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Abstra ct

The development of sophisticated numerical modeling capabilites for the simulation
of carbon dioxide injection into geologicalformations is currently an intensive �eld of
research. We have developed a non-isothermaltwo-phasetwo-component model concept
which is capableof simulating the CO2 plume evolution, the solution of CO2 in water and
the variation of the 
uid properties dependingon the thermodynamic conditions and the
phasecompositions. Sincethe model alsoaccounts for the balanceof thermal energy, we
caninvestigatenumerically the e�ects of temperaturevariations during injection scenarios.
The e�ects are investigated by means of a principle parameter study and a complex
reservoir scenario.

1. INTR ODUCTION

Recent investigationsof undergroundcarbon dioxide storageare increasinglysupported
by numerical modeling. The development of multi-phase multi-component models that
arecapableof simulating the strongly couplednon-linear 
o w and transport processeshas
madesigni�cant progress,cf. for example[?, Classet al., 2002, Bielinski, 2006], such that
thesetoolsprovide valuablehelp for addressingthe vast number of open questions.These
concern risk analysis, feasibility (technical and economical),and in particular the im-
proved understandingof the physical processes.A number of research projects worldwide
are currently goingon wherenumerical simulations give signi�cant contribution. The au-
thors are involved in several projects fundedby the EuropeanUnion (project CO2SINK),
the German Research Foundation - DFG - and the German Federal Ministry of Educa-
tion and Research - BMBF - (projects BENCHMARKS, CO2TRAP within the research
program GEOTECHNOLOGIEN).

Obviously, the interest during CO2 injection into a geologicalformation focuseson
the development of the CO2 plume and the migration pathes of the 
uid through the
subsurface.It is important that the trapping of the carbon dioxide workssustainablywhile
the mechanismscan be very di�erent. It can be distinguished between hydrodynamic,
residual, solubility, and mineral trapping. Therefore,depending on the questionssought
to be answered with respect to the trapping mechanisms,the model conceptunderlying
the numerical simulators has to be chosenaccordingly and can get very complex. The
model that wasdeveloped in our group by [Bielinski, 2006] takesinto account the 
o w and
transport of the two phasesCO2 and water/brine with mutual solubility, non-isothermal
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e�ects, and the variation of the CO2 
uid properties like density, viscosity, and enthalpy
over a large rangeof sub- and supercritical thermodynamic conditions.

Another aspect of the subsurfaceprocessesduring CO2 injection is the temperature
evolution in the formation. The behavior of the local temperature depends on several
factors like the enthalpy of the injected CO2, the heat capacity and heat conductivity of
the formation and the expansionof the 
uid which is coupledwith a temperature lowering
(Joule-Thomsoncooling). In the following, we present a principle numerical investigation
concerningthesee�ects and a complexreservoir simulation motivated by the work within
the CO2SINK project.

2. Parameter stud y in a radial symmetric domain

A simulation scenariois set up to study non-isothermale�ects in the subsurfacedur-
ing CO2 injection and to investigatethe possibility of using thesetemperature variations
as a meansto monitor the CO2 plume propagation. The model domain is set up using
simpli�ed characteristicsof the Stuttgart Formation addressedin the CO2SINK project
(cf. Sec.3). The CO2 is assumedto move away from the injection well in a radially sym-
metric manner, the target formation has a thicknessof 30m, and the overlying caprock
is modeled as a no-
ow boundary condition. The injection rate is 1[ kg

s ] and takesplace
over the lower 5m of the formation. Two main uncertainties are input to the simulations,
namely the temperature of the carbon dioxide at the injection point and the permeability
of the reservoir. Therefore,a rangeof CO2 injection temperaturesand variouspermeabil-
ities are covered within numeroussimulations to be able to estimate the non-isothermal
e�ects that can be expected in reality.

Figure 1 (left) shows the CO2 propagation in the formation illustrating saturations.
Also two observation wells 50m and 100m away from the injection point are shown.
The temperatures at the �rst observation well (50m distance from the injection point,
right underneath the caprock) are shown over time in Figure 1 (right) for various cases.
Cases1-3 correspond to low (40[� C]), cases7-9 to high (60[� C]) CO2 injection tempera-
tures. Furthermore, the permeabilitiesvary between30[mD], 300[mD], and 1000[mD] to
account for the lack of data.

The characteristicsof the temperature behavior at the observation well are similar for
all cases: as soon as the CO2 front reaches the location of the temperature sensor,a
temperature decreaseof 1-2[� C] can be observed. This cooling is causedby the expan-
sion of the 
uid after entering the formation (Joule-Thomsoncooling). In the further
courseof the simulation the temperature at the observation well increasestowards the
corresponding CO2 injection temperature. Heat conduction into the formation keepsthe
temperature at the observation point below this value.

The discussedsimulations suggestthat temperature measurements canbe usedto mon-
itor CO2 plume propagation. However, more detailed investigationsare to be carried out
and to be publishedsoon.

3. Complex reser voir simula tions

The complex reservoir model is set up from data out of the CO2SINK projekt. The
objective of this project, supported under the FP/6 framework by the EU commission,is
to monitor CO2 injection in a salineaquifer in the North German Basin (30 km west of
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Figure 1. Non-isothermale�ects during CO2 sequestrationin the subsur-
face. Model domain and observation wells (left). Temperature evolution at
�rst observation well right underneathcaprock (50m distancefrom injection
point).

Berlin). The target formation, the TriassicStuttgart Formation, formesa doubleanticlinal
structure at around 570-900m depth at the selectedsite. It is planned to inject a total
massof up to 60.000tons carbon dioxide within two yearstime. The CO2 plumeevolution,
temperature and pressuree�ects will be monitored with variousmethods via the injection
well itself, two observation wells and from the surface. Once this data is collected, it
providesa possibility to history-match a complexreservoir model. This is the �rst set-up
of the reservoir model, which will get further developed with increasingavailabilit y of
data. At present, all the data available about the properties of the target reservoir were
collectedby coreanalysisof a singlewell in the easternKetzin anticline and extrapolation
of seismicdata in addition to regional studies. Seismic investigations have also been
conducted. In this �rst model only the target formation will be considered. The top
and bottom boundariesare modelledasNeumann(no-
o w) boundary conditions. At the
lateral boundaries,Dirichlet conditions with hydrostatic brine pressureand geothermal
temperaturecondition areassumed.The brine salinity is setto be250[ g

L ]. The geothermal
gradient was derived to be � 0.04[

� C
m ]. The 
uid properties over depth calculated from

this pressureand temperature gradients and salinity canbe seenin Figure 2. For detailed
information about functions used,see[Bielinski, 2006] or [Ebigbo et al., 2006].

The overall model extent is 5km � 5km � 80m (Volume= 2[km3], Porevolume (PV) =
0:4[km3]). With an assumedaverageCO2 density of 360[ kg

m3 ] the injected CO2 is 0.054PV
in total. In earlier studieswe determineda required minimum distancebetweeninjection
well and Dirichlet boundary conditions(for this injection rate) to prevent thoseboundary
conditions from dominating the problem.

A permeability model of the Stuttgart Formation wasbuilt, usinga geostatisticalmod-
elling approach after [Deutsch and Wang, 1996]. All well and seismicdata available were
taken into account. F•orster et al. [F•orster et al., 2006]describe in detail the geological
modelling. One randomly selectedrealization of the resulting permeability distribution
can be seenin Figure 3. The porosity is set to 0.2[-].
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Figure 2. Natural pressureand temperature conditions of the reservoir
and calculatedCO2 density and viscosity.

Figure 3. Model domain of the complex reservoir: Shown is one realiza-
tion of the permeability distribution. Highly permeablesand-channel facies
lie within a matrix of low permeable
o odplain deposits.

The model resultspresented here,wereobtainedusingoneselectedrealizationusingthis
geostatisticalapproach and doesthereforenot provide predictions of the plume evolution
and overpressuresto be expected. Further studies are necessaryto give estimates of
reliabilit y and error. This work is currently beeingcarried out.

Initial values are the samepressureand temperature gradients assumedfor the lat-
eral boundaries. The aquifer is initially fully brine saturated with a mass content of
10� 4 [ kgC O 2

kgbr ine
] due to numerical reasons. For the relative permeability and the capillary

pressure-saturationrelationships a Brooks-Coreyapproach [Brooks and Corey, 1964] is
chosen,usingbest guessvaluesdue to lack of data (pd=10.000[Pa], Swr =0.1, SCO2r =0.05,
� =2). Measurements to determine such valueswill be conductedoncethe injection and
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the observation wellsaredrilled and coresampleshave beentaken. At the bottom bound-
ary in the middle of the domain a constant mass
ux of 1[ kg

s ] supercritical CO2 with a
constant temperature of 46[� C] is injected over a period of 2 years. The saturation dis-
tribution calculatedwith this realization after 2 yearsand 5 yearsafter injection start is
shown in Figure 4.

Figure 4. Cut-open top-quarter section of the reservoir. Shown is the
permeability (left), CO2 saturation after 2 (middle) and 5 yearsof injection.
Injection shut-in is after 2 years.

The plume evolves starting from the point of injection at the bottom of the domain.
Within 14 months the CO2 reaches the caprock. The lateral spreading is maximum
160 meters away from the vertical injection axis. It can be clearly seenthat the CO2

accumulatesin the low permeableregions. It quickly migratesthrough the high-permeable
regions, due to strong buoyant forces. In this regions the saturation is low. After 37
months the highest point of the reservoir is reached. Over time the CO2 accumulates
there and saturations of 0.8 are calculated just underneath the caprock after 5 years. In
Figure 5 the corresponding temperatur obtained can be seen.

Figure 5. Cut-open top-quarter section of the reservoir. Shown is the
temperature in the reservoir after 2 (left) and 5 yearsof injection. Injection
shut-in is after 2 years.

The CO2 is injected with a constant temperature of 46[� C], this hasa strong in
uence
on the developing temperature �eld. The reservoir getsheatedaround the injection point
up to the temperature of the injected CO2. In the higher regions above the injection
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point, a maximum temperature decreaseof 0.6[� C], with respect to the initial reservoir
temperature,after 2 yearscanbeobserved. This is duethe previouslyexplainedexpansion
of the CO2 due to pressuredrop (Joule-Thomsone�ect).

After 5 years the region just around the injection point, which has been heated up,
slowly normalisesback to initial temperature conditions. The cooling e�ect above this
region is still strong, there is no indication for a normalisation back to initial conditions
even 3 yearsafter injection shut-in. No temperature e�ects can be observed at the top of
the reservoir, wherethe CO2 �nally accumulates.

4. Final Remarks

In this paper, we presented two 3D numerical simulation examplesconcerningnon-
isothermale�ects during CO2 injection into brine aquifers. Wecouldshow and identify the
physical processesthat produce temperature variations in the near-�eld of the injection
well. The area of in
uence is apparently restricted to the vicinit y of the well and the
e�ects may be negligible in many cases. However, there can be scenarioswhere high
temperature changesdue to sudden expansion of the CO2 occur. We think of fault
zones, fractures, and abandonedwells with locally very high permeabilities compared
to the surrounding reservoir. Thus, it is necessaryto investigate this in more detail.
We refer here to the work of [Ebigbo, 2005]and the project BENCHMARKS within the
German GEOTECHNOLOGIEN program [GEOTECHNOLOGIEN, 2005]. The authors
acknowledgethe EU, DFG, and BMBF for their funding which contributed to this work.
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