unstable
— Redistribution results in

length of slip patch

Depth
Depth

From van Wees et al., 2018.
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Model description and setup

« Reservair lifetime 50 years « Normal faulting regime

« Hydrostatic pressure, geothermal gradient of 31 C/km » Fault strike 0, dip 70

« 30 Cinjection temperature « 0,5D offset

« 500 mD high permeable reservoir zone « Lithostatic gradient of 22 MPa/km

2300 m 2300 m

No fault offset Normal fault offset
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Coulomb failure solution

 Base case scenario

No fault offset

Normal fault offset

Stress arching effects (Wassing et al., 2021)
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Reactivation status at 50 years
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Seismic hazard after 50 years of production

« 10.000 realisations

Seismi t itude Probability distributi .
eismic event magnitude Probability distribution Temperature solution at 50 years
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Seismic hazard after 20 years of production

* i.e.when the cold-water front arrives at the fault plane

Seismic event magnitude Probability distribution Temperature solution
at 20 years
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How does this relate to the Dutch subsurface?

» 'Hot Sedimentary System’ geothermal plays; low a and E; ATy,q, = 40 °C

No fault offset
® ML~2'4

Normal fault offset
b ML,U~2'2
b ML,MNZJS
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Conclusions of the sensitivity analysis

Modelling results show that the risk of induced seismicity is (mainly) controlled by:

« the thermo-elastic and frictional parameters, and in-situ stress conditions

« theintersection area of cold-water volume with the fault plane

« stress arching effects

Disclaimer
«  The sensitivity analysis is based on a synthetic model. Model parameters are chosen

arbitrarily and such that an induced event is likely to occur. Presented results are by no
means directly representative of the Dutch subsurface.
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Next steps

2023
» Finalizing parameter sensitivity analysis - paper 1
» Development of new 3D modelling approach encompassing arching effect - paper 2
» Application of new modelling approach on two case studies - paper 3a+3b
o Middenmeer agriport
o Delft Aardwarmte Project
2024
» Extension of modelling workflow to include: > paper 4

o Well design
o Determination of operational safety window
o Artificial intelligence concepts

> Finalising PhD project (writing dissertation; PhD defence)
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NL case study: Delft Aardwarmte Project

*  DAP well location near fault(s)

« 3 doublets located in single fault block

DAP

From: https://delta.tudelft.nl
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From Reinhard, 2019
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NL case study: Delft Aardwarmte Project

*  DAP well location near fault(s)

« 3 doublets located in single fault block
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Activities

PhD courses:

« Reservoir Geomechanics, Python and Java

» Responsible Conduct of Research (completed)
« Start-to-Teach (completed)

Teaching assistant:
« Unconventional and Geothermal Resources
* Programming and Modelling

Conferences:

« 2027: NAC, EU Geothermal PhD Days, EGU General Assembly

and GeoMod

« October 2022: European Geothermal Conference, poster presentation
(A sensitivity analysis of stress changes related to geothermal
direct heat production in clastic reservoirs and potential for

fault reactivation and seismicity)
* March 2023: NacGEO (presenting)

«  April 2023 EGU23 (presenting)
« December 2023: AGU23 (presenting)
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A sensitivity analysis of stress changes related to geothermal direct heat production
in clastic reservoirs and potential for fault reactivation and seismicity

Arjan Marelis!?, Loes Buijze?, Brecht Wassing?, Fred Beekman!, Jan-Diederik van Wees!?
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i i o |, Model 1 the Model 2
with a normal offset of half the reservoir thickness, and their results are compared. The 3D stress and scismicity potential analysis s performed based on an uniaxial stress.
MACRIS s 3

(van Wees et al, 2019). In Jculated based on v,

temperature changes n the reservorr:
a+y
-

(-v-21)
a-nE

W= e b)Y, O = AT

(0= 2P0)

019):

. . E
00 = ~APE), 3015 (0) = B0ip (0 = (erz(6) + O Gy = APO)
n both models in-sit stress, thermo-mechanical, and frctional parameters are varied to study the sensitivity of induced stresses. Potential magnitudes are determined from
the induced stresses. Preliminary results show the potential for fault reactivation to be predominantly affected by the thermo-elastic reservoir parameters. In adtion, the

reactivation and induced selsmicity in a three-dimensional framework, taking into

th geothermal doublet. the
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In absenceofsress archin effects, L. theresenvoi i no st b th ful, anaytcal e ) ;

‘approaches based on an uniaxial sress solution for a layered medium can be used as
approxmation for the stress response.
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Uniaalsolation deviatesess than 1% from absclute > Uniasialsoluton deviatesless than 15% from sbsolute
Coulombstiess peaks. Note the diffrence i shear = . Coulombstress peaks. Note the ifferance i shear
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parison of seismic evolution
4 The evolutionof seisic event magnitude s
Iy truncated by s theortica maximum.

Seismic magnitude prediction

N — ‘ - il i
oo e e oo s g by o s o - R o e ot n s v s [
al. (2018), which states that the seismic moment density g /4 X the conference’s
o N6t s o et e somes .

I
Mo, =20t
=0T

which applies to plane-strain dip-slip conditions in.a normal
faulting regime. This simplified approach discards the.
dynamic effects of slip and slip weakening, and assumes al

| The magitude of the scismic event can be obtained from
the cumulative selsmic moment CSM by (van Wees et al,,
2018)

M= glng(csm —607
here CSM s th integration f the selsmic moment over
faul sk, Rather then assuming CSN s released i  single
sismic event, CSM can b reeascd in N events based on [0
Gutenberg Richer rlationshp wth constant b-value o
provide a more reastic approsch

Buize et al. (2022) report wide magnituce ranges considering a comprehensive range of
wihen normal fault offset s introduced. It was shown that the analytical uniaxial solution  uncertainties, and the magnitudes obtained in this work are In close agreement with the
References serves a5 a good approximation for Coulomb stress and seismic hazard prediction for the  reported range n Buize et al, 2022

Buie st ol (2010). Revew of induceq sfamicty n geothermal sysems workwide

Results show MACRIS to be an effective tool in seismic hazard assessment as its soluton |

) o f ki ity et o st ocavrs. [l e wihresuts presnted n Sl ok, 2022 can hancle stucturlly complex reservir and s n good accordance with analyical and
\ Inconcus
| The presented maximum possidle seismic event magnitudes of M~2 are subject to  the ault plane within  given initia stress fiel is shown to be the main driver for fault
o [\ sgniicont. uncertainy, in view of the uncetanty in the chosen model pormeters,  reacvaton and subseauent selmic potentil.

e Nethetads, Geothernics, 52, 206215 E
Van s 3. (1019) . mechana analyss o complex esencis:  rovel mesh- e approah,
Geophysical ourmo! nterotnol, 1912}, 1181130
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luding in-situ stress, mechanical and frictional properties.
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