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Abstract

Reliable monitoring of CO2 storage reservoirs requires a combination of different observation methods. However,
history matching is typically limited to CO2 pressure data alone. This paper presents a multi-physical inversion of
hydraulic pressure, CO2 pressure, CO2 arrival time and geoelectrical crosshole observations of the Ketzin pilot site
for CO2 storage, Germany. Multi-physical inversion has rarely been reported for CO2 storage reservoirs. In contrast
to previous studies, there is no need for pre-inversion of geophysical datasets as these are now directly included in
a fully coupled manner. The deteriorating impact of structural noise is effectively mitigated by preconditioning of
the observation data. A double regularisation scheme provides stability for insensitive parameters and reduces the
number of required model runs during inversion. The model shows fast and stable convergence and the results provide
a good fit to the multi-physical observation dataset. It has certain predictive power as the known migration direction
of the CO2 plume is captured. These results clarify two long discussed issues of the Ketzin CO2 storage reservoir:
1) The pre-existing hypothesis of an existing hydraulic barrier became unsubstantial as the data series suggesting weak
hydraulic communication are identified as erroneous. 2) Salt precipitation around the injection well doubles the injection
overpressure compared to salt free conditions, which is equivalent to a well skin of 10. The presented framework allows
to integrate various types of observations into a single multi-physical model leading to an increased confidence in the
spatial permeability distribution and, in perspective, to improved predictive assessments of CO2 storage reservoirs.

Keywords: Multi-physical, Hydrogeophysical, Inverse reservoir modeling, Pumping tests, Pressure, Geoelectrical
monitoring, Barrier, Salt precipitation, CO2 storage, Ketzin

1. Introduction

The Ketzin pilot site is Europe’s longest operating on-
shore CO2 storage site geologically located within the North-
East German Basin about 25 km west of Berlin. Between
June 2008 and August 2013, approximately 67 kt of CO2

have been stored within the Stuttgart Formation, a sand-
stone of the Upper Triassic (Martens et al., 2014). Nu-
merical simulations of CO2 migration have been an inte-
gral component during all stages of the storage operation.
Based on an initial geological model (Förster et al., 2006),
Kempka et al. (2010) present a history match of the CO2

arrival at the first observation well. Lengler et al. (2010)
investigate the impact of unknown spatial heterogeneity
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by means of a stochastic Monte Carlo approach. Based on
a revised geological model (Norden and Frykman, 2013),
Kempka and Kühn (2013) use near-well and far-well per-
meability multipliers to manually history match a revised
flow model that is in agreement with long-term pressure
measurements and observed arrival times, but does not
capture high magnitude short-term pressure variations. Dis-
regarding observation data is commonly the cost of man-
ual model calibration (e.g. Oliver and Chen, 2010).

Class et al. (2015) present the first automated calibra-
tion of Ketzin reservoir models based on a small num-
ber of parameters. Yet their calibration is solely based on
pressure and arrival time data and does not include geo-
physical measurements with a larger spatial resolution.
Lüth et al. (2015) recently assessed the conformity be-
tween large-scale 4D seismic data and a manually history-
matched reservoir model considering several performance

Preprint submitted to International Journal of Greenhouse Gas Control July 19, 2018



Wagner & Wiese (2018) Fully Coupled Inversion on a Multi-Physical Reservoir Model - Part II

criteria such as the footprint, volume, and lateral migra-
tion distance of the CO2, as well as a similarity index
to quantify the areal overlap between observed and sim-
ulated plumes. The authors discuss uncertainties in both
monitoring and simulation results and demonstrate a rea-
sonable conformance between the observed and simulated
plume behaviour under consideration of the relatively high
noise level inherent for land-based geophysical monitor-
ing data.

The test site was also characterised with hydraulic sim-
ulations based on three cross hole pumping tests, which
were conducted prior to CO2 injection. The traditional
form of analysing each of the nine time series analytically
results in significant ambiguity and at least three different
conceptual models, as discussed by Wiese et al. (2010).
Chen et al. (2014) and Kempka and Norden (2017) use
the data in an inverse modelling framework to estimate a
near-well permeability distribution. The authors state the
hypothesis of a large barrier zone between injection well
Ktzi201 and observation wells Ktzi200 and Ktzi202 and
as consequence strongly channeled flow inbetween, but
conclude that only limited information at the inter-well
scale can be extracted from the pumping test data. The
standalone geoelectrical inversions provide certain sup-
port for the barrier hypothesis, but information remains
ambiguous (Schmidt-Hattenberger et al., 2011, 2012; Bergmann
et al., 2017). Chen et al. (2014) suggest a joint inversion
of hydraulic and CO2 injection data to achieve a better
characterisation of the subsurface.

In this study, a CO2 migration and a hydraulic model
of the Ketzin reservoir are combined and constrained by
multi-physical observations. Based on a recently devel-
oped inversion approach (Wiese et al., 2018, this issue),
the hydraulic data is supplemented with reservoir pres-
sure, CO2 arrival times and geoelectrical crosshole data
in order to decrease the ambiguity and to better charac-
terise the subsurface heterogeneity at the site. Fully cou-
pled inversion of these types of field observations has not
been reported before and aims to close that gap to allow
answering questions which could not be addressed with
previous Ketzin models. This paper aims to integrate hy-
draulic tests and CO2 injection time series quantitavely
to determine relative permeability components and aims
to clarify the unexpectedly weak hydraulic communica-
tion between two wells at the Ketzin test site that was in-
terpreted as hydraulic barrier in previous studies (Wiese
et al., 2010; Chen et al., 2014). Salt precipitation is mod-
elled by e.g. ?Pruess and Müller (2009) and experimen-
tally shown by Bacci et al. (2011); Jeddizahed and Ros-
tami (2016) to reduce injection well permeability. It is

known to occur in the Ketzin injection well (Baumann
et al., 2014) but its effect could not be distinguished from
intrinsic permeability in previous Ketzin reservoir mod-
els. The present approach aims to constrain the plume
shape from geoelectrical data measured in all three wells
at the site. Previous classical tomographic inversions of
geoelectrical data did not include data of observation well
Ktzi202 due to connection loss to the seven lowermost
electrodes and the resulting low coverage.

The geoelectrical data are linked to CO2 saturation
with the geoelectrical saturation exponent (Eq. 3 in Wiese
et al., 2018, this issue). For a Ketzin sample Kummerow
and Spangenberg (2011) determined a value of 1.62. Within
this study, a further experiment is carried out. These re-
sults are used as the range for calibrating a homogeneous
saturation exponent for the Ketzin test site.

This case study aims at a comprehensive interpreta-
tion of the multi-physical Ketzin dataset to achieve a bet-
ter quantification of the reservoir and injection processes.

2. Multi-physical monitoring and characterisation

Geological storage activities at Ketzin are accompa-
nied by a comprehensive monitoring program (Köhler et al.,
2013). An overview of the applied methods and con-
ducted field campaigns can be found in Martens et al.
(2014). For an in-depth summary of all geophysical moni-
toring activities, the reader is referred to the recent review
by Bergmann et al. (2016). Here, the focus lies on mon-
itoring activities relevant for the coupled inversion pre-
sented.

2.1. Hydraulic crosshole tests

2.1.1. Data acquisition
Prior to the CO2 injection, between September 2007

and January 2008, pumping tests were conducted as open
hole tests in each well while reservoir pressure was ob-
served in all three wells. The tests followed multiple ob-
jectives including the removal of residual drilling fluids,
production of formation water samples, identification of
near-well conditions, as well as the estimation of field-
scale permeability (Wiese et al., 2010). Under considera-
tion of the maximum allowable drawdown, pumping rates
ranged between 1.1 and 1.8 m3/h (Wiese et al., 2010).

2.1.2. Data filtering and pre-processing
For efficient computing, similar pumping rates are av-

eraged over the corresponding periods and simulated pres-
sures are generated for the end of each of these periods.
Pressure data observations are chosen accordingly. For
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pumping tests in wells Ktzi200 and Ktzi202 the undis-
turbed initial pressure level is known. For the pumping
test in well Ktzi201 first observations are available after
pumping started, wherefore the reference level is approxi-
mated with the highest pressure in the respective well dur-
ing the test. The simulated data are processed accordingly.

The hydraulic dataset consists of time series, each rep-
resenting a pumping well - observation well combination.
Chen et al. (2014) could not achieve a satisfying model
fit for observation in Ktzi200 with pumping in Ktzi201,
but could not discriminate whether it is a data error or
a local heterogeneity. Also with the present model it is
not possible to find a permeability field when including
both time series referring to the cross hole combination
of wells Ktzi200 and Ktzi201. By elimination of just one
of these time series a satisfying fit of the observed data
could be obtained, but at the cost of a very heterogeneous
permeability field with values frequently hitting param-
eter bounds at 1 and 1000 mD, which is a severe sign
for overfitting, i.e. either fitting data too well subject to
model simplifications with respect to reality or fitting of
corrupted data. Both erroneous pumping tests have been
carried out subsequently by interchanging pump and log-
ger between the wells. A defective pressure logger would
corrupt both time series. Therefore, both time series are
not included in the further calibration.

2.2. CO2 monitoring

2.2.1. Data acquisition
The mass flux of the injection stream and the reservoir

pressure have been monitored continuously in five second
intervals in the injection well Ktzi201. The actual flow
rate of CO2, measured within the injection pipeline 8 m
upstream of the injection well (Liebscher et al., 2013),
serves as an input to the CO2 model, whereas reservoir
pressure and arrival times serve as observation data to the
inversion. Reservoir pressure is vital for model calibration
and a good match between measured and modelled val-
ues is considered to be the most important prerequisite for
predictive assessments (e.g. Class et al., 2015). In the pre-
sented inversion framework, the observed pressure of the
injection well Ktzi201 is therefore included, which was
measured with a pressure-temperature point gauge based
on two Fiber-Bragg gratings at the end of the injection
tubing at 550 m depth (Liebscher et al., 2013). Arrival
times of CO2 were monitored at both observation wells
(Ktzi200 and Ktzi202) with a gas membrane sensor (Zim-
mer et al., 2011) and wellhead pressure.

2.2.2. Data filtering and pre-processing
To ensure efficiency and integrity of the simulations,

injection is averaged over periods with similar CO2 rates
and simulated values are generated for the end of each
of these periods. Pressure sensor data are chosen accord-
ingly. To increase inversion stability, short and long term
pressure differences are calibrated instead of direct values
(Wiese et al., 2018, this issue).

The reservoir pressure is calculated by correction of
the sensor data for the static gas column to the reference
depth of 640 m since friction losses and inertial effects
can be neglected (Wiese et al., 2012). Arrival times are
defined when the gaseous CO2 saturation of at least one
model cell in the respective well has reached 3%.

2.3. Geoelectrical crosshole monitoring

2.3.1. Data acquisition
Crosshole electrical resistivity measurements are con-

ducted on a weekly basis since the beginning of injection
in June 2008 (Bergmann et al., 2017). Data acquisition
is realised with the aid of a permanently installed vertical
electrical resistivity array (VERA) consisting of 45 ring-
shaped stainless steel electrodes mounted on the electri-
cally insulated borehole casings of the injection well and
the first two observation wells. During data acquisition,
an electric current of up to 2.5 A is injected between two
current electrodes and a potential measurement, typically
in the range of 50µV to 100 mV, is registered between
two observation electrodes. Acquired crosshole config-
urations include bipole-bipole measurements, where the
two electrodes of a bipole are either split across different
boreholes (AM-BN; Figure 7) or situated in one borehole
(AB-MN). These are supplemented by a limited number
of inhole (ABMN) and pole-tripole (A-BMN) measure-
ments (Schmidt-Hattenberger et al., 2011, 2016).

2.3.2. Data filtering and pre-processing
Tomographic studies using geoelectrical data from the

Ketzin site have focused on the 2D imaging plane between
the injection well Ktzi201 and the first observation well
Ktzi200 (Schmidt-Hattenberger et al., 2013; Wagner et al.,
2015; Schmidt-Hattenberger et al., 2016). The reason for
this is the decreased 3D coverage due to the loss of con-
nection to the seven lowermost electrodes in the observa-
tion well Ktzi202. Since this study directly uses the entire
time-lapse dataset to estimate hydraulic subsurface prop-
erties in the frame of a multi-physical inversion, the need
for a classical geoelectrical tomographic inversion is ef-
fectively circumvented. We state the hypothesis that a pro-
cess based inversion can be effectively calibrated with a
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lower geoelectrical coverage compared to traditional geo-
electrical inversion because the parameter distribution is
additionally constrained by geology and the flow model.
In consequence, we consider the complete 4D dataset in-
cluding measurements from wells Ktzi200, Ktzi201, and
Ktzi202.

A rigorous filtering procedure is applied on the mea-
sured apparent resistivity time series since poor data qual-
ity can compromise stability and results of the inversion.
Any processing is limited to the 1008 four-point configu-
rations, which have been measured at least once per month
exclusively with electrodes known to be intact based on
regular contact resistance checks. In addition, any con-
figurations are excluded where no reciprocal counterparts
exist for direct error quantification. From this set all con-
figurations that exhibit geometric factors larger than 104 m
and time-lapse reciprocal errors above 5 % are filtered out.
The latter is defined as the root-mean-square deviation be-
tween the forward and reciprocal apparent resistivity time
series. In a last step, a moving average filter with a time
window of two weeks is applied to all time series in or-
der to remove measurement gaps and strongly deviating
outliers.

A total number of 226 time series, each measured by
an individual electrode configuration, remains for inver-
sion. Daily averages of apparent resistivity are normal-
ized with their respective pre-injection value and used as
observations for inversion. The final input dataset consists
of 61,698 apparent resistivity ratios (226 time series à 273
days).

It is noteworthy that the described filtering procedure
almost completely removes inhole and AB-MN type con-
figurations, which are known to suffer from low signal-to-
noise ratios (Bing and Greenhalgh, 2000) and pronounced
sensitivity to borehole related effects (Doetsch et al., 2010).
In consequence, the calibration is mainly based on AM-
BN and a few A-BMN type configurations.

2.3.3. Petrophysical experiments
To link the apparent resistivity ratios to CO2 satura-

tions, it is assumed that the pore space is filled with a
two-phase mixture of brine and CO2 and that surface con-
ductance, temperature, as well as pressure effects can be
neglected (Eq. 3 in Wiese et al., 2018, this issue). In
order to constrain the saturation exponent n, laboratory
experiments were conducted, during which the electrical
resistivity of a reservoir rock sample was measured with
increasing brine saturation under ambient conditions.

The sample of reservoir sandstone has a height of 55 mm
and a radius of 15 mm and was taken from the injection
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Figure 1: (a) Modelled electrical sensitivity distribution throughout the
cylindrical rock sample assuming homogeneity. (b) Photograph of the
rock sample showing the two potential electrodes consisting of con-
ductive silver lacquer. A and B mark the current injecting electrodes,
whereas M and N mark the electrodes used for potential measure-
ments.

well Ktzi201 at 638 m depth. Brine was repeatedly added
to the sample and the saturation was determined under
consideration of its actual, dry, and fully saturated mass.
Current injection was performed via two metal plates at
the top and the bottom of the sample. To acquire poten-
tial differences, the sample was prepared with two rings
of conductive silver lacquer as shown in Figure 1b.

Figure 1a shows the resulting sensitivity distribution
modelled throughout a homogeneous rock sample fully
accounting for distributed current injection via plate and
ring electrodes based on the complete electrode model
(Rücker and Günther, 2011). It can be seen that nega-
tive sensitivity develops between A and M and B and
N , respectively, while constant positive sensitivity is only
obtained between the two potential electrodes M and N .
It was therefore crucial to allow time for equilibrium of
the injected brine subsequent to the initialisation of a new
saturation level in order to obtain representative measure-
ments. Figure 2 shows the measured resistivity of the sam-
ple ρt divided by its saturated resistivity ρ0 (at Sw = 1) as
a function of brine saturation.

The resistivity of the sample decreases with increasing
brine saturation with a slope corresponding to n = 2.6.
Together with other Ketzin specific values previously de-
termined by Kummerow and Spangenberg (2011) of n =
1.62 and by Fleury et al. (2013) of n ranging between
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measured for a rock sample from the injection well (Ktzi201) com-
pared to measurements on a sample from the second observation well
(Ktzi202) performed by Kummerow and Spangenberg (2011). Dashed
lines mark the linear trend where the slope corresponds to the negative
saturation exponent.

1.65 and 1.8, the boundaries for the saturation exponent
are set to 1.62 and 2.6. These values cover the entire
typical range of the saturation exponent for sandstone be-
tween 1.6 and 2.6 (Tiab and Donaldson, 2016). This re-
flects the high level of heterogeneity within the reservoir.
Kummerow and Spangenberg (2011) attribute the compa-
rably small value of the saturation exponent to the high
clay content of the sample.

3. Inversion approach

The multi-physical field observations are used to es-
timate reservoir permeability by means of a recently de-
veloped fully coupled inversion approach. For details the
reader is referred to Wiese et al. (2018, this issue). Here,
adaptions necessary for application to the Ketzin field dataset
are discussed.

Compared to synthetically generated observations, field
data quality is typically lower and data may contain mea-
surement errors such as stochastic noise, hysteresis, data
logger drift and even potentially explicit errors. Structural
noise is introduced by conceptual simplification (Doherty
and Welter, 2010). In comparison to the synthetic case
study presented in Wiese et al. (2018, this issue), more
flexibility to the relative permeability is given by calibrat-
ing the endpoint for full saturation of a specific phase
(constant Ci in Eq. 1 in Wiese et al., 2018, this issue).
Furthermore, a skin factor is introduced to the CO2 mi-

gration model as a means to represent diverging behaviour
between the hydraulic and the multiphase model.

Calibration of petrophysical parameters is also carried
out during coupling of the geoelectrical model. As previ-
ously discussed, petrophysical experiments revealed con-
siderable heterogeneity in the saturation exponent. There-
fore, the saturation exponent (n in Eq. 3 in Wiese et al.,
2018, this issue) is included as a free calibration parameter
and varied between 1.62 and 2.6 based on the petrophys-
ical experiments conducted (Figure 2). While this adds
additional flexibility, the assumption of a spatially (and
temporally) constant saturation exponent throughout the
entire reservoir remains.

4. Results and discussion

4.1. Calibrated model parameters

4.1.1. Permeability distribution
The estimated permeability distribution within the sand-

stone layers of the model is shown in Figure 3. The layers
correspond to the conceptual geological model presented
by Wiese et al. (2018, this issue, Fig. 2).

The inversion results clearly indicate near-well hetero-
geneities in the permeability distribution necessary to ex-
plain the observation data. Layers that are expected to
play a minor role on CO2 migration have less complex
permeability structures (layers 3 & 4).

It was hypothesised that a hydraulic barrier exisits be-
tween the wells Ktzi200 and Ktzi201 (Wiese et al., 2010;
Chen et al., 2014). The hypothesis was mainly based on
two time series from the pre-injection crosshole pump-
ing tests, which showed low hydraulic communication be-
tween Ktzi200 and Ktzi201. These series are identified as
erroneous during pretreatment of hydraulic data and there-
fore eliminated. The inversion of the remaining multi-
physical dataset does not show any indication for a hy-
draulic barrier. A synthetic model with a barrier in layer
1, which is subject to identical operational conditions and
measurements, was inverted by Wiese et al. (2018, this
issue). The inversion, although carried out under very
favourable conditions, only produced a weak barrier struc-
ture due to the non-uniqueness induced by the multi-layer
system. Considering additional uncertainty from e.g. fa-
cies distribution, porosity-permeability scattering, and two
hydraulic time series being removed as measurement error
in the present dataset, a barrier in one layer would prob-
ably not be resolved. Therefore no significant arguments
supporting the existence of a barrier remain.
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4.1.2. Petrophysical parameters
The relative permeability functions for the initial con-

ditions based on laboratory measurements on core sam-
ples and after calibration are shown in Figure 4. The cali-
brated relative permeability function does not deviate sig-
nificantly from its initial state during the inversion. Earlier
inversions showed significant deviations and implausible
values in the mixed saturation region. The capability to
detect effective ratios between saturated and multiphase
permeability is attributed to the simultaneous inversion of
pumping tests and CO2 injection. Single phase hydraulic
flow allows a sensitive determination of the intrinsic per-
meability, while CO2 injection is additionally sensitive to
the relative permeabilities of CO2 and brine. At the Ketzin
test site, the CO2 injection pressure buildup is about twice
as high compared to the intrinsic formation permeability.

As consequence, a skin factor is introduced to the in-

jection well Ktzi201 only for the CO2 migration model.
The skin factor is calibrated to a value of 10.1, which is
a considerable value. It causes pressure variations about
twice as high compared to a well without skin. This re-
sults in realistic relative permeability functions. Two pro-
cesses that are not captured by the current model could in-
crease the CO2 injection pressure while not affecting the
intrinsic permeability.

Salt precipitation near the injection well, as observed
by pulsed neutron-gamma logs (Baumann, 2013), reduces
porosity and permeability near the wellbore and would re-
duce the injectivity of CO2. It is, however, a complex and
dynamic process and the temporally constant skin factor
can only be a first approximation to the phenomenon. Per-
meability reduction by salt precipitation is low at the in-
jection start and increases during ongoing injection (Pruess
and Müller, 2009; Bacci et al., 2011). Formation wa-
ter comes back after an injection stop, dissolves the salt
and increases permeability again. A similar effect can
be observed in Ketzin where the observed injection pres-
sure shows slower increase compared to simulated injec-
tion pressure with a temporally constant skin factor (Fig-
ure Figure 6a, beginning of August and October 2008).
The observed CO2 permeability reduction corresponds to
a 1 m radius around the injection well with a permeability
of about 15 mD, which is a reduction by about factor 8.

Another process leading to discrepancies between hy-
draulic model and CO2 migration model may be selective
infiltration of CO2 into layer 1. This would increase the
CO2 velocity in the near well area and therefore the well
pressure, similar to a skin effect. The latter hypothesis
can be rejected, since the main reservoir layers are satu-
rated with CO2 and the water table is below the lower end
of layer 2 in June 2009 (Baumann et al., 2014). Turbu-
lent (non-Darcy) pressure losses are also rejected as the
bottomhole Reynolds number is in the order of 10−7.
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The saturation exponent n reached its lower bound
(n = 1.62) during the calibration. Aside from the strong
assumption of a spatially constant saturation exponent,
many electrode configurations measure apparent resistiv-
ity ratios close to one. These are configurations focussing
on the caprock for example, while they have low sensitiv-
ity in regions affected by CO2 migration. This behavior
can always be matched by a numerical model with a very
low saturation exponent irrespective of the CO2 migration
and the sensitivity pattern of the respective electrode con-
figuration. To cope with the ambiguity in the calibration,
it was therefore necessary to constrain the petrophysical
parameter calibration to a reasonable range.

4.1.3. Convergence
Convergence of the objective function and the final

data misfit improved significantly on the introduction of a
skin factor in the injection well. The skin factor allows the
model to fit CO2 injection pressure and hydraulic pressure
simultaneously. Before both data series were contradic-
tory to the model, the improvement of hydraulic pressure
led to a deterioration of the CO2 injection pressure. As
consequence a valley in the objective function is created.
As soon as the trade off is close to optimal, the inversion
tends to jump from one side of the valley to the other,
deflecting the direction of the solution vector. Through
the change of model parameters this induces a more het-
erogenous parameter field and jumpy behaviour for other
model parameters. Convergence also improved after re-
moval of the two contradictory hydraulic data series (sub-
subsection 2.1.2) with a similar mechanism.

We conclude that poor convergence may be caused
by data that is contradictory to the model. It is not rel-
evant whether the model concept is insufficient to resolve
physically meaningful data or whether the data are intrin-
sically contradictory. The relevance of this point increases
with the number of different datasets as typically used
for multi-physical inversions. When technical reasons for
poor convergence can be excluded (Wiese et al., 2018, this
issue), convergence behaviour may provide valuable hints
on the model concept and the input data.

In the final model setup, convergence was usually achieved
after 3-5 iterations. The presented results are from itera-
tion 5, since further iterations led to spurious near-well
artifacts with marginal improvements of the observation
objective function, which is interpreted as overfitting.

4.2. Observed and simulated data

The individual contributions of each observation data
group to the objective function and their relative reduc-

tion between the initial and inverted model are listed in
Table 1. The model fit can be directly deduced from the
objective function of the groups. They are weighted such
that the objective function is the square of the average mis-
fit (Wiese et al., 2018, this issue). So for each group a flat
line of initial values results in an objective function of 1,
an average misfit of 10 %, results in an objective function
of 10−2. Only the geoelectrical observation data group
is treated in a slightly different way. The weight of the
group is reduced by factor 10, because otherwise it domi-
nated the inversion process and deteriorated especially the
pressure fit. To compare the fit of the data quality the ob-
jective function values have to be multiplied by factor 10.

The observation objective function is reduced by 80 %.
Hydraulic, CO2 pressure, and geoelectrical observations
reduce to a data fit between 2 × 10−2 and 4.8 × 10−2,
while the objective function for the arrival times is about
one order of magnitude smaller and reduces by 96%.

4.2.1. Hydraulic pressure
The simulated and observed pressure drawdown is shown

in Figure 5. Both series show a very good match, with the
largest discrepancies occurring at pump switching for ob-
servations made in the respective pumping well. These
can be attributed to the cellsize of 5 x 5 m smoothing rapid
changes in the pumping rate.

4.2.2. CO2 arrival
The arrival times show the best fit of all observation

data groups with relative deviations of 0.5 and 4 % (Ta-
ble 2). As the arrival group comprises only two mea-
surements, only two degrees of freedom are required for
matching the observations. Numerically, a good match
can be obtained much easier.

The measurements bear some uncertainty. Class et al.
(2015) emphasise that the observed arrival times at the
Ketzin site do not necessarily represent accurate values for
the arrival of CO2 at the well locations, since the gas mem-
brane sensors were located 150 m below the surface. This
means that the CO2 is detected in the moment that bubbles
rise in the well. The wellhead pressure increases sharply
1.5 and 3 days after the first detected arrival, respectively.
Small accumulation of gaseous CO2 in the well annulus
at earlier times may remain undetected. This uncertainty
is compensated by setting the detection threshold to 3 %
of gas saturation, corresponding to bubble forming condi-
tions in both wells.

4.2.3. CO2 pressure
The observed and simulated reservoir pressures in the

injection well Ktzi201 are shown in Figure 6. The model
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Table 1: Observation objective function components of the individual observation data groups. Relative reduction describes the percentage change
between initial and inverted model parameters.

Observation type Symbol Initial Inverted Relative reduction (%)

Hydraulic φhyd 5.7× 10−2 2× 10−2 65
CO2 arrival φarr 6.3× 10−2 2.4× 10−3 96
CO2 pressure φp 2.5× 10−1 4.8× 10−2 81
Geoelectrical φert 1.1× 10−1 2.5× 10−2 77

Sum observation φo 4.8× 10−1 9.4× 10−2 80
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Figure 5: Observed hydraulic drawdown from three cross hole pumping tests and the corresponding model predictions (black curves). Y tick
marks have an interval of 1 bar. The first part of the plot title beginning with ’o’ denotes to the observation well, the second part beginning with
’p’ denotes the pumping well. The series o200 p201 and o201 p200 are not included in the inversion.
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Figure 6: Gas pressure in the injection well Ktzi201. Red dots indicate measured reservoir pressure at the end of a period with constant injection
rate and black lines indicate simulated values. Some variability is introduced due to rate variations, illustrated by the red line showing the actual
reservoir pressure with a 5 minute interval. Panels b) and c) zoom in to early phases, where the injection rate was varied resulting in short-term
pressure differences.
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Table 2: Observed and modelled arrival times of gaseous CO2 at the
observation wells.

Observation well Observed
arrival

time (days)

Modelled
arrival

time
(days)

Relative
devia-
tion
(%)

Ktzi200 21.7 21.8 0.5
Ktzi202 271 283 4

shows a good representation of the general trend of the
injection pressure. It also shows a very good fit of sev-
eral short-term changes in injection rate in July 2008 (Fig-
ure 6b and Figure 6c). The good fit of the pressure varia-
tions at 4th July is remarkable as an offset with the same
magnitude exists. Please note that the pressure differences
have about twice the magnitude due to salt precipitation
(see subsubsection 4.1.2). This represented in a by a sim-
ple skin factor. As the real dynamic is not fully captured
due to model conceptual simplification (which is neces-
sarily the case for reservoir models) some structural noise
is induced. The offset is an example of structural noise
and allowed by design due to calibrating pressure differ-
ences instead of the direct magnitude. Otherwise a pseud-
ofit like a straight line through the respective observations
might have occurred.

4.2.4. Geoelectrical observations
The measured and modelled apparent resistivity ratios

for selected electrode configurations are shown in Fig-
ure 7. The measured apparent resistivity ratios are in good
qualitative agreement with the response of the multi-physical
model. Most configurations exhibit a continuous increase
in apparent resistivity over the investigated time window,
such as the AM-BN configuration shown in Figure 7a.
However, the quantitative agreement of measured and sim-
ulated apparent resistivity ratios is not optimal for all con-
figurations. When comparing the objective function con-
tributions, it has to be considered that the weight is re-
duced by factor 10.

Figure 7b shows a configuration where one of the elec-
trodes (N) is located directly below the point of injec-
tion. While the dynamic behaviour is clearly visible in
the early phase in both simulated and measured appar-
ent resistivity curves, their relationship is not satisfacto-
rily described in a quantitative manner. In addition to the
inherent simplifications of Archie’s Law, this is attributed
to the relatively strong assumption of a spatially constant
saturation exponent. This saturation exponent is based on
petrophysical experiments, which were performed under

ambient conditions and may vary under in-situ pressure
and temperature and is shown to vary locally between 1.6
and 2.6 (Kummerow and Spangenberg, 2011) (subsubsec-
tion 2.3.3). Fluid dynamics in the well annulus change
the electrical conditions close to the electrodes and are
also known to affect the crosshole measurements (Wag-
ner et al., 2015) and are not captured in the current model.

4.3. Plume migration
The simulated CO2 plume shape is shown in Figure 8.

The CO2 volume is vertically integrated over all reservoir
layers.

Starting at the point of injection, the modelled CO2

plume exhibits a main migration direction towards the North-
West and towards the South. This is in agreement with
the migration direction inferred from seismic and surface-
downhole geoelectrical monitoring (Bergmann et al., 2016)
and not unlikely due to the pronounced heterogeneity of
the reservoir. Seismic observations alone indicate that the
main migration direction is towards west (Ivandic et al.,
2012). This generally correct direction of CO2 migration
is considered as a certain predictive capacity of the model.

5. Conclusions

The applied multi-physical modelling framework in-
tegrates a hydraulic model, a multiphase model and a process-
based geoelectrical model. The model is calibrated to four
types of observation data; hydraulic pressure, CO2 pres-
sure, CO2 arrival times and time-lapse electrical resistivity
measurements. Since the multi-physical model is inverted
in a fully coupled manner, the need for pre-inversion of
data subsets, e.g. geoelectrical crosshole data, is circum-
vented. The data pretreament cancels out structural noise
and allows meaningful calibration in spite of an imperfect
model fit. The double regularisation scheme allows for
overparameterisation as it cancels out the deteriorating ef-
fect of insensitive parmeters and reduces the number of
required model runs during inversion. The present field
study demonstrates the feasibility of our conceptual ap-
proach in application to a real world reservoir.

The model shows fast and stable convergence and the
field data is well calibrated. The relative permeability
functions are calibrated for field conditions. The cross-
hole ERT data was fully exploited in a quantitative man-
ner as the entire dataset serves as inversion input to esti-
mate reservoir permeability. An effective spatial regular-
isation is introduced by the reservoir model to allow for
inversion of sparse geolectrical measurements from obser-
vation well Ktzi202 for the first time. An effective tem-
poral regularisation is introduced to the daily measured
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Figure 7: Geometric configurations (left-hand side) and associated measured and simulated apparent resistivity ratios over time (right-hand side)
for selected configurations. Grey shaded area depicts the 2σ moving standard deviation employing a window of two weeks.
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Figure 8: Modelled CO2 migration over time. The plume thickness is vertically integrated over all reservoir layers.
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crosshole ERT observations, while each time step was in-
verted independently in earlier ERT studies at Ketzin. The
main migration direction of the CO2 plume is predicted
correctly, which is a strong indication that the calibrated
permeability field is c to reality in the vicinity of the wells.

The model allows to analyse Ketzin reservoir processes
in a depth not achieved before. The following field site
characteristics are identified:

• The hydraulic cross hole time series between the
wells Ktzi200 and Ktzi201 are identified as erro-
neous.

• Previous studies stated the hypothesis of a hydraulic
barrier between the wells Ktzi200 and Ktzi201. The
hypothesis is identified as unsubstantial as was based
on the time series which are identified as erroneous.

• However, as the most barrier sensitive data are miss-
ing now, the model is so non-unique that a barrier
can not be excluded.

• The permeability around the injection well is signif-
icantly reduced by salt precipitation. It corresponds
to a skin factor of 10, which means that the pressure
buildup is about twice as high as it would be under
salt free conditions.

It is important to include all relevant information and
as much datasets a possible to obtain a meaningful repre-
sentation of all processes, such as the short-term pressure
signal that allows to quantify the hydraulic effect of salt
precipitation at Ketzin. Previous models disregard these
short-term variations (Kempka and Kühn, 2013) or offer
other degrees of freedom as intrinsic permeability by hy-
draulics is not included (Pamukcu et al., 2011; Lengler
et al., 2010).

The presented approach can readily incorporate dif-
ferent multi-physical observation datasets. Potential can-
didates for extension of this framework are:

• 4D seismic data: Inclusion of 4D seismic data could
better constrain the lateral CO2 migration compared
to the exclusively well-based monitoring methods
considered in this study. This could be achieved via
image comparison by adding the performance crite-
ria introduced by Lüth et al. (2015) into the objec-
tive function or alternatively, by a process-dependent
seismic forward model.

• Pulsed neutron-gamma logs: During injection of
CO2, repeated pulsed neutron-gamma (PNG) log-

ging campaigns were carried out, which offer valu-
able information on saturation changes and salt pre-
cipitation (Baumann, 2013; Baumann et al., 2014).
Inclusion of PNG-derived CO2 saturation data into
the presented multi-physical inversion can techni-
cally be achieved in a similar manner as inclusion of
the arrival times and is expected to reduce some of
the previously discussed ambiguities in ERT-based
saturation estimates based on Archie’s Law.

Increased confidence in the relevant processes and pa-
rameters such as permeability during CO2 storage builds
the basis for longer simulation runs and predictive assess-
ments. We conclude that integrative, and data-driven reser-
voir models, such as the one presented, should be an in-
tegral part of geological CO2 storage to improve process
understanding as well as operational safety.
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