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Abstract

The comprehensive interpretation of different data types becomes increasingly challenging, even more if the
integration should be carried out in a quantitative manner. A hydrogeophysical reservoir model is set up that links
the single phase hydraulics, multiphase behaviour and geoelectrical properties of a CO, storage reservoir. The model
is embedded into a fully coupled inversion framework that explicitly honours the physical processes underlying the
different types of measurement data. The calibrated model provides a comprehensive representation of all data, with
an excellent accuracy for hydraulic and gas pressure data and a satisfactory accuracy of arrival times and
geoelectrical data. The permeability is within reasonable bounds but the spatial distribution shows several
indications for overfitting. The model reproduces the main migration direction of the plume.
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1. Introduction

The migration of CO; in a reservoir has multiple implications on hydraulic and geophysical properties in the
subsurface. Therefore the monitoring concept of CO, injection sites is formed by a combination of different
monitoring techniques. Methods applied for reservoir monitoring augment continuously. Each individual dataset
provides a certain viewpoint on the subsurface that offers the potential to understand reservoir processes much more
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detailed than in the past. Several publications underline the additional value by combining different techniques for
monitoring the spreading of the CO, plume [1, 2]. Geoelectrical resistivity tomography provides information on the
fluid substitution process with comparably high spatiotemporal resolution. Reservoir simulation and geophysical
inversions are commonly carried out separately. To achieve the required conformance between models and reservoir
behaviour, recent research aims increasingly at coherent interpretation across the disciplines [2]. In practical
engineering the amount of data sensitive model parameters grow, wherefore a comprehensive interpretation
becomes increasingly challenging. In this work special emphasis is put on advancing the benefit of reservoir
modelling by direct and full integration of geoelectric measurements into an inverse reservoir modelling framework,
pushing the state of the art of CO, reservoir monitoring forward in two main aspects.

e Integration of hydraulic and geophysical data into one hydrogeophysical reservoir model
e  Calibration by means on an inverse framework for quantitative evaluation

2. Method
2.1. Geology

The reservoir model is based on a geological facies model. It represents the Stuttgart formation in the eastern part
of the Roscow-Ketzin anticline. The horizontal extent is 5 x 5 km and the formation thickness is 90 m. The model
consists of two facies types, a sandstone facies with potentially high hydraulic permeability and good reservoir
properties and a mudstone facies with poor reservoir properties. Four sandstone reservoir layers are included. The
two main layers 1 and 2 with a model thickness of 6 m are divided by a low permeable anhydrite layer and are
located in the upper part of the formation (Figure 1). Towards northern direction, only one layer is present. The
current geological interpretation considers that layer 1 and layer 2 merge to layer 12 that continues to the northern
part. The sandstones permeability and porosity are calibrated in the model, the mudstone is assigned with a fixed
permeability of 10* mD.

2.2. Hydrogeophysical model

The framework consists of a hydrogeophysical reservoir model and an inversion tool (Figure 2). The
Hydrogeophysical reservoir model consists of four numerical models. A hydraulic model, a CO, migration model
and a geoelectrical model. The input for the field generation is a pilot point grid with 428 locations of discrete
permeability. The density is higher close to the wells and at the top of the reservoir and decreasing with a larger
distance. Model parameter fields are generated based on a linear radial basis function approach and providing
permeabilities for all locations of the sandstone facies. Porosities are generated as a function of the permeability
based on a petrophysical relation from [3]. The field generator PLPROC [4] is applied. The total simulated period
includes the pumping tests between September 2007 and January 2008 and the CO, injection history between June
2008 and March 2009.
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Figure 1: Geological cross section in SSW — NNE direction of the near well area. The orange areas indicate the sandstone facies, brown areas
indicate mudstone facies. Wells are magenta, well perforations are indicates by white horizontal lines. Layer 4 is connected to well Ktzi 200 (not

shown).

Model parameters Hydrogeophysical Simulated data Field observations
reservoir simulation

3 (o )
—[Diffarmtiat pressure]

)
oo )

| F estimation I: Regularisation

Inversion

Figure 2: Flowchart of the hydrogeophysical inversion framework. Blue colour indicates the hydraulic branch, yellow colour the CO, branch and
red colour the geoelectric branch. Ellipses indicate population of the reservoir model, rhombs indicate model generated time series, round
cornered boxes indicate constraining data, rectangles represent numerical simulators. Double line arrows indicate petrophysical relations.

2.2.1. Hydraulic simulation

The hydraulic simulation is based on the permeability field only and is carried out with Eclipse 100. Calculated
pressure is recalculated with the initial pressure at each test to drawdown values, to avoid impairment from potential
reference level errors. The measurement data are acquired during three cross-hole pumping tests have been carried
out at Ketzin prior to CO, injection. Formation fluid was pumped from one well with pressure observation in the
pumping well and two further observation wells. These tests have been evaluated with traditional analytical
pumping test evaluation methods [5] and have been modelled with an inverse hydraulic model [6]. Until now, no
agreement with the Ketzin reservoir model could be achieved.
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2.2.2. CO:; simulation

The injection rates are shown in Figure 3a and exhibit many short term variations due to technical reasons. These
small term variations are averaged over a longer period to reduce the model runtime. For the choice of periods the
most important criteria is that the modelled and measured injection rates match exactly at the last hours of each
interval, when the reservoir pressure is picked for the calibration dataset. Errors in the raw injection rate are
removed by cross checking with pressure and DTS temperature recordings in the injection well.
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Figure 3: Injection rates in well Ktzi 201. The red curve shows raw data of measured rates with 5 minute intervals, the black curve shows the
averaged rates used for the model. Recording errors can be observed in subfigure b) at July, 4™ at 10.30 and in subfigure c) at July 19" and are
corrected by cross checking with reservoir pressure and DTS temperature recordings.

The CO, simulation is based on the permeability and porosity field and is carried out with Eclipse 300. The long
term trend is calculated analogue to hydraulics by subtracting the initial pressure from each observed value.
Additionally, a short term differential pressure is introduced that is calculated from the pressure before and after
each change of injection rate. This ensures that the short term dynamic of the model is captured. Further, the arrival
times of the CO; in both observation wells are used as calibration data.

The CO, bottom hole pressure has been monitored continuously in the injection well during site operation. The
arrival of the CO, has been recorded in the two observation wells. A previous reservoir model was manually
calibrated on the CO, specific reservoir data only [7].

2.2.3. Geoelectric simulation

The geoelectric simulation is carried out based on the porosity field and the CO, saturation field as calculated by
the CO, migration model using the open source simulator pyGIMLI [8]. Three Ketzin boreholes are equipped with
15 geoelectric bottomhole electrodes each. A large number of four electrode measurements in single- and cross-hole
configurations has been carried out with a weekly interval [9]. In previous approaches the entire geoelectrical data
set has been inverted separately and the CO, plume shape was derived (e.g. [1, 9]).
In the current approach, the required coverage is lower because the CO, migration model acts as external
regularisation. Therefore the quality criteria can be stricter. Most electrodes are located within an open annulus that
is filled by brine or CO, which is known to produce artifacts [10]. Therefore only electrodes that are located within a
cemented annulus are selected. The inherent noise level of geoelectrical arrays is reduced by applying a moving
median of the individual measurements. From 1008 raw configurations only 8 are used as calibration data.
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The base noise level of the measurements is reduced by normalising the observed resistivities of each
configuration with the respective baseline resistivity prior to CO» injection. The resulting apparent resistivity ratio is
a function of partial CO, saturation. The interdependence of partial brine saturation and geoelectrical properties is
honored by an experimentally determined petrophysical relation [11, 12].

2.3. Inversion

The need for repeated individual inversions is circumvented by directly feeding the entire data into the fully-
coupled hydrogeophysical inversion. The PEST inversion package [13] provides the platform to couple different
process simulators and the corresponding multiple data sets. Assisted singular value decomposition reduces the
dimensionality of the inverse problem resulting in a lower number of model runs compared to traditional inversion
approaches.

The model includes four different types of measurement data: Hydraulic data, CO, pressure data, CO, arrival
times and geoelectric data. These data represent different times, measurement intervals, physical units and range of
values. The goal is to provide a balanced weighting for all series. The individual data series are weighted such that
they have an equal contribution to the measurement objective function for an equal relative deviation from the
observed values.

The model has 434 free parameters. Of these are 428 spatially distributed permeability values, other parameters
are rock compressibility, relative permeability parameters, equivalent pore volumes representing the model
boundaries and the exponent relating the reservoir saturation to a corresponding electrical conductivity. The
dimensionality of the current problem could be reduced by factor seven to 60 superparameters. Each super
parameter represents a linear combination of the free model parameters.

A preferred value regularisation constraint is added to all parameters. This value represent a best a priory
estimation. This ensures numerical stability of the inversion scheme if parameters become numerically insensitive,
in all other cases, i.e. when the measurement objective function is affected, the weight is adjusted such that
regularisation becomes negligible.

3. Results and discussion
3.1. Hydraulics

The hydraulic drawdowns show a good match between measured and simulated data (Figure 4). The absolute
deviations are highest if the pump is located in the respective observation wells. For “0201 p201” for example the
deviation is almost 1 bar at the last measurement. In the combination “0200 p202” the same relative deviation is
only 0.07 bar. The weighting scheme ensures that relative deviations are similar for all plots. The weighting scheme
ensures that the maximum relative deviation is about 10% of the dynamic of the respective time series.

The two well combinations involving Ktzi 200 and Ktzi 201 are removed from the calibration dataset. No solution
with a satisfactory curve match of both time series could be found. Inclusion either of both time series results in
large areas with permeabilities at their imposed lower and upper boundaries of 1 or 1000 mD, strongly indicating
overfitting. An error of both time series appears plausible, since the same pressure logger was used.
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Figure 4: Measured drawdown of the pre-injection pumping tests (red circles) and corresponding simulations (black lines). The ticks at y-axes
each represent 1 bar differential pressure. The first part of the title beginning with “0” refers to the observation well, the second part of the title,

FToRT)

beginning with “p” refers to the corresponding pumping well.
3.2. CO; migration

The simulated CO, reservoir pressure shows a good overall match with the measured data (Figure 5a). Generally,
the absolute deviations are around 0.3 bar with a maximal value of 1.6 bar in January 2009. After injection start at
the end of June, the size of the plume is small and located close to the injection well, wherefore rapid rate variations
are explicitly included in the inversion to capture the reservoir behaviour on different spatial and temporal scales.
The short term dynamics with a magnitude of 0.2 bar are well reproduced, although an offset of about one bar exists
(Figure 5b). This is achieved since short and long term variations are calibrated as separate datasets that
orthogonalises out structural noise of an (necessarily always) imperfect model [14]. A direct calibration of pressures
would lead to an unphysical trade-off as e.g. a flat inverted pressure curve with less offset. Simulated arrival times
are 22.9 and 259 days with observed values of 21 and 270 day in Ktzi 200 and Ktzi 202, respectively.
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Figure 5: Measured reservoir pressure at the end of the respective time series (red) and the corresponding inverted pressure (black).
3.3. Geoelectric

The objective function of the geoelectric resistivities was reduced by factor 5. Four examples of calibrated curves
are shown in Figure 6. A sufficient match of the data is shown in Figure 6a and 6d. The resistivity ratios generally
show an increasing trend, honouring the increased reservoir resistivity due to the low conductivity CO,. However,
AB-MN electrode configurations have some areas with negative sensitivity, i.e. an increasing resistivity in the
reservoir may induce a decreasing apparent resistivity. This impact can be observed in the first 50 days of Figure 5b
and for Figure 5c. The current model cannot reproduce the negative sensitivities, wherefore the goodness of fit is
lower compared to the pressure data.



3594 Bernd U. Wiese et al. / Energy Procedia 114 (2017) 3588 — 3596

02-29-03-28 03-28-04-27 10-25-26-27 10-25-28-29
L T L Ll L Ll 1.12
—~ 103 |a) 1.08 W Ey
BT 5 104 /] 108
g2 1.02 104f 4" —~
&2 401 1.00 fei¥ 4 1.04
23 1.00 ] 100
(=4 1_00 0-96 ™~ -
oo6 2 - 0.96
0 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300

Time (d)

Figure 6: Apparent resistivity ratios of the applied electrode configurations. The red and blue curve indicate the moving median of reciprocal
measurements, the grey curves indicate the change of simulated resistivity ratios during 4 iterations, the black curve is the final result of the 5"
iteration. The x axis indicates days since the injection of CO,. The titles refer to the a-b-m-n electrode configuration.

3.4. Parameter distribution

The calibrated permeability shows a spatial variability with values between the imposed parameter bounds 1 and
1000 mD, while the permeability of 10 is imposed by the geological model (Figure 7). Although the permeability is
generally within a realistic range some structural aspects suggest that overfitting occurs. Large areas are identical to
the parameter bounds, although core analyses of the observation wells show a variability of less than one order of
magnitude for the depth averaged effective permeability. The wells are inflection points for permeability changes.
Permeability is low between the lower wells in layer 1 while it is high in the opposite direction (Figure 7a). This
distribution coincides with the sensitivity pattern of cross-hole pumping tests. Furthermore, large variations close to
the wells occur also in layer 2 and layer 12. From a geostatistical point of view, it is unlikely that the field
permeability in the wells is similar to each other while the simulated permeabilities show such a high variability.

Layer 1
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Figure 7: Calibrated reservoir permeability. The dots represent screened well positions, with the western dot is the injection well Ktzi 201. Note
that the dot in layer 4 is the observation well Ktzi 200.

The layered structural elements of the permeability are shaping the plume. The plume shape has a predominantly
westward direction, analogue to the observed migration direction [2]. The shape differs between the layers. Most
CO, is located in layer 1 and 2, which are considered as the main reservoir layers. The plume in layer 3 is limited to
the direct vicinity of the well. The plume in layer 4 (Figure 8d) appears around observation well Ktzi 200 since the
overpressure is sufficient to exceed the static hydraulic pressure of the brine column between layer 2 and layer 4.
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Figure 8: Calibrated CO, thickness at the end of the simulation period after 270 days. It represents the porosity occupied by CO, in m? per area in
m?. The dots represent screened well positions, with the western dot is the injection well Ktzi 201. Note that the dot in layer 4 is the observation
well Ktzi 200.

4. Conclusions

A hydrogeophysical reservoir model is set up that links the single phase hydraulics, multiphase behaviour and
geoelectrical properties of a CO, storage system. The model is embedded into an inversion framework. The
calibrated model provides a satisfying representation of all data, with an excellent accuracy for hydraulic and CO,
pressure and a satisfactory representation of arrival times and geoelectrical data. The model can reproduce the main
migration direction of the plume. The estimated permeability is within reasonable bounds but the spatial distribution
of the current model shows indications of overfitting. Investigation of this overfitting is subject of current research.
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