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ABSTRACT 

The Stuttgart Formation used for CO2 injection 

at the Ketzin pilot site in Germany is highly 

heterogeneous. The characterization data, 

including 3D seismic amplitude image, the 

regional geology data, and the core 

measurements and geophysical logs of the wells, 

show a lithologically heterogeneous formation 

composed of permeable sandstone channels of 

varying thickness and length embedded in less 

permeable mudstones. At the storage site, most 

of the sandstone channels are located in the 

upper 20 m of the formation, with only a few 

sparsely distributed sandstone channels in the 

lower part of the about 70-80 m thick formation. 

Due to the low channel thicknesses, the explicit 

spatial pattern of these channels could not be 

obtained from the 3D amplitude image. 

Heterogeneity has a large effect on the pressure 

propagation measured during a suite of pumping 

tests conducted in 2007-2008 and also impacts 

strongly the CO2 arrival times observed during 

the ongoing CO2 injection experiment. To 

understand the varying effects of heterogeneity 

at the Ketzin pilot site and calibrate the spatial 

variability of permeability and porosity using the 

field monitoring data, we developed a TOUGH2 

model for modeling the hydraulic pumping tests. 

A geological model calibrated against downhole 

pressure of two wells and the CO2 arrival times 

was used in the simulations discussed here. Our 

modeling results show that the simulated 

pressure responses to the pumping tests were 

significantly different in magnitude from the 

measured data. A systematic increase or 

decrease of permeability fails to improve the 

matches to the pressure data in all observation 

wells. Further work is needed on the calibration 

of the geological model against the pumping test 

results using inverse modeling approaches. 

INTRODUCTION 

The Ketzin pilot site is the first pilot test site for 

onshore CO2 injection into a natural saline 

aquifer in Europe (Martens et al., 2012; 

Würdemann et al., 2010). It is located in the 

eastern part of a double anticline (Ketzin-

Roskow anticline) in Northern Germany. Food 

grade supercritical CO2 has been injected into 

the Upper Triassic Stuttgart Formation situated 

between 630 and 710m below the ground 

surface. The Stuttgart Formation is lithologically 

highly heterogeneous. Site characterization 

shows the formation is composed of highly 

permeable sandy channels of varying width and 

length alternated with the facies of low-

permeability mudstone (Fӧrster et al., 2006). 

The width of the channel belts ranges from 

several tens to hundreds of meters involving 

stacked sub-channels (Fӧrster et al., 2006; 

Norden and Frykman, 2013). The spatial 

distribution of the permeable channels is 

difficult to predict (Frykman et al., 2006; 

Norden and Frykman, 2013). For the injection 

site, the log and core data show that the majority 

of the permeable channels are located in the top 

20 m of the formation with only a few sparsely 

distributed in the bottom 60-m layer (Norden et 

al., 2010; Norden and Frykman, 2013). Above 

the Stuttgart Formation are layers of claystone, 

silty claystone and anhydrite. They have an 
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average thickness of about 180 m, and provide 

an excellent seal for the saline aquifer (Fӧrster et 

al., 2006). 

 

Subsurface heterogeneity has a large effect on 

pressure propagation and fluid flow. The data 

obtained from the CO2 injection and hydraulic 

tests, in return, can provide us information for 

better understanding of the heterogeneous 

storage formation. The CO2 injection test at the 

Ketzin pilot site shows that CO2 arrived at one 

of the observation wells (Ktzi 200) that is 50 m 

apart from the injection well (Ktzi 201) after 

21.7 days, while it took 271 days to reach the 

other observation well (Ktzi 202) which is 112 

m away from the injection well (Liebscher et al., 

2013). First 3D simulations were applied to 

calibrate the geological model against the CO2 

arrival times as discussed in Kempka et al. 

(2010). The model was in good agreement with 

the first arrival time but failed to capture the one 

at the second observation well (Ktzi 202). The 

revision of the Norden and Frykman (2013) 

model undertaken using 3D seismic repeat 

besides other monitoring data is addressed in 

Kempka et al. (2013). 

 

A suite of hydraulic pumping tests were 

conducted in the three wells between September 

2007 and January 2008. Due to the multiple 

other objectives to be served, the pumping 

events were not optimized for the hydraulic tests 

(Wiese et al., 2010). For example, with the 

intention to remove all the fluids from the 

borehole, packers were not used in the pumping 

tests. The pumping rates were adjusted between 

1.1 m
3
/h and 1.8 m

3
/h, based on the allowable 

drawdown (Wiese et al., 2010). Pressure in the 

pumping well was measured at locations close to 

the pump and the bottom-hole screen, while the 

pressures in the observation wells were 

measured about 5-15 m below the water table. 

The pumping test results were interpreted using 

analytical solutions by Wiese et al. (2010). They 

found that the effective permeability of the 20-m 

permeable zone is about one order of magnitude 

lower than the mean permeability of the core 

samples, a phenomenon has not been found in 

previous literature (Wiese et al., 2010). 

Simulations of the pumping tests with attempts 

to calibrate the geological model with these data 

were not carried out yet. 

 

To understand the varying effects of 

heterogeneity at the Ketzin site and calibrate the 

spatial variability of permeability and porosity 

using the field monitoring data, we developed a 

TOUGH2 model for the hydraulic pumping 

tests. The initial geological model of the 
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Figure 1 Generated mesh for the 5 km× 5 km 

model domain (a) in 3D view, (b) in plane 

view, (c) near the wells 

 

(a) 
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Stuttgart Formation at the Ketzin pilot site as 

introduced by Norden and Frykman (2013), 

revised as described in Kempka et al. (2013) and 

calibrated against downhole pressures as well as 

CO2 arrival times by Kempka and Kühn (2013) 

is applied for the simulations in the present 

study. We then compare the simulation results 

with the measurement data.  

 

 

 
Figure 2 Permeability (a) and porosity (b) 

distributions used in the model 

 

MODEL DEVELOPMENT 

A geological model was generated using a 

geostatistical approach, based on a collection of 

measurement data including seismic profiles, 

stratigraphic and lithological information from 

boreholes, and CO2 arrival time (Kempka et al., 

2013; Norden and Frykman, 2013). The 

permeability and porosity distributions used for 

our model are interpolated from the geological 

model using the inverse-distance approach. 

 
 

 
 

 
Figure 3 Pumping rates at the wells (a) Ktzi 200, 

(b) Ktzi 201, (c) Ktzi 202. 

 

We created a three-dimensional grid (Figure 1) 

using WinGridder (Pan, 2007). The mesh covers 

an area of 5000 m × 5000 m with the elevation 

of layers and thickness varying to represent the 

anticline structure of the Stuttgart Formation. 

The area away from the wells is discretized by 

relatively coarse and regularly spaced meshes 

(250 m ×250 m). The mesh sizes gradually 

decrease to 4 m × 4 m as it gets close to the 

wells. Radially symmetric meshes are used to 

represent the well geometry (Figure 1c). The 

formation is uniformly discretized in the vertical 

direction by 74 layers, with the thickness of each 

layer proportional to the varying thickness of the 

formation. 
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We use the parallel version of the TOUGH2 

code (TOUGH2-MP) (Zhang et al., 2008) with 

the fluid property module ECO2N (Pruess, 

2005) to run the simulation. To simulate the 

vertical well, the permeability of the well 

elements is assigned with 4.98×10
-8

 m
2
, which is 

equivalent to the permeability of a pipe with a 

diameter of 0.12 m. Time-dependent pumping 

rates are parameterized to fit the actual rates in 

the operation (Figure 3). No-flow boundary 

conditions are applied to the top and bottom of 

the model domain and the lateral boundaries are 

in fixed condition. The fluid is initially in 

equilibrium with the hydrostatic pressure. The 

salt concentration is 0.22 (wt/wt) and the 

temperature is 34 °C. We do not consider a CO2
 

component in the pumping test simulation. 

 

RESULTS 

The simulated pressure changes are compared to 

the measured data (Figure 4). The pressure 

simulated with the model shows a similar pattern 

as a response to the pumping, though mismatch 

exists in the magnitude of pressure responses. 

There is no systematic trend on the differences 

between the model and the measurement data. 

When water is pumped in Ktzi 200 and Ktzi 

202, the simulated pressure changes in the 

corresponding observation wells are less than 

the measured ones. When pumping in Ktzi 201, 

the model overestimates the response at Ktzi 200 

but underestimates at Ktzi 202. The drawdown 

caused by a pumping event is affected by the 

spatial distribution of the hydraulic properties 

(e.g. permeability). For the well pairs having 

less pressure changes than the measured data, it 

is likely the permeability near these wells is 
 

   

   

   

 

0 1 2 3 4
-6

-5

-4

-3

-2

-1

0

1

2
x 10

5

Time (d)


P

 (
P

a
)

P200 O200

 

 

Model

Measurement

0 1 2 3 4
-10

-8

-6

-4

-2

0
x 10

4

Time (d)


P

 (
P

a
)

P200 O201

 

 

Model

Measurement

0 1 2 3 4
-14

-12

-10

-8

-6

-4

-2

0
x 10

4

Time (d)


P

 (
P

a
)

P200 O202

 

 

Model

Measurement

0 5 10 15
-2.5

-2

-1.5

-1

-0.5

0
x 10

4

Time (d)


P

 (
P

a
)

P201 O200

 

 

Model

Measurement

0 5 10 15
-12

-10

-8

-6

-4

-2

0
x 10

5

Time (d)


P

 (
P

a
)

P201 O201

 

 

Model

Measurement

0 5 10 15
-12

-10

-8

-6

-4

-2

0
x 10

4

Time (d)


P

 (
P

a
)

P201 O202

 

 

Model

Measurement

0 2 4 6 8
-10

-8

-6

-4

-2

0
x 10

4

Time (d)


P

 (
P

a
)

P202 O200

 

 

Model

Measurement

0 2 4 6 8
-14

-12

-10

-8

-6

-4

-2

0
x 10

4

Time (d)


P

 (
P

a
)

P202 O201

 

 

Model

Measurement

0 2 4 6 8
-14

-12

-10

-8

-6

-4

-2

0
x 10

5

Time (d)


P

 (
P

a
)

P202 O202

 

 

Model

Measurement

Figure 4 Pressure responses over time based on the geological model introduced in Norden and 

Frykman (2013) and Kempka et al. (2013) 
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overestimated in the geological model. On the 

contrary, for those having larger pressure 

responses, it is likely the permeability around 

the region which is underestimated. 

 

The pressure data in the pumping wells are 

difficult to interpret because many factors 

contribute to the final results. One of these 

factors is caused by density difference between 

brine and the fluid in the borehole. When water 

is pumped from the pumping wells, the fluid in 

the borehole is replaced by the brine from the 

saline aquifer. This density effect can be large. 

For a 400-m well, if we assume the well is 

initially filled with freshwater, the maximum 

pressure difference caused by the density effects 

can reach up to 6×10
5
 Pa. As we mentioned 

before, the pumping tests serve multiple goals 

and were not optimized for hydraulic testing. It 

was reported that technical fluid that has a 

density close to freshwater was injected into the 

wellbore before the pumping tests (Wiese et al., 

2010). We do not correct the effects caused by 

brine replacement in this study, but the data 

corrections are under way (Otto, 2013) to better 

interpret the pressure data in the pumping wells. 

 

A further simulation is conducted by decreasing 

the permeability of the system by a factor of 10. 

It appears that a systematic decrease of the 

permeability by a factor of 10 improves the 

match in pressure in Ktzi 202/Pumping at Ktzi 

200, Ktzi 202/Pumping at Ktzi 201, and Ktzi 

200 and Ktzi 201/Pumping at Ktzi 202. 

However, the decrease of permeability causes 

mismatch in other wells such as Ktzi 

200/Pumping at Ktzi 201 and Ktzi 201/Pumping 

at Ktzi 200. 

CONCLUSIONS 

We developed a numerical model to simulate a 

suite of pumping tests conducted at the Ketzin 

CO2 storage pilot site, using the revised 

geological reservoir model of the Stuttgart 
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Figure 5 Pressure responses over time with decreased permeability 
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Formation. Compared to the measured data, the 

model shows similar patterns but a different 

magnitude of pressure changes as a response to 

the pumping regime. A systemic increase or 

decrease of permeability fails to improve the 

match for all observation wells, suggesting that 

the permeability and porosity distributions in the 

geological model do not well represent the local 

heterogeneity near the wells. Further work is 

required to calibrate the geological model 

against the pumping tests data using inverse 

modeling approaches. 
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