Overviewlecture
Mathematical and numerical
modeling of C{Ostorage

Jan Martin Nordbotten
University of Bergen




Today

AThe case for CQtorage
AScales angrocesses

ASomeselectedtopics
A Convectivamixing
AVerticallyintegratedmodels
APoromechanics
AExperiments and Learning from data

ADowe knowwhat we are doing?
AExperiments angublicperception



The case for CQtorage




® GHG emissions (GtCO,-eq/yr)

Projected global GHG emissions from NDCs announced prior to
COP26 would make it likely that warming will exceed 1.5°C and
also make it harder after 2030 to limit warming to below 2°C
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The transition towards net zero CO, wiill
have different pace across different sectors

CO, emissions from the electricity/fossil fuel industries sector and
land-use change generally reach net zero earlier than other sectors

a) Sectoral emissions in pathways that limit warming to 1.5°C
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Many options available now in all sectors are estimated to offer substantial potential to reduce
net emissions by 2030. Relative potentials and costs will vary across countries and in the longer
term compared to 2030.

Energy

AFOLU

Industry

Other

Mitigation options

[ Wind energy

Solar energy

Bioelectricity

Hydropower

Geothermal energy

Nuclear energy

Carbon capture and storage (CCS)
Bioelectricity with CCS

Reduce CH, emission from coal mining

Reduce CH, emission from oil and gas

[ Carbon sequestration in agriculture

Reduce CH, and N,0 emission in agriculture
Reduced conversion of forests and other ecosystems
Ecosystem restoration, afforestation, reforestation
Improved sustainable forest management

Reduce food loss and food waste

L Shift to balanced, sustainable healthy diets

[ Energy efficiency
Material efficiency
Enhanced recycling
Fuel switching (electr, nat. gas, bio-energy, H,)
Feedstock decarbonisation, process change
| Carbon capture with utilisation (CCU) and CCS |

Cementitious material substitution

L Reduction of non-CO, emissions

[ Reduce emission of fluorinated gas
Reduce CH, emissions from solid waste

L Reduce CH, emissions from wastewater

Potential contribution to net emission reduction, 2030 (GtCO,-eq yr~')
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There are several options to reduce industrial emissions
that differ by type of industry; many industries are disrupted
by climate change, especially from extreme events (high
confidence). Reducing industry emissions will entail coordinated
action throughout value chains to promote all mitigation options,
including demand management, energy and materials efficiency,
circular material flows, as well as abatement technologies and
transformational changes in production processes (high confidence).
Light industry and manufacturing can be largely decarbonized through
available abatement technologies (e.g., material efficiency, circularity),
electrification (e.g., electrothermal heating, heat pumps), and switching
to low- and zero-GHG emitting fuels (e.g., hydrogen, ammonia, and
bio-based and other synthetic fuels) (high confidence), while deep

reduction of cement process emissions will rely on cementitious
material substitution and the availability of Carbon Capture and Storage

(CCS) until new chemistries are mastered (high confidence). Reducing
emissions from the production and use of chemicals would need to rely
on a life cycle approach, including increased plastics recycling, fuel and
feedstock switching, and carbon sourced through biogenic sources, and,
depending on availability, Carbon Capture and Utilisation (CCU), direct
air CO, capture, as well as CCS (high confidence). Action to reduce
industry sector emissions may change the location of GHG-intensive
industries and the organisation of value chains, with distributional
effects on employment and economic structure (medium confidence).
{WGlII T5.B.9.1, WGII 16.5.2; WGIIl SPM C.5, WGIII SPM C.5.2,
WGIII SPM C.5.3, WGIII T5.5.5}

IPCC, 2023: Synthesis Report.
Contribution of Working Groups |, |
and 1l to the Sixth Assessment Re
of the Intergovernmental Panel on
Climate Change. IPCC, Geneva,
Switzerland, pp. 3315,



RelativeScale of 2020 NW EuropEmissions (ETS data)
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Sectors

D Inorganic Building Blocks
I:] Iron & Steel

D Non-Met Minerals

. Qil & gas refineries

. Organic Building Blocks

. Polymers and other materials
. Power and heat generation
. Pulp and paper

. Waste

Image:WintershallDEA



The CCEoncept
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CC3oday. Longshipt NorthernLights https://norlights.com/
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CO, capture Transport Receiving terminal Permanent storage
Capture from industrial plants. Liquid CO, Intermediate onshore storage. CO; is injected into a saline aquifer.
Liguefaction and transported by ship. Pipeline transport to offshore

temporary storage. storage location.



https://norlights.com/

Scales angrocesses

Nordbotten, J. M. and M. A. Celia (201Ggological Storage of GO
Modeling Approaches for Larggeale SimulatigrdJohn Wiley and Sons, Ltd,
256 pp, ISBN: 9780470889466.




Spatial Scales

Horizontaldomainscales

Aquifer horizont. extent
Migration distance
Pressure perturbation

Final plume radius

Dist. to leakage path

Verticaldomainscales

Capillary fringe - T Processcales

Wellbore flow =
Fracture width N B Heterogeneities

Fluid interfaces

Formation vertical extent

bt

>

T mm 10 cm 10m 1T km 100 km



Timescales

Mineral reactions

Plume migration

Diffuse caprock leakage

Regulatory guidelines Simulationtime-scales N

Convective mixing

Injection period

Capillary segregation N = Processcales

Density segregation

Wellbore leakage N =

REV capillary equilibrium

REV phase equilibrium . P

' I I I 1 I I\ >
1Tweek 1month 1year 10years 100y 1000y




Somerelevantprocesses

AMinimum modet Two-phaseflow in porousmedia.TherX
A Capillaryforces
A Hysteresis
A Variabilityof gasdensity
A Slightmutual solubilityof CQ and water
A Diffusion dispersion
A Water densitydependson CQ concentration
A Energyconservationtemperature

AAdditionalprocesses
A Impuritiesin CQ (gase$ and water (salts andissolvedminerals)
A Geomechanics
A Geochemistry



Inconsistenciew/ithin governingeguations

AExample Capillarypressure 0

ABrooksCorey (and mostther oo
Pcs relationshipsiendsto 2 004
Infinite Pc at residuasaturation § .|

AThis iSundamentally § 000
iIncompatiblewith dry-out. E o

\

Saturation Facies 3
Saturation Facies 4
Saturation Facies 5

0.2

0.4 0.6
Wetting saturation

0.8
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Some(commorn) researcldirections

AAnalysis ohigh-resolutionsimulationof idealizedproblems.
U Convectivamixing

AAggressiveipscalingof physicalprocessesind/or heterogeneity
U Verticallyreducedmodels

A«Fullphysics simulationon relativelycoarse3D grids.
U Finitevolumemethodsfor poromechanics

ALearning from real data.
U Experimenss a baseline foralidation




Convectivanixing

Elenius M. T., J. M. Nordbotten, H. Kalisch (201 Bffects of a capillary transition
zone on the stability of a diffuse boundary lay®tA Journal of Applied Mathematics,
77(6), 772787

Mykkeltvedt, T. S., J. M. Nordbotten (201Bstimating convective mixing rates from
commercialscale CQ injection, Environmental Earth Sciences, 67(2), 535

Elenius M. T., J. M. Nordbotten, H. Kalisch (2019pnvective mixing influenced by
the capillary transition zoneComputational Geosciences, 18, 4131







Conceptuasketch

Injection of CO»

Plume migration
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Keymethods

AStabilityanalysign selfsimilarcoordinatesystem
ANonlinear dynamicsresolvedby simulation(in our cased?f)

AKeylearnings Thepresenceof a appreciablecapillaryregionimpacts
convectivemixingby afactor of about5



Nondimensionagoverningequations

Darcy u=—(VP —ce,), c=1[[pl] =0, [[w]]

Convectiondiffusion  9,c = —u - V¢ + Ve,

Incompressibility V -u=020,

c=0, w=0




Topboundaryconditions

ATraditional Noflow (zero Neumann)
AOppositeextreme Fixedpressure(zeroDirichlel)

AMore realistic Model waterflow in variably
saturatedupperregion




Impactof top boundarycondition
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Upscaledjuantities
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Application tdield parameters

Parameter Utsira

K 2.5 x 10712

0, 0.38

Injection 1 x 10°

Plume extent 2 t/3 x 10°7
AOnset 0.52 days

ACriticalwavelength 0.1 m
AEffectivedissolutionrate: 15 kg/nily



History matching to gravimetry data
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Thechallengeof obtaininggoodreference
data

AConvectivanixingstronglydependson the transition zonefrom
water to CQ

AHighlyaccuratenumericalmethodsare requiredto resolvefingers
andavoidgrid-dependentresults

AFingerstructuresare 3D
AThe realorld is heterogeneousoften alsowith backgroundilows



Verticalupscaling

Nordbotten, J. M. and M. A. Celia (201Ggological Storage of GQ/odeling
Approaches for Larg8cale Simulatigrdohn Wiley and Sons, Ltd, 256 pp.

Gasda, S. E., J. M. Nordbotten and M. A. Celia (2@édicallyaveraged approaches
to CQ injection with solubility trappingWater Resources Research, 47, W05528

BjgrnaraT. I., J. M. Nordbotten, J. Park (20M@xtically integrated models for
coupled twephase flow and geomechanics in porous meWater Resources
Research, 52(2), 1368417




Conceptualization

A3D: Ateveryspace

. . . A2D: Ateveryspacetime
time point, define

point, define

A Pressure ACQ-water contactelevation

ASaturation ARepresentativgressure

ﬁMassdensmes AVerticallyintegratedmass
Etc.

AEtc.
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Relationshigo multiscalemodeling

C R
Reconstructed
Actual fine-scale (3D) Coarse-scale (2D) fine-scale (3D)
— A QAL
¢ R
> , /
. ?
~ & , i 5 E A -
i (ot =cswzj 5. de. (T - - %
(adn) C=C; ) T EM -

WeinanE,Principlesof MultiscaleModeling 2011



Multiscaleequations
(HeterogeneoudultiscaleMethod)

ACoarsening anteconstructionoperators
ACoarsescaleconservationdawswith coarsenedvariables

AFinescaleconstitutivelawswith reconstructedvariables

O 135( !‘ r\t(r‘]I-U”"Q(j()

AConceptgyeneralizeo nontrivial reconstructions and morecomplex
processes

WeinanE,Principlesof MultiscaleModeling 2011



Mobile CO,

Exampleapplicationl @

/_ Dissolved CO,

Residual CO2 region

Alsotherma) two-phase
two-componentflow of CO2
and water.

ANon-planartop andbottom
boundaries

AThree region®f CO2representedon coarsescale Mobile, residually
trapped anddissolved

ATransfer from mobile anttappedto dissolveddependson the
upscaledconvectivemixingrate!

Aquifer brine

Lower confining unit




relative interface position
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Application to Johansdormationdata

0.26
0.24
1022

-2000 < - "
£ ‘- 60
-4000 - - oo 50 [ 1016
60 g P e
50 .4 e 0.14
40 o 30
30 £ 20 0.12
20 2
10
10 - 0.1
km g ©
100 years 200 years
45 2 - 45 . .
dissolved dissolved
residual residual
mobile mobile
40 40

£ 35 35
30+ ; 30

- ’ = | https://co2datashare.org/dataset/thgohansendataset

25 30 35 40 45 25 30 35 40 45




Exampleapplication2

5= 0, P, = Py roller

Symmetry plane

Alsotherma) two-phaseflow with
poromechanicatoupling

AAquifertreated by verticallyintegrated
models

AOver and underburdenfully resolved




Validationbasedon In Salalstoragesite
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Coupling Scheme

A Goal: adaptivelgorithmfor switchingbetweenfullD and VE.

A Use differentmodelsat fitting pointsin spaceand timec decide
wherefull dimensionaimodelisrequiredandwhere VEmodelis allowed

A Couplingconditionsneededat subdomaininterfaces
Hflux coupling



Couplingconditions

Fluxfrom full dimensional {ullD) to VEdomain
sumof all fluxesbetweenVEsubcellsaand fullD cells

Fluxfrom VEto fullD domain
fluxesbetweenfullD cellsand VEsubcells

AN
5. 6‘ F: .11
=
5" L~ 0
N
1 ' b %
& L
7 8

Fig. 8. Couplingnterface
with subdomain
interface in red.



Resulicamparison

FullD
[ 1.0e+00

— 08

— 06

[ 0.4
29e01
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VE

Hybrid

Fig. 9:Comparisorof solutionsfor fullD, VE and hybrichodel
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StableFiniteVVolume
methodsfor Biot

Nordbotten, J. M. (2014 elicentered finite volume methods for deformable porous
media International Journal for Numerical Methods in Engineering, 100(6}4389

Nordbotten, J. M. (20158 ;onvergence of a caléntered finite volume method for
linear elasticity SIAM Journal of Numerical Analysis, 53(6), Z6Z5

Nordbotten, J. M. (2016%5table celbentered finite volume discretization forA 2 (i Q&
equations SIAM Journal of Numerical Analysis, 54(2); %82
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All subsurfaceoperationsalter the
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Prototypicaimodel
ABiot/l 2 2 l&BQ a |
EDV O
AMassconservation
ctTQY 1 Qw
ACouplingerms:
N and ‘| ( D o)
AForcebalanceand Darcy
i“QY 1 Qea and Tt Inpy Q



Keychallenges

AColocated low-order methodsare inherently unstablefor smalltime-
steps
A «Centraldifferenceeffect».

AHeterogeneitieof porousmedia makeshe alternativesunattractive
A Difficult enoughto makeone grid ¢ if not alsoa staggeredyrid.
A Solution isseldomregularto justify highorder.
AVariableorder schemegP1/P2)tend to «waste»> computationalresources.

AOurcontribution: StableJowestorder, celkcenteredfinite volume
scheme compatiblewith TPFA and MPHEw discretizations



Finitevolumemethods

ATheconservatiorstatement isretainedexactlyon the grid:
etTQY 1Qw

AThesurfaceintegral isdecomposed
Into the sum:

ttTQYB W | € RTITQTY

A Thedefiningquestionis the approximation
Nrnk &€rtTQ"Ye



MPxAgeometry

AKeyvolumetricobjectsare:
A(FiniteVolume)cells N >
ADualcellg >N >°
ASubcells N D

AKeysurfaceobjectsare:
AcCellfaces, N _

ACellsubfaces, N _
AAndfinally cellcentersc N T




MPxAdogma

) Linear approximatiom p (w) to the potential fieldwithin eachsubcell N .

Il)Constant approximatior j to the flux fieldwithin eachsubcell ;N D.
i) Constant approximatioif2 to the external force field within each cell N J.

IV)Exact constitutive law osubcells
T lIInd "Q

v)Local flux balance over each subface n :
T rte QY _ T [te QXN
vi)Continuity between the linear potential field approximations at the cell cenders.e. for a given
17 ND,andanyj i N~ D :
OfR (W O0f(Wk?O
vii)Closure via minimization of a quadratic penalty function, measuring theliscontinuity of the

linear potential fields across subfaced
6 AJCET ()



Two-scalestructure

ADiscreteconservatiodaw:

B . N A . ‘l ’Q (’Q

ADiscreteDarcylaw:
T linnp  "Q O

AFqucrontinuity. 0 denotesthe linear
N R N K O 3 W 3 W A spacesatisfyingthese

equationsand is

APressureontinuity: calculatedocally

N (@) n (w)E ©  =m e
AMinimizationproblem; S
W-q) A OOQE 1 (o) C gum O ll Alsosolvedlocally
AFinal globatliscretizationin termsof locallinear operators:
ri (e gl)  E»



Classicakasondo like MPFA

AFinitevolumemethodsare essentiallydivergencecompatible whichis
desireablevhencouplingto other physics

AConsistentliscretizationwith goodnumericalconvergenceroperties
A Not the case for TPFAhe mostcommonFVmethodin practice

AApplicableto challengingolyhedralgrids,localgrid refinement etc.

AHandlesanisotropyand discontinuouscoefficientsaccurately
A Not the case forcontrol-volumefinite elementmethods(CVFV)

AGlobal system isllipticin termsof cellFcenterpressureonly, and isusually
andM-matrix.
A Not the case formixedfinite elements



Advantage®f the <kMPxAdogma»

AExtendgo (almos) arbitrary grids in 3D
AGivesthe correcttreatment of gravity:
Alsapplicableto linear elasticity

AGivesa stablecoupledschemefor poroelasticity in termsof co-
locatedcellcentereddisplacenemerand pressurevariables

AAllowsfor «relativelysimple»convergencenalysis

1: Starnoni et al. (2021); 2: Nordbotten (2014); 3: Nordbotten (2016);



Takehomemessages

AThe MPxAdogmaxcanbe directlyapplied as a generahethod for
systemof elliptic-type PDEs

ACouplingermsare important, andonly correcttreatment leads to
parameter robustdiscretizations

AStabilityand convergenceanbe provedwith veryfew conditionson
material parameters.
AKlausen and Winther: MFEM stydaalysis
A StephansenMimetic-finite differencestyleanalysis
A Agelasand Masson Finitevolumestyleanalysis



RobustnesandConvergencéor Biot

DEFINITION 1. We denote a discretization of equations (1) as robust if there
exists an estimate of the form

|wl|lr + 7][pll1 + plipllo + [Plo < CU[full + 11 f4l])

where the constant C' is bounded independent of the small parameters p and 7, and
we denote |plo = inf,, ||[p — pollo.

THEOREM 30. Let D,, be a family of reqular discretization triplets (in the sense
that mesh parameters remain bounded) such that h, — 0 as n — oo, let Conditions
A, B. and C hold with constants independent of n, and let 80" < ©F. Then for
T > 0 the limit (w.p) € (H'(Q))? x HY(Q) of the discrete mized variational problem
(37)—(38), and consequently the MPSA /MPFA discretizations for the Biot equations,
is the unique weak solution of the Biot problem (1).




Numerical verification:

Converagence Biot 2D

08
/

0.9
08
/
0.7 0.7"N
08 0.6 _7_!:'
05 0.5
04 0.4

03 03[

02 0.2

00 01 02 03 \ 0.4 0.5 0.6 07 0.8 /0.9 1 00\
€x =€y +ex + (T +pley, +Teq +€p,
Exy T=1 T=10"1 T=10"2 T=10"% T=10"°
Grid A B C A 3 C A 3 C A B C A B C
o= 136 | 1.36 | 127 | 145 | 151 | 148 [ 163 | 168 | 175 | 201 | 190 | 197 | 1.09 | 114 | 116

p = 1071 | 133 1.32 1.23 1.40 1.46 1.41 1.64 1.66 1.73 2.16 1.89 2.02 1.17 1.25 1.25
p = 1072 | 1.32 1.32 1.23 1.40 1.45 1.40 1.64 1.66 1.73 2.16 1.88 2.00 1.20 1.29 1.28
p= 107% | 1.32 1.32 1.23 1.40 1.45 1.40 1.64 1.66 1.73 2.16 1.88 2.00 1.20 1.29 1.29
p = 107% | 1.32 1.32 1.23 1.40 1.45 1.40 1.64 1.66 1.73 2.16 1.88 2.00 1.20 1.29 1.29

Table 1: Asymptotic convergence rate of stable error ey for grids of types A, B, and C.




Robustness

AMotivation: Extreme grids appear when resolving geological features:
A Arbitrary polygons
ANo lower limit on grid regularity parameters
ANon-convex cells

AComparison study between symmetric MPSA and Virtual Element
Method (VEM)



Complex grids

VEM

MPSA
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Nilsen, H. M., J. M. Nordbotten, X. Raynaud (2018»mparison between calbentered and nodal
based discretization schemes for linear elastiéymputational Geosciences, 22(1), 288



Grid transitions (1/2)

Nilsen, H. M., J. M. Nordbotten, X. Raynaud (2018»mparison between calbentered and nodal
based discretization schemes for linear elastiéymputational Geosciences, 22(1), 288



