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1 Introduction

Geologic carbon dioxide storage is one strategy for reducing CO2 emissions into the atmosphere.
Depleted natural gas reservoirs are an obvious target for CO2 storage due to their proven record of
gas containment. Germany has both large industrial sources of CO2 and depleting gas reservoirs.
The purpose of this report is to describe the analysis and modeling performed to investigate the
feasibility of injecting CO2 into nearly depleted gas reservoirs in the Altmark area in North Ger-
many for geologic CO2 storage with enhanced gas recovery.

2 Background

In 1997 the Kyoto Protocol [United Nations Framework Convention on Climate Change, 1997]
raised public awareness of the anthropogenic effect on climate due to greenhouse gas emissions.
Ratified now by 128 nations, it came into force on February 16, 2005. The greenhouse gas CO2 is
more and more acknowledged in science, politics, and society worldwide in the complex problem
of global warming. Today’s concentration in the atmosphere amounts to about 372 ppm, which is
higher than at any time in at least the past 420 000 years [King, 2004]. Facing the expected con-
tinued global economic growth in the coming decades, studies on carbon-cycle models for various
atmospheric CO2 stabilization scenarios emphasize the need for action [Hoffert et al., 1998].

Obvious solutions include reduced consumption of energy, optimized power plant technologies, an
increase in the efficiency of energy use, and lower carbon and carbon-free energy sources [Ybema et
al., 1997]. Besides efforts for reduced generation of CO2 [Geipel et al., 2003a,b] and sequestration
in terrestrial ecosystems [Albrecht and Kandji, 2003], additional studies, like the investigation of
new potential sinks of CO2, are necessary. Different approaches are recently discussed — the deep
ocean [Ametistova et al., 2002], deep saline aquifers [White et al., 2003], gas and oil reservoirs
[Oldenburg et al., 2001], coalbeds [White et al., 2003], advanced biological and chemical processes
[U.S. Department of Energy, 1999], and carbon dioxide recycling [Hashimoto et al., 2001].

Some of the most important potential sinks are deep subsurface geologic formations. Estimates of
the global sequestration capacity in geological formations amounts to 9.23× 1014 kg of CO2 [Stevens
et al., 2000]. Depleted or nearly depleted gas and oil reservoirs are good candidates for permanent
disposal for the following reasons:

(i) Gas reservoirs have proven ability to store gases on geologic time scales, therefore minimizing
the risk of CO2 leakage to the atmosphere.

(ii) The geological settings are already well studied by the operating hydrocarbon industry.

(iii) Use of exploited hydrocarbon reservoirs leaves other regions undisturbed.

(iv) Sequestration in hydrocarbon reservoirs does not require a large amount of new surface in-
frastructure and impact.

(v) CO2 injection into hydrocarbon reservoirs allows the simultaneous enhancement of oil and
natural gas recovery, providing a potential subsidy on the cost of injection. In particular,
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within the last two years much experience was gained concerning enhanced oil recovery (EOR)
by injecting anthropogenic CO2 at the Weyburn oil field (southeast Saskatchewan, Canada)
e. g., [Islam et al., 1999]. Enhanced gas recovery may also be possible as the amount of
gas left in place in depleted gas reservoirs may be significant. The average recovery factor
is about 75 %, ranging from 30 % to almost 100 % [Laherrére, 1997]. The injection of CO2

can be used to increase reservoir pressure and thereby displace the remaining gas toward
production wells. We call this concept “carbon sequestration with enhanced gas recovery”
(CSEGR). CSEGR is not new, but so far no results are known about testing in the field. This
may change, as Gaz de France started to inject CO2 in the dutch offshore K12b gas field by
the midyear of 2004 [Gaz de France, 2005] and began simultaneously natural gas production
and CO2 injection in April 2005 [May, pers. comm., 2005]. Feasibility studies estimate that
CSEGR is economic under current conditions at CO2 supply costs of $12/t or less, where the
governing unknown factors are the ratio of CO2 injected to CH4 produced and the time of
breakthrough [Oldenburg et al., 2004a]. The estimated disposal capacity in depleted oil and
gas fields amounts to 141GtC worldwide [Stevens et al. 2000].

The challenge of reducing atmospheric CO2 concentrations is global in scale, indicating the need for
collaboration of research institutes, government agencies, industry, and various advocacy groups.
The International Energy Agency, including participants from Australia, Belgium, Canada, Den-
mark, Finland, France, Germany, Japan, Korea, The Netherlands, New Zealand, Norway, Sweden,
Switzerland, United Kingdom, USA, and Venezuela, started the Greenhouse Gas Research and
Development Programme in November 1991 [Riemer, 1996], [Freund, 1997]. The collaboration
performs evaluations on reducing emissions, capturing and storing of greenhouse gases, as well as
the dissemination of the results.

Recently, calls for research in different areas of carbon sequestration, with the ultimate aim to
cut down greenhouse gas emissions, have been promoted, e. g., by the U. S. Department of En-
ergy [U.S. Department of Energy, 1999] and by the European Union through the European Union
6th Framework Programme for Research and Development [European Parliament and Council of
Europe, 2002]. The latter project provides funding for the European GESTCO project (Euro-
pean Potential for Geological Storage of Carbon Dioxide from Fossil Fuel Combustion), a joint
research project conducted by eight national geological surveys [Christensen, 2000]. Furthermore
the German Federal Ministry for Economics and Labour established the program COORETEC
(CO2-Reduction-Technologies) [Geipel et al., 2003a,b].

The concept of carbon sequestration with enhanced gas recovery is of special interest for Germany
because

(i) CO2 emissions are being regulated in Europe as a way of slowing down the increase in CO2

concentrations in the atmosphere due to fossil fuel burning. The introduction of ecological
tax reforms, e. g., [Welfens et al., 1999], and greenhouse gas emission trading, e. g., [Bode,
2003], which are obligated for German energy industries in 2005 [Geipel et al., 2003b], are
embedded in the European climate efforts. They should be extended to a global scale by
2008.

(ii) With Germany phasing out of nuclear energy, the demand for natural gas will increase, leading
to a faster depletion of the gas reservoirs and rising CO2 emissions. Another consequence
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will be the enhanced prominence of the German lignite power plants with twice as much CO2

emission per unit of energy compared to gas–fired power plants.

(iii) The total storage capacity of the 66 gas fields of suitable size in Germany is estimated as
2.56× 1012 kgCO2 [May et al., 2002]. Many German gas reservoirs are nearing depletion
[Pasternak et al., 2001], and besides underground natural gas storage [Sedlacek, 2002], the
owners are looking for new beneficial uses of depleting gas reservoirs.

(iv) Germany is one of the largest global carbon emitters. In 2001, the energy–related carbon
emissions amounted to an equivalent of 818× 109 kg CO2; i. e., it was sixth after the United
States (5738× 109 kg CO2), China (3051× 109 kg CO2), Russia (1613× 109 kg CO2), Japan
(1159× 109 kg CO2), and India (920× 109 kg CO2) [U. S.Department of Energy, 2003].

(v) As a highly industrialized country, with only relatively modest natural resources, Germany
is dependent on the development and realization of innovative, advanced technologies.

This report summarizes our studies of CO2 sequestration in an almost depleted gas reservoir in-
volving enhanced gas recovery (EGR) in the Altmark, North Germany. This work was carried
out as a cooperation between the Federal Institute for Geosciences and Natural Resources (Bunde-
sanstalt für Geowissenschaften und Rohstoffe, BGR, Hannover, Germany) and the Ernest Orlando
Lawrence Berkeley National Laboratory (LBNL, Berkeley, U. S.). As such, this work is embedded
in the GESTCO project.

3 Method

Numerical simulation has been used widely for studies of geological CO2 sequestration in different
geological settings, e. g., [Obdam et al., 2002]. The simulation approach is needed because these
processes have rarely ever been been tested or implemented in the field. In this study numeri-
cal simulations are performed using the general-purpose numerical simulation program TOUGH2.
This simulator belongs to the MULKOM family of codes, developed at the Earth Sciences Divi-
sion/LBNL, and is based on the integral finite difference method [Pruess et al., 1999]. TOUGH2
is a multi-dimensional simulator for modelling multi-component multiphase flow and heat flow in
porous and fractured media. It considers fluid flow in liquid and gaseous phases, and the transitions
between the phases, occurring under pressure, viscous, and gravity forces according to Darcy’s law.

Equation of state modules (EOS) in TOUGH2 describe temperature, pressure, and volume for a
given substance or mixture of substances. They provide the thermophysical properties of fluid
mixtures, which are needed for the mass and energy balance equations. For the following simula-
tions the research version for gas reservoirs called EOS7C was chosen [Oldenburg et al., 2004b],
which is based on the modules EOS7 and EOS7R [Pruess et al., 1999]. EOS7C considers heat and
the five mass components water, brine, CO2, tracer, and CH4. Real gas mixture properties are
modeled, like densities and enthalpy within the range of relevant pressures and temperatures using
a modification of the van der Waals’ equation, known as the Peng-Robinson equation of state [Peng
and Robinson, 1976]; [Reid et al., 1987].
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4 Altmark Gas Reservoir

The natural gas reservoirs of the Altmark region (52.8 N, 11.0E) are situated in the Federal State
Sachsen-Anhalt, in North Germany, and lie about halfway between Hannover and Berlin (see Fig-
ure 1). The area belongs to the North German Basin, which forms part of the Mid-European
Basin. (For more background information, especially about the evolution of the basin, see e. g.,
[Plein, 1993], [Scheck and Bayer, 1999], [Kossow, 2001].) The gas-bearing layers were generated in
the early Permian (Rotliegend). The Altmark reservoirs consists of nine subreservoirs (see Figure
2). They are now owned by Erdgas Erdöl GmbH (EEG) belonging to Gaz de France Deutschland
GmbH.

Altmark

Figure 1: The Altmark region is located in the German Federal State Sachsen-Anhalt close to the
border to Niedersachsen.

An overview of the characteristics of the Altmark reservoir is given in Table 1. There are nine
subreservoirs. The main subreservoir of the Altmark is Salzwedel-Peckensen, which is also the
most important gas field in Germany. The initial gas in place (IGIP) is estimated to be up to
265× 109 m3 (9 Tcf), hence it is one of the biggest gas reservoirs in Europe. Since the discovery
of the field in 1968, 70 % of the natural gas has already been produced [Stottmeister, 1999]. An-
nual production peaked in 1984 through 1987, at 12× 109 m3 (424Bcf). Within the last years, the
production rate decreased to 1.7× 109 m3 (25Bcf) (see Figure 3, [Pasternak et al., 2001]). Most
likely, the entire reservoir will be depleted by the year 2020. Subsections may be available for CO2

injection earlier.
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Figure 2: The natural gas reservoirs of the Altmark are located in the North German Basin, in
the German Federal State Sachsen-Anhalt close to the border to Niedersachsen, about 150 km
west of Berlin. There are nine subreservoirs as numbered in the diagram: 34 Salzwedel-Peckensen,
35 Heidberg-Mellin, 36 Riebau, 37 Altensalzwedel, 38 Winkelstedt, 39 Mellin-Süd, 40 Wenze, 41
Zehtlingen, 42 Sanne. Map modified from [Wagner et al., 1998].

The Altmark reservoir is a compartmentalized anticlinal structure, divided by numerous faults of
different sizes (Figure 4). The orientation of the horizontal principal stress is NW-SE. The reservoir
extends laterally 35 km× 40 km, with vertical extent of more than 200m. The reservoir is mainly
sandstone and siltstone in varying percentages, with minor portions of clay (see Table 2).

As a first approximation, this variety in material sequences leads to the definition of 10 units,
considered homogeneous in the lateral direction. For the Eldena Basissandstein (refer to Table
2), the measured dip ranges from 0.2 ◦ to 0.6 ◦, with an average of 0.3 ◦ [Stoll, 1981], meaning the
dip of the reservoir can be neglected. A compilation of the main parameters of the subreservoir
Salzwedel-Peckensen given in published sources is listed in Table 1. The lithologic data are based
on the structure described for the Saxon of the Western Altmark [Stoll, 1981], and the synopsis
of the Rotliegend in the western part of the north-east German depression, including the Western
and the Eastern Altmark [Kleditzsch, 2003].
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Figure 3: The production history of the natural gas fields of the Altmark between 1968 and 2003
show the declining gas production since 1987 (see e. g., [Pasternak et al., 2001]). The horizontal
dashed line indicates the average annual gas production of about 6× 109 m3 (210 Bcf).

Figure 4: The map of the Altmark region with the town Salzwedel depicts the structure contours on
top of the main reservoir horizon in the Rotliegend and the mainly NW-SE oriented faults [Krull,
2003].
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Table 1: Characteristics of the Altmark reservoir.

Reference
region Altmark, North Germany —
reservoir Altmark —
subreservoir Salzwedel-Peckensen —
size 30 km× 40 km —
owner Erdöl Erdgas GmbH —
reservoir type natural gas reservoir —
gas initially in place 265× 109 m3 [Wendel et al., 2004]
gas production since 1968 [Stottmeister et al.,1999]
gas already produced > 70% [Wendel et al., 2004]
number of production wells still in
use (year 2001)

93 [Pasternak et al., 2001]

depth of top of gas bearing layers 3135m [Stottmeister et al.,1999]
depth of gas water contact 3442m [Stottmeister et al.,1999]
dip of layer (1) < 1 ◦ [Stoll, 1981]
pH-value 6.0 [Brasser et al., 2001]
Na-Ca-Mg, Ca-Na-Mg, Na-Mg-Ca
layer water

357 g/l [Brasser et al., 2001]

temperature 115 ◦C – 130 ◦C [Stottmeister et al.,1999]
vertical temperature gradient 34 ◦C/1000 m [Clauser et al., 2002]
radiogenic heat production 2.2 – 2.6µ W/m3 [Hoth et al., 1998]
pressure in the production zones 4.5 – 22MPa [Khoklov, 2004]
usable porosity 8% [Schumacher and May, 1990]
permeability 10 – 100 mD [Stoll, 1981]

(1) for the Eldena Basissandstein, located below the water contact

The gas bearing layers in North Germany were generated in the lower Permian, between 225 –
285 million years BP. These layers of the Rotliegend are located at depths of about 3000 m, above
Permo-Carboniferous volcanic rocks and Carboniferous sediments. They are covered by the Zech-
stein, a massive salt rock several hundreds of meters high. It forms the upper division of the
Permian (Dyas) of Europe. The process of subsidence with time is shown for the well Boizenburg,
located about 60 km north-northwest of Salzwedel (Figure 5). The Zechstein salt is virtually im-
permeable compared to other rocks, hence an effective barrier for fluid migration, and serves as an
effective cap rock. The lithology and lithostratigraphy of the gas-bearing sequences in the Altmark
are listed in Table 2.

The natural gas in the Altmark is predominantly nitrogen (N2). In Salzwedel-Peckensen nitrogen
amounts to 40 % to 80% of the natural gas [Stottmeister et al., 1999], see Table 3. The methane
content lies between 8% and 60 %, with an average of 32%. Methane and deep-seated nitrogen are
supposed to have migrated from carboniferous rocks [Schumacher and May, 1990]. Carboniferous
shales may have made a significant contribution as a source of high nitrogen content, but this topic
is still controversial [Hoth et al., 2003].
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Figure 5: Subsidence in time based on data from the well Boizenburg, modified from [Hoth et al.,
1998].

At present, the pressure in the undisturbed reservoir compartments amounts to 42.5 MPa [May,
2002]. During the production, the pressure evolved differently due to inhomogeneity between the
layers and varies now between 4.5 MPa and 22 MPa [Khoklov, 2004]. The temperature ranges from
115 ◦C to 130 ◦C [Stottmeister et al., 1999]. Water infiltrates from the edges, but mainly from the
bottom into the initially gas–saturated layers.

5 Requirements for Sequestration of Carbon Dioxide

The long- and short-term requirements of carbon dioxide sequestration include safety for humans
and the environment, predictability based on simulations and case studies, verifiability based on
measurements, and last but not least, affordability. Various studies have been published on a broad
range of aspects, e. g., environmental impacts [Johnston and Santillo, 2002], safety [Jimenez and
Chalaturnyk, 2002], injection strategies [Clemens and Wit, 2001], monitoring [Benson and Myer,
2002], gas leakage [Oldenburg and Unger, 2003], fluid leakage [Pruess, 2003], and economic feasabil-
ity [Clemens and Wit, 2001; Oldenburg et al., 2004a].
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Table 2: Characteristics of the gas bearing sequences in the Western Altmark, after [Stoll, 1981].

Sequence Lithology Lithostratigraphy Thickness Usable Abbreviation
[m] Porosity [%]

Zyklus 17 silt Mellin(1) Wechselfolge(2) 42 8 Zyk17
Zyklus 16 silt Mellin Basisfolge(3) 30 5 Zyk16
Zyklus 15 silt Mellin Wechselfolge 28 5 Zyk15
Zyklus 14 sand Wechselfolge der oberen(4) Peckensen

Schichten(5)
17 14 Zyk14

Zyklus 13 sand Basissandstein(6) der oberen Pecken-
sen Schichten

12 15 Zyk13

Zyklus 12 clay Wechselfolge der unteren(7) Pecken-
sen Schichten

25 5 Zyk12

Zyklus 9–11 silt Mellin Wechselfolge 43.5 8 Z9–11
Zyklus 8 sand Sandsteinfolge(8) der unteren Pecken-

sen Schichten
22 15 Zyk08

Zyklus 7 sand Eldena-Wechselfolge(9) 16 5 Zyk07
Zyklus 1–6 sand Eldena-Basissandstein 90 5 zy1–6

(1) Mellin = municipality in the Altmark
(2) Wechselfolge = alternating series
(3) Basisfolge = base series
(4) ober- = upper-
(5) Schichten = stratum
(6) Basissandstein = base sandstone
(7) unter- = lower-
(8) Sandsteinfolge = sandstone series
(9) Eldena = municipality in Mecklenburg-Vorpommern

Table 3: The main components of the dry natural gas in the Salzwedel-Peckensen reservoir [Müller
et al., 1993].

Gas component vol.%
nitrogen N2 40 % – 90 %
methane CH4 8 % – 60 %

CH4 average 32 %
carbon dioxide CO2 < 1%
ethane C2H6 < 1%

In detail, the general requirements of the geologic settings for CO2 sequestration in gas reservoirs
are

(1) A broad and adequate survey of the potential sequestration site with objective evaluation
should be implemented.

(2) Reservoir layers with adequate porosities and permeabilities should exist and be accessible.
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(3) In order to avoid CO2 leakage, there is a need for a confining overlying layer with a low
permeability, which seals the gas disposal region. No faults should be present to connect the
reservoir and the ground surface. A permanent seal of wells in the area should be ensured.

(4) An adequate storage capacity for the injected CO2 should exist.

(5) It is recommended that the recovery of natural gas in the reservoir should be close to the end.

(6) The injection into the reservoir should be at adequate depths. The upper limit is dependent
on the small compressibility of liquid-like supercritical CO2 beyond the critical point of CO2

at 31 ◦C, 7.4 MPa, see Figure 6. Hence the upper depth is determined by local gradients of
temperature and pressure. The lower depth is limited by economics to excessive costs for
drilling and pressurizing of CO2.

(7) It is beneficial if a source of CO2 is located nearby to the CSEGR site, e. g., a power plant
with integrated CO2 capture.

(8) An already existing infrastucture, with, among other things, gas transportation pipelines, is
advantageous.

Figure 6: Phase diagram for CO2 [Pruess, 2004].

Concerning these items, the special conditions in Salzwedel-Peckensen fulfill the requirements stated
above:

(re 1) More than 400 wells were drilled into the Rotliegend of the Altmark, providing a detailed
understanding of the site.

(re 2) Average usable porosities in the sand formation amount to 8%, in the Western Altmark
[Schumacher and May, 1990], permeabilities range from 10mD to 100 mD.

(re 3) Above the gas bearing sequences lies the several hundred meter thick Zechstein formation in
depths above 3135 m, showing a low permeability and serving as a cap rock.
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(re 4) The total height of the sand/siltstone layers amounts to 226 m. Salzwedel-Peckensen is the
largest natural gas field in Germany.

(re 5) In the early nineties of the last century, 70 % of the gas in place was already produced. It is
estimated that natural gas production will stop within the next 10 — 15 a.

(re 6) The gas bearing layers span the depths of 3135 —3442 m, which is deeper than the required
optimal storage range of 1200 m to 1500 m in the North German Basin [May et al. 2003], see
Figure 7.

(re 7) The lignite power plant Schwarze Pumpe, with 2× 800 MW, is situated in the Lausitz, 300 km
SE of the Altmark. [Vattenfall Europe AG, 2005]. Other options exist in the use of waste
gas of a nearby industrial power station owned by Erdgas Erdöl GmbH or a fertilizer factory.

(re 8) The existing infrastruture, like wells, gas transportation pipelines, etc. is available and in
good condition.

Figure 7: Using gradients typical for the North German Basin, the depth-dependent variation of
CO2 density and solubility in saline formation water determines the optimal CO2 storage range
below permeable seals (left diagram, A) and impermeable seals (right diagram, B) [May et al.,
2003].

6 Gas Mixture Properties

In order to define numerical models for CO2 injection into gas fields, it is necessary to examine the
potential gas mixtures after injection. Only the main gas components CH4 and N2 are considered
(see Table 3). With the injected CO2, this results in a ternary gas system. As EOS7C handles
only CH4 and CO2, the question arises whether it is sufficient to reduce the problem further to a
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two-gas mixture simulation. Therefore gas mixtures composed of the three gases CH4, N2, CO2 are
evaluated to specify the gas compressibility-factor Z, density ρ, and viscosity µ. The compressibility
factor, Z, is defined in terms of the real gas law as

p V = Z nR T ,

where
p = pressure [Pa]
V = volume [m3]
n = number of moles [mol]
R = real gas constant, 8.314 J

mol K
T = temperature [K].
Z = compressibility factor [ ].

Calculations were performed using the same Peng-Robinson equation of state implemented in
EOS7C [Oldenburg et al, 2004b], but with consideration of N2 along with CO2 and CH4. All
calculations were performed for gas mixtures with 1 % difference in gas composition, leading to
5151 data points in total for one set of initial conditions. As mentioned in Section 4, Table 1, the
pressure in the Altmark gas reservoir ranges from 4.5 MPa to 22 MPa. The field temperature ranges
from 115 ◦C to 130 ◦C. Hence the calculations were executed for four different pressure values, p
(5MPa, 10MPa, 15 MPa, and 20 MPa) at a constant temperature T of 125 ◦C (398K). The results
are plotted in triangular diagrams (see Figures 16 to 21), where each triangle vertex represents one
of the three pure gases. The gas properties ρ, µ, and Z for the varying CH4-N2-CO2 systems are
indicated through the contour colors. Compositions are given in mass fraction. For the labeling of
the axes see Figure 8.

Figure 8: Labeling of the axes in the triangular diagrams in Figures 9, 10, and 16 to 21.

A schematic illustration of possible parameter distributions in CH4-N2-CO2 systems is given in
Figure 9. This figure shows that for the extreme case in which a property is independent of the
CO2-CH4 fraction, i. e., as in the first triangle, a N2-free gas model would be entirely inappropriate.
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Figure 9: Schematic illustration of end-member property distributions in CH4-N2-CO2 systems. In
the first triangle, a N2-free model is not good. In the second and third triangles a N2-free model
gives a good approximation to the three-component real system.

For the case in which either there is no variation in property along the CH4-N2 side or CO2-N2

side, a N2-free model is a reasonable approximation to the three-component system. It will be
seen below that CO2 has a strong effect on compressibility factor, density, and viscosity in CH4-
N2-CO2 mixtures. Therefore the three-component mixture can be reasonably approximated by
the two-component system CO2-CH4. The main area of interest in the triangular diagrams is the
one which represents the conditions of the Altmark gas, which is 8% — 60 % CH4, 40% — 90 %
N2, i. e., the area with the CH4 : N2 ratios 1:9 to 6:4 with different amounts of CO2 (see Figure
10). This region should be compared with the side line connecting CH4 [100%] with CO2 [100 %],
representing the CH4-CO2 system.

6.1 Compressibility factor

The compressibility-factor Z is calculated using the relationship in the real gas law. Figures 16
and 17 display Z as a function of composition in the CH4-N2-CO2 gas mixture. As expected, Z
decreases at higher pressure. The CH4, N2, CO2 mixtures with a higher amount of N2 reveal higher
Z values, while for those with a higher CO2 portion, Z is relatively smaller. This is valid for the
whole pressure range presented. The Z range covers 0.9 to 1 for 5 MPa and 0.72 to 1.1 for 20MPa,
respectively. Gas systems only composed of CH4 and CO2 have compressibility-factors of 0.97 to
0.9 (5MPa) and 0.97 to 0.72 (20 MPa). The average Altmark gas shows Z values of 0.9 to 1 for
(5MPa) and 0.72 to 1.1 (20 MPa).

The implications for the Altmark gas reservoir, derived from the study of the compressibility factor,
are that gas mixtures higher in CO2 will be more compressible. Furthermore, the Z-factor for CH4

is nearly one and is a weak function of pressure above 10 MPa. The Z-factor of N2 is approximately
one for all pressures modeled. For this study the differences between the ternary system and the
CH4-CO2 system are small enough.
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Figure 10: The main area of interest in the triangular diagram of a CH4-N2-CO2 system is the
hatched area, which represents the conditions of the Altmark gas, which is 8 % — 60 % CH4, 40%
— 90 % N2.

6.2 Density

The density for gas mixtures is obtained with

ρ =
pmw

Z R T
,

whereas
mw =̂ molecular weight of the mixture, equal to

∑
i xi mw i

mw i =̂ molecular weight of the mixture component i
xi =̂ mole fraction of the component i.

The molecular weights (kg×mol−1) of interest are
0.01604 for CH4

0.02809 for N2

0.04401 for CO2.

Figures 18 and 19 illustrate the density values for varying mixtures, at four different pressures.
The density ρ of a gas mixture with CH4 increases with addition of N2 (see Figure 18). It rises
relatively faster with an addition of CO2. The density of pure CH4, compared to CO2, shows a di-
rect pressure dependency. For the four pressure cases, density in the Altmark gas system increases
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from about 50 kg/m3 (50MPa) to 260 kg/m3 (20MPa). Comparing these results of the CH4-CO2

system with the CH4-N2-CO2 system, the variation of density due to pressure is smaller, about
20 kg/m3 (50MPa) to 65 kg/m3 (20 MPa) (see Figure 19).

The absolute values of density at 50MPa range roughly from 25 kg/m3 to 75 kg/m3 in the ternary
system, 35 kg/m3 to 50 kg/m3 in the Altmark gas system, and 30 kg/m3 to 60 kg/m3 in the CH4-
CO2 system. At 20 MPa, the density can be estimated as 100 kg/m3 to 360 kg/m3 for the ternary
system, 126 kg/m3 to 191 kg/m3 in the Altmark gas system, and 120 kg/m3 to 230 kg/m3 in the
CH4-CO2 system.

Hence it can be stated that (i) the differences between the ternary system and the simpler CH4-CO2

system are not big, as far as density is concerned, (ii) the density implications for CO2 storage are
that mixed gas decreases the density of CO2 mixtures, therefore decreasing total potential CO2

storage mass per reservoir volume.

6.3 Viscosity

The gas viscosity µ of the fluid mixture is empirically correlated as a function of density and
temperature [Chung et al, 1988]. The viscosities for CH4-N2-CO2 gas systems at four different
pressures are depicted in Figures 20 and 21. The viscosity increases with pressure. For gas systems
with different amounts of CH4, N2, and CO2, mixtures with a higher content of CH4 have the low-
est viscosities, ranging from about 1.5× 10−5 Pa s at 5 MPa to 1.9× 10−5 Pa s at 20 MPa for pure
methane. Ternary systems high in N2 show a viscosity of 2.2× 10−5 Pa s at 5 MPa, for those high
in CO2 reach 2.1× 10−5 Pa s at 20 MPa. At pressures of 20 MPa, viscosity of CH4-CO2 mixtures
are a weak function of N2 content. At lower pressures, viscosity of CH4 mixtures is affected by
CO2 and N2 almost equally.

Pure CH4 undergoes the smallest change in viscosity from 1.5× 10−5 Pa s (5 MPa) to 1.9× 10−5 Pa s
(20MPa). The highest pressure–dependent viscosity is obtained for gas mixtures high in CO2.
Pure carbon dioxide changes from about 2.1× 10−5 Pa s (5 MPa) to 3.4× 10−5 Pa s (20 MPa). Vis-
cosity in the two-gas system CH4-CO2 ranges from 1.5× 10−5 Pa s to 2.07× 10−5 Pa s (5 MPa), and
1.9× 10−5 Pa s to 3.4× 10−5 Pa s (20 MPa). Viscosity for the range of gas mixtures approximat-
ing the average natural gas in the Altmark is smaller, about 1.93× 10−5 Pa s to 2.18× 10−5 Pa s
(5MPa), and 2.35× 10−5 Pa s to 2.75× 10−5 Pa s (20 MPa).

The viscosity calculations for the Altmark gas reservoir imply that gas mixtures high in CO2 con-
tent at pressures above 10MPa will have a smaller mobility due to their higher viscosity. In general,
the properties of gas mixtures in the CH4-N2-CO2 system are most strongly affected by CO2 in
the pressure and temperature ranges of interest. Although our use of a CH4-CO2 system is an ap-
proximation of the actual CH4-N2-CO2 system that would be present at Altmark under a CSEGR
scenario, the differences in gas mixture properties as shown here are not expected to strongly affect
the results of our preliminary studies of CSEGR feasibility
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7 Development of the Hydrostratigraphic Model

The gas reservoir Salzwedel-Peckensen is a large well field, with a long record of production. In
2001, there were 93 active wells. Existing wells will be used as CH4 production, CO2 injection, and
monitoring sites in our CSEGR scenario. We assume the wells are regularly distributed in the field
a few km apart (see the map in Figure 11). Due to this, the wells can be assumed to represent an
approximate five-spot configuration (see Figure 12), requiring a 3D grid. Equal subareas of 4.4 km2

will be assumed in the model, correspondong to well spacings of about 2.1 km.

� � � �

Figure 11: The natural gas reservoir Peckensen shows a dense distribution of wells [Ribbeck, 2001].

Exploiting symmetry, only one quarter of the five-spot configuration, the hatched area in Figure
12, needs to be simulated. The xy-grid consists of 15× 15 gridblocks, with a width of the inner
gridblocks of 150 m, amounting to a horizontal area of 2.1 km× 2.1 km. The main characteristics
used in the 3D model are listed in Table 4.

The horizontal layering represents the lateral continuity of the sequences. The dip of the layers
can be neglected. This leads to the generation of a strongly generalized geological layer model of
the Altmark reservoirs [Rebscher and May, 2004]. Similar layers were combined to obtain practical
numbers of gridblocks for the 3D simulation. Following the formations given in the literature based
on well logs, the vertical zoning can be presented by nine units using six different rock types (see
Section 4, Table 2).
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Figure 12: Schematic of five-spot configuration showing plan view of model domain.

Table 4: The main characteristics used in the 3D model (derived from properties in Table 1.
Model parameter Value
model type five-spot configuration
model area 2.1 km × 2.1 km
reservoir height 226m
reservoir depth 3000m
dip of layers 0 ◦

temperature 120 ◦C, constant
pressure hydrostatic distribution
pressure at the bottom 20MPa
duration of CO2 injection phase 40 years
total CO2 injection when using 10 wells 4.2× 1011 kgCO2

CO2 injection rate at one sink site(1) 8 kg/s
geometry of source vertical column
duration of CH4 extraction 40 years, simultaneous to CO2 injection
geometry of sink vertical column
(1) The injection rate is varied in section 10. For the same amount on total CO2 injection, an injection rate
of 3 kg/s corresponds to 27 injection and extraction sites each.

Each of the geologic layers is represented by two identical grid layers in the model, only the pressure
values are hydrostatically adjusted depending on their vertical position. Hence using nine geologic
layers and 15 gridblocks both in x- and y-directions leads to 15× 15×9×2 =4050 gridblocks in
total (see Figure 13). In the vertical, the closed compartment extends to 226 m. For closeness to
reality, the parameter values are chosen based on measured published sources (Section 4).
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As no detailed, confidential industry data are used, the described model should be regarded more
as a generic tool than a model for specific reservoir prediction. It is suitable for general application
to gas reservoirs composed of layers with a range of permeabilities, and is particularly useful for
sites in the North German Basin.

extraction of CH4 in 18 elements in a vertical column

injection of CO2 in 18 elements in a vertical column

X

Y

Z

CO2
injection

CH4
extraction

A11 1
A21 1
A31 1
A41 1
A51 1
A61 1
A71 1
A81 1
A91 1
AA1 1
AB1 1
AC1 1
AD1 1
AE1 1
AF1 1
AG1 1
AH1 1
AI1 1

A1F15
A2F15
A3F15
A4F15
A5F15
A6F15
A7F15
A8F15
A9F15
AAF15
ABF15
ACF15
ADF15
AEF15
AFF15
AGF15
AHF15
AIF15

15 x 15 x 18 elements

2.1 km x 2.1 km x 2 26.5 m

Figure 13: The 3D mesh is discretized in xyz into 15× 15× 18 gridblocks. The horizontal sizes of
the gridblocks at the edge are adjusted to the conditions of a five-spot configuration. Injection and
extraction sites are located in opposite corners.

8 Two-dimensional Simulation

In order to test the model for the three dimensional case, two-dimensional horizontal scenarios were
simulated first. As described above, the discretization of the xy-grid consists of 15× 15 gridblocks,
covering an area of 4.4 km2. The height of one gridblock is 14 m, approximately the average size of a
gridblock in the 3D simulations, and exactly the size of a gridblock of layer Zyklus 15 (Table 2). At
the beginning the reservoir layers are assumed to be filled with a homogeneous gas mixture. In the
Salzwedel-Peckensen reservoir the main components are CH4 and N2 (see Table 3). Following the
results of Section 6, we neglect N2 and assume a binary CH4-CO2 gas mixture. At the beginning
no CO2 is present in the reservoir. As the water contact lies below the study area, it is assumed
that gases are not dissolved in water.
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The CO2 injection well is located in one corner gridblock, the origin of the xy-plane, i. e., in the
lower left corner (see Figure 14). The opposing corner gridblock, in the upper right, represents
the extraction site for which constant conditions (Dirichlet condition) are set. In order to leave
the thermodynamic parameters unchanged by mass exchange, the extraction gridblock is assigned
a virtual volume size of about 1050 m3, functioning as a constant-pressure sink for whatever gas
arrives there. The downhole pressure at the production well is 20 MPa.

Due to the given lateral homogeneity of the reservoir, the rock properties in each model layer are
assumed to be homogeneous over the entire grid. Different layers are chosen (see Tables 5 to 7)
to be simulated in order to represent the vertical heterogeneity of the lithology of the Salzwedel-
Peckensen reservoir (see Table 2).

x

y

CO
injection

CH
extraction

2

4

15 x 15 elements
2.1 km x 2.1 km

Figure 14: The 2D mesh is discretized in xy by 15× 15 gridblocks.
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Table 5: The different parameters which are used in the 2D simulations of single units (i). The
injection rate amounts to 0.0178 kg/s.

Case b1 Case b2 Case b3 Case b4 Case b5 Case b6
permeability [m12] 1× 10−12 5× 10−16 1× 10−12 5× 10−16 1× 10−12 5× 10−16

usable porosity [%] 8 8 5 5 15 15
equivalent to Unit Z9–11 Zyk17 — Zyk12 Zyk13 approx. Zyk14
injection rate [kg/s] 0.0178 0.0178 0.0178 0.0178 0.0178 0.0178
time of breakthrough >40 a >40 a >40 a >40 a >40 a >40 a
simulated time 40 a 40 a 40 a 40 a 40 a 40 a
machine P 4(1) P4(1) P 4(1) P4(1) P4(1) P4(1)

number of time steps 37 77 37 73 37 42
calculation time 8 s 32 s 8 s 32 s 8 s 8 s

(1) =̂ Intel(R) Pentium(R) 4 CPU 2.80GHz 512 KB, LINUX

Table 6: The injection rate of the 2D simulations amounts to 2.9091 kg/s (ii).

Case b7 Case b8 Case b9 Case b10 Case b11 Case b12
permeability [m12] 1× 10−12 5× 10−16 1× 10−12 5× 10−16 1× 10−12 5× 10−16

usable porosity [%] 8 8 5 5 15 15
equivalent to Unit Z9–11 Zyk17 — Zyk12 Zyk13 approx. Zyk14
injection rate [kg/s] 2.9091 2.9091 2.9091 2.9091 2.9091 2.9091
1% CO2 contamination 0.6 a — 0.5 a — 1.6 a —
10% CO2 contamination 1.2 a — 0.7 a — 2.2 a —
50% CO2 contamination 1.7 a — 1.0 a — 3.2 a —
simulated time 40 a 1.3 d 40 a 3.9 d 40 a 3.9 d
machine P 4(1) P4(1) P 4(1) P4(1) P4(1) P4(1)

number of time steps 280 9999 313 9999 222 9999
calculation time 136 s 1544 s 176 s 1544 s 104 s 1544 s

(1) =̂ Intel(R) Pentium(R) 4 CPU 2.80GHz 512 KB, LINUX

Table 7: The injection rate of the 2D simulations amounts to 0.0068 kg/s (iii).

Case b13 Case b14 Case b15 Case b16 Case b17 Case b18
permeability [m12] 1× 10−12 5× 10−16 1× 10−12 5× 10−16 1× 10−12 5× 10−16

usable porosity [%] 8 8 5 5 15 15
equivalent to Unit Z9–11 Zyk17 — Zyk12 Zyk13 approx. Zyk14
injection rate [kg/s] 0.0068 0.0068 0.0068 0.0068 0.0068 0.0068
time of breakthrough >40 a >40 a >40 a >40 a >40 a >40 a
simulated time 40 a 40 a 40 a 40 a 40 a 40 a
machine P 4(1) P4(1) P 4(1) P4(1) P4(1) P4(1)

number of time steps 37 41 37 54 37 37
calculation time 8 s 8 s 8 s 24 s 8 s 8 s

(1) =̂ Intel(R) Pentium(R) 4 CPU 2.80GHz 512 KB, LINUX
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Three parameters (permeability, porosity, and injection rate) are varied for a first simulation of the
horizontal units (see Tables 5 to 7). Values are chosen to represent individual units used later in the
3D grid. Since the permeability k is scale dependent, the highest k value in the model is multiplied
by 10 compared to the maximum k of 100× 10−12 m2 cited in the literature. Usable porosities of
5%, 8 %, and 15% were chosen, related to the average value of 8 % quoted in the literature [Schu-
macher and May, 1990]. As no information was available on the spatial inhomogeneities within
one geologic layer, porosity and permeability are assumed to be isotropic throughout the whole xy
grid. The permeabilities vary from 0.5 mD to 1000mD, representing hydrostratigraphic units with
higher amounts of clay and silt, and higher amounts of sand, respectively. The CO2 injection rates
come to 0.0068 kg/s, 0.0178 kg/s, and 2.9091 kg/s. They are based on the distribution of the CO2

injection into different units, depending on their permeability and their thickness, used in the 3D
simulations (see Section 9.2).

The two–dimensional simulation examines the flow in the Units Z9–11, the silt layer of the Mellin
Wechselfolge, with a usable porosity of 8 % and a high permeability of 1000mD, representing the
structure with the highest k in the 3D model. In the so-called Case b1, a moderate CO2 injection
rate of 0.0178 kg/s is chosen. The injected gas spreads radially from the injection well in the lower
left corner to the production well in the upper right. Within 1 year, CO2 in the gas phase reaches
90% inside a circle with a radius of 300 m around the injection site. At the end of the expected
40 years injection phase, this radius grows to 700 m, i. e., less than 15 % of the reservoir area is filled
with CO2. The natural gas extracted at the production well is not contaminated.

In order to illustrate the effect of a higher injection rate, calculations with an injection rate of
2.9091 kg/s are made for comparison. Figures 22 to 25 document the time-dependent distribution
of pressure, liquid saturation, and CO2 in gas and liquid phases within the simulated time frame
of 40 years for Case b 11. The spatial coordinates are given in meters. After one year, almost a
quarter of the reservoir is filled with CO2. The radius of the 90 % CO2 in the gas-phase front
reaches 1 km. At a distance of 1.8 km from the injection site, the CO2 concentration in the gas
phase is still lower than 5%. Already within about one year, CO2 reaches the production well,
i. e., the contamination of natural gas with CO2 occurs. In more detail, after 0.6 a the CO2 reaches
1% in the neighboring gridblock of the production well, and 50 % after 1.6 a in Unit z9-11, Case
7 (see Table 6). In the other high-permeability Unit Zyk13, CO2 reaches 1 % in the neighboring
gridblock of the production well after 1.7 a, and 50 % after 3.2 a. In the Cases b1 to b6 and b13 to
b18 with injection rates of 0.0178 kg/s and 0.0068 kg/s a breakthrough does not occur within the
extraction and injection period of 40 years. During the simulated time, the pressure always remains
below 22.0 MPa, and drops slightly in the last decades, due to the higher solubility of the intruding
CO2 compared to the displaced CH4, and the corresponding CO2 dissolution into the aqueous phase.

The simulations listed in Tables 5 to 7 were performed in order to investigate the influence on the
flow through the main characteristics of the hydrostratographic units, like porosity, permeability,
and the injection rate. Figures 26 to 33 document the results, i. e., distribution of pressure, liquid
saturation, and CO2 in gas and liquid phase after 1 year of CO2 injection and simultaneous CH4

extraction. The same cases are reproduced in Figures 34 to 41 at the end of the active period of
40 years. Each column has the same porosity, from left to right 5 %, 8 %, and 15 %, respectively.
The permeability changes by more than three orders of magnitude to cover the variation of the
layers, i. e., from sand to clay composition. The simulations in the first and third rows in the
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Figures 26 to 32, and 34 to 40, first row in 27 to 33, and 35 to 41 are performed using 1000mD.
The remaining diagrams are calculated with a lower k of 0.5 mD. The effect of the CO2 injection
rate was tested for three different values. An intermediate rate of 0.178 kg/s in the first two rows
of the Figures 26 to 32, 34 to 40, increases to 2.9091 kg/s in the lower rows of the Figures 26 to
32, 34 to 40, and drops to a lower value of 0.0068 kg/s in the Figures 35 to 41. In general, the
differences within a row of plots are smaller than those between the columns, i. e., the variability
of the usable porosities has only a minor impact on the parameter distributions, compared to the
influence of the changed injection rate.

After 40 years of CO2 injection at 0.0178 kg/s, the reservoir with k of 1000mD is filled to about
10% to 30% with 90 % CO2 in the gas phase (see Figure 38). For the Cases 1, 3, and 5 the limit
to 5 % CO2 in the gas phase reaches a radius around the injection well of about 1 km to 1.6 km.
Depending on the usable porosity, the 90% front reaches the 500 m to 900 m radius. As the per-
meabilities are smaller in the Cases 2, 4, and 6, the area filled with 90% CO2 in the gas phase
after 40 years is slightly smaller than in the cases discussed above. The 5 % front crosses at 500m
to 800 m, the 90 % at 1 km to 1.4 km. However, for the Cases 7, 9, and 11, with injection rates of
2.9091 kg/s, practically the whole reservoir is filled with CO2 in about 1 year (see Figure 30). Using
a relatively low injection rate of 0.0068 kg/s for Cases 13 to 18, 5 % to 10% of the 2D reservoir
is flooded with 90 % CO2 in the gas phase after 40 years, depending on permeability and usable
porosity. The unit Zyk13, with the highest permeability of 1000 mD and the lowest usable porosity
of 5%, exhibits the fastest CO2 spreading through the grid, hence the earliest breakthrough at the
CH4 production well. The second case showing a fast contamination of the produced CH4 is the
Unit Z9–11 with the same high k and a usable porosity of 8 %.

9 Three-dimensional Simulation of a Base-case

The 3D model was derived similarly to the 2D model. A volume representing a quarter of a five-
spot configuration is used to model of the Salzwedel-Peckensen reservoir (see Section 7). Only
the reservoir region with the gas-containing Units Zyklus 17 to Zyklus 7 [Bandlova, 1998], [Stoll,
1981] and the adjacent layers are of interest for the simulation. These nine layers are represented
using six different rock types, each with homogeneous, isotropic properties (see Table 8). (Here the
base-case is named Case a10.) The Unit Zyklus 1–6 lies probably below the gas-water contact and
is excluded from the model domain.

The pressures in the active production regions range from 4.5MPa to 22 MPa [Khoklov, 2004]. For
the model, a hydrostatic pressure regime with 20 MPa at the bottom of the simulated reservoir re-
gion is used. A constant temperature of 120 ◦C is assumed throughout the reservoir. As mentioned
earlier in Section 4, the produced natural gas consists mainly of three different gas components.
For first 3D simulations, it is sufficient to consider CH4 together with N2 as one gas (which fills the
reservoir at the beginning) and CO2 as a second gas. This assumption is justified on the basis of
gas mixture calculations, (see Section 6), and is already applied in the 2D model (see Section 8).
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The 3D calculations presented in this section are carried out in three steps:

1. A steady initial state is established, by (i) performing a 1D simulation of one vertical col-
umn and (ii) replicating this column in the two lateral directions so as to obtain the initial
conditions for the 3D grid.

2. The subsequent CH4 extraction and CO2 injection phase has a duration of 40 years.

3. The final relaxation phase lasts for at least an additional 40 years.

9.1 Production

CH4 is produced in such a way that the bottomhole well pressure remains constant i. e, an im-
plementation of Dirichlet conditions. This is realized by using gridblocks with huge sizes for the
production grid blocks, virtual volumes are of the order of 1055 m3 to 1056 m3. This procedure for
creating the sink was already applied in the 2D model and is retained for the following simulations.

9.2 Injection

The storage capacity of the site should allow for the accumulation of about 4.2× 1011 kg CO2

(212× 109 m3) over a time period of 40 years. This corresponds to an injection rate of 332.9 kg/s.
Assuming 10 injection sites, and considering that in the five-spot configuration only a quarter of
one well region is used, this leads to an injection rate of about 8 kg/s CO2 per well in the model.

Furthermore, in order to respect the properties of the different geologic layers, one has to calculate
injection rates qi for each unit i using

qi = Q
kihi∑
j kjhj

,
∑

i

qi = Q ,

where
Q =̂ total injection rate in the five-spot configuration
ki =̂ permeability of unit i
hi =̂ height of unit i .

9.3 CH4 Extraction and CO2 Injection Phase

Simulations of CH4 extraction and CO2 injection are performed for a base-case for a time period of
40 years. Figures 42 to 48 show the time-dependent development of the parameters in the 3D grid
— pressure, liquid saturation, and CO2 and CH4 in gas and liquid phases. For a better overview
the diagrams of Figures 43 to 48 illustrate the data using a diagonal vertical slice of the square
five-spot volume. The spatial coordinates are given in meters.

The extraction of CH4 occurs in 18 gridblocks in a vertical column. In the diagrams (e. g., Fig-
ures 42 to 48) the production well is located in the left corner (see also Figure 13). The injection
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well is situated in the opposite right corner. The injection of CO2 is distributed among 18 layers
according to the height and permeability of each layer (Table 8, eleventh column, Case a10), as
described in the Section 9.2. The Units Zyk13 (gridblocks AD1 1, AE1 1) and Z9–11 (AD1 1, AE1
1) have isotropic permeabilities of 1× 10−12 m2, while all other units have isotropic permeabilities
of 5× 10−16 m2. In Table 8, the distribution of the usable porosities is listed. The CO2 is injected
at a constant total rate Q of 8 kg/s in the entire model area over the complete simulation time.

Starting with initial conditions of steady state, the injected CO2 pressurizes the reservoir and
sweeps the methane in the direction of the extraction well. Obvious is the faster CO2 flow in the
units with higher permeabilities, Zyk13 and Z9–11, as the highest portions of the CO2 injection take
place there, with qZyk13 of 1.0148 kg/s per injection gridblock and qz9−11 of 2.9091 kg/s per injection
gridblock. The CO2 breakthrough at the production well occurs in these units first. Breakthrough
time is defined as the time when the injected CO2 arrives at a neighboring gridblock adjacent to
the production well. The CO2 reaches the CH4 production site first in the Unit Z9–11. The limit
of 1% CO2 in the gas phase at the sink site is obtained after 7.7 years, and the 10% threshold after
10.6 years.

The arrival of CO2 at blocks A9F14 and AAF14 (upper and lower gridblock of Zyk13, purple and
light blue lines) and ADF14 and AEF14 (upper and lower gridblock of Z9–11, red and green lines)
is illustrated in Figure 67, diagram first row, first column. The CO2 flow is faster in Z9–11, be-
cause porosity is lower here. Within Z9–11 the lower gridblock shows the faster increase in CO2

concentration in the gas phase due to gravity effects. Illustrations of the development of pressure,
liquid saturation, and CO2 and CH4 in their gas phase in Zyk13 are given in horizontal slices of
the 3D simulations in Figures 49 to 51,which should be compared with Figures 22 to 41 of the 2D
simulations of Section 8.

This case reveals the potential difficulties of carbon sequestration with enhanced gas recovery.
Specifically CO2 may flow much faster in some layers as compared to the main portion of the
reservoir, so premature contamination of the extracted gas may occur through these layers. In
the remaining layers there would still be CH4 left in place, and significant storage volume for CO2

would remain unused at the end of the injection period. In addition to the spatial distribution of
the main parameters, it is of interest to have a closer look at their development in time. Figures 52
to 54 show the time-dependent development of pressure, liquid saturation, and gas composition at
specific gridblocks: the column of the injection well (blocks A11 1 — AI1 1), a neighboring vertical
column (blocks A12 1 — AI2 1), a neighboring vertical column to the extraction well (blocks A1F14
— AIF14), and for a comparison the column of the extraction well itself (blocks A1F15 — AIF15).
As required, the gridblocks at the extraction site stay at their hydrostatic pressure level (see Figure
52). Within the other columns the pressure starts from the hydrostatic distribution and increases
at an earlier or a later time depending on their distance to the injection well, reaching maximum
pressure values of 20.15 MPa to 20.6 MPa in the lowest reservoir unit. The maximum value for p
obtained at the injection well is at about 20.8 MPa.

Analyzing the same vertical columns for CO2 in the gas phase shows (i) zero CO2 at the extrac-
tion site, and (ii) increasing concentrations of CO2 in the gas phase at the injection site, starting
from zero asymptotically to 1, with different gradients due to the different injection rates in each
unit and the different hydrostatic pressure due to their vertical position (see Figure 53). In the
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vertical column close to the injection well, the gradients of the increase vary widely, 100 % year
to 40 %/year. In the proximity of the production site, CO2 emerges first after about 7.7 years in
gridblock AEF14, the lower block in Z9–11. As CO2 concentrations increase, the concentrations of
CH4 decrease (see Figure 54).

9.4 Relaxation Phase

Subsequent to the 40-year extraction and injection phase, a relaxation phase is performed for the
base-case, i. e., neither sink nor source is applied. Results for the distribution of pressure, liquid sat-
uration, and CH4 and CO2 concentrations in liquid and gas phases are provided in Figures 55 to 60.

Over time, the reservoir shows an equalizing of the disturbances and approaches balanced condi-
tions. Hydrostatic pressure is re-established after a few decades, and differences in gas composition
between different layers are reduced. In particular, the low permeability Unit Zyk12, situated be-
tween the two higher permeablility Units Zyk13 and z9-11, adopts the conditions of its neighbors.

10 Variation of the Injection Rates in the 3D Model

Carbon dioxide sequestration with enhanced gas recovery in a reservoir is a complex problem,
influenced by many different parameters. In order to obtain a better understanding of the char-
acteristics of the reservoir and the behavior of the fluids and gases involved, sensitivity tests for
different parameters are helpful. One main parameter of interest is the injection rate. It is not
exactly known today how much CO2 will be available at what time, and how many wells can be
used in total, and in what kind of geometric pattern. Hence we have investigated the effects of
varying CO2 injection rate on CSEGR.

Proceeding from the base-case, described in Section 9.3, five different injection rates Q are modeled,
ranging from 0.8 kg/s to 16.0 kg/s (=̂ 2.5× 107 kg/a to 5× 106 kg/a) (see Table 9). The injection
rate of each unit qi is calculated depending on the permeabilities and unit thickness. As initial
conditions, the steady state of Section 9.3 is used.

10.1 CH4 Extraction and CO2 Injection Phase

All simulations were performed for a 40-year period of CH4 extraction, with simultaneous CO2

injection, retaining the other model characteristics as listed above. Therefore the total amount of
CO2 injection reaches 2× 109 kg to 2× 1010 kg within the 40-year life span of the sequestration site.

For simulations with high injection rates Q, the production well shows an undesirable early con-
tamination with CO2. After 40 years the cases with smaller Q are still below 30 % CO2 in the gas
phase (Case c, Q =1.6 kg/s) and 0.1% CO2 in the gas phase (Case d, Q =0.8 kg/s), respectively.

The 3D plots in Figures 61 to 64 illustrate 3D-cubes or a 2D-diagonal-section of the 3D-cube,
representing distribution of pressure, liquid saturation, and CH4 and CO2 concentration in liquid
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Table 9: Case a to Case e represent variations of the total CO2 injection rate Q.

Case a Case b Case c Case d Case e
total injection CO2 rate Q [kg/s] 8.0 4.0 1.6 0.8 16.0
Q compared to Q in Case a 1 2 × smaller 5 × smaller 10 × smaller 2 × bigger
simulated time 40 years 40 years 40 years 40 years 40 years
injection rates qi [kg/s] in
A11 1 and A21 1 (Zyk17) 0.0036 0.0018 0.0007 0.00036 0.0072
A31 1 and A51 1 (Zyk16) 0.0026 0.0013 0.0005 0.00026 0.0052
A51 1 and A61 1 (Zyk15) 0.0024 0.0012 0.0005 0.00024 0.0048
A71 1 and A81 1 (Zyk14) 0.0015 0.0007 0.0003 0.00015 0.0029
A91 1 and AA1 1 (Zyk13) 1.0305 0.5152 0.2061 0.10305 2.0601
AB1 1 and AC1 1 (Zyk12) 0.0021 0.0011 0.0004 0.00021 0.0043
AD1 1 and AE1 1 (Z9–11) 2.9541 1.4770 0.5908 0.29541 5.9081
AF1 1 and AG11 (Zyk08) 0.0019 0.0009 0.0004 0.00019 0.0038
AH1 1 and AI1 1 (Zyk07) 0.0014 0.0007 0.0003 0.00014 0.0027
time CO2 in gas phase > 1% 7.7 a 14.0 a 29.2 a > 40 a 4.2 a
time CO2 in gas phase > 10% 9.7 a 17.2 a 34.7 a > 40 a 5.3 a
time CO2 in gas phase > 50% 13.2 a 23.1 a > 40 a > 40 a 7.3 a
CO2 in gas phase after 40 a 97.4% 88.2 % 29.5% 0.08% 98.7%
machine P 4(1) P4(1) P4(1) P4(1) P 4(1)

time steps 231 207 151 115 202
calculation time 3240 s 2944 s 2168 s 1624 s 2928

(1) =̂ Intel(R) Pentium(R) 4 CPU 2.80GHz 512 KB, LINUX

and gas phases. For the analysis of the effect of the injection rate Q, the variation of Q ranges
from 0.8 kg/s to 16.0 kg/s. The simulations of CH4 extraction and CO2 injection over 1 year show
the evolution of pressure p in the 3D grid. In further variation of parameters subsequently, the
relatively high injection rate Q of Case a (8 kg/s) is used.

11 Variation of the Permeabilities in the 3D Model

In addition to the injection rate, the properties of different geological layers play a role in the
behavior of a reservoir. In order to study the effects of permeability k, which represents one of the
main parameters, eleven cases are simulated. Permeabilities are chosen as low as 5× 10−17 m2 to
2.5× 10−15 m2 for the units representing geological layers with higher amounts of clay and silt, and
as a high as 10−13 m2 to 10−11 m2 for units representing higher proportions of sand (see Table 8).
Also the permeability ratio varies between lower- and higher-k units ranges from 1:200 to 1:10000.
All other properties are left unchanged.

11.1 Breakthrough During the CH4 Extraction and CO2 Injection Phase

The spatial evolution after 1 year of pressure and CO2 gas-phase concentration is depicted in Fig-
ures 65 to 66 for the 11 different cases (see Table 8). The appearence of CO2 close to the production
well is of importance for the evaluation of enhanced gas recovery. This is illustrated using the CO2

concentration in the gas phase in the neighboring vertical column to the extraction well, i. e., in
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the gridblocks A9F14 to AIF14 (see Figure 67). The CO2 arrival in the neighboring gridblock of
the production well is first observed at the bottom of the high-permeability Unit Z9–11, gridblock
AEF14, as already presented in Section 9.3. A comparison of the different times to reach given
CO2 mass fractions in the gas phase is shown in Figure 68. Different colors show the development
of CO2 mass fraction in the gas phase. In the simulated cases the breakthroughs occur between a
few years and more than ten years. The increase from 1% to 50 % takes place within about 2 years
to 5 years.

The progress of the breakthrough is documented in Figure 67. For each of the simulated cases a1
to a11, the CO2 concentration in the gas phase in 18 gridblocks in a vertical column, near the pro-
duction well is determined. The blocks A9F14 and AAF14 (upper and lower gridblock of Zyk13)
and ADF14 and AEF14 (upper and lower gridblock of Z9–11) shows the highest and fastest CO2

contamination. Here, the time of breakthrough, noted on top of each plot, is defined for the time
t when the CO2 concentration in the gas phase reaches 10 % in the gridblock AEF14. The time of
breakthrough lies within about 2 years and 10 years. It is mainly influenced by the permeability of
the high permeablility units, k of the other low-permeability unit is of only minor consequence. In
cases including high-permeability units with very high permeabilities of 10−11 m2, the time t comes
to 2.4 years to 2.6 years, with relatively high permeabilities of 10−12 m2 and t amounts to 3.3 years
to 5.6 years, and with moderate permeabilities of 10−13 m2, t runs up to 8.6 a to 9.8 a, respectively.
Figure 69 shows a direct comparison of the time-dependent CO2 concentration in the gas phase of
the gridblock AEF14 in all eleven cases.

11.2 Relaxation Phase

The relaxation phase with a duration of 40 years is calculated for the cases 1, 2, 4, 6, 8, 9, and 10.
Figures 70 to 75 illustrate the time-dependent distribution of pressure, liquid saturation, and CH4

and CO2 concentrations in liquid and gas phases.

Within each diagram the equalizing effect of time is recognizable. The main differences between
the cases show up on the right-hand side of the plots, the area where the injection was placed
during the active period, and the lower parts of the reservoir containing the units with the higher
permeabilities.

12 Variation of Injection Strategies in the 3D Model

In order to optimize production and injection, i. e., to pressurize the reservoir and to delay the
breakthrough at the extraction well, it may be possible to block the unit(s) with higher perme-
abilities in order to direct injected CO2 into layers it otherwise would not enter. There are many
different approaches tested already in enhanced oil recovery, e. g., chemical techniques (surfactants,
polymers) [Zazovsky, 2004]. Although breakthroughs can be retarded, additional costs are a dis-
advantage.

For enhanced gas recovery, one option is to control the gas mobility by injecting water into selected
layers. An advantage of this injection strategy is the possibility of disposing of water, which is an
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unwanted by-product of natural gas extraction. Hence different cases with varying water injection
rates into high-permeability layers were performed.

12.1 Strategy

In these examples, the sequence of TOUGH2 runs consists of the following:

1. establishing steady state;

2. blocking of high permability unit(s) by injection of water simultaneously with CH4-extraction;

3. CH4-extraction and CO2-injection phase for 40 years;

4. relaxation phase.

Initial conditions were chosen to be the same as in Case a1, i. e., a permeability of 10−12 m2 for
the high-permeability units Zyk13 and Z9–11, and 5× 10−16 m2 for the other, less permeable units
(Table 8). Again the extraction of CH4 in a vertical column is accomplished using huge volumes
in the gridblocks A1F15 to AIF15.

12.2 Blocking One Layer with Different Amounts of Water for 5 years

Different cases were performed with varying amounts of water injected in the Unit Z9–11, where
early CO2 breakthrough would otherwise occur. The specifications are listed in Table 10. Per-
forming 5 a of CH4 extraction and H2O injection followed by the 40 years period of CH4 extraction
and CO2 injection gives the following scenario: The CO2 breakthrough still takes place in the Unit
Zyk9–11 within the period of 40 years. It occurs first in the lower part of the high-permeability
unit Z9–11. So the delay of breakthrough is given by the lowest gridblock in Z9–11 close to the
production well, gridblock AEF14. The breakthough time is listed for CO2 in the gas phase reach-
ing 1 %, 10 % and 50 %.

The amount of water was varied from Q equal to 2.9 kg/s to 11.6 kg/s. Depending on the injected
amount of water, 1 % of the gas phase is CO2 after about 5.5 years to 5.7 years. The threshold of
10% is reached after about 7 years. After 13 years to 12 years half of the gas phase close to the
extraction site consists of CO2. At the end of a period of 40 years the maximum of CO2 in the gas
phase in the layer Zyk13 amounts to about 2× 10−3.

As had been expected, the CO2 reaches the production well later when water blocking is applied.
However, the delay of the breakthrough compared to Case a1 is very small, amounting to about
1 year. The concentration of 1% CO2 in the gas phase is delayed for 0.7 years to 1 year, the con-
centration of 10 % for 1.3 years to 1.7 years.

12.3 Blocking Two Layers with Different Amounts of Water for 5 years

In order to develop more effective blocking, further simulations were performed for mobility reduc-
tion in the layers Zyk13 as well as Z9–11 [Rebscher et al., 2004]. Water is injected for 5 years in these
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Table 10: Properties of the H2O-blocking scenarios.

Case f Case g Case h Case i
H2O injection rate Q 2.9091 kg/s 5.8182 kg/s 8.7272 kg/s 11.6364 kg/s
Q compared to Q in Case f 1 2 × bigger 3 × bigger 4 × bigger
CO2 in gas phase of Unit Zyk13 after 40 years 2.5× 10−3 2.1× 10−3 1.9× 10−3 1.8× 10−3

time CO2 in gas phase of Unit Z9–11 > 1% 5.49 a 5.51 a 5.64 a 5.73 a
time CO2 in gas phase of Unit Z9–11 > 10% 6.86 a 6.90 a 7.10 a 7.27 a
time CO2 in gas phase of Unit Z9–11 > 50% 12.88 a 12.41 a 12.26 a 11.97 a
delay of breakthrough for > 1% CO2 in the gas
phase compared to Case a1

0.74 a 0.76 a 0.89 a 0.98 a

delay of breakthrough for > 10%CO2 in the gas
phase compared to Case a1

1.26 a 1.30 a 1.50 a 1.67 a

simulated time 40 a 40 a 40 a 40 a
machine P 4 (1) P4 (1) P4 (1) P 4 (1)

calculation time 7616 s 9208 s 8640 s 8216 s
time steps 399 369 415 421

(1) =̂ Intel(R) Pentium(R) 4 CPU 2.80 GHz 512 KB, LINUX

high-permeability layers (Zyk13 with the gridblocks A91 1 and AA1 1; Z9–11 with the gridblocks
AD1 1 and AE1 1). The amount of water is varied from Q equal to 2.9 kg/s to 14.5 kg/s, Case f
to Case j. The distribution of the water in the four gridblocks reflects the thickness of the Unit
Zyk13, which is 12 m, and that of Z9–11, which is 43.4 m. In Table 11, the delay of breakthrough
is stated for the time at which CO2 in the gas phase close to the production well exceeds 1 % and
10%. The cases Case f to Case j represent variations of the total H2O injection rate while Case a1
is the comparative case without water blocking.

Figure 76 shows the development of the water flow pattern by showing the liquid saturation SL at
different time steps from the beginning (1 s) to the end of the water-injection period at 5 a. Obvious
is the lateral intrusion of water in the two units. Due to gravity, the lower gridblocks of the Unit
Z9–11 and Zyk13 show higher liquid saturation (SL) values compared to the upper gridblocks of
the same units. Further spreading of water in the z-direction because of gravity wets the underlying
units also.

For comparison of the different water injection rates, the distributions of the different liquid sat-
urations in the four scenarios Case f to Case i after 1 year and 2 years is shown in Figure 77. The
figure illustrates the water flow patterns and the resultant, different distances covered by the water
mass. After the 5 year term, the water reaches maximal distances of several hundreds of meters
(Case f, injection rate 2,9 kg/s) to about 1 km (Case i, injection rate 11.6 kg/s).
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Table 11: Case f to Case j represent variations of the total H2O injection rate for blocking the two
high-permeability Units Zyk13 and of Z9–11.

Case a1 Case f Case g Case h Case i Case j
Q [kg/s] — 2.9091 5.8182 8.7273 11.6364 14.5455
Q compared to Q in Case f 0 1 2 × bigger 3 × bigger 4 × bigger 5 × bigger
qi [kg/s]in Zyk13 — 0.7523 1.5047 2.2571 3.0094 3.7618
qi [kg/s]in Z9–11 — 2.1567 4.3135 6.4702 8.6270 10.7837
time CO2 in gas phase > 1% 4.75 a 4.96 a 5.07 a 5.16 a 5.28 a 5.31 a
time CO2 in gas phase > 10% 5.60 a 5.90 a 6.01 a 6.17 a 6.26 a 6.44 a
time between CO2 in gas phase
> 1% til > 50%

3.30 a 3.39 a 3.49 a 3.59 a 3.77 a 3.95 a

delay of breakthrough for > 1% — 0.213 a 0.323 a 0.516 a 0.529 a 0.555 a
delay of breakthrough for > 10% — 0.299 a 0.409 a 0.568 a 0.663 a 0.841 a
simulated time 40 a 40 a 40 a 40 a 42.4 a 40 a
machine P 4 (1) P4 (1) P4 (1) P4 (1) P4 (1) P4 (1)

number of time steps 354 418 509 471 10513 565
calculation time 6136 s 7248 s 10088 s 8632 s — 11288 s

(1) =̂ Intel(R) Pentium(R) 4 CPU 2.80GHz 512 KB, LINUX

Following this 5 year period, the 40 years CH4 extraction and CO2 injection takes place (see Figure
78). The breakthrough still occurs first in the lower part of the high-permeability layer Z9–11.
Hence the delay of breakthrough depends on the lowest gridblock in Z9–11, close to the production
well, gridblock AEF14. This time is given for two concentration levels of CO2 in the gas phase,
when it reaches 1 % and 10 %. Depending on the previously injected H2O, the CO2 breakthroughs
occur after about 5 years to 5.3 years for the threshold of 1% CO2 in the gas phase. The 10 % limit
is reached after 5.9 years to 6.4 years.

Compared to the case where no H2O blocking was applied, Case a1, this is equivalent to a delay of
CO2 breakthrough at the production well of 0.2 years to 0.6 years (1 % limit), 0.3 years to 0.8 years
(10% limit), respectively. An overview of the breakthrough times, as the time of CO2 arrival in the
neighboring gridblock of the production well, is given in Figure 15. CO2 arrival is first observed
in the bottom unit of the high-permeability Unit Z9–11. Different colors show the development
of the increasing amount of CO2 in the gas phase. The six cases differ in the water injection rate
ranging from no water (Case a1) to 14.5 kg/s (Case j) (see Table 11). In the simulated cases the
breakthroughs occur at about 6 a, an increasing water injection rate leads to larger delay times.
These delay times are relatively small, but they show that the undesired CO2 breakthrough can be
retarded, e. g., using H2O blocking, and more effective mobility-reducing strategies could potentialy
be developed.

In general, the following processes reduce the effectiveness of water injection for mobility reduc-
tion: First, the injected CO2 displaces water. In the two-phase gas-water system, the available
pore space for the gas is reduced resulting in an unwanted higher gas-flow velocity. In addition,
flow of water due to gravity is significant. Thus the fast path through the high-permeability unit
is reopened. The conclusion is that the breakthrough times are increased, but remain on the same
order of magnitude.
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Figure 15: Time of CO2 arrival in the neighboring gridblock of the production well for Case a1 and
Case f through Case j.

12.4 Blocking Two Layers with Different Amounts of Water for 10 years

In order to study the influence of time on the water blocking, one simulation with a water-blocking
phase of 10 years is chosen, 1.5047 kg/s water for Unit Zyk13 (gridblocks A91 1 and AA1 1) and
4.3135 kg/s water for Z9–11 (gridblocks AD1 1 and AE1 1). All other parameters remained un-
changed, including continuous CH4 extraction. The injection rate equals the one in Case g, but the
injected volume of H2O amounts in total to the same amount as in Case 7.

After this H2O blocking phase of 10 years duration, the common CH4 extraction and CO2 injection
phase starts. It is of interest to evaluate the CO2 breakthrough and compare this case with

(i) no H2O blocking, i. e., Case a1 of Table 8,

(ii) 5 years blocking with same H2O injection rate, i. e., Case g of the previous subsection,

(iii) 5 years blocking with same total amount of injectecd H2O, i. e., Case i of the previous subsec-
tion.

37



Table 12 gives an overview of the simulations of these four cases, listing the specifications of the
water injection phase in the upper part of the table, followed by results CO2 injection phase in the
middle part. The three cases to the left in Table 12 represent the simulations with variations of
the H2O injection strategy for blocking the two high-permeability Units Zyk13 and of Z9–11. They
differ in the duration of blocking with H2O and their injection rates.

Table 12: Properties of cases with variations of the H2O injection strategy for blocking the two
high-permeability Units Zyk13 and of Z9–11.

Case a1 Case g Case i Case 10a
qi [kg/s] in Zyk13 — 1.5047 2.2571 1.5047
qi [kg/s] in Z9–11 — 4.3135 8.6270 4.3135
Q [kg/s] 0 5.8182 11.6364 5.8182
Q compared to Q in Case g 0 1 2 × bigger same
H2O injection phase 0 a 5 a 5 a 10 a
H2O injection phase compared to Case g 0 1 same 2 × longer
time CO2 in gas phase > 1% 4.75 a 5.07 a 5.28 a 5.36 a
time CO2 in gas phase > 10% 5.60 a 6.01 a 6.26 a 6.34 a
time between CO2 in gas phase > 1% til > 50% 3.30 a 3.49 a 3.77 a 3.71 a
delay of breakthrough for > 1% — 0.323 a 0.529 a 0.610 a
delay of breakthrough for > 10% — 0.409 a 0.663 a 0.740 a
simulated time 40 a 40 a 42.4 a 40 a
comparison to Case g no blocking — 2 × higher

injection rate
2 × longer
injection period

machine P 4 (1) P4 (1) P4 (1) AMD (2)

number of time steps 354 509 10513 576
calculation time 6136 s 10088 s — 22880
(1) =̂ Intel(R) Pentium(R) 4 CPU 2.80GHz 512 KB, LINUX
(2) =̂ AMD Athlon(tm) MP Processor 1800+ 256 KB, LINUX

Case a1 is the comparison case without H2O blocking. In Case i an injection rate twice as high was
used as in Case g. Case 10a has an injection period twice as long as Case g. The time of break-
through is stated for the time at which CO2 in the gas phase close to the production well exceeds
1% and 10 %. The CO2 breakthrough delay times are given in comparison to Case a1.

The times when the CO2 breakthroughs happen close to the CH4 production site are all of the same
order of magnitude of about 5 years. The delay of breakthoughs compared to the non-blocking sim-
ulation Case a1 amounts to 0.3 years in Case g. Roughly a doubled time span of 5 years is obtained
with a total water injection mass for Case i, 0.6 years for Case 10a, respectively. So only a minor
difference can be observed if the distribution of water is varied in time.
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13 Overall Summary

Pre-studies
Based on publicly avaiable data, parameters for the area of investigation were compiled. Evalu-
ations of compressibility factor, density, and viscosity showed that the N2-CH4-CO2 problem can
be approximated as one with a gas mixture composed of only CH4 and CO2. Simulations in a 2D
areal geometry were performed covering 18 cases using different permeabilities on a 15× 15 grid.
These simulations represent horizontal slices of the 3D five-spot volume.

Conceptual model description
The 3D grid is based on a five-spot-configuration with more than 4000 grid blocks, representing a
section of the natural gas field Salzwedel-Peckensen with an area of 2.1 km× 2.1 km and a depth
of 3000 m. The CH4-filled reservoir consists of nine layers, composed of six different rock types
with usable porosities between 5% and 15 % and permeabilities ranging from 0.5 mD to 1000 mD.
Starting from steady-state conditions, constant temperatures of 120 ◦C, and a hydrostatic pressure
distribution above 20 MPa, a 40 years active period of CH4 extraction and simultaneous CO2 in-
jection is simulated. Sink and source sites representing wells are realized through vertical columns
continuing from top to bottom, at opposite corners of the model cube.

Base-case description
In the base-case, lower permeabilities of units amount to 0.05 mD, higher ones to 1000 mD. A total
CO2 injection rate of 8 kg/s is applied.

Base-case results
Due to the injection of CO2 the reservoir repressurizes. The gas injection sweeps the CH4 towards
the extraction well. The breakthrough occurs first in the thickest unit with the highest permeabil-
ity. The contamination of the produced CH4 by CO2 ranges from 1% after 4.7 years to 50 % after
8.1 years.

Variations on the base-case
Three different modifications of the simulations were tested: (i) variation of CO2 injection rate, (ii)
variation of permeability of the rock layers, (iii) rates of water injection mobility reduction:

◦ Five cases were studied with total CO2 injection rates covering 0.8 kg/s to 16 kg/s in the
five-spot configuration. The resulting breakthrough times, taken when the CO2 in the gas
phase close to the production well exceeds 10 %, range from 5.3 years to longer than 40 years.
CO2 concentrations in the gas phase after 40 years cover a wide range from 0.1 % to almost
100%.

◦ Eleven cases with differing permeabilities, as low as 5× 10−17 m2 to 2.5× 10−15 m2 and as a
high as 10−13 m2 to 10−11 m2 are modeled. The time of breakthrough at the production well is
essentialy determined by the permeability of the high-permeability layers. Here permeabilities
of 10−11 m2 lead to breakthroughs after about 2.5 years, permeabilities of 10−13 m2 to just
under 10 years.
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◦ Five cases were simulated with total water injection rates ranging from 2.9 kg/s to 14.5 kg/s
for a time period of 5 years. In order to evaluate the delay of CO2 breakthrough, a comparison
with water injection lasting 10 years was simulated.

14 Discussion

As the simulations are based on publicly available data, they are rather generic and cannot be used
for detailed reservoir modeling. However, the simulations contribute to the understanding of the
complex processes and hence to decision-making as to whether the Altmark area in North Germany
is a suitable site for carbon dioxide sequestration with enhanced gas recovery (CSEGR).

Decreasing pressures in gas reservoirs represent a problem for the gas industry, as gas production
declines. Injection of CO2 or other gases leads to higher pressures in reservoirs, which is of special
importance for depleted or almost depleted gas reservoirs. The CO2 sweeps the CH4 towards the
extraction site. On the other hand, one has to be concerned about fluid mobilities, as a break-
through of the injected CO2 at the extraction site is not desirable in the gas industry, because the
CO2 contaminates the extracted natural gas. The financial success of CSEGR depends mainly on
the amount of CO2 contamination, the time it occurs, and how much additional natural gas can
be produced on what time scale.

Hence detailed studies on the basis of real data are needed in order to make predictions for partic-
ular reservoirs. The simulations presented here show that it is possible to repressurize the Altmark
reservoir and enhance the natural gas production. The results of the different parameter variations
show that (i) the area of investigation is a potential site for CSEGR, and (ii) the importance of
detailed information of the region. The simulations with water injection emphasize that a delay
of contamination and breakthrough can be obtained with adjusted injection strategies. The study
stresses that there is a need for mobility control, especially as there are high-permeability units
present.

Another economical factor is the number of wells, their use for natural gas extraction, CO2 injec-
tion, or monitoring, their geometrical pattern, and which well spacing is suitable to achieve the
desired annual injection rate, as well as the intended lifetime of the sequestration site. The conser-
vative simulations performed here give rough estimates. The approximately 80 accessible wells in
Salzwedel-Peckensen allow for an adequate distance between extraction and injection sites of about
2 km. To give a rough estimate, in Case c with an injection rate of 1.6 kg/s, about 5× 106 t CO2

per year could be sequestered with a life span of about 40 years, whereas in Case a using 8 kg/s,
about 27× 106 t CO2 per year could be sequestered for about 10 years. Permeabilities of the rock
layers were varied to simulate other representative cases. Here the extracted CH4 is contaminated
in Case a1 with 1% CO2 after 4.7 years and with 50% after 8.1 years, in Case a10 with 1 % CO2

after 7.7 years and with 50 % after 13.2 years. CO2 breakthrough could be significantly retarded
if the high-permeability layers would be blocked efficiently. Corresponding simulations based on
further approaches besides water injection have not yet been studied.
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15 Conclusions

The numerical simulations on CO2 sequestration with enhanced gas recovery (CSEGR) suggest that
the Altmark area in the North German Basin is suitable for CO2 storage. In the almost depleted
natural gas field Salzwedel-Peckensen, the most prominent subreservoir of the Altmark, additional
natural gas can be produced for 5 to 40 years. In the simplified 3D model the CO2 breakthrough
occurs first through the high-permeability layers within 10 years to more than 40 years in the simu-
lations with various potential injection rates, and within 3 years to 10 years in the simulations with
variation of the layer permeabilities. With appropriate injection and extraction strategies, e. g., by
injecting water in the high-permeability units, the CO2 breakthrough can be retarded for about
another year. We performed parameter variations to cover a wide range of scenarios possible in
the Altmark. More specific predictions can be obtained by further simulations based on detailed
field data. In general, CSEGR appears to be promising for increasing natural gas production in
the Altmark reservoirs while simultaneously sequestering CO2.

16 Outlook

Further enhancements for simulations on carbon sequestration in the Altmark can be obtained with
the following recommendations

◦ Consider using a more complex model, e. g., higher number of different units, consideration
of lateral heterogeneities, extension to multigas system, consideration of chemical reactions;

◦ Use realistic production history based on actual production data;

◦ Simulate different injection strategies, e. g., inject dense supercritical CO2 not into the entire
vertical column, but only into lower areas of the reservoir, in order to push the lighter CH4

gas upward;

◦ Analyse different blocking methods in addition to water injection;

◦ Calculate an optimal timing of the start of CO2 injection;

◦ Optimize injection and extraction rates;

◦ Field testing is needed combined with simulations based on realistic data.

17 Acknowledgment

The authors wish to express their thanks to Franz May of the Federal Institute for Geosciences
and Natural Resources (BGR, Hannover, Germany) and Karsten Pruess of the Lawrence Berkeley
National Laboratory for their constructive suggestions and comments. In addition, the authors are
grateful to Karsten Pruess and Jens Birkholzer (Lawrence Berkeley National Laboratory) for their
incisive reviews of the manuscript. The work was supported by the European Project CO2-STORE
under Contract No. ENK5-CT-2002-99621 and the Lawrence Berkeley National Laboratory under
Department of Energy Contract No. DE-AC03-76SF00098.

41



References

Albrecht, A. and S. T. Kandji, Review — Carbon sequestration in tropical agroforestry systems,
Agriculture, Ecosystems and Environment, 99, 15-27, 2003

Ametistova, L., J. Twidell, and J. Briden, The sequestration switch: removing industrial CO2 by
direct ocean absorption, The Science of the Total Environment, 289, 213-223, 2002
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