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ABSTRA CT

In this presenation, we outline the recerly deweloped modeling capabilities of our
numerical simulator MUFTE-UG in the eld of simulating the non-isothermalmulti-phase
multi-componern processesccuring during the sequestrationof CO, in deepgeological
formations. The relation of this work to other currently ongoing researt projects in
which the authors are involved will be discussed.A bendmark examplerelated to our
currernt researt activities in this eld is then discussedn more detail.

We use MUFTE-UG as a dewlopmen platform for our new conceptual models and
their mathematical-rumerical implemertation. Basedon existing moduls, MUFTE-UG
has beenextendedby a non-isothermaltwo-phasetwo-componert model conceptfor the
simulation of CO, sequestrationin geologicalformations. It takesinto accoun the two
phasesCO, and brine and the componerts CO, and water which can dissole in the
di erent phases. Preseily, we assumechemical equilibrium and neglect all kinds of
mineralization processesn the code.

The presetted bendimark exampleis oriented at certain key questionsthat have to
be answered in the run-up to any large-scaleimplemertation of the CO, sequestration
technology. In this case,we focus particularly on leaky well scenarios.

1. INTR ODUCTION

CO, sequestrationin geologicalformations is consideredfor reducing carbon dioxide
emissiondgnto the atmosphereand thereby mitigating the greenhouse ect. This method
is to be investigatedwith all available sciertic meansto assesgeasibility, problems,and
limitations. One possibility to study this technology is the formulation of mathematical
models that take into accourt the relevant processesn the subsurface. These are, for
example,the ow and transport behavior of multiple phases,geahemical reactionsand
geomebanical e ects. The various processesnvolved lead to very complex mathemat-
ical problemswhich cannot be solved analytically, at least not in their full complexity.
Available (semi-)analytical approadies[Nordbotten et al., 2009 usesigni cant simpli ca-
tions. Therefore, numerical methods have to be applied. Newertheless,(semi-)analytical
solutions are very valuable for an improved understandingof the coupledprocessesFur-
thermore, they can be usedto verify the deweloped numerical models.
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In this paper, we rst descrite the conceptual model for a non-isothermal composi-
tional CO,-water (brine) model basedon the simulator MUFTE-UG asthe dewelopmert
platform. A focuswill be on the partitioning of the componerts in the phasesand the
temperature and pressuredependenceof the uid properties. We introduce the major
model assumptions,the physical processedaken into accour, and the arising system
of strongly couplednon-linear partial di erential equations. The numerical treatment of
non-linearities and the discretization in spaceand time is shortly discussed.The second
pillar of this paper is then the application of the model for a bendimark examplewhich
is particularly related to the problem of CO, leakagethrough a fracture or an abandoned
well.

2. MODEL

For the descriptionof the ow and transport processe®f carbon dioxide and brine in a
rock formation, a two-phasetwo-componert model conceptis used. This meansthat two
separate uid phasesa CO, phaseand a brine phaseare moving in the subsurfacewhile
the rock matrix is assumedo berigid and incompressible.Howewer, the hydraulics of the
uid ow is strongly in uenced by the properties of the porousmedium like permeability
and porosity. Furthermore, the interaction between uid phasesand rock matrix is ex-
pressedby highly non-linear constitutive relationshipsfor capillary pressureand relative
permeabilitiesasfunctions of saturation. The consideredcomponerts are CO, and water.
The carbon dioxide componert candissole in the aqueousphasewhile the water cortent
of the CO, is consideredto be negligible. Furthermore, high salinities of the formation
water aretakeninto accourt by consideringtheir e ect onthe uid propertiesof the brine
phaseand the amourt of dissoled carbon dioxide (salting-out). The model conceptalso
takesinto accourt non-isothermal processeghat occur while the carbon dioxide is mi-
grating in the subsurface.Details of the presemed model can be found in [Bielinski, 2009
and [Bielinski et al., 2004.

2.1. Fluid prop erties. The essetial uid properties neededfor the description of the
non-isothermalmulti-phase ow and transport problem are density, erthalpy, and viscos-
ity of eadr phase. An overview of these properties is given in table 1. The CO, uid
properties vary signi cantly depending on temperature and pressureconditions in the
subsurface. This is becausethe carbon dioxide can occur in gaseousJiquid, or super-
critical state of aggregation. Figure 1 illustrates this behavior shaving the densily as a
function of pressureat various temperatures. A signi cant density di erence between,
e.g.,gaseousnd liquid CO, can be obsened.

2.2. Comp onent partitioning.  The componert partitioning in this work only addresses
the dissolutionof CO; in the brine phase.An approad after [Duan and Sun, 2003 is used
for taking into accourn the e ect of temperature, pressure,and salinity on the dissolution
behavior.

2.3. Mathematical model. This involvesbalanceequationsfor massand energy con-
stitutiv e relationshipsand supplemetary constrains for saturations, massfractions and
pressures.Important physical processesud astransient storage,advective transport of
the componerts with the phase ow, diusion in the brine phaseneedto be taken into
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Table 1. Fluid properties of brine and CO,.

Fluid property function of | literature

CO, density %0, f(T;p) [Spanand Wagner, 1996]
CO, enhalpy hcoz f(T;p) [Spanand Wagner, 1996]
CO, viscosity co» f(T;p) [Fenghouret al., 1999

Brine density % f(T;p;S; X %) | [Batzle and Wang, 1993,

[Garcia, 2001, IAPWS, 1997

Brine erthalpy hy | f (T;p;S;X$9?) | [Daubert and Danner, 1989],

[Duan and Sun, 2003 IAPWS, 1997,
[Michaelides,1981]

Brine viscosiy f(T;S) [Batzle and Wang, 1999
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Figure 1. Density of CO, asafunction of pressureat varioustemperatures
using the correlationsof [Spanand Wagner, 1994.

account. The velocity of the advective phase o w is calculatedusing the multi-phase ver-
sion of the Darcy equation. The di usion in the brine phaseis calculatedusing a Fickian
approad. The massbalanceequationsfor eath componert is given in equation (1). The
constitutive relationships necessaryfor the closureof the balance equationsis given by
[Bielinski et al., 200§. In equations(1) and (2), % is the density of the phase , S is
saturation, X is the massfraction of the componert in the phase , k; and K are
the relative and intrinsic permeabilities respectively,  denotesdynamic viscosity, Dpm
is a di usion coe cient, u is internal energy ¢ is the speci ¢ heat capacity of the solid
matrix, T is temperature, p is pressure, pn, IS heat conductivity and h is speci c heat
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capacity.
@ %xs) storage
n 0
r k%X K (rp %g) advective transport
r D, %r X di usiv e transport (1)
pm w
q source/sink
=0 2 fw; COyg; 2 fw; CO.0:

Non-isothermal processean be quite important in the cortext of CO, sequestrationin
geologicalformations. An energybalanceequation under the assumptionof local thermal
equilibrium is usedto descrike sud processesThis is givenin equation (2).

@ %@u )+ (1 )@gsT storage
r (pmrT) conduction
n 0
r kX %hK (rp %g) corvection
2)
r Dyn%h,r X, heat transport due to di usion
q source/sink

=0 2 fw; CO.q; 2 fw; CO,Q:

The storageterm accourts for the storageof energyin the uid phasesandin the formation
matrix. Heat conduction and corvection as well as a source/sinkterm are also included
in the equation.

2.4. Numerical model. Above, we outlined the arising system of partial di erential
equationsthat hasto be solved with appropriate numerical methods. A key issueof the
numerical solution processis the application of robust, fast and e cien t algorithms on
the onehand and the generationof accurateand stable solutions on the other hand. The
numerical simulator MUFTE-UG ([Helmig et al., 1999) that we useasthe dewelopmert
platform for our work provides a variety of numerical algorithms and solution meth-
ods. MUFTE-UG was jointly deweloped by work groups at the University of Stuttgart
and the University of Heidelberg. It is conceptually designedas a researb code with a
strictly modular and hierarchical architecture that allows to conbine di erent physical-
mathematical model conceptswith a number of discretization and numerical solution
methods.

For the above-merioned PDEs we usea Newton-Raphsonlinearization for the treat-
mert of the non-linearities. The derivations of the equationswith respect to the pri-
mary variables is achieved by numerical di erentiation (rst order certral di erences
method). Out of this linearization arisesa linear system of equationswhich we sole
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with a BiCGStab solver. Optionally, we canusethis in conbination with a multigrid pre-
conditioner. Howewer, the e ciency and applicability of the multigrid method depends
on the method of grid generationand degreeof heterogenely on the coarsestgrid.

Time is discretized fully implicit (Euler). Higher-order time discretization methods
revealed non-physically oscillating solutions. The discretization in spaceis done with
a subdomain-collacation method. The so-calledBOX method is basedon the weighted
residualsapproad and can be formally distinguished from a nite-element method by
the choice of the weighting functions. The BOX method usesa dual meshwith piecewise
constart weighting functions in the boxes (secondarymesh). The interpolation of the
parametersis donewith shape functionsthat are basedon the primary mesh. For details,
we refer hereto [Helmig, 1997 and [Bastian, 1999.

Another important issueof the solution processis the choice of the primary variables.
Sincewe can have situations where phasesappear or disappear, the set of primary vari-
ablesis not necessarilythe samethroughout the domain and can locally changeduring a
simulation. The algorithm that switchesthe primary variables dependen on the physi-
cal processegdisplacemem, dissolution, condensation,etc.) therefore requiresswitching
criteria that indicate a changeof the phasestate. For the disappearanceof phasesthis
is simply achieved by negative valuesof saturations. The appearanceof phaseshowever,
needsto be done by consideringthe responsible physical process. This is explainedin
detail in [Classet al., 2003 and [Bielinski et al., 2006].

3. Applica tions

Current researt projects which involve the modeling of CO, sequestrationin geological
formations with MUFTE-UG include:

CO,SINK. This project aims at testing subsurfacestorage of CO, in an area
near Berlin and by this meansimprove the generalunderstandingof the processes
and the techniquesinvolved in geologicalCO, sequestration. Our work padkage
involves large-scalenumerical simulations of the CO, injection processto help
predict the ewlution of the CO, plume. CO,SINK is funded by the EU.
CO2-TRAP. The objectivesof this project includethe dewelopmen of physicaland
mathematical model approadesfor the CO, adsorptionin coal seamsand simul-
taneousdesorption of methane(CHy,), the implemenation of theseapproadesin
a numerical multi-phase simulator and the validation of the modelsby comparison
with laboratory experimerts.

Numerical Investigation of CO, Sequestation in Geological Formations - Problem-
OrientedBenchmarks This project and the CO2-TRAP project are funded by the
German Researh Foundation (DFG) and the Federal Ministry of Education and
Researb in Germary (BMBF) in the cortext of the geoscietic researt and
dewelopmen program [GEOTECHNOLOGIEN, 2009§.

The project aims at deweloping bendxmark problemsrelatedto CO, sequestration
for the comparisonof di erent numerical codes. The problemsare meart to be
oriented aroundtopicsthat areoften dealt with in the context of CO, sequestration
e.g. storage-capaci estimation, enhancedcoalbed methane recovery. In the
following, onebendymark problemwill be addressedaisan exampleof the modeling
of CO, sequestrationwith MUFTE-UG.
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Benchmarkproblem: CO, leakagefrom a geological reservoir. This bendimark dealswith
the problem of CO, leakagefrom a geologicalresenoir through an abandonedwell. The
importance of the investigation of sud scenariosis obvious. The goal of CO, capture
and storagein geologicalformations over long periods of time is underminedif the CO,
can leak badk to the atmosphere. Moreover, CO, leaking into the atmospherein large
guartities posesa seriousthreat to human lives, since high concetrations of CO, cause
su o cation. Leakagecan occur through abandonedwells or through fracturesin the for-
mation. In North America, for example,many potential formationsfor CO, sequestration
are perforated by betweenthousandsand millions of oil and gaswells. SinceCO; is less
densethan water (even as a supercritical uid), it would upon reading sud a well rise
towards the surface. The thermal e ects involved while the CO, is rising are just as
important especially if phasechangesare involved.

The numerical simulation of scenariosinvolving sud leakageis a major part of this

bendmark.
Numerical simulation. A model has beenset up to simulate sud a leakage scenario(see
gure 2). The model domain is located 640 m to 800 m below the surfaceand hasthe
following dimensions:1000m x 1000m x 160m. The distancebetweenthe injection and
the leaky well is 100m and the injection rate is 8.87kg/s. The leaky well is treated asa
porousmediumwith a higher permeability (1 10 2 m?) than the formation (2 10 4 m?).
The porositiesof the well and the formation are both 0.15.

Figure 3 is a slicetaken from the three-dimensionaldomain and shows the distribution
of the CO, saturation after 200 days of injection. Part of the CO, dissolesin the brine.
In this case,after 200 days about 9% (1.36 10’ kg) of the injected CO, had dissohed.
The leakagerate asa function of time is shovn in gure 4. The leakagerate is calculated
asthe CO, ux at the middle of the leaky well (z = 80 m, see gures 2 and 3). Leakage
starts with the upward brine ux when the massfraction of CO, in the brine becomes
signi cant. This is howewver a small amourt comparedto the CO, ux as a separate
phasewhich setsin later, increaseg¢o a maximum value and slowly drops. This drop in
the leakagerate can be attributed to the lateral boundary conditions which in uence the
pressurein the domain. For an in nitely large domain, the CO, ux would be expected
to corntinue increasing([Nordbotten et al., 2003).

Figure 4 also shavs the temperature at the top of the leaky well (z = 130 m, see
gures 2 and 3). The temperature initially risesa bit aswarm brine from lower regions
in the formation ows upwards. As soon as the CO, phasearrives, there is sudden
temperature decreasevhich is as a result of the phasechangeof the CO, (liquid to gas)
in that regionand the accomparying volume/density and temperature changes.

Within the project, it is plannedto adapt this examplefor a comparisonwith a semi-
analytical solution basedon the work of [Nordbotten et al., 2005.
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Figure 3. Numerical results: CO, saturation at t = 200days
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