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Abstract

As part of the license application, COz storage projects must develop a corrective measures plan, which describes the steps that
can be taken when the plume in the subsurface behaves in an unpredicted and undesired manner. One possible technique in the
toolbox of corrective measures is CO2 backproduction, which has the potential for both pressure management and plume steering
in the reservoir. The feasibility of this technique has recently been tested during a field experiment at the Ketzin pilot site in
Germany. In this paper, the authors describe an assessment of backproduction using coupled flow and geomechanical modelling.
In line with the field observations, the simulation results obtained also suggest that it is a stable and promising remediation
technique.

© 2017 TheAuthors. Published by Elsevier Ltd. Thisis an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Located at about 25 km West of Berlin, in the Federal State of Brandenburg, in North Germany, the Ketzin pilot
site for CO; injection helped gain a comprehensive knowledge on the storage process through the application of a
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unique and multidisciplinary monitoring program during the period June 2008 to August 2013 [1]. By the end of this
period, a cumulative mass of slightly over 67 kt of CO, was safely injected into the fluvial channel sand units of the
upper Triassic Stuttgart formation at an approximate depth interval between 630 m and 650 m. The monitoring datasets
acquired, including 3D seismic interpretation, electrical resistivity tomography, and borehole temperature and pressure
profiling, were largely integrated into the development of a detailed 3D geological model of the reservoir [2]. This
was followed by successful history matching of bottomhole pressures and CO; arrival times at the injection and
observation wells in the near field region [3]. Additionally, in view of the transition to the post-closure phase at Ketzin,
long-term simulation studies were carried out considering the uncertainty in the spatial distribution of the fluvial
channels in the far-field region of the reservoir, which in turn leads to uncertainty in the long-term fate of CO, in the
reservoir [4].

It has been reported that there is currently no indication of high fault slip and dilation tendencies at Ketzin [5], and
hence leakage through the major faults present at the top of the anticlinal reservoir structure is highly unlikely.
Nevertheless, in order to study its general feasibility, a CO, backproduction experiment was conducted from October
15" to October 27 at the Ketzin site [6]. The overarching objective of the experiment, which was carried out under
the scope of the EU MiReCOL project [7], was to evaluate whether this technical operation can be used as a corrective
measure for pressure management of a storage reservoir. The experiment also aimed to address the questions related
to: (a) the behavior of the reservoir and the wellbore during backproduction of CO»; and (b) the composition of the
back-produced gas [6].

During the backproduction experiment, the injection well Ktzi 201 was converted into a producing well to
accelerate the pressure reduction in the reservoir. Both CO; and brine were back-produced and then heated by a water
bath up to ~50°C to avoid the production of dry-ice. Mass flow was regulated manually by a choke manifold. The gas
and brine phases were separated and afterwards the gas was vented of into the atmosphere and the brine was stacked
in a tank for disposal. The test was conducted continuously over the first week and with an alternating regime including
production during day-time and shut-in during night-time in the second week. Production rates of up to 3,200 kg/h,
which corresponds to the previous maximum CO; injection rate, were tested. A total amount of 240t of CO, and 55m®
of brine was safely retrieved over the two week period. The relevant monitoring parameters included production rates
of CO; and brine, wellhead and bottomhole pressure and temperature at the production and observation wells and
distributed temperature sensing along the production well [6].

The objective of the current study was to numerically assess CO, backproduction at the Ketzin site considering two
main factors that are closely associated with its feasibility:

e ahighly heterogeneous reservoir with existing far-field geological uncertainties; and
e the geomechanical integrity of the production wellbore infrastructure and surrounding rock formation.

In order to support the numerical studies, CO, backproduction rates and bottomhole pressure data from the field
experiment were utilised [6]. Additionally, some scenarios were also simulated by altering the backproduction
strategies, €.g. assuming both constant rates and variable rates, in order to assess the changes in the reservoir pressure
during CO; backproduction in the near-field region.

For the far-field region of the reservoir, multiple stochastic and equiprobable realisations representing the
geological uncertainties were generated, while honouring the facies distribution and petrophysical properties in the
near-field region in accordance with the previously history-matched model [3]. A preliminary probabilistic framework
based on Markov chain geostatistics [8] was implemented by pooling the long-term predictive results (up to 50 years)
of plume migration in the far-field for all the realisations. The key problem being addressed using this framework is
to optimise the location of well placement for effective backproduction in the far-field region with existing geological
uncertainties.

Furthermore, the changes in stress and pore pressure due to drilling, CO, injection and backproduction were used
to assess the potential for the development of a failure zone in the near-well region during backproduction using a
coupled wellbore model as increased pore pressure may push the Mohr circle beyond the failure envelope and result
in shear failure. Excessive pore pressure increase (p>c3) potentially induces tensile failure and thus causing fractures
in the reservoir. On the other hand, reducing the pore pressure moves the Mohr stress circle further away from the
Mohr failure envelope, which makes failure unlikely.
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2. The geological model

The geological model used in this study has a lateral size of 5 km x 5 km and an average thickness of 74 m, and
includes seven major faults at the top of the Ketzin anticline. The structural model contains: three lateral discretisation
zones - an inner zone of size 150 x 200 m, containing 5 X 5 m grid blocks; an intermediate zone of size 3.5 x 1.5 km,
based on the envisaged plume size after a simulation time of 3.5 years, containing 50 x 50 m grid blocks; and an outer
zone of size 5 x 5 km containing 100 x 100 m grid blocks; and three vertical discretisation zones (from the top to
bottom), namely - Zone A: of about 24 m thickness, containing grid blocks with 0.5 m thickness, in order to account
for buoyancy effects (gravity override of CO;) in a multiphase flow system; Zone B: of about 12 m thickness,
containing grid blocks with 2 m thickness; and Zone C: of about 36 m thickness, containing grid blocks with 6 m
thickness. Fig. 1(a) illustrates the zones of discretisation in the structural grid. As illustrated in the figure, the seven
major bounding faults, with throws of 10 to 30 m, at the top of the anticline are also represented in the model.
Additionally, the locations of the backproduction (Ktzi 201) and observation wells (Ktzi 200, Ktzi 202 and Ktzi 203)
are annotated in Fig. 1(b).
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Fig. 1. (a) The structural model of the reservoir formation; (b) The location of the injection well (Ktzi 201) and observation wells (Ktzi 200, Ktzi
202 and Ktzi 203) inside the inner zone (after Kempka and Kiihn [3]).

The geological model consists of populated facies and petrophysical properties. The facies model has a complex
binary distribution, representing the depositional environment inside the Stuttgart Formation in Ketzin, i.e. siltstones
and mudstones deposited on a flood plain, in which sandstones of the channel facies are incised. The construction of
the model was based on the observed basin-wide characteristics of the Stuttgart Formation as well as site-specific
point and spatial data, as discussed in more detail by Norden and Frykman [2]. The porosity values were populated
using Sequential Gaussian Simulation (SGS). The porosity estimation is based on separate variogram functions for
the channel and floodplain facies, determined using the petrophysical core and log data available from the site [9].
The permeability model was estimated using deterministic and empirical porosity-permeability relationships for the
different facies types [10]. The permeability distribution was further calibrated by Kempka and Kiihn [3] to carry out
the history matching for well bottomhole pressures (BHPs) and plume arrival times at the two observation wells Ktzi
200 and 202. A detailed description of the reservoir simulation parameters are available in [3,11].
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3. Numerical modelling of backproduction at Ketzin site
3.1. CO; backproduction modelling and history matching of the field experiment

The backproduction simulations were set up in Schlumberger’s ECLIPSE 300 (E300) software using the geological
model and dynamic reservoir parameters based on previous studies carried out by Kempka and Kiihn [3]. The history-
matched results obtained for gas saturation and bottomhole pressures during the CO,CARE project [4] for the CO;
injection period at Ketzin (June 2008 - August 2013), as illustrated in Fig. 2 and Fig. 3 respectively, were used in
order to assume the initial reservoir condition prior to backproduction.
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Fig. 2. Simulated gas saturation distribution at the end of injection (August 2013) at Ketzin; the contour lines indicate the depth of the top surface
of the reservoir model.

8.0
- Ktzi 201 Measured
- Ktzi 200 Measured
- Ktzi 202 Measured
13 — Ktzi 201 Simulated
—Ktzi 200 Simulated
— —Ktzi 202 Simulated
& 7.0
£
o
I
m
365
=
6.0 [
|
5.5

0 200 400 600 800 1000 1200 1400 1600 1800
No. of Days since start of Injection (24th June 2008)

Fig. 3. Comparison of measured (dotted lines) and simulated (solid lines) well BHPs during CO, injection at Ketzin.
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Fig. 4. (a) Comparison of the measured (dotted lines) and simulated (solid lines) well BHPs during CO, backproduction at Ketzin; (b) Simulated
long-term well BHP at Ktzi 201 for a scenario considering CO, backproduction at a constant rate of 3,500 kg/hour; (c) Simulated long-term well
BHP at Ktzi 201 for a scenario considering CO, backproduction at a variable rate (switching between 0 and 3,500 kg/hour).

The CO, backproduction rates (in kg/hour) were implemented and the model was simulated for the actual period
of field operation of 14 days. It was noted that the bottom-hole temperature data did not show much variation during
this period, with average values of 29.5°C and 33°C at Ktzi 201 and Ktzi 203 respectively. The history matching
results for the bottom-hole pressures at the wells and CO; production rates obtained are illustrated in Fig 4a. In
addition, two scenarios were subsequently assumed for extended periods of CO» backproduction (for four months,
until March 2015) including: (a) constant production rate, assumed at a peak rate of 3,500 kg/hour; and (b) variable
production rate, switching periodically between 0 and 3,500 kg/hour every month. The simulated bottom-hole
pressures at Ktzi 201 for these scenarios indicate that the decrease in pressure would range between 1-4 MPa for a
longer period of backproduction (Figs. 4b and 4c).

3.2. Assessment of backproduction in the far-field region

In the presence of geological uncertainties, and assuming that additional seismic or geoelectric surveys at Ketzin
are not likely to be carried out 50 years after site abandonment, it may be particularly challenging to select a drilling
location for a new CO; backproduction well, should the need arise. In this study, this decision-making problem was
approached by the development of a preliminary probabilistic framework based on the theory of Bayesian Markov
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chain random field (MCREF) [8]. It was assumed that, in the far-field, most of the CO, plume rises to the top layer of
the reservoir due to buoyancy, and thus the current evaluation is carried out in 2D.

Initially, the geological uncertainties in the far-field region were represented by generating multiple realisations of
the fluvial channels system that honour the near-field data using the stochastic object modelling, as previously
illustrated by the authors in [4] and described briefly in the previous section. CO, injection and relaxation simulations
were then carried out for all the realisations. The predictive results obtained were subsequently used as training data
to learn the conditional probabilities associated with plume migration in the channel and interchannel facies of the far-
field region. Additionally, channel-to-interchannel transition probability diagrams (or transiograms) were also
estimated for all the realisations. The algorithm implemented may be summarised in two steps:

e ‘Model’ likelihood estimation using the plume conditional probabilities:

P(Plume| Model)= > P(Plume | Z, Model )P(Z) (1)
Ze{1,0}

e  Posterior estimation using the facies transition probabilities of the maximum likelihood model:

P(X =1|Z =1)P(Z =1]Y =1)
D P(X =1|Z)P(Z|Y =1)

Ze{1,0}

P(Z=1|X=LY=1)= @

where, X and Y are sets of reference points in the near-field region along the EW and NS directions respectively, Z is
the point of estimation in the far-field region, for all X, Y, Z € {1 = Channel, 0 = Interchannel}, and ‘Model’ stands
for a particular instance of the set of equiprobable realisations in the training dataset.

The algorithm was executed for all the locations in the far-field region, and an optimal location corresponding to
the maximum posterior probability of the channel facies type was determined. Fig 5(a) indicates location A as the
optimal solution obtained, and the two neighbouring sub-optimal locations B (350 m from A) and C (600 m from A).
A comparison was made between these locations based on the cumulative amount of CO, backproduced, when
subjected to the original production regime used at Ktzi 201 well during the field experiment. The cumulative amount
produced at location A is 240 tonnes of CO,, while only fractional (sub-optimal) amounts of CO, are produced from
locations B and C, estimated at 16% and 5% of the cumulative amount at location A respectively (Fig. 5(b)).
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Fig. 5. (a) Optimal (A) and sub-optimal locations (B and C) in the far-field if backproduction is considered after 50 years of site abandonment; (b)
Comparison of the amounts of back-produced CO, between the optimal and sub-optimal locations in the far-field region.
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4. Near wellbore geomechanical model for the Ketzin site

The wellbore model developed aims at assessing the potential for failure zone development in the near-well region
during backproduction at the Ketzin site. As reported earlier, since the well bottomhole temperature monitoring data
suggested that there was no significant temperature change during backproduction, only the effect of pressure change
on near wellbore behaviour was considered in the model. As described earlier, the history-matched results obtained
for gas saturation and bottomhole pressures for the CO; injection period at Ketzin were used in order to assume the
initial reservoir condition prior to backproduction.

In order to assess the near wellbore stress and failure behaviour during backproduction, a geomechanical model
was setup in FLAC3D software. As shown in Fig. 6(a), the physical dimensions of the model are 10x10x10m
(lengthxwidthxheight) and a cylindrical zone at the centre of the model is refined to accommodate the simulated
wellbore. Fig 6(b) shows the detailed model design of the near wellbore, which covers two concentric rings of cement
and casing. The entire model domain was assumed to be within the Stuttgart formation at depth from -640 to -650 m.

In the model, oy is assumed to be the intermediate principal stress and its magnitude is close to the load induced by
the overburden weight (15.1 MPa). As reported by Klapperer et al. [12], the maximum principal stress oy is in NE-
SW direction, parallel to the axis of the anticline. The magnitude of oy and oy, are suggested to be lower than 2.8 o,
and higher than 0.62c,, respectively. Therefore, oy and oy are assumed to be the maximum (42.3 MPa) and minimum
(9.4 MPa) values at each range. Y-axis was assumed to be the vertical direction, z-axis (positive) was assumed to be
pointing the North, and the angle between oy and z-axis is 60°. The boundary conditions of the model were such that
it is laterally confined and the model base is fixed.
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Fig. 6. (a) The wellbore model geometry; (b) Central refined area.

Material properties used in this model (Table 1) were adopted from Ouellet et al. [13]. The constitutive model used
was the classical Mohr-Coulomb model in FLAC3D. Cement and casing steel were modelled as elastic and their
properties are taken from the literature [14]. The initial reservoir pore pressure was assumed to be uniform at 6 MPa
within the model domain.

Table 1. Rock mechanical and strength properties of the Stuttgart formation and the wellbore material.

Layer K (GPa) G (GPa) 9 (°) C (MPa) t (MPa)
Stuttgart formation 6.06 3.13 25 11.47 -1.15
Cement 19.43 6.14 - - -

Casing steel 160.31 80.47 - - -
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The simulation consists of five consecutive steps: (1) initial equilibrium; (2) drilling; (3) well completion; (4) CO,
injection; and (5) CO; backproduction. Drilling was simulated in the model by assigning the “‘NULL’ property (no
mechanical stiffness and strength) to the grids representing the well at 216 mm diameter. In the well completion stage,
the grids representing the cement and casing were reinstated and the well diameter was reduced to 140 mm. The
coupling between casing and cement, and cement and rock were assumed to be fully bonded.

The stress distribution and failure zones modelled after well completion formed the baseline conditions for the
analysis of CO; injection/backproduction processes. At this stage, shear failure was seen in the large compressive
stress zone and tensile failure was found in the stress relief zone. Note that the well completion process had no impact
on the development of near wellbore failure zone. Next, the near wellbore stress and failure behaviour during the CO,
injection phase was evaluated. The pore pressure within the model domain was gradually elevated from 6 MPa to 8
MPa to simulate the CO, injection process. It was observed that, compared to the pre-injection period, the failure zone
near the wellbore increased slightly with the increase of CO> injection pressure (Figs. 7(a) and (b)). In the meantime,
the percentage of failure zone volume within the refined area was recorded at different pressure levels (Fig. 7(c)).

FLAC3D 5.01 W Shear failure FLAC3D 5.01 W Shear fallure
e W Tensile failure 4 s Gy g W Tensile failure
1 Both shear and W Bath shear and

tensile failure tensile failure

(a) (b)
4 4
£ 38 1 oo £g38¢ o o o o o o o o o ¢
3
E E
() o o)
§ 36 ° S 367
o o o
% 3
3
5 341 ° 5 34
§ ) ®
5 o ° g
I o £
g 3.2 % 32
o
® o
3 \ \ \
6.5 7 75 8 3 +
Bottomhole pressure during CO, injection (MPa) 8 7 6 5 X 4
Bottomhole pressure during CO, production (MPa)
© (d)

Fig. 7. (a) Distribution of the near wellbore failure zone when the CO, injection pressure is 7 MPa; (b) Distribution of the near wellbore failure
zone when the CO, injection pressure is 8 MPa; (c) Failure zone development during the CO, injection process; (d) Failure zone development (or
lack of it) during the CO, backproduction process.

The wellbore model was subsequently used to reduce the pore pressure gradually from 8 MPa to 4 MPa to mimic
the period of CO; back production. Fig. 7(d) illustrates that, under near constant temperature conditions experienced
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at Ketzin, decreasing the near wellbore pore pressure has almost no effect on the failure zone developed earlier, and
its size remains the same after CO, backproduction.

5. Conclusions

CO; backproduction is considered to be one of alternative remedial measures available for operators, should a
significant irregularity occur in the storage reservoir, namely an unpredicted and undesired migration of the plume or
an unexpected increase in reservoir pressure, during the injection or post-injection periods. As part of the research
activities on leakage risk mitigation and remediation techniques under the scope of the EU MiReCOL project, the
technical feasibility of backproduction was successfully tested at the Ketzin pilot site.

In this paper, the field backproduction experiment data was history matched and the process was evaluated first.
Additional scenarios were also modelled for extended periods of backproduction with a view of understanding the
pressure variation and its effect on the geomechanical integrity of the wellbore infrastructure. The modelling results
demonstrate that, while the failure zones develop for a small estimated percentage of 3.8% of the volume of the near
wellbore region during the injection period, it remains fairly constant for the simulated scenarios where the decrease
in pressure reaches up to 4MPa during the backproduction period.

Considering the far-field region of the Ketzin reservoir, where geological uncertainties exist, occurrence of
significant irregularities in plume behaviour, say after 50 years of post-closure period, would call for a new drilling
location to back-produce CO,. Under the assumption that no seismic or geoelectric monitoring data would be available
to support such a decision-making process, a probabilistic approach based on Bayesian Markov chain random field
(MCRF), which provides optimal drill locations, is proposed in this paper. The backproduction results obtained thusfar
are promising. However, the far-field assessment was carried out in 2D, and its extension to 3D is currently under
development.
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