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Geological Carbon Storage (GCS) is considered as one of the key techniques to reduce the rate
of atmospheric emissions of CO2 and thereby to contribute to controlling the global warming.
A successful application of a GCS project requires the capability of the formation to trap CO2
for a long term. In this context, processes related to CO2 trapping and also possible leakage of
CO2 to the near surface environment need to be understood. The overall aim of this thesis is
to understand the flow and transport of CO2 through porous media in the context of geological
storage of CO2. The entire range of scales, including the pore scale, the laboratory scale, the field
experiment scale and the industrial scale of CO2 injection operation are addressed, and some of
the key processes investigated by means of experiments and modeling. First, a numerical model
and laboratory experimental setup were developed to investigate the CO2 gas flow, mimicking
the system in the near-surface conditions in case a leak from the storage formation should occur.
The system specifically addressed the coupled flow and mass transport of gaseous CO2 both in
the porous domain as well as the free flow domain above it. The comparison of experiments and
modelling results showed a very good agreement indicating that the model developed can be
applied to evaluate monitoring and surface detection of potential CO2 leakage. Second, the field
scale CO2 injection test carried out in a shallow aquifer in Maguelone, France was analyzed and
modeled. The results showed that Monte Carlo simulations accounting for the heterogeneity
effects of the permeability field did capture the key observations of the monitoring data, while
a homogeneous model could not represent them. Third, a numerical model based on phase-field
method was developed and model simulations carried out addressing the effect of wettability on
CO2-brine displacement at the pore-scale. The results show that strongly water-wet reservoirs
provide a better potential for the dissolution trapping, due to the increase of interface between
CO2 and brine with very low contact angles. The results further showed that strong water-wet
conditions also imply a strong capillary effect, which is important for residual trapping of CO2.
Finally, numerical model development and model simulations were carried out to address the
large scale geological storage of CO2 in the presence of impurity gases in the CO2 rich phase.
The results showed that impurity gases N2 and CH4 affected the spatial distribution of the gas
(the supercritical CO2 rich phase), and a larger volume of reservoir is needed in comparison to
the pure CO2 injection scenario. In addition, the solubility trapping significantly increased in
the presence of N2 and CH4.
Keywords: Geological Carbon Storage, CO2 leakage, Field experiment, Laboratory
experiment design, Multi-phase flow, Heterogeneity, Wettability, Pore-scale modeling,
Impurity gases
Farzad Basirat,
© Farzad Basirat 2017
ISSN 1651-6214
ISBN 978-91-554-9824-5
urn:nbn:se:uu:diva-315490 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-315490)

To the memory of my mother

List of Papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.
I

II

III
IV

Basirat, F., Sharma, P., Fagerlund, F. Niemi, A. (2015) Experimental and modeling investigation of CO2 flow and transport in
a coupled domain of porous media and free flow. Int. J. Greenh.
Gas Control, 42:461-470.
Basirat, F., Fagerlund, F., Denchik, N., Pezard, P., Niemi, A.
(2016) Numerical modelling of CO2 injection at small-scale field
experimental site in Maguelone, France. Int. J. Greenh. Gas Control, 54(1): 200-210.
Basirat, F., Yang, Z., Niemi, A. (2017) Pore-scale modeling of
wettability effects on CO2–brine displacement during geological
storage. Submitted to Advances in Water Resources.
Basirat, F., Jung, B., Yang, Z., Niemi, A. (2017) Numerical simulation of geological storage of CO2 with impurities in large scale
saline aquifer. (Manuscript)

Reprints were made with permission from the respective publishers.
For papers I, II and III, I was responsible for development of the conceptual and numerical models, the analysis of the modeling results and writing
the draft of the articles. In paper I, the laboratory experiment was designed by
Prabhakar Sharma, and I did running and monitoring the experiments. In the
paper II, the field experiment and analysis of monitoring data were done by
co-authors in Géosciences Montpellier – CNRS, Université de Montpellier. In
the paper IV, the modification of the code ECO2N for impurities and numerical modeling of the Heletz site were done by Byeongju Jung, and I was responsible for numerical simulation of Sleipner site and writing the draft of the
article. All the co-authors contributed to problem formulation and to the improvements and revisions of the articles.

Contents

1

Introduction ........................................................................................... 9
1.1 Geological storage of CO2 ................................................................ 9
1.2 CO2 leakage and monitoring ............................................................. 9
1.3 CO2 migration and trapping ............................................................ 11
1.4 CO2 with impurities ........................................................................ 12

2

Objectives and aims ............................................................................. 13

3

Methodology ........................................................................................ 14
3.1 Laboratory experiments for investigating flow of gaseous CO2 ..... 14
3.2 Field experiment of shallow CO2 injection and monitoring............ 15
3.3 Numerical modeling ........................................................................ 17
3.3.1 Coupled domain of porous media and free flow .................... 17
3.3.2 Field-scale modeling .............................................................. 19
3.3.3 Pore-scale modeling ............................................................... 20

4

Summary of results .............................................................................. 24
4.1 CO2 flow and transport in a coupled domain of porous media and
free flow (paper I) .................................................................................... 24
4.2 CO2 injection and transport at a field-scale experimental site in
Maguelone (paper II) ................................................................................ 27
4.3 Pore-scale modeling of wettability effects on CO2–brine
displacement (paper III) ........................................................................... 30
4.3.1 Displacement patterns ............................................................ 31
4.3.2 Macroscopic parameters ........................................................ 32
4.4 Geological storage of CO2 with impurity at large-scale site (paper
IV) ......................................................................................................... 36
4.4.1 Spatial distribution of the CO2 rich phase.............................. 36
4.4.2 Trapping processes ................................................................ 37
4.4.3 Capacity of storage ................................................................ 38
4.4.4 Pressure response ................................................................... 39

5

Summary and Conclusions .................................................................. 40
5.1 Outlook and future work ................................................................. 42

6

Svensk sammafattning ......................................................................... 44
6.1 Utblick och vidare studier ............................................................... 47

7

Acknowledgments ............................................................................... 48

8

References ........................................................................................... 49

Abbreviations

GCS
CCS
MWS
TLL
TOUGH2
ECO2N
EOS7C
PNM
SPH
LBM
VoF
LS
BTC

Geological Carbon Storage
Carbon Capture and Storage
Modified Waxman-Smits model
Time Lapse Logging
Transport of Unsaturated Groundwater and Heat
A numerical simulation code
TOUGH2 module for mixture of water, NaCl, and CO2
TOUGH2 module for mixture of brine, CH4, and CO2
Pore-Network Model
Smoothed Particles Hydrodynamic model
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1 Introduction

1.1 Geological storage of CO2
The Geological Carbon Storage (GCS) is one of the key techniques to reduce
the rate of increase of atmospheric CO2 emissions due to combustion of fossil
fuels for energy production and other industrial applications. There are various
options for geological storage such as depleted oil and gas reservoirs or saline
aquifers, deep ocean or sea bed, reactive rock formations and coal-bed (IPCC,
2005, Bickle, 2009). In the past twenty years, a great progress has taken place
in developing and implementing GCS and many industrial Carbon Capture
and Storage (CCS) projects have been planned in the world. Currently, 22
large scale CCS projects are in operation or under construction (Global CCS
Institute, 2014). Despite the progress and development, implementing GCS is
associated with some concerns that need to be addressed prior to implementing any specific projects. In the case of GCS, the most discussed public concerns are leakage to the near-surface environment (Lewicki et al., 2007,
Oldenburg, 2004), possibility to induced seismicity (Mazzoldi et al., 2012,
Bachu, 2008) and displacing brine to water supply sources (Bachu, 2008,
Bachu, 2000). Besides the theoretical and operational concerns, the cost efficiency and reasonable expenses for implementation of GCS are also recognized as an important issue to be addressed.

1.2 CO2 leakage and monitoring
Successful GCS projects require the stored CO2 to remain trapped in the deep
subsurface system. Leakage of CO2 to shallow aquifers is a main public concern in implementing GCS projects. If occurring, such leak could cause damage to the environment such as contaminate the clean water or release back to
the atmosphere and reduce the efficiency of CCS (Lewicki et al., 2005,
Lewicki et al., 2007). Thus, understanding the processes of CO2 leakage in the
near-surface environment is of significant interest for the evaluation of Geological CO2 Storage (Scanlon et al., 2000). It should be pointed out that a GCS
project is not the only possible source of CO2 leakage; CO2 can also migrate
to the unsaturated zone from natural resources in volcanic areas (Altevogt and
Celia, 2004, Chiodini, 1998) or/and CO2 transport pipes (Oldenburg, 2004).
With regard to risks caused by CO2 leakage, the European Union directive
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2009/31/EG and further international regulations require monitoring strategies
for CO2 at the ground surface (Schloemer et al., 2013). In the event of gaseous
CO2 leakage, monitoring technologies require solid understanding of the
transport mechanisms as well as reliable models that can determine the effective parameters, which govern this process.
There are a variety of techniques for monitoring CO2 leakage to near surface environment. The monitoring techniques that measure the CO2 concentration or flux directly are known as the direct methods and the techniques
whose measurement needs to convert to CO2 concentration are called indirect
methods. Furthermore, depending on where the measurements take place, one
can categorize the methods into two groups, namely the underground techniques and ground surface methods (Chiodini, 1998, Sauer et al., 2013, Sauer
et al., 2014).
Two monitoring techniques commonly used on the ground surface with direct measurement of CO2 flux are the accumulation chamber method
(Camarda et al., 2006, Amonette, 2013, Evans, 2001, Chiodini, 1998) and the
eddy covariance method (Anderson and Farrar, 2001, Lewicki et al., 2009).
The accumulation chamber method has been used to measure CO2 fluxes from
the ground surface since the 1970s. The method is based on accumulation of
CO2 inside a chamber positioned on the ground surface. The eddy covariance
method is a micro-meteorological technique proposed as a method to measure
CO2 emissions. In both methods, the measurement of gaseous CO2 fluxes can
be affected by a change in the CO2 concentration across the ground–atmosphere interface (Elío et al., 2012).
The transition from flow in porous media to free flow above the porous
media causes discontinuity in the flow regime. In this context, coupling the
process models for free flow and flow in porous media is essential for understanding gas leakage over the ground surface and for correctly interpreting the
measured gas concentrations. As the underground monitoring methods are
very common for detecting the CO2 leakage and migration in shallow aquifers
(Denchik et al., 2014, Lamert et al., 2012, Lassen et al., 2015), application of
these techniques requires to be examined and verified with respect to reliability, resolution and sensitivity in the context of geological storage (IPCC,
2005). To achieve this, more field experiments are needed with different types
of monitoring techniques. In this context, a variety of monitoring approaches
have been tested in several monitoring programs including the deep CO2 injection experiments at Cranfield (Hovorka et al., 2011), Frio (Freifeld et al.,
2009), and Ketzin (Bergmann et al., 2012), the shallow injection experiments
at Svelvik (Denchik et al., 2014), Wittstock (Lamert et al., 2012), and Vrøgum
(Yang et al., 2015), and the natural CO2 degassing monitoring at the Hartoušov
site (Sandig et al., 2014, Sauer et al., 2013). Recently, a series of shallow injection monitoring experiments were carried out in Maguelone, France
(Pezard et al., 2015, Basirat et al., 2013) with the objective of developing and
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testing a comprehensive collection of surface and downhole monitoring techniques for the characterization and monitoring of the fate of the injected CO2.
The focus is particularly on gaseous CO2, in the shallow subsurface, the monitoring of which is relevant for detecting and monitoring any leak from a deep
reservoir.

1.3 CO2 migration and trapping
A successful CO2 storage project requires both sufficient capacity for injecting
large amounts of CO2 and the capability of trapping CO2 for a long term
(Doughty et al., 2008). A good capacity of the reservoir requires adequate
connected porosity, large CO2 density and good injectivity (Doughty et al.,
2008, Tian et al., 2016). The trapping mechanisms during geological storage
include: (1) structural trapping, (2) capillary trapping, (3) dissolution trapping
and (4) mineral trapping (Bachu, 2000, IPCC, 2005). One of the important
features influence two-phase flow system is the wettability of formation rocks
that plays an important role for the capability of the system for residual trapping and thereby for reservoir capacity to store CO2 and for the sealing properties of the caprock (Saadatpoor et al., 2010, Kim et al., 2012, Cottin et al.,
2011).
Wettability significantly influences the physical and chemical processes
that are associated with injecting CO2 in deep underground (Riazi et al., 2011,
White et al., 2003). The capillary-sealing efficiency of the caprock relies on
the caprock grain/mineral surfaces being preferably wetted by the brine rather
than the CO2 (Farokhpoor et al., 2013, Nordbotten et al., 2008, Anderson,
1987, Morrow, 1990). Caprock wettability also affects the injection pressure
through the concept of capillary entry/breakthrough pressure (Kim et al.,
2012, Li et al., 2006). Wettability of the reservoir rocks in turn directly affects
the CO2 flow and distribution, and the residual trapping in reservoir formations (Cao et al., 2016, Kim et al., 2012, Kimbrel et al., 2015, Herring et
al., 2016). Furthermore, the wettability of reservoir rocks can indirectly influence the dissolution rate by changing the interfacial area between CO2 and
water, and consequently, influence the mineralization trapping.
In order to better understand CO2 flow, transport, and trapping, it is important to understand the wettability effects at different scales. Multiphase
flow models at the macro-scale strongly depend on wettability (Landry et al.,
2014, Anderson, 1987). In macro-scale models the wettability effect has been
taken into account by means of capillary pressure and relative permeability
functions (Masalmeh, 2002, Masalmeh, 2003, Øren and Bakke, 2003,
Anderson, 1987). At the pore-scale, wettability can be characterized by means
of the equilibrium contact angle (Landry et al., 2014, Farokhpoor et al., 2013).
Uncertainty in contact angle measurement in a mineral-brine-CO2 system is
one of the main challenges in relating contact angle and macroscopic CO2 flow
11

parameters. Further work on modelling at pore-scale is required to quantify
the wettability at macro-scale processes for various conditions of interest.

1.4 CO2 with impurities
One of the main concerns with implementation of CCS is the cost of operation
and maintenance (Davies et al., 2013, de Coninck and Benson, 2014, Stigson
et al., 2012). In a CCS project, 80-90 % of total costs is for the process of
capturing the CO2 (ZEP, 2011). The requirement for capturing CO2 with high
purity is one of the factors that can considerably increase the costs of the capturing (Bachu and Bennion, 2009, Talman, 2015). While the presence of impurities in the CO2 stream can reduce the cost considerably, it can raise concerns on the safety, performance and cost of geological storage step (Bachu
and Bennion, 2009, IEAGHG, 2011). The impurity gases alter the physical
properties of fluids, such as density, viscosity, and solubility of the injected
stream. Variations in viscosity and density can influence two-phase flow of
the gas mixture and the resident brine. The density and solubility directly affect the convective flux due to buoyancy effects. Regarding the toxic and hazardous nature of impurities, requirements for safety analysis, monitoring and
remediation of possible leakage from CO2 storage sites are needed (Bachu and
Bennion, 2009). While it is well-known that impurity gases potentially influence the CO2 spreading and trapping, very few studies have addressed this
effect by means of experiment or numerical modeling.
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2 Objectives and aims

The overall goal of this thesis was to understand the flow and transport of CO2
through porous media in the context of geological storage of CO2 and its potential leakage pathways. This overall goal has been addressed by carrying out
experimental as well as model studies along with associated model development for a range of spatial and temporal scales. The specific objectives of this
study were:
i.
ii.

iii.

iv.

to develop an experimental method along with a simulation model for
gaseous CO2 flow and transport in a system comprised of the porous
media and the free air space above it (paper I);
to upscale the results to field scale, in particular, to develop a simulation model that captures the gas transport behavior and is consistent
with field data from a series of shallow gas injection experiments carried out in the field at the Maguelone site in Languedoc, France (paper
II);
to develop a modeling framework that allows dealing with multiphase
transport over a span of scales, from pore scale to the field scale,
thereby enabling the understanding of the relevant processes related
to CO2 transport in geological storage setting, with a special focus on
the process of wettability at the pore-level and its impact on two-phase
flow properties at the Darcy scale (paper III); and
to develop a numerical model and to quantify the effects of impurity
gases in the injected CO2 stream for large-scale geologic storage operations (paper IV).

To research these issues, the entire range of scales has been addressed, by
means of experiments and models, including the pore scale, the laboratory
scale, the field experiment scale and the scale of industrial scale CO2 injection
operation. The work was associated to three EU funded FP7 R&D projects,
the MUSTANG, TRUST and CO2QUEST projects and their field experiments in shallow and deep systems, at Heletz and Maguelone, respectively.
While the second objective (ii) was linked to interpreting the shallow experiment at Maguelone, the fourth objective (iv) is linked to an experiment under
preparation at Heletz.
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3 Methodology

3.1 Laboratory experiments for investigating flow of
gaseous CO2
In order to investigate the flow and transport of gaseous CO2 in a system incorporating both the porous medium and the free air space above it and to
compare the results with computational model predictions, a series of laboratory experiments under controlled conditions was carried out (paper I). The
experiments involved: (i) injection of CO2 in gaseous form into the porous
medium using different injection configurations and (ii) measurement of the
gas concentration in different locations in both the porous medium and the
free flow region above. The schematic diagram of the experiment apparatus
and sampling technique built for this purpose are shown in Figure 1. The experimental setup consists of a vertical rectangular container with a thickness
of 5 cm, width of 30 cm and height of 50 cm (Fig. 1a). The container was
equipped with 18 steel nozzles with interior diameter of 1/16"; 9 nozzles for
taking gas samples and 9 for sending back the samples to the container (Figure
1a). The sampled gas was circulated to the sensor in a small closed circuit
(approximate length of 40 cm) and returned to the same location, so there was
no CO2 loss during the sampling process (Fig. 1b). To provide a stable flow
for sampling at each point, micro gas pumps (model V200, Xavitech AB) were
used. The CO2 in the gas sample was measured by CO2 sensors (model
SprintIR, Gas Sensing Solutions Ltd) within a range from 0% to 100% and
with an accuracy of ±5%. Flexible PVC tubes 1/16×1/8" (VWR LLC.) were
used for the sampling circuit.
In the experiments, two different methods for gas injection through the bottom of the sandbox were employed. The first method was uniform gas injection, which was achieved by having a narrow open space (1 cm) covered by
the steel mesh at the bottom of the container. The second method was point
injection at the bottom boundary, which was obtained by having no open space
at the bottom of the sandbox and simply injecting through the inlet port directly into the sandbox. In order to find the flow pattern of injected CO2 gas
(mimicking a possible CO2 leak) and the complete replacement process of the
atmospheric air originally present in the soil pores, the sandbox was initially
saturated with atmospheric air. This was supplied at a constant flow rate from
the bottom inlet and then switched to CO2. When the effluent had reached
99.99% CO2 the inlet gas was again switched back to air and measurements
14

were continued until the effluent had reached to the atmospheric CO2 concentration again. More detail can be found in paper I.
(a)

(b)

Figure 1. (a) Schematic diagram of experiment apparatus and (b) sampling device.

3.2 Field experiment of shallow CO2 injection and
monitoring
In order to evaluate the performance of downhole and surface geophysical
monitoring methods, a series of shallow gas injection-monitoring experiments
have been carried out in a coastal saline aquifer at Maguelone, located south
of Montpellier close to the Mediterranean coast of the Gulf of Lions, France
(Fig. 2) (Pezard et al., 2016). The focus of the field injection experiment was
on gaseous CO2 transport, in the shallow subsurface, the monitoring of which
is relevant for detecting and monitoring any leak from a deep reservoir. In this
thesis this Maguelone experiment was analyzed by means of numerical simulations, with the objective to better understand the processes related to gaseous
CO2 transport in the near surface environment. This work is presented in the
paper II. Below is a short description of the data available for the model analysis.
Based on core and logs analyses, two main geological reservoirs are available for gas migration in the site. The shallower reservoir (R2) is located be-
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tween 8-9 m depth and the deeper one (R1) between 13-16 m. The R2 reservoir consists of sandy sediments covered by clay and argillaceous impermeable materials. The R1 consists of polygenic gravels and pebbles in variable
grain sizes that are locally cemented. R1 is confined by clay and silt horizons
on top and dark organic-rich clay materials below. Geophysical measurements
and hydrological testing indicate a high hydraulic conductivity (4.0×10-3 m/s)
of the R1 layer. Data from formation conductivity logs indicate a brackish to
salty water unit in the formation and pore fluid samples indicate a salinity of
34 g/l. The water table is about 0.5 m below ground surface (Basirat et al.,
2013, Lofi et al., 2013, Pezard et al., 2016).

Figure 2. Aerial photograph (Google Earth) of the study area at the Maguelone experimental site with spread of monitoring and injection wells.

A field injection test was performed by injecting CO2 through the well MAG8
(Fig. 2) on January 21-25, 2013. 111 m3 of CO2 was injected into reservoir R1
(13-16 m) in two time steps. For our study, we used data available from two
monitoring wells MAG5, MAG6 that were set up for the field test (Fig. 2) as
data from other monitoring wells were under preparation during the article II
modeling work. The monitoring well, MAG6, is located 9.0 m from the gas
injection well. In MAG6, downhole geophysical data were recorded in a timelapse logging (TLL) mode, with induction electrical resistivity alternating
with sonic P-waves logs. Gas saturations were estimated from geoelectrical
measurement data by means of a modified Waxman-Smits (MWS) model
(Waxman and Smits, 1968). The Waxman-Smits model considers the parallel
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contribution of electrolytic conduction in pore volume and cationic conduction along pore surface, as described by Pezard et al. (2015). The presence of
gas is inferred from a decrease of the volume term according to:

C =

C
∙S
F

(2.1)

+C

where C0 is the total conductivity of the porous media, Cw is the pore fluid
conductivity, F is the electrical formation factor related to porosity with
Archie's equation, Sw is the water saturation of pores (hence providing a gas
saturation value Sg with Sg = (1 - Sw), and Cs is the surface conductivity which
cannot be neglected in the presence of clays.
The monitoring borehole (MAG5) 10.5 m from the injection well was
equipped with a WestBay multilevel completion to allow measurements of
pressure, temperature as well as pore fluid sampling. As the WestBay completion is equipped with several ports, the pressure could not be measured
continuously during the test. The pressure data were taken at three depths of
8.0 m, 13.3 m, and 16.9 m.

3.3 Numerical modeling
To address the research questions introduced in Section 2, including modeling
of the above laboratory and field experiments, a variety of numerical models
was needed and partly developed within the context of the work.

3.3.1

Coupled domain of porous media and free flow

In the case of CO2 migration to the ground surface, there is a transition from
flow in porous medium to free flow in the air, which causes discontinuity in
the flow regime. This transition was also included into the laboratory experiment in Section 3.1. Generally, the velocity of fluid in the free space is described by the Navier-Stokes equations, while the flow in porous media is
usually modeled with Darcy‘s law based approaches. In order to solve the two
different equations at the same time, one can either solve the equations separately with proper boundary condition at the interface or one can combine the
two equations into one equation. The most common approach is to use a single
equation for both domains (Goyeau et al., 2003, Tao et al., 2013, Jamet et al.,
2009). The standard method is known as a Darcy-Brinkman equation which
takes the form of (Le Bars and Worster, 2006):

+

∙∇

=− ∇ +

∇ ∙

−

κ

+

(2.2)
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where ρ is the density of gas mixture, ε is the porosity, u is the velocity vector,
t is the time, p is the pressure, μe is the apparent (effective) viscosity, μ is
viscosity of the mixture, κ is the permeability of the porous media and g is the
acceleration due to gravity. The apparent viscosity μe is usually different from
the fluid viscosity and is thought to be dependent on both the fluid and porous
structure (Rosenzweig and Shavit, 2007). The apparent viscosity is the result
of a mismatch between superficial averaged properties and intrinsic averaged
properties (Ochoa-Tapia and Whitaker, 1995) and it can be defined as:

=

(2.3)

Similar to flow velocity, the mass transport can be described with a single
equation. Then the mass transport in the multicomponent gas system is simulated using a single set of equation which is known as the advection-diffusion
equation. The mass transport for each individual species i, is given by (Bird et
al., 2007):

= −∇ ∙

+∇∙

+

(2.4)

where ωi is the mass fraction of species i, the term ji is the mass flux relative
to the mass averaged velocity due to molecular diffusion and Ri is the rate
expression describing species production or consumption. For isothermal condition, the term ji can be described by the general form of Fick’s law (Curtiss
and Bird, 1999):

=−

(2.5)

where, dk is the diffusional driving force acting on species k and
is the
multicomponent gas diffusivity. More detail of the model is described in paper
I.
Since the mass transport in a porous medium is affected by porosity and
tortuosity, an effective diffusion coefficient is needed. The tortuosity is defined as the effect of increased transport length by tortuous paths in a porous
medium and also the interaction of gas molecules with the pore walls (Webb,
2006). The tortuosity model of Millington and Quirk (1961) for all gas conditions is given by:

=
=
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(2.6)
(2.7)

where Deff is the diffusion coefficient for porous media, Dij is the diffusion
coefficient for free space, ε is the porosity of the porous media and τ is the
tortuosity coefficient.
In the present thesis, these equations were implemented through the COMSOL
Multiphysics. The model was verified as discussed in paper I and then a numerical model representing the experiment in Section 3.3.1 was modeled, to
capture the behavior of CO2 gas flow in a porous medium/free flow system.

3.3.2

Field-scale modeling

In order to model the CO2 migration at field scale (papers II and IV) the wellestablished numerical simulator TOUGH2 (Pruess et al., 1999, Pruess, 2004)
was used. The code TOUGH2 is widely used integral finite-difference simulator for multiphase and multicomponent flow and mass transport in porous
media. In addition, the heat transport can be included in non-isothermal simulations. The processes of CO2 migration at the large scale usually is taken
place with other components such as water (H2O), salt (NaCl), methane (CH4),
hydrogen sulfide (H2S), nitrogen (N2) and etc. which may be present or injected during geological storage operation. In addition, depending on the pressure and temperature conditions, the above components may be present in gas
or liquid form. In TOUGH2, the extended form of Darcy’s law is used to
model the advective transport and general’s Fick’s law is used to model the
diffusive transport. The extended form of Darcy’s equation needs two sets of
auxiliary equations known as relative permeability and capillary pressure. The
code TOUGH2 has been used in modeling CO2 related problems in several
works, which also present the relevant equations in detail (Pruess, 2004,
Pruess and García, 2002, Pruess et al., 1999). For space considerations, the
reader is referred to these works for detailed description of the main equations.
In TOUGH2 the thermodynamic properties of components in a system are
calculated with a proper equation of state. An equation of state is selected
based on components present in a system. In paper II, to solve the CO2 migration in the small-scale field experiment at Maguelone, the module EOS7C
(Oldenburg et al., 2004) was used that includes equations of state for twophase flow (gas and liquid), five mass components (water, brine, CO2 or N2, a
gas tracer, and CH4) over the ranges of pressure and temperature of interest in
the system.
The EOS7C used for the study of Maguelone does not consider salt as a
component. Therefore, it is not suitable for simulation of reservoir with high
salinity, in which salt precipitation can take place (paper IV). In this situation,
the module ECO2N is most recommended. However, ECO2N only includes
three components (water, CO2 and salt). To address the presence of impurities
in the CO2 stream during geological storage (paper IV) the equation of state
of ECO2N had to be updated, to account for the effect of several gases in the
CO2 rich phase. The updating of the equation of state followed the approach
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introduced by Fagerlund and Niemi (2007), where the phase properties of the
CO2 rich phase were taken as the properties of the gas mixture and the composition of the phase is updated continuously in time when different gases
dissolve at different rates into the native brine. Thermodynamic properties of
the CO2 rich phase are updated based on the mass fraction of an impurity component co-injected with it. The solubility of the gas mixture has been modified
by adopting the model of Duan et al. (Duan et al., 2007) for the solubility of
H2S, the model by Duan and Mao (Duan and Mao, 2006) for the solubility of
CH4, and finally the model by Mao and Duan (Mao and Duan, 2006) for the
solubility of N2. The physical properties, including viscosity, density, and enthalpy of binary gas mixtures, are calculated using the NIST database (Huber,
1999, Nist, 2007) and continuously updated as the different gases dissolve at
different rates, thereby changing the composition of the CO2-rich phase. The
equation of state has in this way been updated for the gas mixture consisting
of CO2 and up to two impurities at a time (which can be any two of three gases
of H2S, N2, and CH4).
The aforementioned TOUGH2 based models were used for simulating the
field injection scenarios in papers II and IV. In paper II the Maguelone experiment was modeled and in paper IV the effect of impurity gases on CO2
injection in an industrial scale application is modeled.

3.3.3

Pore-scale modeling

To address the fundamental process related to two-phase flow, analysis of the
processes at the pore level is required. In this thesis the effect of wettability
on two-phase flow of CO2 and brine was addressed at the pore-scale, in order
to estimate the effect of wettability on macroscopic parameters. In order to
simulate multiphase flow at the pore-scale (micro-scale), a variety of numerical approaches are available. The most common ones of these methods are
pore-network models (PNM) (Blunt and King, 1990, Bryant and Blunt, 1992,
Joekar-Niasar et al., 2010), Smoothed Particles Hydrodynamics models (SPH)
(Bandara et al., 2011, Tartakovsky and Meakin, 2006), Lattice Boltzmann
method models (LBM) (Dong et al., 2011, Cottin et al., 2011, Liu et al., 2013,
Liu et al., 2014), direct numerical simulation approaches based on interface
computing techniques such as Volume of Fluid (VoF) (Ferrari and Lunati,
2013, Raeini et al., 2012), Level Set (LS) (Sethian and Smereka, 2003), and
phase-field method (Amiri and Hamouda, 2014). Despite the fact that these
numerical approaches can simulate multiphase flow in the porous media, they
have some deficiencies in explaining physical processes or limitations in
tracking the fluid-fluid displacement. For example, pore-network modeling
gives a simplified representation of the geometry of pores and throats and it
uses ad-hoc rules for interface transitions (Jettestuen et al., 2013); in Lattice
Boltzmann method (Shan and Chen, 1993), relation between the interaction
forces (between the particles of different fluids) and Navier-Stokes equations
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(including capillary and viscous effects) is not fully understood theoretically
or physically (Ferrari and Lunati, 2013, Jettestuen et al., 2013). The phasefield method (Yue et al., 2004, Jacqmin, 1999) as a direct numerical simulation method has the advantage of accurately capturing the fluid-fluid interface
advancement in pore geometries while preserving the mass and energy in the
system. In this work, we used the phase-field method based on Yue et al.
(2004).
Phase-field method
In the phase-field method, sharp interfaces between two fluids are replaced by
thin but non-zero thickness regions where the interfacial forces are smoothly
distributed. The main purpose is to introduce phase field variable that varies
continuously over the thin interfacial layer and remains uniform in the bulk
phases. In the case of two-phase flow, describes the relative concentration
of the two components such that the relative concentrations of the two components are (1 + )⁄2 and (1 − )⁄2, respectively (Badalassi et al., 2003,
Jacqmin, 2000). In this method, the interface is described by a free-energy
density (mixing energy) model as a function of . The free energy density
model of an isothermal two-phase flow is

( )=

1
|∇ | +
2

( )

(2.8)

where is the region of space occupied by the two fluid components. The
first term of the integrand on the right hand side of the above equation accounts for the surface energy. The second term, ( ), accounts for bulk energy which has two minima corresponding to the two stable phases of the
fluid. By considering a double-well potential (Badalassi et al., 2003), ( )
is:

0

( )=

4

2

(

2

2

− 1)

(2.9)

where is the magnitude of the mixing energy and is a capillary width
representative of the thickness of interface. These two parameters are related
to the surface tension coefficient ( ) through the equation

=

2√2
3

(2.10)

The chemical potential ( ) can be defined as (Yue et al., 2004)
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( )=

( )
=− ∇
( )

( )+

( ( ))

(2.11)

Equilibrium interface profiles are those that minimize the integral of ( )
and solve ( ) = 0 (Jacqmin, 2000). By considering the mass flux as proportional to the gradient of the chemical potential (Yue et al., 2004), the CahnHilliard equation (Cahn and Hilliard, 1959) is obtained as

+

∙∇ =∇∙

∇( ) =

where is the velocity vector, and
to through equation

∇2 −∇2 +

(

2

− 1)
2

(2.12)

is the mobility parameter that is related

=

(2.13)

Parameter is the mobility tuning parameter that has to be chosen carefully. This parameter defines the interfacial relaxation time as it determines
the time scale of the Cahn-Hilliard diffusion. Jacqmin (1999) suggests that the
parameter value has to be high enough to keep the interface thickness constant and low enough not to damp the flow. In the phase-field method the fluids dynamics describe with a single set of Navier-Stokes equations with the
phase field parameter dependent surface tension force (Badalassi et al., 2003,
Gurtin et al., 1996):

∇∙
( )

+

=0

(2.14)

∙∇
= −∇ ∙

(2.15)

+ ( )(∇ + ∇

) + ( )∇

where p is the pressure, ( ) is the density, ( ) is the viscosity and the term
( )∇ is the surface tension force. Both density and viscosity are functions
of the phase field variable.
The normal vector n and curvature at the interface are determined in
terms of the phase field method as

=
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∇
|∇ |

(2.16)

= 2(1 −

)

( )

(2.17)

On the solid grain walls (surfaces) the wetted wall boundary condition is
used. For this boundary condition, the motion of the fluid-fluid interface on
the wetted wall boundary due to advection is zero and so the no slip boundary
condition, = 0, is used in the momentum equation. The contact angle is related to the capillary width and the gradient of the phase field variable as
wall

∙

2∇

wall

=

2 cos

∙ ∇( ) = 0

|∇ |

(2.18)

(2.19)

where is the user defined contact angle.
For the present work the phase-field method was numerically implemented
in the finite element solver COMSOL Multiphysics V4.4 (COMSOL AB,
Sweden) and used for modeling two-phase flow of CO2 and brine in a 2D slice
of an unstructured porous domain using different contact angles to investigate
the influence of wetting properties.
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4 Summary of results

4.1 CO2 flow and transport in a coupled domain of
porous media and free flow (paper I)
In order to investigate the flow and transport of the gaseous CO2 in porous
media and the interaction with the free space above it, we carried out a series
of laboratory experiments (Sec. 3.1) and numerical simulations based on the
model described in Section 3.3.1. The governing equations were implemented
in the commercial computational software COMSOL Multiphysics V4.4
(COMSOL AB, Sweden) which is based on the finite element method. The
numerical model was developed to reproduce the gaseous transport processes
as observed in the experiments. Simulations were done for two flow rates of
1.5 L/min and 2.5 L/min, both for uniform gas injection and injection through
a nozzle, and compared with the data obtained from the experiments.
The results from the numerical models for the case of uniform injection
with constant 1.5 L/min gas flow rate shows reasonably good agreement with
the experimental results (Fig. 3). The agreement is best for the sensors in the
middle while there is slightly more difference between the experimental result
and the model on the side port breakthroughs. The simulation and observed
breakthrough curves at the outlet match very well (Fig. 3d). A comparison
between simulation BTCs of ports in each row shows that the CO2 arrival in
center ports occurs somewhat earlier than in the ports on the sides. So the
model confirms the experimental finding for the non-uniformity of the inflow
and subsequent flow through the sandbox. Comparison of model results and
measurement for the case of point injection shows acceptable agreement (Fig.
4). This result indicates that average arrival times for the ports are consistent
with flow rates. However, there were differences between simulated and
measured values for the side ports in particular at later times. This difference
is consistently increasing with distance from the inlet. Firstly, small differences in inlet port size (deviation) between the actual experiment and the
model could cause difference in the way the gases spreads into the container.
Secondly, the porosity and permeability near the wall can be higher than in
the center because of non-uniformity of the sand packing (Roblee et al., 1958).
Finally, neglecting in the model effect of the sand filter that was used in the
experiment to prevent sand entering the inlet nozzle could cause difference in
the way the gases spreads into the tank.
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Figure 3. CO2 breakthrough curves in uniform injection method for 1.5 L/min gas
flow rate for (a) sensors in the bottom row, (b) sensors in middle row, (c) sensors
in the top row and (d) sensor in the outlet (the black curves without symbols are
simulations and curves with symbols are experiments).
(a) Sensors in Bottom Row

(b) Sensors in Middle Row

Mass Fraction of CO2

0.8
0.6
P1 Experiment
P2 Experiment
P3 Experiment
P1/P3 Simulation
P2 Simulation

0.4
0.2
0
0

1

Mass Fraction of CO2

1

0.8

20

40

60

80

100

120

140

160

180

P4 Experiment
P5 Experiment
P6 Experiment
P4/P6 Simulation
P5 Simulation

0.4
0.2

20

40

60

80

100

120

140

Time (s)

(c) Sensors in Top Row

(d) Sensor in Outlet

P7 Experiment
P8 Experiment
P9 Experiment
P8 Simulation
P7/P9 Simulation

0.2

80

120

Time (s)

160

200

240

160

180

200

Experiment
Simulation

1

0.4

40

0.6

0
0

200

0.6

0
0

0.8

Time (s)

Mass Fraction of CO2

Mass Fraction of CO2

1

0.8
0.6
0.4
0.2
0
0

40

80

120

160

200

240

280

320

Time (s)

Figure 4. CO2 breakthrough curves in point injection case for 1.5 lit/min gas flow
rate for (a) sensors in the bottom row, (b) sensors in middle row, (c) sensors in the
top row and (d) sensor in the outlet (the black curves without symbols are simulations and curves with symbols are experiments).
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Taking into consideration that there was no parameter calibration included
in the simulations, it can be concluded that the agreement is very good and
that model can be used to predict the gaseous CO2 flow and transport both in
the porous medium and the coupled free space above it. Moreover, it can be
concluded the Darcy-Brinkman equation can accurately describe the flow processes under the experimental condition.
In Figure 5, the simulated mass fraction of CO2 in a cross-section of the
sandbox is shown. The volume filled with CO2 increases with time (Fig. 5)
and in a similar way observed in the BTCs (Fig. 4) the plume moves faster in
center than at the sides. The transition from porous medium flow to the free
flow domain can also be clearly seen in Fig. 5. When the gas is going to the
free fluid domain the flow directions are changing. The vector plots show the
flow direction become horizontal by closing to the top boundary.
The CO2 plume is also reshaped at the interface. In addition, the velocity
contour plot shows the velocity increases in the free air space above the porous
medium. However, the velocity magnitude increases close to the outlet and
decreases near the wall boundaries. The air in the corners has been transported
by diffusion rather than advection. The results show that the free air space
above porous medium influences the travel times of CO2. We postulate that
increasing the size of the free flow domain would have the following effect:
the mass transport is influenced by the tangential flow caused by corners and
the top boundary of the tank. If we use a larger free air space this effect would
likely be reduced.

Figure 5. Simulated CO2 mass fraction contour plot in center cross section of sandbox for 1.5 L/min gas flow rate at different times. (a) after 60 s, (b) after 120 s, (c)
after 180 s, (d) after 240 s, (e) zoom in to the figure (c), and (f) corresponding velocity magnitude in the domain of figure (e).
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4.2 CO2 injection and transport at a field-scale
experimental site in Maguelone (paper II)
In paper II, numerical simulations were carried out to capture the gas transport
behavior observed in the Maguelone field data (presented in Sec. 3.2). The
simulation of the CO2 injection experiment was carried out with two conceptual models, a homogeneous model and a heterogeneous model, the latter
treated with multiple realization Monte Carlo simulations. There were two sets
of monitoring data available in this study: (1) the pressure records at a depth
of 8 m that was taken by using a WestBay completion system in monitoring
well MAG5, 10.5 m away from the injection well (Fig. 6) and (2) gas saturations that were estimated from geo-electrical measurement data in the well
MAG6 and converted to gas saturations by means of a modified WaxmanSmits (MWS) model (Waxman and Smits, 1968).

Figure 6. Schematic cross section showing the conceptual site model for the
Maguelone field experiment. CO2 migrates upward to the R2 layer through leakage
paths near the injection borehole.

The comparison between the gas saturation derived from geo-electrical data
for the depths 8.05 m, 8.15 m and 8.25 m, and the simulation results from
TOUGH2 model show that the model provides an overall reasonable agreement and correct order of magnitude for predicted values (Fig. 7), but does not
capture the data details. Some main trends can be observed as follows. First,
in response to the two successive phases of CO2 injection, the field data show
three saturation peaks and three subsequent lowering periods while the model
response only shows two peaks and two decreases. This is a behavior that is
very difficult to capture with anything except heterogeneity. Second, it can be
seen that there is a large variation between the different heterogeneous model
realizations, and that overall, the span of the heterogeneous realizations well
captures the measured values and the related uncertainty bounds. The mean of
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the heterogeneous realizations (green line) and the homogeneous result show
a similar trend, with two increases in gas saturation, followed by two periods
of saturation decrease (in response to the two gas injections). In the two uppermost layers the homogeneous model shows higher saturation values than
the mean of the heterogeneous realizations while, in the two lower layers, the
order is reversed. This is likely a result from a more pronounced buoyancy
effect in the homogeneous case whereas in the heterogeneous cases the buoyancy flow can be diminished by heterogeneity causing preferential flow in the
lower parts of the model domain.

Time (hr)

Figure 7. Gas saturation from TLL and simulation for two cases of homogeneous
and heterogeneous formations at (a) 8.05 m, (b) 8.15 m and, (c) 8.25 m in order to
focus on the interval with the largest differences; the converted CO2 gas saturation
from time lapse logging is presented by red square marks and error bar; the CO2 gas
saturation from the homogeneous model is presented in green; Mean of CO2 gas saturation in multiple permeability realizations is presented in blue; the confidence limits of all realizations are presented in cyan; the CO2 gas saturation for all realizations is presented by grey dots; and the CO2 gas saturation for the three best realizations is presented with yellow dots.
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The comparison between the monitored pressure records and the simulated
pressures (Fig. 8) shows an overall good agreement, regardless of whether a
homogeneous or heterogeneous permeability field was used. The simulated
pressures from the homogeneous model and the mean values from the 25 heterogeneous realizations capture almost all measured values and only underpredict the first peak at 0.33 hr. The measured pressures are within the range
of mean pressure with variation equal to one standard deviation of the realizations. The confidence bounds for the pressure data come from 1.5% estimated
error in WestBay measurements.
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Figure 8. Pressure monitoring data and simulated pressure at the hydrological observatory well Mag5 (WestBay Sys.) at 8.0 m depth. The monitored pressure data is
presented by red square marks and error bar; the simulated pressure for homogeneous permeability field is presented in green; the mean of simulated pressure for heterogeneous systems is presented in blue; the confidence limit of heterogeneous realizations is presented in cyan; the pressure for all heterogeneous realizations are presented with grey dots.

It should be pointed out that we cannot expect to acquire an accurate prediction with any of the example realizations or with the mean of them. The use
of multiple realizations is only to demonstrate the effect heterogeneity can
have on the results and to show the span of possible values. It can indeed be
seen that the measured data show phenomena that can only be explained by
heterogeneity effects, in particular the fact that the data shows three gas saturation peaks in response to the two gas injections, while the models in the
mean sense cannot capture this (but can if specific heterogeneity effects are
introduced). To capture the exact behavior of the field experiment would require an exact representation of the permeability structure between the wells,
a piece of information that is not available. Both the homogeneous and the
heterogeneous models do, however, capture the overall behavior and range of
values in the data. Sensitivity analysis using heterogeneous permeability fields
with multiple realizations Monte Carlo simulations were used to evaluate (i)
how much variation we can expect in the possible model outcomes when we
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account for heterogeneity (looking at the entire range of model results) and
(ii) how would the heterogeneity influence the results of an individual realization. We must keep in mind that our field case is also ‘one realization’, the
exact character of which we do not know.

4.3 Pore-scale modeling of wettability effects on CO2–
brine displacement (paper III)
In order to investigate the effect of wettability on CO2-brine displacement, a
series of numerical simulations was performed using the phase-field method
(Sec. 3.3.3) and using different contact angles and hydrodynamic conditions
characterized by mobility ratios and flow rates. A 2D slice of a porous domain
was considered in all cases.
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Figure 9. (a) Pore geometry and boundary conditions (b) Phase diagram in the log
M – log Ca space and the parameters considered in this study. The green dotted
lines depicts the regime boundaries according to Lenormand et al. (1988),
whereas the red dashed lines are the regime boundaries based on Zhang et al.
(2011).The seven circles indicate the conditions simulated in this study.
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In this study, we focus on the primary drainage process, i.e., CO2 as a nonwetting fluid displacing the brine. The fluid properties, mobility and capillary
numbers used for each scenario are shown in Table 1. As the main purpose of
the present work is to study the influence of wetting properties, for each scenario (Fig. 9b) five different contact angles ranging from 15 to 90 degrees are
simulated. The numerical simulations provide the information describing the
impacts of wettability on CO2-brine displacement patterns and macroscale
two-phase flow properties.
Table 1. Input data and corresponding non-dimensional number of the case studies.
Scenario

log M

log Ca

Case 1

-2.25

-5.38

3.6E-06

6.4E-04

0.03

Case 2

-2.25

-4.69

3.6E-06

6.4E-04

0.15

Case 3

-2.25

-4.38

3.6E-05

6.4E-03

0.03

Case 4

-1.25

-5.08

3.6E-05

6.4E-04

0.006

Case 5

-1.25

-4.38

3.6E-05

6.4E-04

0.03

Case 6

-1.25

-3.69

3.6E-05

6.4E-04

0.15

Case 7

-0.25

-3.38

3.6E-04

6.4E-04

0.03

4.3.1

(Pa·s)

(Pa·s)

(m/s)

Displacement patterns

Figure 10 shows the simulated CO2 distributions for three cases: Case 5 (log
M = -1.25 and log Ca = -4.38), Case 3 (log M = -2.25 and log Ca = -4.38) and
Case 6 (log M = -1.25 and log Ca = -3.69). In Figure 10 (a,b), one can observe
an overall trend that increasing the contact angle shifts the displacement pattern from two fingers through the domain to one dominant finger. Displacement patterns in the absence of gravity effect usually are described with three
regimes of capillary fingering, viscous fingering and stable flow (Fig. 9b) according to the phase diagram of Lenormand et al. (Zhang et al., 2011,
Lenormand et al., 1988). Since the domain only has a few channels, it is difficult to identify capillary and viscous fingering regimes through the displacement patterns. However, the results show the effect of competition between
capillary and viscous forces. For instance, the number of dominant fingers
decreases with increasing contact angle, given the same capillary number. The
relative importance of viscous effects increases as the contact angle increases
(i.e., capillary pressures decrease), and the pressure halo effect around the
much less viscous CO2 fingers (i.e., pressure drop in the CO2 finger is much
smaller than that in the water) becomes more pronounced, leading to the favoring of less number of fingers.
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(a)

(b)

(c)

Figure 10. Displacement patterns for contact angles 15, 45 and 90 (from top to
bottom). From left to right, (a) Case 5 log Ca = -4.38 and log M = -1.25; (b) Case
3 log Ca = -4.38 and log M = -2.25 and (c) Case 6 log Ca = -3.69 and log M = 1.25. Red color shows the invading phase (CO2) and blue color shows the defending phase (water). The solid phase is shown in white.

4.3.2

Macroscopic parameters

The results of numerical simulations with the phase-field method above were
used to quantify the effect of contact angle on macroscopic parameters such
as residual brine saturation, capillary pressure, relative permeability, and specific interfacial area. Comparison of the CO2 saturations at the time of the
breakthrough shows a variation with contact angles (Fig. 11a). However, there
appears to be correlation between the contact angles and the breakthrough gas
saturation. This is in agreement with experimental observations by Kimbrel et
al. (2015) and Chaudhary et al. (2013) where both studies used columns filled
with glass beads. Numerical simulations for porous domain with uniform circular (or square) grains (Amiri and Hamouda, 2014, Liu et al., 2013) suggest
that the gas saturation decreases with increasing contact angle. This means
that, besides the wettability, pore geometry can play an important role in the
displacement behavior.
Trapped wetting phase saturation is estimated from the area of disconnected clusters of the wetting fluid. Note that the wetting fluid clusters connected with the top or bottom boundaries are not included in the trapped wetting phase saturation. Figure 11b shows that in general the trapped water saturation decreases when the wettability changes from strong water-wet to intermediate-wet. This is in accordance with experimental study by Cottin et al.
(2011) who showed that trapped cluster areas are larger in strong water-wet
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conditions than in the partial wetting cases. The highest value of trapping saturation is seen in the strong water-wet condition (θ = 15°), for all the cases
studied.
The normalized interfacial area is defined as the ratio of the interfacial area
(length in the 2D system) to the CO2 saturation and it is an important macroscopic parameter for estimating the energy and mass transfer between CO2
and brine. The normalized interfacial area is highest in the strongly water-wet
conditions (θ = 15°) because of the incomplete filling of pores by the CO2
(Fig. 11c). Not surprisingly, the normalized interfacial area decreases with increasing contact angle. Landry et al. (2014) showed the same trend by using
LBM simulations.
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Figure 11. (a) CO2 saturation at the time of the breakthrough; (b) Trapped water
saturation; (c) Normalized interfacial area (mm-1) and (d) relative permeability of
CO2 at the steady state as a function of contact angles for different cases of capillary numbers and mobility ratios.

In two-phase flow in porous media, the generalized form of Darcy’s law describes the flow of two immiscible phases by using the concept of relative
permeability. The relative permeability of a phase is defined as the ratio of
effective permeability of that phase to the absolute permeability, and it is usually assumed to be a function of saturation as the only state variable where the
effect of wettability is not explicitly accounted for. In this study, we show that
33

P avg (Pa)
Pavg (Pa)
Pavg (Pa)

in

P (Pa)

in

P (Pa)

P in (Pa)

wettability strongly influences the relative permeability of CO2 at the steady
state through its control on the CO2 phase distribution in the porous medium.
The relative permeability of CO2 is lowest in the strongly water-wet conditions (θ = 15°) (Fig. 11d) for all considered hydrodynamic conditions. This is
in accordance with experimental findings by Bennion and Bachu (2008) who
observed that endpoint CO2 permeabilities are lower than expected for a
strongly water-wet system. In addition, we find that the relative permeability
of CO2 increases significantly when the viscosity of CO2 increases.

Figure 12. The macro-scale capillary pressure based on the pressure drop over the
porous domain (a, c, and e) and based on the difference between the intrinsic
phase average pressures (b, d, and f) as a function of CO2 saturation for (a-b)
Case 5, (c-d) Case 3, and (e-f) Case 6.

34

The macro-scale capillary pressure in porous media depends on the contact
angle (wettability), pore structure, initial saturation, and saturation history
(Anderson, 1987). In this study, we calculate the macro-scale capillary pressure by using two different approaches. The first one is to take the macro-scale
capillary pressure as the pressure difference between the inlet and the outlet,
as it is often done in experimental studies (Ferrari and Lunati, 2013, Berg et
al., 2013). The second is to define the macro-scale capillary pressure as the
difference between the intrinsic phase averages of the non-wetting and wetting
pressures (Ferrari and Lunati, 2013, Whitaker, 1977). Figure 12 shows the
macro-scale capillary pressure calculated based on both approaches as a function of gas saturation in the domain for three cases in Figure 10. We observe
that the capillary pressures based on the pressure difference between inlet and
outlet can differ significantly from the phase averaging capillary pressures.
The large differences in capillary pressure between the two approaches are
associated with cases of high capillary number (Fig. 12c-d) where viscous
pressure drops contribute considerably in the inlet driving pressure. It is worth
noting that the macro-scale capillary pressure based on intrinsic phase average
depends linearly on cosθ, while macro-scale capillary pressure given by inletoutlet pressure difference does not show a linear trend (Fig. 13). This indicates
that the inlet-outlet pressure difference may not be a good measure of the continuum-scale capillary pressure. The capillary pressure varies with contact angle, capillary number and mobility ratio (Fig. 13).
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Figure 13. Effect of contact angle on macroscopic capillary pressure based on (a)
the pressure drop over the porous domain (pressure difference between the inlet and
the outlet) and (b) the intrinsic phase average pressures difference between CO2 and
water. Note that the vertical scale is different in (a) and (b).

The plots show unsteady fluctuations of pressure with increasing CO2 saturation. These fluctuations are known as Haines Jumps and they occur when nonwetting phase passes from a pore throat into a wider pore body during drainage
(Berg et al., 2013, Armstrong et al., 2015). The reason for the occurrence of
Haines jumps is once pressure exceeds the capillary entry pressure of a pore
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throat, the nearby pore body volume is filled rapidly (Berg et al., 2013). Our
simulation results show that both the number of occurrences and the amplitude
of the Haines jumps decreases with increasing capillary number (see Figure
12). As expected, the amplitude of the jumps is larger when the contact angle
is low. The frequent Haines jumps (see e.g., Figure 12a) are also an indication
of capillary-dominated flow. When the flow rate is high (large capillary numbers), the capillary effect of the pore throats is shadowed by the large viscous
pressure drop, leading to much less pronounced pressure jumps (Fig. 12e-f).

4.4 Geological storage of CO2 with impurity at largescale site (paper IV)
In paper IV, the impact of impurities co-injected with CO2 during geological
storage at large-scale site was investigated by using the TOUGH2 simulator
with the updated version of ECO2N (Sec. 3.3.2). The model was applied to
two conceptual models which can be considered a representative example of
a large-scale geological storage of CO2. The first conceptual model is built
from data sets from the well-known Utsira formation, Sleipner site (North Sea,
Norway) following the model by Audigane et al. (2007), who considered the
case of pure CO2 injection. Second, the model is applied to the pilot-scale
experimental site in Heletz, Israel, is part of the EU-FP7 MUSTANG-TRUSTCO2QUEST project (Niemi et al., 2016). The conceptual for carbon dioxide
injection consists of three sandstone layers with a combined thickness of about
11.0 m, interbedded by much less permeable shale at a depth of 1600 m (Niemi
et al., 2016, Rasmusson et al., 2014). The models parameters and geometries
are presented with details in the paper IV.

4.4.1

Spatial distribution of the CO2 rich phase

For the Sleipner model, the spatial distributions of the gas (supercritical CO2
rich phase) saturation (Fig. 14) show the vertical distribution of the plume for
the base scenario and the three scenarios with 5% (by mass) content of an
impurity gas. In general, these four scenarios share a similar plume shape with
the gas phase extending dominantly in the topmost layer. There are differences
in the plume tip migration distance between the base scenario and the two
scenarios with N2 or CH4 as the impurity component. The impure CO2 containing 5% N2 or CH4 extends horizontally in top sand layer about 2500 m,
that is 600 m longer than the base scenario, at the time of 25 years (Fig. 14).
The gas saturation values are higher for the base scenario along the well after
500 years. Increasing N2 and CH4 content leads to a broader plume which also
migrates faster with a greater buoyancy effect (Fig. 14).
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(a)

(b)

(c)

(d)

Figure 14. (a) Gas phase saturation after 25 years for the base scenario (injection
of pure CO2; and Gas phase saturation after 25 years for the of 5% by mass of the
impurity component (b) H2S, (c) N2 and (d) CH4.

4.4.2

Trapping processes

In the Sleipner model, the presence of 5% (by mass) of an impurity gas in CO2
streams influences the trapping. In general, the presence of CH4 and N2 increases the solubility trapping (Fig. 15a). As the total amount of the gas phase
reduces due to the presence of CH4 and N2, the fraction of residually trapped
CO2 also reduces (Fig. 15b). The variation of total mass of gas phase with time
for the base scenario and the scenarios with H2S are similar. This result is
confirmed with similarities between the spatial distribution of gas saturation
with and without the H2S component. There is a small difference between the
scenarios with N2 and CH4 (Fig. 15). During the injection period the gas fraction is larger for the gas mixture with N2. However, in longer times the difference vanishes. Increasing the concentration of the N2 and CH4 in the CO2
stream amplifies the impacts on the trapping amounts.
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(a)

(b)

Figure 15. (a) Evolution of the mass of CO2 in the gas phase (solid line) and in the
aqueous phase for the base scenario (pure CO2) and 5% by mass of the impurity
component; (b) Evolution of the mass of residually trapped CO2 for the base scenario (pure CO2) and the 5% by mass of an impurity component.

4.4.3

Capacity of storage

Figure 16 shows the volume of gas with 1% and 5% by mass of an impurity
component (CH4, H2S and N2) normalized by the volume of gas in the base
scenario (pure CO2). The volume of gas for each scenario is calculated for the
entire domain. The ratio for the scenarios including CH4 or N2 indicates the
total gas volume for these scenarios increases in the presence of these components. Given the same total mass injection rate, a mass concentration of 5% of
the impurity gas N2 or CH4 nearly doubles the volume injected in the reservoir
in comparison to the pure CO2 scenario. Therefore, a larger volume of reservoir is required for the same amount of gas injected when the supercritical
CO2 is co-injected with N2 or CH4. The presence of H2S in the gas mixture
does not have a noticeable impact on the gas volume.

Figure 16. The ratio of the total volume of the gas phase between the impurity (CH4,
H2S and N2) cases and the pure CO2 case as a function of time.
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Figure 17. Temporal variation of pressure in the Heletz, pilot CCS site.

4.4.4

Pressure response

While the objective of the simulations above was to obtain an understanding
of what order of magnitude effects can be expected from common impurity
gases in industrial scale injection experiments, the objective of the Heletz simulations is to give estimates what kind of pressure effect can be expected from
in injection experiment where CO2 is co-injected with an impurity gas. The
multi-step injection test at the Heletz site has been tested in the case of injection of CO2 containing 5% and 10% by mass of N2. The pressure response
near the well increases due to co-injection of N2 (Fig. 17). The slight pressure
increases due to presence of N2 remains in the system until the end of the
injection period. Higher N2 content of CO2 gas mixture results in higher pressure responses.
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5 Summary and conclusions

In this thesis, modeling of processes related to CO2 migration and possible
leakage during the implementation of a geological storage project are addressed. The focus has been on CO2 gas transport, impurity and wettability
effects. Both processes in the near surface environment and in the deep reservoir conditions have been addressed. Understanding the CO2 transport in shallow aquifers and near surface environments is important for characterization
of the monitoring systems at the surface and in the boreholes, in case a leakage
from the deep storage reservoir would occur. In terms of the transport in the
deep subsurface, two previously less investigated effects have been addressed,
namely the effect of impurity gases in the injected CO2 stream and the detailed
consideration of wettability effects to CO2 spreading and trapping.
The thesis consists of a comprehensive set of studies using laboratory experiments, field experiments and model simulations at different scales as well
as the related model development. In the following the main conclusions are
summarized.
In paper I, the gaseous CO2 flow and transport in porous media and it’s
interaction with a free space (atmosphere) domain above is addressed. The
study consists of developing both an experimental setup and performing controlled laboratory experiment of CO2 gas leakage, as well as developing a simulation model to capture the behavior. The comparison between the results
obtained from the experiment with those from model simulations showed a
very good agreement in the case of uniform gas injection. In the case of point
injection there were some discrepancies in particular at later times, possibly
due to the inlet port size and sand filter effects that were not accounted for in
the model. Considering that there was no parameter calibration involved in the
model simulations, the overall agreement can be considered as very good, and
the model was able to predict the gaseous CO2 flow and transport both in the
porous medium and the free air above it, thus providing a tool for addressing
CO2 gas transport in a coupled porous medium/free flow domain.
Paper II presents modeling of a shallow CO2 injection and monitoring experiment carried out in field conditions at the Maguelone site, France. The
objective was to explain the observations of the field experiment and to evaluate the use of geophysical downhole techniques for monitoring gas transport.
Numerical simulator TOUGH2 was used for the simulations and experimental
measurements were modeled with both homogeneous and heterogeneous per40

meability fields. The results showed that the homogeneous model cannot capture the obtained field data adequately. The overall behavior of the field data
is captured relatively well, but there are also discrepancies in (1) the pressure
during the first injection period, (2) the detailed vertical distribution of gas
saturation values in the monitoring well, and (3) the overall gas saturation values at the end of injection. Sensitivity analyses using heterogeneous permeability fields with Monte Carlo simulations were used to reproduce the observed behavior in the field. The heterogeneous Monte Carlo simulations were
used to evaluate (i) how much variation can be expected in the possible model
outcomes when we account for heterogeneity (looking at the entire range of
model results) and (ii) how the heterogeneity influences the results of an individual realization. The measurement data with its uncertainties falls within the
uncertainty bounds of the Monte Carlo simulations. Generally, the results
showed how different types of borehole monitoring techniques can be used to
monitor the spreading of CO2 gas. At the same time, we can see the difficulties
in making model predictions or even exactly matching the observed gas
transport in geological media where heterogeneity is inevitably present and
difficult to quantify exactly. The most meaningful approach in terms of predictions is therefore a Monte Carlo type of analysis as carried out here where
the uncertainty bounds are explored by simulating a range of possible outcomes.
In paper III, the influence of wetting properties on two-phase flow of CO2
and brine in a pore scale domain was addressed. For this, a direct numerical
simulation approach based on the so-called phase-field method was used. A
series of numerical experiments was carried out with different combinations
of viscosity ratios, capillary numbers and contact angles. Numerical simulation of two-phase flow in complex geometry with direct numerical simulation
techniques is a very complex undertaking or even impossible in some conditions. In this study, we show that the phase-field method can indeed be used
to simulate the two-phase flow in a complex geometry of porous media with
large viscosity contrasts and strongly water-wet systems, a system which is
normally difficult to address. The simulation results showed that both the
trapped wetting phase saturation and the normalized interfacial area increase
with decreasing contact angle. However, the wetting condition (contact angle)
did not appear to influence the CO2 breakthrough time and saturation. The
dependence of normalized interfacial area on wettability suggests that the
strongly water-wet reservoirs provide a better potential for the dissolution
trapping, due to increase of interface between CO2 and brine in very low contact angles (water-wet). Strong water-wet conditions also imply strong capillary effect, which is important for residual trapping of CO2. The results indicate that the relative permeability of CO2 can be significantly lower in strongly
water-wet conditions than in the intermediate-wet conditions. In addition, we
showed that the macroscopic capillary pressures based on the pressure difference between inlet and outlet can significantly differ from the phase averaging
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capillary pressures. It is worth noting that the macroscopic capillary pressure
based on intrinsic phase average depends linearly on cosθ, while the capillary
pressure given by inlet-outlet pressure difference does not show a linear trend.
This indicates that the inlet–outlet pressure difference may not be a good
measure of the continuum-scale capillary pressure. This also calls for better
interpretation of experimental data of capillary pressure–saturation functions
where the sample spanning pressure drop is used as a proxy for the macroscopic capillary pressure.
In paper IV, the numerical simulations of large scale geological storage of
CO2 in the presence of impurity gases in the injected CO2 stream were performed. As the presence of impurity component in the CO2 is inevitable so as
to reduce cost of capturing processes, the numerical simulations of geological
trapping processes of CO2 is necessary for understanding the effects of some
of the key impurity gases. The generalized multiphase flow simulator
TOUGH2 was used with modified version of the module ECO2N to account
the impurity effects. The ECO2N module was updated to include the new
equation of state and the thermodynamic properties of the CO2 gas mixture
with one of the three gases, N2, CH4 and H2S, as an impurity component. The
simulation results for conditions similar to two large-scale GCS projects
showed that impurity components in the CO2 stream can impact the long-term
plume migration and the trapping mechanisms. The general findings are: (1)
the spatial distribution of the gas saturations varies in presence of N2 and CH4,
and a larger volume of reservoir is needed in comparison to the pure CO2 injection scenario; (2) the solubility trapping significantly increases in the presence of N2 and CH4; and (3) the pressure build-up due to CO2-rich phase injection increases with increasing impurity fraction of N2. The N2 and CH4 both
have lower densities than CO2 and H2S. Therefore, the density of the CO2-rich
phase decreases with increasing fraction of N2 or CH4. Consequently, the volume of the gas plume is larger when there is more N2 or CH4 in the CO2 stream.
The larger volume of the gas plume means more contact with brine volume
for CO2 dissolution. Since the solubility of N2 and CH4 in brine are much
smaller than that of CO2, the effect of the expansion of gas plume dominates
the total CO2 dissolution (i.e., effect of the dissolution of N2 and CH4 on dissolution trapping of CO2 is not significant). The case of H2S present in the
CO2-rich phase does not differ significantly from the pure CO2 scenario. This
can be explained by the small density difference between H2S and CO2 at the
relevant reservoir conditions.

5.1 Outlook and future work
The studies and results presented in this thesis also give some guidance for
further research in future. The laboratory setup developed in the first part of
the thesis as well as the related numerical model can be modified to study the
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influence of water table on the processes of gaseous CO2 transport in the near
surface environment. In addition, the experiment can be done for fine-grained
soil such as clay and silt and/or in heterogeneous conditions to further expand
our understanding of the key processes in various conditions. In the case of
the study and interpretation of the Maguelone field injection experiment, the
Monte Carlo simulations can be further developed by accounting for heterogeneity in other two-phase parameters as well as now this was only considered
for capillary entry pressure. It can also be noted that extreme care is recommended in implementing gas flow experiments in field conditions as leaks and
unexpected flow directions are easily encountered. In this study, we accessed
to limited observations from the field experiment; using more monitored data
obtained later would help to understand the site characterization better. The
next development for the pore-scale model could include incorporation of interfacial mass transfer between the CO2 and the brine, which would allow the
dissolution process to be modeled in detail. Lastly, the model developed for
the effect of impurity gases could in the next stages be upgraded for modeling
multiple components simultaneously and also for modeling 3D scenarios.
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6 Svensk sammafattning

Denna avhandling behandlar transportprocesser och möjligheter för läckage
vid geologisk lagring av koldioxid. Fokus ligger på transport av koldioxid i
gasform, påverkan av förekomst av andra gaser (orenheter) i koldioxiden samt
påverkan av mediets vätbarhetsegenskaper. Både processer nära markytan och
i djupa reservoarer behandlas. Att förstå koldioxidtransport i ytliga akviferer
nära markytan är viktigt för att kunna övervaka möjliga koldioxidläckage från
djupa lagringsreservoarer och implementera övervakningssystem på markytan
och i borrhål. När det gäller koldioxidtransport i djup berggrund behandlas två
processer som tidigare undersökts i relativt liten omfattning; påverkan av förekomst av orenheter i koldioxiden samt påverkan av mediets vätbarhetsegenskaper på spridning och fastläggning av koldioxid i fri fas.
Avhandlingen innehåller experimentella studier både i laboratorium och i
fält, datorsimuleringar på olika skalor samt modellutveckling relaterad till modelleringen. De huvudsakliga resultaten och slutsatserna summeras nedan.
Artikel I behandlar flöde och transport av koldioxid gas i ett poröst medium
och interaktionen med det tomma rummet (atmosfären) ovanför markytan. I
studien utvecklades en experimentuppställning mha vilken kontrollerade laboratorieexperiment med koldioxidflöde mot markytan utfördes. Därefter utvecklades också en modell för att beskriva den observerade koldioxidspridningen. Jämförelsen mellan experiment och simuleringsresultat visade mycket
god överensstämmelse för fallet med jämn gasinjektion över hela experimentuppställningens bottenyta. För fallet med punktinjektion fanns skillnader
i gasens utbredning mellan experiment och simuleringar vid senare tidpunkter
i spridningsförloppet, vilket kan bero på att injektionsportens storlek och filter
inte var helt exakt representerade i modellen. Med tanke på att ingen parameterkalibrering gjordes kan överensstämmelsen mellan experiment och modell
anses mycket bra. Modellen var kapabel att prediktera koldioxidflödet både i
det porösa mediet och det tomma utrymmet (atmosfären) ovanför markytan
och kan därmed användas som ett verktyg för att studera koldioxidflöde i ett
poröst medium sammankopplat med fritt flöde ovanför markytan.
I artikel II presenteras modellering av ett fältexperiment med ytnära koldioxidinjektion och övervakning av gasflöden i Maguelone, Frankrike. Målet
var att kunna förklara observationerna som gjordes i fältexperimentet och utvärdera de geofysiska mätningar i borrhål och på markytan som gjordes för
att observera den injekterade gasens spridning. Programvaran TOUGH2 användes för numeriska simuleringar och experimenten modellerades med både
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homogena och heterogena permeabilitetsfält. Resultaten visade att den homogena modellen inte kan förklara observerade fältdata på ett tillfredsställande
sätt. Den övergripande gastransporten predikteras relativt väl, men det finns
också diskrepanser i (1) trycket under den första injektionsperioden, (2) den
detaljerade fördelningen av gasmättnaden i observationsbrunnen, och (3) den
övergripande gasutbredningen vid slutet av injektionen. Känslighetsanalyser
genom Monte Carlo simuleringar med heterogena permeabilitetsfält användes
för att återskapa den observerade gastransporten i fält. Heterogena Monte
Carlo simuleringar användes för att utvärdera (i) hur mycket variation som
kan förväntas i möjliga modellutfall då vi tar hänsyn till heterogenitet (och tar
i beaktande hela spannet av modellutfall) och (ii) hur heterogenitet påverkar
resultatet för en enskild realisering. Mätdata med sina osäkerheter faller inom
osäkerhetsmarginalerna för Monte Carlo simuleringarna. Generellt visade resultaten hur olika typer av borrhålsmätningar kan användas för att övervaka
spridningen av koldioxid gas. Samtidigt ser vi svårigheter när det gäller att
göra modellprediktioner eller exakt matcha den observerade gastransporten i
geologiska medier där heterogenitet oundvikligen förekommer och är svår att
exakt kvantifiera. Det mest meningsfulla angreppssättet för modellprediktioner är därför Monte Carlo analyser, så som gjordes här, där osäkerhetsmarginaler undersöks genom att simulera ett spann av möjliga utfall.
I Artikel III behandlas påverkan av vätbarhetsegenskaper på tvåfasflöde av
CO2 och saltvatten på porskala. För detta användes en direkt numerisk simuleringsmetod baserad på den så kallade fas-fält-metoden (eng. phase-field
method). En serie av numeriska experiment gjordes med olika kombinationer
av viskositetskvoter, kapillärtal och kontaktvinklar. Numerisk simulering av
tvåfasflöde i komplexa geometrier med direkta simuleringstekniker är mycket
komplext att utföra eller t.o.m. omöjligt under vissa förhållanden. I denna studie visade vi att fas-fält-metoden faktiskt kan användas för att simulera tvåfasflöden i porösa medier med komplex geometri, stora viskositetskontraster
och vattenvätande ytor, vilket normalt är mycket svårt att hantera. Simuleringsresultaten visade att både mättnadsgraden av fångad vätande fas och storleken på den normaliserade gränsytan ökar med minskande kontaktvinklar.
Kontaktvinkeln verkade dock inte påverka genombrottstiden och mättnadsgraden vid genombrott. Beroendet av storleken på normaliserad gränsyta på
vätbarhet tyder på att starkt vattenvätande reservoarer har bättre potential för
löslighetsfastläggning av koldioxid på grund av ökad gränsyta mellan CO2 och
saltvatten vid väldigt små kontaktvinklar (starkt vattenvätande förhållanden).
Strakt vattenvätande förhållanden betyder också starka kapillära effekter, vilket är viktigt för residual fastläggning av CO2. Resultaten tyder på att den relativa permeabiliteten för CO2 kan vara avsevärt lägre i starkt vattenvätande
förhållanden jämfört med vid förhållanden av intermediär vätbarhet. Vidare
visade vi att de makroskopiska kapillärtrycken baserade på tryckskillnader
mellan systemets in- och utlopp kan skilja sig avsevärt jämfört med kapillär45

tryck baserade på medelvärden över faserna. Det är värt att notera att det makroskopiska kapillärtrycket baserat på fasmedelvärden beror linjärt av cosθ,
medan kapillärtrycket baserat på tryckskillnad mellan in- och utlopp inte uppvisar något linjärt beroende av cosθ. Detta tyder på att tryckskillnaden mellan
in- och utlopp inte utgör ett bra mått på kapillärtrycket på kontinuumskala.
Detta visar också att bättre utvärdering av experimentella data på relationen
mellan kapillärtryck och mättnadsgrad kan vara nödvändig då tryckfallet över
mätprovet används för att representera det makroskopiska kapillärtrycket.
I artikel IV utfördes numeriska simuleringar av storskalig geologisk lagring
av koldioxid med förekomst av orenheter (andra gaser) i den injekterade gassströmmen. Förekomst av orenheter i koldioxid är i många fall oundvikligt då
kostnaderna för avskiljning av CO2 från rökgaser annars skulle bli för stor.
Numerisk simulering av geologiska fastläggningsprocesser för CO2 i närvaro
av typiska orenheter i gasströmmen är nödvändigt för att bättre förstå effekterna av sådana orenheter. Programvaran TOUGH2 användes med en för ändamålet modifierad version av modulen ECO2N som inkluderar effekter av
orenheter. ECO2N-modulen uppgraderades med en nya tillståndsekvationer
för att beräkna de termodynamiska egenskaperna hos blandningar av CO2 och
en av gaserna N2, CH4 eller H2S som extra komponent (orenhet) i gasströmmen. Simuleringsresultat för fall liknande två storskaliga koldioxidlagringsprojekt visade att orenheter i koldioxiden kan påverka spridning och fastläggning av injekterad gas över lång sikt. De huvudsakliga slutsatserna var: (1)
den rumsliga utbredningen påverkas av N2 och CH4, vars närvaro i gasen gör
att större reservoarvolymer krävs jämfört med vid injektion av ren koldioxid;
(2) löslighetsfastläggning ökar påtagligt vid närvaro av N2 och CH4; och (3)
tryckuppbyggnaden vid injektionen ökar med ökande andel N2 i gasströmmen.
N2 och CH4 har båda lägre densitet än CO2 och H2S. Därför minskar densiteten
hos den koldioxidrika fasen (gasen) med ökande andel N2 eller CH4. Följaktligen är gasplymens volym större då andelen N2 eller CH4 är större i gasströmmen. Den större volymen innebär större kontaktytor mellan CO2 och saltvatten
för lösning av gas till vattnet. Eftersom lösligheten för N2 och CH4 i saltvatten
är mycket mindre än lösligheten för CO2, dominerar effekten av gasplymens
expansion med avseende på hur den totala koldioxidlösningen påverkas (dvs
effekten av lösning av N2 och CH4 påverkar inte löslighetsfastläggning av CO2
i någon påtaglig omfattning). Närvaro av H2S i gasströmmen leder inte till
signifikanta skillnader jämfört med scenarier för injektion av ren koldioxid.
Detta kan förklaras av den ringa densitetsskillnaden mellan H2S och CO2 vid
relevanta förhållanden i lagringsreservoaren.
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6.1 Utblick och vidare studier
Resultaten som presenteras i avhandlingen visar också på behov av vidare
forskning. Experimentuppställningen och den numeriska modellen som utvecklades i avhandlingens första del skulle kunna modifieras för att undersöka
effekter av grundvattenytan och vattenhalt på koldioxidens läckage och transportprocesser i ytnära system. Dessa studier kan också utökas till finkorniga
jordar så som silt och lera och för heterogena förhållanden för att studera läckageprocesserna under fler, varierande förhållanden. När det gäller studien och
tolkningen av fältexperimenten i Maguelone skulle det vara intressant att undersöka heterogenitet i fler parametrar än permeabilitet och kapillärt gasinträngningstryck som påverkar tvåfasflödesprocesser. Det kan också noteras att
fältexperiment med gasinjektion bör utföras med extrem noggrannhet eftersom oväntade flödesriktningar och läckagevägar ofta kan förekomma. I
denna studie arbetade vi med en begränsad mängd data, och ytterligare data,
särskilt vad gäller karakterisering av fältplatsen skulle underlätta en bättre förståelse av flödesprocesserna. Nästa steg i utvecklingen av modellen på porskala kunde innefatta att masstransport över gränsytorna mellan koldioxid och
saltvattenfaserna inkluderas, vilket skulle möjliggöra detaljstudier av lösningsprocessen. Till sist skulle modellen för att hantera effekter av orenheter
i injekterad koldioxid kunna uppgraderas till att simultant kunna simulera flera
olika tilläggskomponenter (orenheter) i gasströmmen samt kunna tillämpas på
3D scenarier.
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