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Geological storage of CO2 in deep saline aquifers is a promising technology in the combat to 
reduce the atmospheric emissions of CO2. A critical component in this solution is the estimation 
of aquifer’s in situ capability to store CO2. For this, an in-depth understanding of the underlying 
processes is required over a wide range of scales, from the pore level where processes occur, to 
field scale that needs to be controlled and monitored. This Thesis is focused on residual trapping 
– quantitively characterized by the parameter residual gas saturation (Sgr) – which is one of 
the key trapping mechanisms. The overall objective is to better understand the relevant in situ 
phenomena that affect the stability of CO2 residual trapping over a range of scales. Important 
part of this are the processes controlling the residual gas remobilization that is characterized 
quantitively by so-called critical gas saturation (Sgc). To this end, first, numerical modelling was 
implemented at the field-scale to investigate the role of permeability heterogeneity and critical 
gas saturation in the interpretation of the collected partitioning tracer data from a pilot-scale 
CO2 injection experiment carried out at Heletz, Israel, 2017. With regards to this experiment, 
the delayed second arrival peak of the partitioning tracer could not be captured by physical 
processes included in presently available models, including a stochastic model of within-
layer permeability heterogeneity. The results could, however, be explained by accounting for 
the critical gas saturation that indicates the occurrence of gas-phase remobilization driven by 
pressure depletion. This is the first ever field observation and demonstration of critical saturation 
in geological CO2 storage. The relevant fundamental pore-scale characteristics of remobilization 
are then investigated by means of pore-scale imaging and modeling. The results illustrate that 
under pressure depletion conditions (which could be caused by e.g., a leaky wellbore or a 
facture) remobilization of residually trapped CO2 takes place at a higher saturation than residual 
saturation with the difference depending on various rock and fluid properties. Furthermore, the 
results provide valuable insights into the pore-scale dynamics of trapped gas remobilization. A 
very good consistency was found between the pore-scale results and field-scale observations, 
which provides unique insights into the fate of CO2 residual trapping and remobilization across 
a wide range of scales.
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1 Introduction 

1.1 Geological CO2 storage 
One of the main drivers of climate change in terms of global temperature rise 
in recent decades are anthropogenic greenhouse gases, in particular carbon 
dioxide (CO2) with a share of 80 % in the total emissions (IPCC, 2014; Shukla 
et al., 2022). Based on the records, consumption of fossil fuels by industrial 
activities, electricity generation and transportation sector are the major source 
of atmospheric CO2 (IPCC, 2005). Although it is projected that green energy 
providers could increase their participation by 30% until 2030, thereby miti-
gating the climate change, the fact that the use of fossil fuels is still steadily 
becoming the world's most important and primary energy source is undenia-
ble, due to their low cost and availability. Estimates by Organisation for Eco-
nomic Co-operation and Development (OECD) indicate that CO2 emissions 
will grow up by 70 % by 2050 if appropriate constraining actions are not taken 
against it (Kitamori et al., 2012) 

In 2015, industrial countries signed the so-called Paris agreement, and com-
mitted themselves to reduce their greenhouse gas emissions, in particular at-
mospheric CO2 releases, while still using fossil fuels. Under that agreement, 
Carbon Capture and Storage (CCS) in geological formations was recognized 
as a feasible option. In addition, in the roadmap towards a competitive low 
carbon economy in 2050, the European Commission has identified the leading 
role of CCS in mitigating the CO2 emissions (Agreement, 2015; Blau, 2017; 
Klein et al., 2017). 

Storing CO2 in geological formations is a technological method to store the 
anthropogenic CO2 deep underground typically into depleted oil/gas reser-
voirs or saline aquifers (Alcalde et al., 2018; Bachu, 2008; Niemi et al., 
2017a). The idea comes from the oil industry where CO2 is used as the work-
ing fluid to enhance oil recovery (EOR, commonly known as CO2-EOR). 
While in EOR the fate of injected gas at the end of the process is not important, 
the ultimate goal in geological CO2 storage (GCS) is the safe and long-term 
storage of CO2 in deep underground formations. Nonetheless, the well-devel-
oped injection techniques and equipment of CO2-EOR are applicable in GCS. 

In general, suitable geological formations for storing CO2 are chosen based 
on a number of geological criteria including: a relatively high porosity to pro-
vide a high storage volume, a high permeability for high injection rates, and a 
high sealing capacity of the caprock that is an intact layer with low 
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permeability and high capillary entry pressure; to impede the upward migra-
tion and the consequent escapement of CO2 into the atmosphere (Bradshaw et 
al., 2007). In addition, the depth is an important factor, which has to be typi-
cally deeper than 800 m to ensure that CO2 remains at supercritical conditions 
(Bachu, 2000; Kovscek, 2002; Tomić et al., 2018). Thermodynamically, at 
temperatures and pressures higher than 31.1 oC and 7.38 MPa, respectively, 
CO2 is characterized as supercritical fluid with a density range of 200 to 900 
kg/m3, and a viscosity range of 3.95×10-5 to 7.11×10-5 Pa-s (Gasda, 2008; 
Niemi et al., 2017a; Span and Wagner, 1996). Deep saline aquifers are among 
the geological formations that not only qualify the mentioned criteria, but also 
are widely available worldwide; thus provide the largest potential for CO2 
storage sufficient over at least a century (Ajayi et al., 2019). Only in the United 
Sates, deep saline aquifers provide up to 20000 billion tonnes of storage ca-
pacity, while the total anthropogenic release of CO2 is approximately 30 bil-
lion tonnes per year worldwide (Goodman et al., 2011). It is worth to note that 
deep saline aquifers are typically saturated with water with a salinity of more 
than 33000 ppm, which is considerably higher than protected water resources 
that are used for drinking and agricultural purposes (Bachu et al., 2007). 

Besides geological characteristics, based on which the theoretical storage 
capacity is determined, there are important economic and other boundary con-
ditions that affect the ultimate practical viability of CO2 storage. Among them 
are the costs associated with capture, transport, and monitoring, which are in-
deed variable depending on several factors such as public acceptance, regula-
tory factors, legal logistic frameworks, and international agreements (Aydin 
et al., 2010; Bock et al., 2003; Mace et al., 2007). 

Estimates indicate that a major part of CO2 emissions could be captured by 
CCS, and already a number of industrial-scale operations as well as pilot-scale 
experiments have been carried out around the world. The first and most well-
known large-scale project dedicated solely to underground CO2 storage started 
at Sleipner, in the North Sea, in 1996, where the Norwegian oil company Equi-
nor (formerly Statoil) has injecting 1 million tonnes (Mt) of CO2 per year 
(Hermanrud et al., 2009). Other examples of  large-scale projects are the Salah 
injection in Algeria, which was in operation from 2004 to 2011 and injected 
approximately 0.5 Mt CO2 per year (Ringrose et al., 2013) and Snövit in Nor-
way, where 6.5 Mt has been injected by end 2019 into Tubåen and Stø for-
mations (1.1 Mt injected into Tubåen) (Ringrose et al., 2020; Ringrose, 2018).  
Continuous summaries of operating and planned injection sites is maintained 
by e.g., Global CCS Institute (Turan et al. 2021). In addition, a number of 
pilot-scale projects have been conducted, dedicated to CCS research and 
demonstration including Frio in the US (Doughty et al., 2008; Hovorka et al., 
2006), Ketzin in Germany (Bergmann et al., 2016; Giese et al., 2009; Schilling 
et al., 2009), Nagaoka in Japan (Kikuta et al., 2005; Xue et al., 2009, 2006), 
Otway in Australia (Paterson et al., 2013) and Heletz in Israel (Basirat et al., 
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2020). More details on these sites can be found e.g., in Michael et al. (2010) 
and Niemi et al. (2017a) 

1.2 Trapping mechanisms 
As CO2 is injected underground, several so-called trapping mechanisms will 
come into action to keep the CO2 stored in the aquifer. The four main trapping 
mechanisms are structural, residual, solubility, and mineralization trapping 
(IPCC, 2005 and Zhang and Song 2013). The contribution of aforementioned 
mechanisms is different in terms of the time, spatial scale, and safety. Figure 
1 depicts these mechanisms with regards to their contribution from the time 
that injection stops. Note that the safety decreases in the order of mineraliza-
tion, solubility, residual and structural trapping (IPCC 2005, Altman et al. 
2014).  

Structural trapping refers to the amount of CO2 that is trapped by a low 
permeability caprock and under other low-permeability layers. Under such a 
circumstance, CO2 will accumulate as a free gas; remaining trapped depending 
on the sealing capacity of the caprock, i.e., its ability to prevent leakage 
(Altman et al., 2014; Niemi et al., 2017a; Trevisan et al., 2014). The sealing 
capacity of a caprock is a function of several factors including its thickness, 
permeability, capillary entry pressure, integrity, depth, and minerology. Since 
the primary trapping mechanism is associated with the caprock, its presence 
is a critical prerequisite for site selection and obtaining the required opera-
tional approvals (Song and Zhang, 2013). 
 

 
Figure 1. Relative percentages of trapped CO2 in relation with different process 
and time (modified after IPCC 2005) 

In the absence of organic materials, CO2 acts as the non-wetting phase relative 
to the resident formation fluid (the saline water in saline aquifers). As a result, 
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during CO2 injection into a saline aquifer, CO2 will displace the in situ water 
up to the point where no more water can be drained, i.e., to the irreducible 
water saturation. This process is called drainage and majorly takes place in 
widest regions of the pore-space. As the injection stops, the water imbibes 
back in the wake of the CO2 plume and invades the CO2-filled pores until a 
fraction of CO2 becomes immobile in the form of isolated blobs or ganglia. 
The residual trapping is also called capillary trapping since it is driven by the 
pore-scale capillary forces. Although these forces are inherently active at the 
pore-level, they affect the CO2 plume evolution and migration at very large 
scales; thus, making the residual trapping a major contributing mechanism to 
the overall storage capacity over a range of spatial scales (Krevor et al., 2015; 
Niu et al., 2014; Qi et al., 2009). 

An important thermophysical property of CO2 is its solubility in water, 
which increases with increasing pressure and decreases with increasing tem-
perature and water salinity (Altman et al., 2014; Duan et al., 2006). Depending 
on these factors, CO2 dissolves in certain proportions in the water it is in con-
tact with. This process, which forms a weak carbonic acid, leads to CO2 trap-
ping in the form of a dissolved phase as long as the thermodynamic conditions 
are not altered. The dissolution trapping can further be accelerated in situ due 
to an inverse density gradient between the formed acidic water that is slightly 
denser than the fresh water. The downward movement of the denser fluid in-
creases the contact area between the free CO2 plume and unsaturated for-
mation water (Anchliya et al., 2012; Gasda et al., 2012). 

Eventually, depending on the rock minerology, dissolved CO2 might react 
chemically with the formation rock leading to the precipitation of carbonate 
minerals. This process is the most secure trapping mechanism, albeit it is only 
effective over large time scales (Benson and Cole, 2008; Trevisan et al., 2014; 
Zhang and Song, 2014).  

Among these mechanism, residual trapping has a central role for the long-
term storage capacity and security (Burnside and Naylor, 2014; Niu et al., 
2014). It is therefore of integral importance to characterize CO2 residual trap-
ping across a range of relevant scales, from the pore-scale processes to labor-
atory and field observations. The quantitative basis for characterizing the re-
sidual trapping is the parameter of residual saturation (𝑆 ) that is the satura-
tion at which CO2 becomes immobile (e.g., Rasmusson et al. 2018). Most 
commonly, residual saturation is determined in the laboratory at the core-scale 
through various displacement methods such as steady-state core flooding. A 
summary of such methods at this scale are given in Mulyadi (2002). Recent 
advances in the use of micro-resolution imaging have even made it possible 
to characterize residual trapping at micron-scale resolutions (pore-scale). This 
advent has brought a breakthrough in understanding the salient pore-scale 
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physics of CO2 residual trapping (Andrew et al., 2014a; Blunt et al., 2013; 
Soroush et al., 2014). 

Although core- and pore-scale experiments have provided valuable insights 
into the physics of CO2 residual trapping over a wide range of conditions, they 
cannot address the effects arising from field-scale features such as large-scale 
heterogeneity that can strongly affect the dynamics of CO2 plume movement. 
Such limitations have highlighted the importance of field-scale experiments 
where residual trapping is quantified and characterized in situ. However, as of 
to date, very few pilot-scale experiments have been carried out to this end. 
This is mainly due to the very high costs associated, the many operational 
challenges and also because of the inherent complexity of the processes. 
Moreover, very few studies if any have addressed the link over the scales, i.e., 
how the small-scale (pore-level) processes can influence CO2 residual trap-
ping and its interpretation at field-scale. This later can only be addressed by 
determining CO2 residual trapping over a wide range of scales, the topic of the 
present Thesis. 

1.3 Phenomena of gas remobilization and critical gas 
saturation 

The stability of residue trapping is an important factor affecting the overall 
CO2 storage security and needs to be evaluated on different time scales. While 
the short-term (tens of years) effectiveness of CO2 residual trapping has been 
extensively studied, its long-term stability is not yet very well understood due 
to the lack of relevant data. Assessment of the long-term stability of CO2 re-
sidual trapping requires a thorough understanding of the underlying processes 
and conditions, including conditions under which the residual CO2 can be re-
mobilized. Adding more CO2 by injection is an obvious mechanism to in-
crease the saturation and subsequently remobilize the residually trapped CO2. 

Pressure depletion is another process in which the residually trapped CO2 can 
become remobilized. In a formation at residual CO2 saturation, the local CO2 
saturation increases during an event of pressure depletion both (i) due to a 
fraction of dissolved CO2 being exsolved from the aqueous phase, and (ii) due 
to the expansion of the CO2 gas phase. Eventually, the trapped CO2 ganglia 
will grow in a capillary-controlled manner and can then reconnect and become 
mobile again. The saturation at which the residually trapped CO2 becomes 
mobile this way is called Critical Gas saturation (𝑆 ). Causes for a decline in 
pressure could be any type of leakage or simply any dissipation of pressure 
build-up near a wellbore. Common examples of leakage are a leaky wellbore 
due to impairments in the wellbore cement or downhole completion equip-
ment or a fracture, which can take place due to underground movements along 
an existing fault line (Jiang et al., 2014; Li and Liu, 2016; Shi et al., 2013). 
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The phenomena of gas remobilization under pressure depletion and critical 
gas saturation were first studied within oil and gas industry in the context of 
minimizing gas-oil ratio (GOR) during oil production in gas condensate res-
ervoirs and natural gas storage (Ahmed et al., 1998; Drummond et al., 2001; 
Fevang and Whitson, 1996; Fishlock et al., 1988; Naylor et al., 2000; 
Raghavan and Jones, 1996). While these phenomena are now relatively well 
studied in the context of oil and gas production, they have received little at-
tention in the context of CCS. In particular, it has not been investigated at the 
field-scale, where there are major uncertainties on how the pore-scale phe-
nomenon of gas remobilization could potentially affect the long-term fate of 
residual trapping. Furthermore, studying the salient physics of gas remobili-
zation at the pore- scale and the direct determination of the critical gas satura-
tion have only been possible in recent years with the technological advances 
in pore-scale imaging and modeling. This emphasizes the need of two paths 
of investigation, namely: 

 The necessity of field-scale experiments and research where the 
fate of residual trapping can be investigated in situ. 

 The study of CO2 residual trapping over the entire range of scales, 
where the field and laboratory data are compared to simulation re-
sults to build validated models that can be used for planning of fu-
ture CCS projects. 

1.4 Objectives of the Thesis 
The overall objective of this Thesis is to improve our understanding of flow 
and transport of CO2 in the context of geological CO2 storage with a particular 
focus on residual trapping that contributes significantly to the ultimate trap-
ping efficiency and security in both short- and long-term. Experiments and 
model analyses are carried out over a range of scales – from field-scale to 
pore-scale – to study the relevant processes and phenomena that affect the fate 
of residual trapping, including the phenomenon of residual gas remobilization 
– characterized quantitively by critical gas saturation (𝑆 ). 

The role of within-layer heterogeneity in permeability and critical gas sat-
uration in the interpretation of Heletz pilot-sized CO2 injection experiments 
are investigated by means of numerical modeling in papers I and II, respec-
tively. In paper III, the pore-level physics of remobilization phenomenon un-
der pressure depletion – corresponding to a CO2 leakage scenario – are studied 
using pore-scale network modeling. In order to further study the pore-scale 
processes involved in remobilization as well as assessing the predictive capa-
bility of the pore-network modeling in this context, pore-scale imaging and 
modeling are used in combination in paper IV. 
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Table 1. Thesis summary 
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2 Theory and methods 

2.1 Multiphase flow and transport in geological 
formations 

Porous and permeable aquifers are suitable targets for geological CO2 storage. 
Porosity (∅) is the term that defines the fraction of total pore volume of the 
medium. Permeability refers to rock's ability to allow the flow of fluids 
through the the void space and is defined by the Darcy’s law as a parameter 
termed as intrinsic permeability (𝑘) in units m2 (Abidoye et al., 2015; Pinder 
and Gray, 2008): 
 

𝑞  
𝑘
𝜇𝐿

∇𝑃 𝜌𝑔  
(1) 

where 𝑞 is flux per unit area in units m/s, 𝜇 is the fluid’s viscosity in units 
Pa.s, ∇𝑃 is the pressure gradient in units Pa, 𝜌 is the fluid’s density in units 
kg/m3, and 𝑔 is the gravitational acceleration in units m/s2, 𝐿 is the length in 
units m. 

During geological CO2 storage in an aquifer, CO2 – gaseous, liquid or su-
percritical depending on the thermodynamic conditions – is introduced into 
the pore spaces originally filled with brine, thus creating a system that contains 
two phases that can potentially flow. The flow of each phase is however, re-
stricted by the other phase, and depends on phases’ saturations (i.e., the frac-
tion of pore space occupied by each phase) and displacement velocities. Rel-
ative permeability (𝑘 ) is the dimensionless parameter to characterize the re-
duction of the permeability of a given phase, due to the presence of other 
phases in multiphase flow in porous media. In particular, 𝑘  of each phase is 
the ratio of phase’s effective permeability (𝑘 ) (i.e., the measure of the per-
meability of a single phase in the presence of another phase(s)) to the intrinsic 
permeability of the medium. Hence, the two-phase extension of Darcy’s law 
can be written as: 
 

𝑞  
𝑘 𝑘
𝜇 𝐿

∇𝑃 𝜌 𝑔  
(2) 

where 𝑞 is the flux per unit area in units m/s, 𝑘  is the phase relative permea-
bility that is dimensionless, 𝜇 is the fluid’s viscosity in units Pa.s, ∇𝑃 is the 
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pressure gradient in units Pa, 𝜌 is the fluid’s density in units kg/m3, and 𝑔 is 
the gravitational acceleration in units m/s2, 𝐿 is the length in units m. The sub-
script 𝑖 indicates that the parameters are for phase 𝑖. 

Relative permeability is an important parameter in the study of multiphase 
flow in porous media. It is a tool to put the underlying pore-scale phenomena 
into large-scale perspective, which can then be used in macro-scale modeling. 
As a common practice, relative permeability of given phases is measured ex-
perimentally at the laboratory scale. A comprehensive summary of different 
methods to determine the relative permeability can be found in Honarpour et 
al. (2018). Mathematical models – fitted the experimental data – are then used 
to predict the relative permeability as a function of phase saturation. Among 
the most widely used are the Brooks and Corey (1966) and Van Genuchten 
(1980) models. Brooks-Corey model for gas (𝑘 ) and liquid (𝑘 ) relative 
permeability functions are given below: 
 

𝑘 𝑆  . 1  𝑠  

 

(3) 
 

𝑘 𝑆  
 

(4) 

𝑆
1 𝑆 𝑆

1 𝑆 𝑆
 

 

(5) 

𝑆
𝑆 𝑆
1 𝑆

 
(6) 

where 𝑘  is the gas relative permeability, 𝑆  and 𝑆  is the effective gas and 
liquid phase saturations, respectively, 𝑆  is the liquid phase saturation, 𝑆  is 
the irreducible liquid phase saturation, 𝑆  is the residual gas saturation, and 
𝜆 is an exponent which is typically between 1/3-1/2. 

Not only determining the relative permeability of a particular phase at a 
given saturation is essential to the study of multiphase flow in permeable 
rocks, its behaviour over a range of saturation and through different processes 
and conditions is also an integral characteristic, which has to be identified.  
For example the hysteretic or other processes dependent behaviour of relative 
permeability curves is the fundamental basis for many relevant topics includ-
ing the residual trapping of CO2 in geological formations (Akbarabadi and 
Piri, 2013; Sedaghatinasab et al., 2021). 

During drainage (CO2 flooding), CO2 invades into the brine-filled pores, 
providing the invasion criteria are met. These criteria are based on the concept 
of capillarity in porous media, which describes the fluids configuration in the 
porous medium. The parameter that quantitively characterizes this complex 
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phenomenon of capillarity is the capillary pressure (𝑃 ), which results from 
capillary forces acting at fluid-fluid-solid interfaces and is practically defined 
as the pressure difference between the non-wetting and the wetting phase at 
the interface (i.e., 𝑃   𝑃   𝑃 ). In the context of CO2 storage, the resi-
dent brine has a high tendency to adhere to the surface of the rock and is thus 
considered as the wetting phase (quantitively defined by a formed angle of 
less than 90o at the interface of fluids and solid surface, the so-called contact 
angle (θ)). According to the Young-Laplace equation (Equation (7)), which 
relates the capillary pressure to the curvature of the interface, the non-wetting 
phase (CO2) will first invade the widest portions of the pore space, where the 
radius of the curvature of the interface between the phases is largest. It then 
progressively invades into smaller regions. This means that the drainage pro-
cess starts preferentially from large brine-filled pores and continues subse-
quently into the smaller ones until no more pores can be drained, indicating 
the irreducible brine saturation (noted by 𝑆  or 𝑆 ). 
 

𝑃 𝜎
1
𝑟

1
𝑟

𝜎к 
(7) 

where к is the total curvature of the interface, 𝑟  and 𝑟  principal radii of cur-
vature, and σ is the interfacial tension between two fluids (for more details see 
Blunt 2017).  

When CO2 moves through the pore space, it does not entirely drain the brine. 
Instead, the brine is retained in the corners of the pore space, whereas CO2 
occupies the central parts of the pore space (due to wettability effects). Addi-
tionally, the brine as the wetting phase, forms a thin layer over the solid sur-
face. These layers are called wetting layers and are of macroscopic thickness, 
have bulk-like properties and allow a very slow flow in the time scales of 
interest in geological storage of CO2. In addition, a thin film of brine (typically 
of molecular thickness) is always coating the surface of the rock, creating a 
continuous film throughout the medium. However, the relative permeability 
of these thin films is essentially insignificant. The CO2 relative permeability 
(𝑘 ) during drainage follows a typical path shown by a red curve in Figure 2. 
As can be seen, 𝑘  increases as a function of CO2 saturation, up to a maxi-
mum value achieved at 𝑆  (not necessarily reaching 1).  



 

 21

 

 
Figure 2. Gas relative permeability (red: primary drainage, blue: primary imbibi-
tion, green: secondary drainage). Sw is water saturation  

Once the injection is stopped, the CO2 plume moves freely upward due to 
buoyancy, while at the trailing edge of the plume, the resident brine imbibes 
back into the CO2-filled pores. This prosses is called imbibition; it is the re-
verse of drainage and starts from small pores. In some locations of the pore 
space, the wetting layers swell and fill the narrowest parts of the pore space (a 
process called snap-off). As a result, the non-wetting phase (CO2) is trapped 
in large pores that are surrounded by the brine in narrower regions. This pro-
cess is called residual trapping, which is indeed governed by the capillary 
forces, results in CO2 trapping in the form of isolated and immobile blobs or 
ganglia, which cannot flow and be further removed. The amount of CO2 re-
sidual trapping during imbibition is a function of initial CO2 saturation (i.e., 
the saturation at the end of primary drainage) among other factors. The maxi-
mum residual saturation of CO2 (𝑆 ) is achieved in the pores (regions of 
formations at larger scale perspective) that experience a full drainage cycle, 
where 𝑆  is achieved. However, not all the pores experience a complete 
drainage cycle. In those pores, the imbibition starts at a higher saturation than 
𝑆 , which is called turning point saturation (𝑆 ). Several attempts have 
been made to model the correlation between 𝑆  and initial gas saturation. The 
modified version of Land’s trapping model (Land, 1968) used in this study is 
a well-known empirical model that describes this correlation as given below: 
 

𝑆
1 𝑆

1
1

𝑆
1

1 𝑆 1 𝑆
 

(8) 
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where 𝑆  is the residual gas saturation, 𝑆  is the turning point saturation, 
which indicates the transition from drainage to imbibition, 𝑆  is the max-
imum residual gas saturation, and 𝑆  is the irreducible liquid saturation (or 
the residual liquid phase saturation). 

Land’s trapping model is often used in the development of hysteretic rela-
tive permeability functions. The hysteretic relative permeability functions 
used in this study are as below (Doughty, 2013): 
 

𝑘 𝑆̅  1 1
𝑆̅

1 𝑆̅
1 𝑆̅ 𝑆̅

𝑆̅

1 𝑆̅
1 𝑆̅  

 

(9) 

𝑘 1 𝑆̅ 𝑆̅  1 𝑆̅ 𝑆̅ /   
 

(10) 

𝑆̅ , 𝑆̅ ,  𝑆̅ . (11) 

where 𝑘  and 𝑘  are liquid and gas phase relative permeability, respectively, 
𝑆̅  is the effective value of the trapped gas-phase saturation, which is zero for 
the drainage process and non-zero for the scanning curves, 𝑆̅  and 𝑆̅  are ef-
fective values of liquid saturation and turning point saturation, respectively. 
𝑚 is the van Genuchten parameter. 

The hysteretic behaviour of relative permeability extends to higher order 
cycles. Of most importance in this Thesis is the hysteresis between primary 
drainage, primary imbibition, and secondary drainage, which essentially con-
trols the nature of trapped gas remobilization. To describe the relative perme-
ability behaviour during secondary drainage, Fishlock et al. (1988) introduced 
a new characteristic parameter, called critical gas saturation (𝑆 ). They ob-
served – through extensive laboratory experiments – that secondary drainage 
driven by gas injection leads to immediate gas remobilization at residual sat-
uration. In contrast, if gas saturation instead increases through expansion or 
local exsolution from the aqueous phase, as a result of pressure depletion, ra-
ther than from gas injection, the trapped gas does not become mobile until its 
saturation exceeds the local critical saturation, which is higher than 𝑆 . These 
phenomena can be explained based on the gas-phase connectivity through the 
medium as well as the forces involved. In the context of geological CO2 stor-
age, we assume an aquifer that contains gas at the residual state. In such a 
setting, further gas injection – with an imposing viscous force – facilitates a 
fast residual-phase reconnection as the injected gas takes a path that is favour-
able to the gas-phase connectivity, i.e., a path that is less restricted in terms of 
pore-scale capillary forces. On the other hand, when the gas saturation in-
creases locally through expansion or exsolution from the aqueous phase, 
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during a pressure depletion process, gas-phase reconnection takes place at 
much slower rate due to pore-scale capillary forces that restrict the flow while 
viscous forces are significantly negligible. Figure 3 depicts a typical pore 
space in which the gas-phase is at the residual state. As the pressure decreases, 
a fraction of gas exsolves from the aqueous phase with the amount depending 
on the thermodynamic conditions. At the same time, the gas-phase expands 
due to its compressibility. Both these processes add to the gas saturation lo-
cally. However, the residually-trapped gas-phase does not become mobile un-
til 𝑆  is achieved. While this phenomenon occurs inherently at pore scale, it 
affects the fate of residual trapping as well as gas plume movement at larger 
scales. 
 

Figure 3. Graphical representation of a typical porous medium showing gas-phase 
connectivity (gas-phase shown in red, aqueous-phase (water/brine) shown in blue). 
left) gas-phase is at residual state. right) a fraction of gas is remobilized, indicated 
by a percolating gas cluster that is connected from one side to the other side of the 
medium. Note that the solid matrix is not shown (white spaces).  

2.2 Experimental determining CO2 trapping and 
remobilization 

2.2.1 Field methods 
In order to characterize residual trapping in situ at the field-scale, several ap-
proaches have been developed and applied in some pilot-scale CO2 injection 
experiments. At Frio site, Eastern Texas, pulse neutron logging was imple-
mented to monitor the injected CO2 plume at two different locations: one at 
the injection well and one at the observation well 30 m up-dip from the injec-
tion well. In addition, data from core analysis, 3D seismic monitoring and hy-
draulic testing were used in model simulations to estimate the total amount of 
residually trapped CO2 (Doughty et al., 2008; Hovorka et al., 2006). At a field 
experiment near Nagaoka, Japan, residual trapping of CO2 was characterized 
using a combination of sonic, resistivity and neutron logging tools at several 
observation wells both during and after CO2 injection (Xue et al., 2006). 
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In 2011, Zhang et al. (2011a) proposed a novel method for determining 
residual trapping in situ at the field-scale. The proposed basic methodology 
was applied at Otway site, Australia (Paterson et al., 2013) and more recently 
at Heletz site, Israel (Niemi et al., 2020). This method is based on the re-
sponses to a combination of hydraulic, thermal and tracer tests when the aqui-
fer is fully saturated with water and when it contains residual CO2. The differ-
ence in responses can then be used to characterize residual trapping in situ. It 
has been identified that hydraulic tests are effective in a spatial range of 10 to 
100 m from the injection well, while tracer and thermal tests are short range 
characterization tests that are only effective in a range of a few meters from 
the injection well (Zhang et al., 2011b). In the following, the theoretical as-
pects of these tests are briefly discussed. 
 
Tracer test 
Historically, partitioning tracers (P-tracers) have been implemented in the oil 
industry to assess the performance of an EOR process and to determine oil 
residual saturation. They have also to some extent been used to quantify the 
presence of Non-Aqueous-Phase-Liquids (NAPLs) pollutants in the subsur-
face. For such purposes, both reactive and non-reactive tracers can be used. 
Noble gases such as krypton (Kr) and xenon (Xe) are two non-reactive tracers 
that have been commonly used (Myers et al., 2013). The special feature that 
makes P-tracers useful for such applications is the fact that they can coexist in 
both liquid and gas phases. Practically, the tracer is injected in dissolved state 
with the mobile phase. As the mobile phase contacts the residual zone of 
trapped gas, a fraction of the tracer partitions into the trapped gas phase. As a 
result, displacement of the tracer is retarded to an extent dependent on the 
partition coefficient. Such an effect can be monitored during the production 
stage and be used to characterize the fate of residual trapping in situ. 
 
Hydraulic test 
Pressure is a direct measure of flow in an aquifer, which in turn is a function 
of fluids distribution and compositions, among other factors. Based on the be-
havior of a hydraulic injection/withdrawal test, an analysis is performed to 
determine the pressure changes in response to fluid injection or production. In 
an aquifer that contains trapped gas, the flow of water (i.e., the mobile phase) 
is restricted, which leads to higher pressure changes during water injection or 
production. Conducting the same hydraulic test under fully water-saturated 
conditions and after gas injection allows for a comparative study in which the 
difference in pressure responses can be interpreted to characterize residual 
trapping in situ (Zhang et al., 2011a). 
 
Thermal test 
Heat propagation within an aquifer, which can be monitored by downhole 
temperature measurements, is influenced by the distribution of fluids as well 
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as their composition. During a thermal test, the near well-bore region is 
heated, and temperature data are recorded. Theoretically, heat is transferred 
much faster in a fully water-saturated aquifer than in a CO2-bearing aquifer, 
which means that the recorded temperature rise is lower in a fully water-satu-
rated aquifer. This contrast in responses is a possible way to characterize re-
sidual trapping at the field-scale, albeit only in regions close to the borehole 
(Jiang et al., 2014; Zhang et al., 2011a). 
 
Heletz Experiments 
Heletz Residual Trapping experiment II (RTE-II) in the framework of several 
EU projects (MUSTANG, TRUST) is among the very few dedicated field ex-
periments worldwide to characterize the residual trapping of CO2 and estimate 
the residual and critical gas saturation in situ (Niemi et al., 2020). In these 
experiments, hydraulic and thermal tests as well as tracer tests with gas parti-
tioning tracer Krypton were used to characterize the CO2 residual trapping in 
situ. The Heletz site is a scientifically motivated deep CO2 injection site lo-
cated in the Mediterranean coastal plain of Israel. The experimental site is 
located in the saline edges of a depleted oil reservoir, which was further de-
veloped as part of several EU-funded research projects, in particular MUS-
TANG (2009-2014) and TRUST (2012-2017) projects (Niemi et al., 2020). 
The site was well characterized by earlier oil exploration surveys and further 
investigated in recent CO2 injection site investigations within the experimental 
area (Niemi et al., 2020). Reliable data on formation’s in situ properties, 
boundaries, and geological structure are available. The experiment’s target 
formation is a part of Heletz anticline fold that is dipping to the east and con-
sists of two sand layers of 2 m and 9 m thick, at a depth of 1627 m to 1629 m 
and 1632 m to 1641 m, respectively, separated by a 3 m thick impermeable 
shale layer. The overlying caprock is a shale and marl layer with a variable 
thickness between 23 m at the north and 54 at the south. The formation fluid 
is saline water with a NaCl concentration of 52000 ppm, and the average initial 
pressure and temperature are 14.5 MPa and 64.5 oC, respectively. A detailed 
description of the site and the characterization program is given in (Niemi et 
al., 2020).  

Two extensive experiments – dedicated on determining CO2 residual trap-
ping in situ – were carried out at Heletz in 2016-2017: Residual Trapping Ex-
periments I and II. In these experiments, different techniques were applied to 
create the zone of residually trapped CO2 as well as to determine the amount 
of CO2 present in the formation when it was at the residual state. In RTE I 
hydraulic and thermal tests were carried out before and after creating a resid-
ually trapped CO2 zone, while in RTE II hydraulic, thermal and tracer tests 
were used. The difference between the responses of these experiments was 
used to analyze how much residually trapped CO2 was in the system. In this 
Thesis, the collected data and observed phenomena during the second Resid-
ual Trapping Experiment (RTE II) carried out between August 18th to October 
11th, 2017, are the basis while the results of RTE I were used as background 
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information. A full presentation of all experiments is given in Niemi et al. 
(2020, 2022) as well as the associated papers of the special selection of papers 
(Basirat et al., 2020; Joodaki et al., 2020b, 2020a; Martinez-Landa et al., 2021; 
Niemi et al., 2022, 2020). 
 

 
Figure 4. The geological location of the Heletz site and elevation map of the bottom 
sand layer at Heletz  

2.2.2 Laboratory methods 
Laboratory investigations provide a better control over the experimental con-
ditions and are less demanding in terms of the experimental infrastructure re-
quired for a single experiment in comparison to field experiments. They are 
therefore more commonly used in studies related to geological CO2 storage. 
A common and important goal in laboratory-scale experiments has been to 
find out how much CO2 can be trapped under different conditions, in particular 
whether there is a correlation between initial and residual CO2 saturation 
(noted as 𝑆  and 𝑆 , respectively). 

Mansoori et al. (2009) conducted a series of experiments using analogue 
fluids at ambient conditions through sand packs. They measured CO2 residual 
saturation as a function of CO2 initial saturation. Their results showed that 
trapped CO2 saturation is linearly correlated with its initial saturation within a 
certain saturation range. Burnside and Naylor (2014), on the other hand, have 
pointed out that “there is no evidence of a trend between 𝑆  (maximum 
initial saturation) and 𝑆  (residual saturation)”. The use of analogue fluids 
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rather than CO2 itself, the method used to establish the initial CO2 saturation, 
and interpretation errors in experimental data from which CO2 residual trap-
ping is indirectly determined, are all likely contributing factors to the contra-
dictory results. 

In recent years, with the emergence of laboratory imaging techniques such 
as X-ray microtomography, it has even been possible to non-invasively visu-
alize fluids distribution and to determine the in situ trapping of CO2 down to 
the scale of the smallest pore spaces. This advance has led to a new funda-
mental understanding of the processes/mechanism relevant to CO2 storage, 
observed in experiments performed even 40-50 years ago (Blunt et al., 2013). 

Wildenschild et al. (2011) evaluated the extent of residual trapping as a 
function of interfacial tension (IFT), CO2 viscosity and injection flow rate 
through implementation of computed X-ray micro-computed tomography 
(micro-CT) in core-during flooding tests with synthetic porous media. Their 
results showed that higher residual CO2 saturations could be achieved at pres-
sures and temperatures where CO2 has the lowest viscosity. They also found 
out that further enhancements can be achieved by injecting CO2 at low rates. 
Buchgraber et al. (2012) performed pore-level visualized experiments using 
2D micromodels at low and high pressure conditions. They found out that the 
amount of CO2 residual trapping depends on the post-injection water-flooding 
(i.e., imbibition) flow rate with more CO2 being trapped at low water injection 
flow rates. Hu et al. (2017) used micromodels equipped with pore-scale imag-
ing apparatus to investigate CO2 residual trapping under different wettability 
conditions. Their results showed that trapped CO2 saturation rises up by 15 % 
when the wettability condition changes from water-wet to intermediate-wet. 
However, they noticed that injecting CO2 at high rates may suppress this wet-
tability effect. Andrew et al. (2014b) used X-ray microtomography to image 
the distribution of residually trapped CO2 under conditions of a typical storage 
formation. Their work not only provided important insights on the physics of 
CO2 residual trapping, but also highlighted the use of high-resolution in situ 
imaging for further studies related to CO2 storage. Øren et al. (2019) con-
ducted a comprehensive experiment using 3D X-ray micro-CT imaging to 
characterize and quantify the in situ trapping of CO2 at the pore-level. They 
found out that the magnitude of residual trapping is inversely correlated with 
the contact angle, i.e., it increases with decreases in contact angle. 

Relevant to the current Thesis, Hingerl et al. (2016) performed extensive 
analysis to measure flow properties and to characterize intrinsic heterogeneity 
of the Heletz sandstone over a range of scales – from micron to core-scale. 
Their analysis included measurements of porosity and capillary pressure using 
Helium pycnometry and Mercury intrusion porosimetry, respectively. Fur-
thermore, using a conventional X-ray CT scanning, they quantified mm-scale 
heterogeneity in saturation distributions in Heletz core under multi-phase flow 
conditions. Using X-ray CT images, they also obtained a 3D map of porosity 
distribution in the Heletz sandstone, which was used to characterize the degree 
of heterogeneity at the core-scale. To determine primary drainage and 
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secondary imbibition relative permeabilities and residual trapping, they con-
ducted core-flooding experiments under reservoir conditions. Their study pro-
vides parameters for relative permeability, capillary pressure and trapping 
models that are used in model studies in this Thesis. 

While the phenomenon of CO2 residual trapping is relatively well charac-
terized with the use of pore-scale imaging techniques, little attention has been 
given to the laboratory-scale investigation of the phenomenon of trapped gas 
remobilization. In this Thesis, X-ray micro-CT scanning was used to charac-
terize the remobilization of residually trapped CO2 under pressure depletion 
conditions. To this end, A ZEISS Xradia 510 Versa micro-CT scanner (avail-
able at Imperial College London) was used to obtain high-resolution 3D im-
ages of fluid in situ arrangement at the pore-scale. For this work, a sample of 
21.02 mm long and 6.03 mm diameter water-wet Bentheimer sandstone was 
used. A solution of 3.5 wt.% potassium iodide (KI) was prepared as the aque-
ous phase, which provides an effective X-ray contrast detectable with an in-
termediate absorption between the absorption of the CO2 and that of rock 
grains. To prepare the experiment, the sample was first tightly fitted into a 
cylindrical Viton sleeve and was then loaded into a Hassler-type radiolucent 
carbon fiber core-holder. A flexible heating jacket – containing two thermo-
couples connected to a PID controller – was wrapped around the core-holder, 
which enabled temperature measurement and controlling. The temperature 
was set to 50 oC throughout the experiment. The core-holder was then securely 
mounted on a rotating plate inside the X-ray micro-CT scanner. A confining 
pressure of 10.2 MPa was in turn applied around the sample. A schematic of 
the whole apparatus is shown in Figure 5. 

The experimental protocol consisted of the following main steps: 
1. First, to ensure that the sample and connected lines were fully dry, 

air was flushed into the whole system. A scan was taken from the 
dry sample. 

2. To fully saturated the sample with brine, 20 pore volume (1 PV ≈ 
0.12 mL) of KI doped brine that had not been equilibrated with CO2 
was injected from the base at a rate of 0.5 mL/min. A fully-saturated 
brine scan was taken. 

3. The pressure was raised to 10 MPa in steps. 
4. Primary drainage: 20 PV of CO2 was injected from the base at a 

very low flow rate of 0.04 mL/min (6.66 × 10-10 m3/s). This corre-
sponds to a capillary number 𝑁 𝜇𝑣 𝜎⁄  of around 2.6 × 10-8 where 
𝜇 is the brine viscosity, 𝑣 is the Darcy velocity, and 𝜎 is the CO2-
brine interfacial tension, which ensures a capillary dominated re-
gime. 

5. Imbibition: the residual state of CO2 was established by injecting 2 
PV of brine from the base at a very low flow rate of 0.04 mL/min 
(6.66 × 10-10 m3/s) ensuring a capillary number of 5.09 × 10-7. 
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6. Pressure was reduced in steps to 8, 6 and 5 MPa, while X-ray CT 
scanning was performed at each pressure level. 

7. In the end, the system was left at 5 MPa for 30 hours, and the final 
X-ray CT scan was taken. 

 
In total, 7 images with a voxel size of 3.83 mm were acquired during the 
experiment. Image analysis was performed using Avizo 2021.2 (Thermo-
Fisher Scientific) software. More details on the image analysis can be found 
in Paper IV. 
 

Figure 5. Schematic of the experimental apparatus. Four high-precision syringe 
pumps (ISCO, model 1000D) were used to inject and receive the fluids, and to 
apply confining pressure 

2.3 Modeling of trapping and remobilization of CO2 in 
geological formations 

Modeling of CO2 trapping and remobilization in an aquifer requires models 
that are as simple as possible while still including all the important features 
that affect the accuracy of predictions. Simplifications are made to reduce the 
complexity of the model, which are dependent on the scope of study as well 
as on the spatial (e.g., pore to field) and temporal (e.g., days to years) scales 
of interest (Bear, 2012). In this Thesis, numerical modeling of trapping and 
remobilization of CO2 in an aquifer are covered at two different spatial scales: 
analysis of the field-scale experiments using continuum models and the pore-
scale using pore-network modeling. 
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2.3.1 Field-scale modeling using TOUGH2/iTOUGH2 
Modeling micro-scale processes and phenomena in porous media at larger 
spatial scales such as field-scale would require enormous computational re-
sources. Furthermore, it would be impossible to characterize the large-scale 
system at this resolution. Therefore, a continuum approach, in which the fluid 
and the multiphase porous medium are considered as a continuum, is a prac-
tical and computationally efficient way used to model the flow in porous me-
dia at the field-scale. A continuum model is based on mass, momentum, and 
energy conservation equations and presented in terms of partial differential 
equations, the model parameters being effective parameters averaged over 
representative elementary volumes over which an averaging can be made 
(Bear, 2012, 1988). The model also includes initial and boundary conditions, 
and constitutive equations (e.g., Fick’s law) as inputs as well as an equation-
of-state (EOS) that formulate the dependency of material properties (e.g., vis-
cosity, density etc) to pressure and temperature (Bear, 1988; Niemi et al., 
2017b). 

In this Thesis, the continuum-scale multiphase-multicomponent simulator 
TOUGH2 (Transport Of Unsaturated Groundwater and Heat) (Pruess et al., 
1999) was used for modeling and analysis of various phenomena related to 
Heletz residual trapping experiment II carried out in the field (Paper I and II). 
The code includes different EOS modules, which makes it applicable to a wide 
range of applications. In the current Thesis, the module of EOS7C was used 
to simulate a system containing water (or brine), CO2, and a partitioning tracer 
(Oldenburg et al., 2004). Additionally, the Geostatistical Software Library 
(GSLIB) in iTOUGH2 (i.e., the version of TOUGH2 with inverse modeling 
features) was employed to stochastically generate spatially correlated hetero-
genous fields (Finsterle and Kowalsky, 2007). In the following, an overview 
of the TOUGH2 code along with modules used in this work are shortly pre-
sented. 
 
TOUGH2 
TOUGH2 (Pruess et al., 1999) is a general-purpose numerical simulator for 
non-isothermal flow of multicomponent, multiphase fluids in one, two, and 
three-dimensional porous and fractured media. The code was first released in 
1991, and since then it has been improved extensively by incorporating effi-
cient solvers and different EOSs, among other things (Oldenburg et al., 2004; 
Pruess et al., 1999). Any problem to be solved by TOUGH2 is defined by a 
set of inputs including rock properties, type of fluids, initial and boundary 
conditions, grid description etc. The space discretization in TOUGH2 is made 
via integral finite difference (IFD) method, which offers an irrespective refer-
ence to a global coordinate system, thereby providing applicability to regular 
or irregular discretizations in one, two, and three dimensions. Time is discre-
tized using the fully implicit, first-order backward finite difference method. 
The discretization leads to a set of strongly coupled non-linear algebraic 
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equations (unknowns of which are the time-dependent primary thermody-
namic variables of all grid blocks) that are solved simultaneously at each time-
step using Newton-Raphson iteration. Basically, for each grid block of volume 
𝑉  [m3] that is enclosed by a surface 𝛤  [m2], a set of equations is set up, which 
includes mass balance equations for each component and an energy balance 
equation. The basic equations to be solved for each component 𝑘 in phase 𝛽 
are as follows (Pruess et al., 1999): 
 
𝑑
𝑑𝑡

𝑀 𝑑𝑉 𝐹 .𝑛𝑑𝛤 𝑞 𝑑𝑉  
(12) 

where 𝑛 is normal vector on surface element 𝑑𝛤 , 𝐹  is mass flux in units kg 
m-2 s-1, 𝑞  is specific mass sink/source in units kg m3 s-1 and 𝑀  is specific 
mass of component 𝑘 which is defined as: 
 

𝑀 ∅ 𝑆 .𝜌 .𝑋  (13) 

where ∅ is porosity and 𝑋  is mass fraction of component k in phase β. 
 
EOS7C  
Nonisothermal simulation of flow in a system that contains water (brine), CO2 
or a mixture of gas of CO2 and methane or nitrogen, and tracer can be per-
formed using the EOS7C module of TOUGH2 (Pruess et al., 1999). Transport 
of components is simulated considering both advection and Fickian diffusion. 
The aqueous phase in EOS7C represents a mixture of brine and water without 
taking the salt precipitation into account. The code provides three options for 
the choice of equation of state. In the current study (Papers I and II) Peng-
Robinson equation was used (Lopez-Echeverry et al., 2017). Viscosity was 
calculated using a method suggested by Chung et al. (1988). More details 
about this EOS module can be found in Oldenburg et al. (2004).  
 
GSLIB 
Modeling of Heletz field injection experiments involved introducing stochas-
tic heterogeneity properties. Heterogenous spatially correlated permeability 
field can be produced using GSLIB in iTOUGH2 (Finsterle and Kowalsky, 
2007). The spatial auto-correlation structure of a variable such as permeability 
can be quantified by a semi-variogram. A semi-variogram is defined as half 
of the average squared difference of values at locations approximately distant 
by a separation distance h (the lag). When plotting semi-variogram values 
against separation distances, several characteristic parameters can be identi-
fied, based on which a semi-variogram model can be constructed. Figure 6 
shows a typical semi-variogram with its characteristic parameters. The 
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distance where the model first flattens out is known as the range from which 
onwards the autocorrelation is weak. The value that the semi-variogram model 
attains at the range (the value on the y-axis) is called the sill. The nugget is the 
semi-variogram value at zero separation distance. Theoretically, this value 
should be 0, however, due to measurement errors or spatial sources of varia-
tion at distances smaller than sampling interval or both, a nugget effect larger 
than 0 can be observed. In this study, the exponential model was used, given 
below (Finsterle and Kowalsky, 2007): 
 

𝛾 ℎ 𝑐. 1 exp 
3ℎ
𝑎

 
(14) 

where 𝛾 is the semi-variogram value, 𝑎 is 1/3 of the range, and 𝑐 is the sill 
value. 
 

 
Figure 6. Typical semi-variogram and its components 

A method such as Sequential Gaussian (SG), available in GSLIB in iTOUGH2 
can be used for creating random correlated fields. An internal algorithm based 
on an averaging scheme is then applied to map the permeability fields onto 
the TOUGH2 grid. More details on the averaging schemes as well as Sequen-
tial Gaussian method are available in Finsterle and Kowalsky (2007). 

2.3.2 Pore-scale network modeling 
Pore-scale modeling offers a way to investigate the physics of the fundamental 
processes related to gas-phase residual trapping and remobilization under a 
wider range of circumstances than what can practically be investigated exper-
imentally. Among different types of pore-scale modeling approaches, pore-
network modeling (PNM) is a computationally efficient tool for predicting the 
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flow and transport properties of porous media with considerable precision, and 
under a wide range of conditions (Blunt, 2001; Blunt et al., 2013). In PNM, 
the rock is represented by a network of elements (pores) interconnected by 
narrower elements (throats). The network can either be constructed generi-
cally based on a number of statistical parameters or based on an actual micro-
CT image of the rock using a network extraction technique. In this Thesis, 
extraction of the network was performed using a pore-based maximal ball ex-
traction algorithm (Dong and Blunt, 2009; Raeini et al., 2017), which trans-
forms the micro-CT images into a topologically representative pore-network 
with preserved key characteristics of the pore space. Theoretically, the ele-
ments of the network can have arbitrary geometries of most common types are 
the elements with assumed circular, triangular, and squared cross-sections. 
The type of cross-section is determined based on the specific shape factor (𝐺) 
assigned to each element; see Figure 6 (Blunt et al., 2013): the shape factor of 
a triangle can vary between zero for a slit-shaped triangle to √3 36⁄  for an 
equilateral one, elements with square or circular cross-section have a shape 
factor of 1 16⁄  and 1 4𝜋⁄ , respectively (Blunt, 2001). A typical extracted pore-
network is shown in Figure 8. 

 

 
Figure 7. Pores and throats with different cross-sectional shapes. The figure on the 
top represents the real cross-section; the real shape is idealized by a simple shape 
that has the same inscribed radius 𝑟 to allow precise determination of the threshold 
capillary pressure. The idealized shape also has the same shape factor 𝐺 to account 
for the wetting phase that is retained in the corners while the non-wetting phase 
occupies the center of the pore/throat. 
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Figure 8. A typical extracted pore-network. Spheres shown in blue represent the 
pores, while cylinders shown in red represent the throats. Dimensions are in voxels. 

In a pore-network model, porosity of the network is readily determined by 
dividing the total volume of the elements by the volume of network. Calcula-
tion of pressure and flow is based on Poiseuille’s equation. First, local con-
ductances of fluids in each pore are calculated. For each pore, the equation of 
conservation of mass is then applied, resulting into a linear system of pressure 
equations. The solution to this system is used to calculate the flow rate of each 
phase in the throats; the corresponding total flow rate is then determined by 
summing up the flow rates of each phase in all of the throats connected to the 
network outlet. Darcy’s law is then applied to calculate the relative permea-
bility of each phase. 

In this study pore-network modeling was used to determine the remobili-
zation of residually trapped CO2 under pressure depletion conditions. The 
pore-network simulator that is used in this Thesis is called numSCAL, which 
is originally developed at Heriot-Watt University, UK (Boujelben, 2017). The 
simulator could in its original form model the pressure depletion process 
which is investigated in the present study. The applications were, however, 
limited to oil and gas industry and related fluid properties. Moreover, the orig-
inal code did not account for an initial condition with residually trapped gas 
clusters present, which then can become mobile during pressure depletion. 
The simulator also lacked an implementation of so-called Ostwald ripening, a 
phenomenon by which trapped gas clusters can be redistributed due to the dif-
ference in local capillary pressure (de Chalendar et al., 2018). Therefore, for 
the scope of this Thesis, extensive modifications were accommodated into the 
original code. The modifications not only enable the prediction of the CO2 
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residual trapping at the pore level, but also allow us to investigate the trapped 
CO2 remobilization under pressure depletion conditions. In what follows, a 
brief overview of the original code along with major modifications applied in 
this Thesis, are presented. Note that due to the fact that mathematical formu-
lations used in the code were not developed as part of this Thesis, they are not 
provided here. The presentation is thus limited to the physical concepts being 
applied in the code. 

The code is originally written in C++. Using a so-called Qt framework 
(Blanchette and Summerfield, 2006), numSCAL runs on various software and 
hardware platforms, and benefits from a graphical user interface (GUI). num-
SCAL provides multiple options for pore space rendering including an ap-
proach to generate regular and irregular two- and three-dimensional networks 
consisting only of interconnected capillaries. It is also capable of importing 
3D networks that are extracted from micro-CT images. Several flow models 
are developed in the original code, of which only the quasi steady-state two-
phase flow model – viscous forces can be neglected, and only capillary and 
gravitational forces need to be accounted for – was used in this Thesis. This is 
a valid choice to be made for the purpose of this Thesis, as during post injec-
tion, the viscous forces are negligible even in the near wellbore region. Fur-
thermore, in the model the displacement is assumed to be immiscible, i.e., no 
mixing between the gas and aqueous phase. 

As a primary modification for the purpose of the present Thesis, the pres-
sure and temperature dependent properties of a system containing CO2 and 
brine were included into the code. This was done through implementing a se-
ries of reliable correlations available in the literature (presented in Paper III, 
Supplementary Information). The key fluid properties that change with pres-
sure and temperature are viscosity, density, interfacial tension (𝐼𝐹𝑇), solubil-
ity of CO2 in brine, and z-factor that takes into account the real behaviour of 
the gas phase. 

In order to establish an initial state of residually trapped CO2 in the net-
work, the model is initialized by simulating the primary drainage, during 
which CO2 is introduced at the inlet of the network that is initially fully satu-
rated with brine (water). Drainage is an invasion-percolation process, in which 
the piston-like displacement is the only event that can take place (Blunt, 2017). 
In this process, capillary pressure is increasing as a result of increasing CO2 
pressure at the inlet while the brine pressure is kept constant. During this pro-
cess, network elements with at least one CO2-filled neighbouring element are 
invaded by CO2 if their threshold capillary pressure is less than or equal to the 
current capillary pressure. Thereafter, CO2 and brine saturation in all elements 
are updated. Note that during the drainage process, the wetting phase (brine) 
retains a connected path to the outlet; otherwise, it cannot be displaced by the 
non-wetting phase (CO2). Only when an element or a group of elements is 
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surrounded by CO2-filled elements of circular cross-section, the trapping of 
brine is possible. 

Subsequent to primary drainage, primary imbibition is modelled, which is 
a complex process as it involves more displacement mechanisms. Lenormand 
et al. (1983) observed experimentally that the events involved in imbibition 
are piston-like displacement, snap-off, and cooperative pore-body filling 
among which snap-off is the least favoured displacement event, and only oc-
curs when the other two displacement events are topologically impossible 
(Blunt, 2017; Lenormand et al., 1983; Lenormand and Zarcone, 1984). During 
imbibition, in the model, capillary pressure is decreased in steps, and the sat-
urations of the fluids are updated after each event. Primary imbibition can ei-
ther take place spontaneously or in a forced manner: while in the first case the 
capillary pressure is positive, the later case only occurs at negative capillary 
pressures (Blunt, 2017). The connectivity of each phase is checked at every 
step through a dedicated clustering algorithm. Snap-off is the pore-scale event 
or mechanism by which the non-wetting phase can be residually trapped in the 
form of disconnected isolated blobs or ganglia (Blunt, 2017). The capillary 
pressure no longer changes in elements containing trapped phase. It is worth 
noting that while the drainage process resembles CO2 injection, the imbibition 
represents the post-injection migration of CO2 in a storage aquifer, by which 
the gas becomes residually trapped. 

At the end of primary imbibition, a clustering algorithm is applied on the 
network, by which the residual gas clusters are identified and in turn residual 
saturation is determined. Prior to the depletion simulation, the trapped gas 
clusters are assigned with properties such that capillary equilibrium is initially 
satisfied in the network. 

Simulation of the phenomena that occur during pressure depletion take 
place in three sequential steps as pressure incrementally decreases. These 
steps are gas diffusion, gas growth, and gas migration. Diffusion of gas mol-
ecules takes place due to concentration gradients and differences in capillary 
pressures. Fick’s first law is applied to determine the diffusive fluxes: 
 

𝐽
𝐷 𝐶 𝐶

𝐿
 

(15) 

where 𝐽  denotes the mass flux from element 𝑖 to element 𝑗, 𝐷 is the diffusion 
coefficient, 𝐶  and 𝐶  are the gas concentrations in element 𝑖, and 𝑗 respec-
tively, 𝐿 is the effective diffusion length, which is equal to the distance be-
tween the centres of pores 𝑖 and 𝑗. 

Subsequently, gas concentrations are updated applying a mass conservation 
law through a discrete form of Fick’s second law: 
 

𝐶 𝐶
𝑚𝑎𝑠𝑠 ∆𝑡 𝑚𝑎𝑠𝑠 ∆𝑡

𝑉
 

(16) 
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where 𝑚𝑎𝑠𝑠 ∆𝑡  – 𝑚𝑎𝑠𝑠 ∆𝑡  is the net sum of diffusive fluxes across 
the ends of an element with volume 𝑉. 

To account for Ostwald ripening, the interfacial capillary pressure is taken 
into account when calculating interface gas concentrations. Ostwald ripening 
is schematically presented in Figure 9. Once the interfacial capillary pressure 
is constant everywhere i.e., when an equilibrium state of capillary pressure is 
achieved, Ostwald ripening no longer takes place. 
 

 
Figure 9. Schematic illustration of Ostwald ripening in the pore space. Gas mole-
cules are transferred from the bubble on the right with higher capillary pressure to 
the one on the left, until the capillary pressures are equal. 

The capillary-controlled growth of a trapped gas cluster is determined by its 
internal pressure, which changes according to the number of gas molecules 
added to the cluster by diffusion and the decrease in aqueous phase pressure. 
During this step, the volume of each cluster is fixed, hence its pressure in-
creases. Once the internal gas pressure minus the pressure in the aqueous 
phase is higher than the entry capillary pressure (𝑃 ) of the neighbouring ele-
ment(s), the cluster is able to invade the element(s):  
 
𝑃 𝑃 𝑃  (17) 

In the last step, the effects of gravitational forces on gas remobilization are 
modelled. As the gas ganglia grow and become larger, gravitational forces can 
overcome the local capillary forces, which in turn leads to migration of gas 
ganglia. Pores from which the gas leaves are then re-imbibed by the resident 
fluid (brine). Re-imbibition is modelled following the work of Lenormand et 
al., (1983). At the drainage front, the displacement is then determined by the 
following equation: 
 

∆𝑃 ∆𝜌𝑔ℎ
2𝜎 𝑐𝑜𝑠 𝜃

𝑟
 

(18) 

where 𝛥𝜌 is the density difference between gas and liquid, ℎ is the height from 
the bottom of the gas cluster to the neighbouring pore 𝑖. 
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To account for the changes in fluid properties with pressure, the properties 
of both fluids are dynamically updated according to the corresponding pres-
sure. At each pressure increment, a clustering algorithm is applied to check 
for the growth of each gas cluster as well as the coalescence of multiple clus-
ters. When clusters merge, they are considered as one and the total mass of 
gas in the new cluster is distributed between the occupied elements on a vol-
ume weighted basis. The simulation continues until a percolating (or span-
ning) gas cluster has developed, which is a cluster connected to both the inlet 
and outlet of the network. The gas saturation at this point is considered as the 
critical gas saturation (𝑆 ). More details can be found in Paper III and IV.  
 
 



 

 39

3 Results and discussion  

3.1 Effects of heterogeneity on interpreting the 
partitioning tracer recovery from residual trapping 
experiment at Heletz (Paper I) 

One of the very few dedicated field-scale experiments with a focus on charac-
terizing CO2 residual trapping in situ was carried out recently at Heletz site, 
located in Israel Niemi et al. (2020). Two separate experiments towards this 
objective were conducted in 2016 and 2017. The basis for in situ characteri-
zation of residual trapping in these experiments was to compare the for-
mation’s response to hydraulic, thermal and tracer tests before and after cre-
ating the residual zone of CO2. The tracer data collected in the second exper-
iment are the basis for the field-scale analysis and modeling in this Thesis. 
The second residual trapping experiment (RTE II) was carried out between 
August 18th to October 11th, 2017. The entire test sequence is shown by Figure 
10. More details on the experiments, data collection and procedures can be 
found at Niemi et al., (2020).  
 

 

Figure 10. Sequence of Heletz RTE II 

In general, the results of the two field experiments gave similar estimates for 
in situ residual trapping and the experimental behavior could be well predicted 
with models that use parameter values based on the site characterization data 
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(Joodaki et al. 2020a; 2020b). Even the results of the tracer experiments in 
RTE II, could be well predicted with previously calibrated models when ana-
lyzing the system without CO2 present. In the presence of residually trapped 
CO2, however, there was some unexpected behavior in tracer arrival, which is 
the focus of the present study. 

The first tracer test, prior to creating the residually trapped zone of CO2, 
was carried out by co-injecting 1.7 kg Krypton with water, followed by chase 
water injection. The well was then set to production while implementing 
down-hole high-pressure U-tube fluid sampling. To create the residual zone 
of CO2, 50 tonnes of CO2 were injected into the formation followed by a self-
release process during which the well was opened to atmospheric pressure, 
resulting in fluctuating gas and water production. Subsequently, around 90 
tonnes of CO2-saturated water were injected in three stages. This later stage 
was done to establish a stable residual zone by pushing the free gas plume 
further into the formation. In the second tracer experiment, which is the focus 
of this Thesis, tracer was co-injected with 7 m3 water followed by 10 m3 of 
chase water injection. Finally, the system was left for a few days, and then 183 
m3 of fluids were abstracted while taking down-hole U-tube samples at an 
approximate interval of two hours per sample. 

The challenge in analysing and modeling the tracer data collected during 
the second experiment was to find a physically based explanation for the late 
arrival of the second tracer peak. A number of studies were performed, includ-
ing the effect of different relative permeability functions, and well geometry 
(how gas and water distribute from the well to the different reservoir layers) 
as explanations to the observed late arrival. As part of this overall effort and 
as first part of this Thesis, the effect of within-layer heterogeneity was inves-
tigate by means of stochastic numerical modeling. 

For this modeling, 10 permeability realizations were stochastically gener-
ated using GSLIB/iTOUGH2 code. The model is a 3-dimensional rectangular 
domain with the dimensions of 200 × 200 × 14 m3 (Figure 11). It should be 
pointed out that for computational considerations the model only represents 
one quadrant of the actual domain thereby ignoring any heterogeneity effects 
between the other quadrants. The vertical correlation length was estimated 
from the field data and was set 10 m (Niemi et al., 2016) but the horizontal 
correlation length had to be assumed. It is a realistic assumption that horizon-
tal correlation length is somewhat higher than the vertical one, due to sedi-
mentation structures. In the first set of simulations, the horizontal correlation 
length was chosen to be 30 m (3 times higher than the vertical one). In addi-
tion, two extreme values (1 and 10 times higher) were also tested to investigate 
the sensitivity of the results to the horizontal correlation length. To account 
for the effects of permeability heterogeneity on capillary entry pressure, Lev-
erett rule was applied.  
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Figure 11. a) The conceptual model used in the heterogeneous simulations and b) 
a cross-sectional view of one example heterogeneous permeability realization (leg-
end shows the permeability range in the horizontal direction)  

Modeling of Heletz RTE II experiment sequence was performed using 
iTOUGH2 with EOS module of EOS7c. Figure 12 shows an example on how 
CO2 plume migrates from the wellbore into the formation layers. As can be 
seen, the plume movement is heterogenous – it moves further in some loca-
tions while less in some other locations. Figure 13 shows in turn, for the same 
realization, the simulated tracer breakthrough curves for the aqueous phase 
concentration as well as total concentration. The difference represents the con-
tribution from gaseous phase (not shown on the figure). As can be understood, 
the amount of tracer that is arriving in gas phase is relatively higher than that 
coming with aqueous phase. Moreover, consistent with previous studies by 
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Joodaki et al. (2020a), a large proportion of the tracer is arriving within early 
hours of production, where there is no data available, because of technical 
difficulties encountered in the field during this early stage. The rest of reali-
zations predicted similar behaviour, with slight changes in the amount of 
tracer coming in gas or aqueous phase. Results with the extreme horizontal 
correlation lengths also showed similar early tracer arrival and did not im-
prove the agreement with the late peak. Based on the findings in this study, it 
can be concluded that the natural within-layer heterogeneity as such does not 
appear to capture the late tracer arrival observed in the data. 
 

Figure 12. Example of CO2 plume movement during injection 
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Figure 13. Simulated tracer breakthrough curves (blue curve: the total tracer con-
centration, red curve: concentration in the aqueous phase). Note that the area under 
the blue curve represents the total amount of tracer recovered in kg. (an = 3 repre-
sents the base anisotropy ratio, estimated based on the field data in Heletz) 

3.2 Role of critical gas saturation in the interpretation 
of partitioning tracer recovery from residual 
trapping experiment at Heletz (Paper II) 

Previous studies as well as the heterogeneity simulations performed in this 
Thesis could not capture the observed delayed second peak of tracer arrival 
during the tracer recovery test. A good match was, however, obtained by 
Joodaki et al. (2020a) through artificially restricting fluid flow from parts of 
the formation into the well for a period of time. As a plausible physical expla-
nations to this behaviour, the phenomenon of trapped gas remobilization and 
the role of critical gas saturation (𝑆 ) were mentioned by Joodaki et al. 
(2020a) but not explicitly modelled by them. In this work, the tracer data from 
the Heletz RTE II are interpreted by accounting for the effects of critical gas 
saturation and the phenomena of gas remobilization. 

In the context of our study, remobilization phenomenon occurs as a result 
of gas saturation increase driven by pressure depletion (a process occurring 
during fluid withdrawal), and not due to further CO2 injection. To this end, for 
the first time, the concept of trapped gas remobilization taking into account 
the phenomenon of critical saturation was incorporated into the state-of-the-
art iTOUGH2 simulator. Critical saturation 𝑆  is defined as the gas saturation 
at which the remobilization process occurs and in particular under pressure 
depletion conditions like during the tracer withdrawal stage in RTE II, it is 
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different from residual saturation 𝑆 . In terms of the parameter 𝑆 , it is the 
sum of the local residual saturation (𝑆  which can vary) and a constant factor 
𝑆  (mobilization saturation). In the case of a pressure depletion, the rela-
tive permeability of the remobilized gas is reduced even after the local 𝑆  is 
exceeded (Fishlock et al., 1988). To account for this effect, gas relative per-
meability function is adjusted by a constant reduction factor (𝑅𝐹) that is inte-
grated into the hysteretic relative permeability functions in iTOUGH2. Example 
of a resulting relative permeability function is shown in Figure 2. More details 
on the implementation is given in Paper II, section 2.2 and Appendix I. 

As a preliminary study on how trapped gas remobilization could affect the 
partitioning tracer recovery in a single well push-pull tracer test, an experi-
mental sequence similar to that of Heletz RTE II is simulated using two sim-
plified conceptual models with similar geological properties to Heletz for-
mation, but not taking into account the detailed formation layering and layer 
thicknesses. More details about the models and the parameters used can be 
found in Paper II, section 2.3. 

Figure 14 shows the results with the first model (1-dimensional radially 
symmetric model with no discretization in vertical direction), and Figure 15 
in turn presents the result with the second model (9 m thick with 18 vertically 
discretised grids with 0.5 m spacing) that resembles by thickness the lower 
layer at Heletz. As can be seen, accounting for critical gas saturation during 
gas remobilization can indeed cause a delayed secondary peak in the gas tracer 
arrival in both models. The impact is less in the second model due to the buoy-
ancy effects, which restricts lateral plume evolution. The study also shows that 
increasing the anisotropy ratio (i.e., the ratio between horizontal to vertical 
permeability) does not significantly influence the results and more im-
portantly, it could not capture the second delayed peak (i.e., when 𝑆  is not 
taken into account). 
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Figure 14. An example of tracer breakthrough curve with and without critical gas 
saturation (one-dimensional radially symmetric model) once 𝑆  is 0.10, it 
means that 𝑆  is equal to 𝑆  + 0.10. 

 

Figure 15. An example of tracer breakthrough curve with and without including 
critical gas saturation (9m thick 2D radial model) once 𝑆  is 0.10, it means 
that 𝑆  is equal to 𝑆  + 0.10.  

To examine the role of gas remobilization and critical saturation in the inter-
pretation of the partitioning tracer data from Heletz RTE II, next a model 
based on Heletz stratigraphy and with site-specific parameters adopted from 
previous studies and extensive site characterization was generated. More de-
tails on the model and parameters are available in Paper II, section 2.3. Al-
ready previously (Joodaki et al., 2020a) extensive sensitivity analyses had 
been performed concerning various model parameters and details. Regarding 
the tracer distribution, the best agreement with field data was obtained when 
allowing a major part of CO2 to go into the upper layer while tracer and water 
entered the lower reservoir layer, approximately 1 m below the shale, reflect-
ing the perforation geometry in the wellbore. In this work, the same model 
parameters and basic concept is followed with the small modification that the 
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tracer was allowed to partly enter the lowest part of the upper reservoir as well 
(up to a maximum 30 % by mass) to account for possible partitioning of tracer 
into gas in the well and/or the partial intrusion of water into the upper reser-
voir. This consideration is not affecting the pressure match significantly due 
to the very small amount of tracer mass. 

Figure 16 shows the simulated tracer breakthrough curve with different 
𝑆  values, whereas Figure 17 presents the results with various 𝑅𝐹 values. 
As can be seen, a major part of the tracer arrives within the early hours of 
production, consistent with previous studies. Increasing 𝑆  results in more 
delayed and higher peaks, while increasing 𝑅𝐹 causes the second peak to ap-
pear slightly earlier due to the higher gas-phase mobility during secondary 
drainage.  

Figure 18 presents the simulation results with different fractions of water 
and tracer injected into the upper reservoir. It is evident that varying the pro-
portion of water and tracer entering the upper layer affects the tracer peak 
height but not its arrival time. In the end, sensitivity studies were performed 
to examine whether permeability anisotropy alone could produce the second 
delayed peak, capturing the field data behavior. To this purpose, modeling of 
Heletz experiment were carried out with anisotropy ratios of 1, 5, and 10 (5 is 
based on Heletz site characterization data) while not including the critical gas 
saturation (i.e., 𝑆  = 0.0). Results showed that anisotropy alone is not able 
to capture the second peak (Figure 12 in Paper 2). 
 

 

Figure 16. Simulated tracer breakthrough for Heletz model with different  𝑆  
values. 𝑅𝐹=0.05, 30% of tracer (by mass) enters the upper reservoir in all cases.  
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Figure 17. Simulated tracer breakthrough for Heletz model  with various values 
of 𝑅𝐹. 𝑆  = 0.05, 30% of tracer (by mass) enters the upper reservoir in all 
cases.  

 

 
Figure 18. Tracer breakthrough curve-Heletz model-𝑆  = 0.05 and 𝑅𝐹 = 
0.05, with various fractions of tracer entering upper reservoir 
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3.3 Determining residual gas remobilization and critical 
saturation by pore-scale modeling (Paper III) 

Remobilization of residually trapped CO2 during pressure depletion, a process 
which affects the fate of residual trapping, occurs inherently at the pore-scale 
(i.e., µm-mm scale), where pore-level capillary forces govern the fluid flow. 
Motivated by this fact, pore-network modeling (PNM) was implemented in 
Paper III to explore the phenomenon of residual CO2 remobilization – at the 
pore-scale – within geometrically and topologically representative networks 
of rock samples. The pore-network simulator used in this study was num-
SCAL, which is a general-purpose simulator that can model the pressure de-
pletion process. However, the applications were previously limited to oil re-
covery. Extensive modifications were thus implemented to account for the rel-
evant processes to geological CO2 storage (e.g., Ostwald Ripening) as well as 
the residually trapped CO2 phase that is initially present in the networks rele-
vant to this study. More details on the processes, code implementations, and 
computational parameters are available in Paper III (Section 2). Gas remobi-
lization was investigated by determining the mobilization saturation (noted by 
𝑆  , defined as the difference between the critical saturation (𝑆 ) and re-
sidual saturation (𝑆 )), and gas relative permeability during the secondary 
drainage due to pressure depletion as well as the preceding primary drainage 
and imbibition stages. For the analysis, 3D networks of Bentheimer and Heletz 
sandstone constructed on the basis of data from micro-CT images as well as 
statistically generated generic 2D and 3D networks were used. The properties 
of Heletz and Bentheimer networks are provided in Paper III (Section 2, and 
Table 4). The generated networks were simple 2D and 3D scaffold of inter-
connected cylindrical capillaries (not a pore-throat model), which are useful 
in obtaining rapid and qualitative understanding of the general trends and be-
haviours during a pressure depletion process. The geometrical properties of 
generated networks represent a typical Berea sandstone and are given in Paper 
III, Table 4. 

First a sensitivity study was conducted to determine the size of generated 
networks that can reliably predict the behaviour of the system, while avoiding 
an excessive use of computational resources. This was done by performing 
simulations with 10 different realizations of each network size. Results of the 
sensitivity simulations with 2D and 3D networks are presented in Figures 7 
and 8 in Paper III. Based on this study, the networks of size 200×200 and 
30×30×30 exhibited the least variation between the different realizations, thus 
were considered most reliable and used for further investigations in this study. 
Figure 19 presents the predicted 𝑆  values from these networks, with and 
without accounting for Ostwald ripening (OR). Evident from this figure is that 
the average 𝑆  is slightly higher in the 2D networks. This is due to the 
higher connectivity in the 3D networks and effects of gravity that lead to faster 
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reconnection of the trapped phase. It can be seen that 𝑆  values still are 
within a relatively narrow range of 0.045-0.08. As seen in Figure 19, taking 
Ostwald ripening into account, resulted in marginally higher average 𝑆  
for both the 2D and 3D networks. 
 

 
Figure 19. Mobilization saturation (𝑆 ) in 2D and 3D networks with and with-
out accounting for Ostwald ripening (OR) 

The gas relative permeabilities for the entire simulation sequence, for the 2D 
and 3D networks of sizes 200×200 and 30×30×30, are presented by Figure 
20a and 20b, respectively. Most important observation is that gas relative per-
meability increases rather rapidly once the critical saturation is exceeded. This 
trend is in sharp contrast with the findings from previous studies in oil and gas 
industry, where a rather reduced relative permeability to gas is reported during 
depletion process. It is, therefore, difficult to draw conclusions based on the 
results shown here. It is yet possible to postulate that the generic networks of 
interconnected capillaries may not be fully representative of real porous media 
that are made of both pores and connecting capillaries. Another important ob-
servation was that Ostwald ripening did not affect the depletion gas relative 
permeabilities since there was little effect on 𝑆 . Additionally, as can be 
seen, the hysteresis behavior between the primary imbibition and secondary 
drainage curves is different in the 2D and 3D networks in this case. 
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Figure 20. Gas relative permeability (𝑘 ) vs gas saturation (𝑆 ): a) 200×200, b) 
30×30×30. (PD: primary drainage, Imb: imbibition, SD: secondary drainage) 

Figures 21 shows the simulation results with Heletz and Bentheimer networks. 
Here actual pore networks with pores and throats (connecting capillaries) were 
used. Interestingly, the mobilization saturations for the two rocks are very sim-
ilar (being about 0.06), despite of the different geometrical properties. The 
value also agrees with our earlier results from field conditions as well as data 
from oil-gas systems (Moghadasi et al., 2020). As before, Ostwald ripening 
resulted in slightly higher 𝑆  values. Further simulations were also per-
formed in this case to investigate the effects of gravity forces. To this end, the 
same PNMs were modeled in the absence of gravity (i.e., 𝑔 = 0 m/s2). The 
effects were not, however, noticeable, and thus the results are not shown for 
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space consideration. This later finding revealed that the gravitational mobili-
zation of residually trapped CO2 is extremely difficult. 
 

 
Figure 21. Mobilization saturation (𝑆 ) for Bentheimer and Heletz pore net-
works, with and without Ostwald ripening (OR) 

Figures 22a and 22b present the simulated gas relative permeabilities versus 
gas saturation for the entire simulation process with Heletz and Bentheimer 
networks, respectively. Based on this figure, it is evident that the gas relative 
permeability during the depletion process (secondary drainage) is signifi-
cantly reduced for both networks. This also applies to the relative gas perme-
ability at the end point (i.e., the maximum relative gas permeability) in both 
networks. This observation, consistent with studies available in the literature, 
confirms the fact the reconnection of trapped gas clusters/bubbles occur at a 
very slow rate. 

The estimated high values of residual gas saturations (0.58 and 0.49 for 
Bentheimer and Heletz sandstone, respectively) could be associated with i) 
the strongly water-wet system condition and assumption of constant contact 
angle of 0 used in the simulations, as well as ii) the unresolved pore spaces 
that were not taken into account when constructing the networks. This later is 
specifically true for the Heletz network where a correction factor of 0.60 was 
determined to adjust the pore-network simulation results for unresolved pores. 
Multiplying this value with 0.49 would give an adjusted residual saturation of 
around 0.29, which agrees well with the value reported by Rasmusson et al. 
(2021) based on a pore network study.  
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Figure 22. Gas relative permeability (𝑘 ) vs gas saturation (𝑆 ): top) Bentheimer 
pore-network, bottom) Heletz pore- network. 
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3.4 Pore-scale characterization of residual phase 
remobilization in geological CO2 storage using X-
ray microtomography and pore-network modeling 
(Paper IV) 

In this study, the remobilization of residually trapped CO2 phase under pres-
sure depletion conditions was investigated using pore-scale imaging and mod-
eling. Micro-computed tomography images of the CO2 distribution and ar-
rangement were acquired during the experiment at temperature of 50 oC and 
for a pressure range of 10-5 MPa. In total, 7 images with a voxel size of 3.83 
m were acquired during the experiments. A sub-volume of 500×500×1000 
voxels consisting of 1470 projections was selected for image processing. Fur-
ther details on the experiment and image analysis can be found in Paper IV. 
For the modeling, a pore-network was constructed based on the 3D images of 
the pore space and used as the input for the simulation of quasi-static displace-
ment taking into account diffusion and exsolution of dissolved gas, as well as 
ganglion swelling and rearrangement. The simulations were performed with 
the modified version of the numSCAL developed in the previous study (Paper 
III). The model in this study was not calibrated to the results of pore-scale 
images on a pore-by-pore basis. Instead, it was initialized with a run of drain-
age simulation to a given initial gas saturation 𝑆  and then imbibition until 
the gas is trapped with a saturation 𝑆 . Due to the lack of scans after primary 
drainage, the value of 𝑆  in the experiments was unknown. In the model, 
therefore, the parameter 𝑆  1 𝑆  was varied in the range of 0.2–0.5. 
Once the predicted 𝑆  matched that obtained experimentally, the level of 
agreement between simulation and experimental results during pressure de-
pletion was assessed, which then enabled a quantitative assessment on the pre-
dictive capability of the model. The effects of wettability during depletion 
were accounted for by randomly assigning contact angles in three ranges of 
20–30o, 30–40o, and 40–50o. For the drainage and imbibition processes ran-
dom values were assigned to the network elements in the range of 0–10° and 
20–30o for receding and advancing contact angles, respectively. Note that the 
assumption is a strongly water-wet condition for all the processes. In the fol-
lowing, the results from the analysis of micro-CT scans are presented, includ-
ing 2D saturation profiles across the length of the sample and 3D visualiza-
tions that illustrate the connectivity of the gas-phase during the depletion se-
quence. This is followed by the presentation of the results of pore network 
modeling. 

The saturation profile of CO2 across the length of the sample at the end of 
imbibition when CO2 is residually trapped, is shown in Figure 23. As can be 
seen, the saturation varies between 0.30 and 0.70, which indicates that CO2 is 
residually trapped as isolated blobs or ganglia of all sizes that span the whole 
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length of the sample, consistent characteristically with a water-wet medium. 
Approximately, the average residual saturation (𝑆 ) along the length of the 
sample is determined to be 0.48. 
 

 

 
Figure 23. CO2 saturation profile at the end of imbibition (water flooding) 

Figure 24 shows the plotted saturation profiles of CO2 at different pressures 
of 10, 8, 6 and 5 MPa during the subsequent depletion process. It can be seen 
that with decreasing pressure from 10 to 6 MPa the CO2 saturation exhibits an 
increasing profile overall, and then decreases once the pressure was reduced 
to 5 MPa. On average, CO2 saturation increases from 0.48 to 0.52 to 0.55, 
when the pressure is decreased from 10 to 8 to 6 MPa, and then decreases to 
0.46 at 5 MPa. The reduction in saturation profile is particularly noticeable 
towards the outlet (see Figure 24b between x/L = 0.85 and x/L = 1.0). 
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Figure 24. CO2 saturation profile at different pressures from 10 to 8 MPa: a) from 
x/L = 0 to x/L = 0.50; b) from x/L = 0.50 to x/L = 1.0 (x: distance, L: length of the 
sample). 

The gas-phase connectivity during the displacement sequence can be investi-
gated by Figure 25, which presents a 3D visualization of the CO2 at different 
pressures. It can be seen that at 10 and 8 MPa, there is no ganglion that is 
connected to both inlet (bottom) and outlet (top). At 6 MPa; however, a near 
percolating gas ganglia – extended from inlet to outlet – can be seen (shown 
in red). When reducing the pressure further to 5 MPa, the percolating gas gan-
glia again loses its connectivity. This observation suggests that gas remobili-
zation is intermittent in nature, which could explain the reduced relative per-
meability of gas that has been observed in our earlier studies.  

 

(a) (b)  (c) (d) 

Figure 25. 3D visualization of CO2 in the pore space: a) 10 MPa, b) 8 MPa, c) 6 
MPa, d) 5 MPa. Each unique CO2 ganglion is shown by a different color 
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In order to investigate the gas-phase redistribution in the absence of pressure 
depletion, the system was left for 30 hours at 5 MPa at the end of depletion 
sequence. Figure 26 presents the CO2 saturation profiles at 5 MPa obtained 
right at the end of the depletion and after 30 hours. Based on this figure, gas 
saturation increases by 10 % (from 0.46 to 0.56 on the average across the sam-
ple) until remobilization. This indicates a 𝑆  of 0.10, which tends to be 
higher when compared with that achieved during the depletion process (with 
a value of 0.06). Figure 27 shows in 3D how after 30 hours the initially dis-
persed and disconnected gas ganglia are redistributed, creating an enlarged 
and sizable percolating gas ganglion (shown in blue) that extends the entire 
length of the sample. This observation can be explained by the process of Ost-
wald ripening, in which the inter-ganglion diffusion of gas molecules – 
through the aqueous phase – is driven by the capillary pressure gradient 
throughout the sample, causing trapped gas ganglia to either grow or shrink 
until all the gas ganglia are at the same equilibrium capillary pressure. Fur-
thermore, over this period, the system moves towards re-equilibration, during 
which a fraction of dissolved CO2 might exsolve, adding to the CO2 saturation 
locally. Finally, upward movement under buoyancy could also lead to a local 
increase in saturation away from the bottom of the sample, as seen here. 

 

   
Figure 26. CO2 saturation profile at 5 MPa at the end of depletion process (shown in 
blue) and after 30 hours (shown in red). Average gas saturation for each case is given 
as 𝑆  and 𝑆 , respectively.  
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Figure 27. 3D visualization of the CO2 saturation profile: left) at 5 MPa at the end 
of the pressure depletion and; right) at 5 MPa after 30 hours. 

Table 2 gives data on the results of the network simulations with a range of 
contact angles and initial gas saturations. Based on these data, a clear increas-
ing trend can be detected between 𝑆  and 𝑆  such that with increasing 𝑆 , 
𝑆   increases as well.  This agrees well with the observations reported in the 
literature (Øren et al., 2019; Spiteri et al., 2008). However, the variations in 
𝑆  for different values of  𝑆  or 𝑆  are small. Furthermore, it can be seen 
that mobilization saturation (𝑆 ) is a function of the wettability (i.e., the 
values of contact angle). Remobilization occurred at slightly lower saturations 
as the contact angle increases, i.e., lower 𝑆  values, which indicates a 
move towards better connectivity in weakly wetting conditions. 

The data shows that an 𝑆  of 0.48, consistent with that from the experi-
ment, could be achieved with an 𝑆  of 0.55. However, the initial CO2 satura-
tion at the experimental settings in this work is not accurately represented by 
𝑆  = 0.55. This is due to the fact that during imbibition the brine wasn't com-
pletely saturated with CO2, making it likely that some dissolution took place 
close to the intake. The high measured value of 𝑆  in the sub-volume suggests 
that this was minor effect in the center of the sample. A very close match can 
be found between the simulation results and experimentally estimated value 
of 𝑆 , regardless of 𝑆  or 𝑆   values. 

The predicted critical pressures (𝑃 ) – the pressure at which the remobi-
lization occurs – differ by 0.5 MPa, on average, when compared with that 
predicted from the experimental results, even in the case where the simulated 
𝑆  value is consistent with that obtained experimentally. However, since the 
pressure was reduced in discrete increments, a precise experimental determi-
nation of the critical value is not possible. Overall, the simulation and 
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experimental results agree well with respect to the critical gas saturation or 
remobilization and the pressure at which this first occurs.  
 

Table 2. Predicated parameters from pore-network modeling 

Simulations 
Input parameters Predicted 

𝜃  𝜃  𝑆  𝑆  𝜃  𝑆  𝑃 * 

1 

0 – 10 20 – 30 0.80 0.60 

20 – 30 0.072 7.50 

2 30 – 40 0.069 7.62 

3 40 – 50 0.062 7.83 

4 

0 – 10 20 – 30 0.70 0.57 

20 – 30 0.060 7.89 

5 30 – 40 0.059 7.93 

6 40 – 50 0.056 8.01 

7 

0 – 10 20 – 30 0.60 0.51 

20 – 30 0.073 7.42 

8 30 – 40 0.063 7.82 

9 40 – 50 0.056 8.07 

10 

0 – 10 20 – 30 0.55 0.48 

20 – 30 0.064 7.78 

11 30 – 40 0.058 8.07 

12 40 – 50 0.050 8.30 

13** 0 – 10 20 – 30 0.50 0.45 20 – 30 0.093 7.34 

Experiment NA NA NA 0.48 NA 0.060 
~ 7.0 – 

6.0 
𝜃 : receding contact angle, 𝜃 : advancing contact angle, 𝜃 : depletion contact angle, NA: 
not available (all angles are in degrees) 
*Pressure in MPa 
**Since the residual gas saturation is lower than that obtained in the experiment, further 
simulations are redundant.  
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4 Summary and conclusions  

Geological storage of CO2 in deep saline aquifers is one of the promising ap-
proaches in the combat to reduce the CO2 concertation in the atmosphere, 
thereby preventing climate change. The long-term safety and efficiency of this 
solution can be addressed by a better understanding of the in situ processes 
and phenomena that are involved in CO2 trapping. In this Thesis, the focus has 
been in residual trapping of CO2: an inherently pore-scale phenomenon that 
contributes significantly to the overall storage capacity and security both in 
the short- and long-term and across a wide range of relevant scales (i.e., from 
pore to field-scale).  

In terms of security, it is particularly important to investigate – over a range 
of scales – the processes and mechanisms that could potentially lead to trapped 
CO2 remobilization, which in turn affect the long-term fate and stability of 
residual trapping. In the long-term, after injection has been stopped, any sort 
of leakage (e.g., through a leaky wellbore or a facture or permeable fault) or 
the dissipation of the pressure build-up near the wellbore could trigger a pro-
cess known as pressure depletion in which the conditions that drive trapped 
gas remobilization could potentially be satisfied. While this process can take 
place, with significant effects on the security of residual trapping, it has re-
ceived little attention in the context of geological CO2 storage. The general 
aim in this Thesis is, therefore, to investigate the phenomena of CO2 residual 
trapping and remobilization over a wide range of scales by means of numerical 
modeling of results from field experiments (Paper I and II) as well as pore-
scale experiments and modeling (Paper III, and IV).  

In order to study the aforementioned phenomena at field-scale the avail-
able data from the Heletz CO2 injection experiments, which are one of the 
few field-scale experiments worldwide specifically designed to characterize 
and quantify CO2 residual trapping in situ, were used (Papers I and II). At 
Heletz, two dedicated pilot-scale CO2 injection experiments were carried out 
in 2016-2017: Residual Trapping Experiments (RTE) I and II, where CO2 
was injected into a two-layer reservoir at 1.6 km depth and its residual trap-
ping was monitored and quantified by various methods. The details of these 
experiments and related analysis are summarized in a special section of pa-
pers  published by International Journal of Greenhouse Gas Control 
(Basirat et al., 2020; Joodaki et al., 2020b, 2020a; Martinez-Landa et al., 
2021; Niemi et al., 2022, 2020). The data collected during RTE II were used 
as the basis of analysis in this Thesis, while the results of RTE I provided 
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background information. During RTE II, a series of hydraulic, thermal and 
tracer tests were carried out before and after establishing the residual zone 
of CO2. The differences between responses of these tests were used to ana-
lyse and determine residual trapping in situ. The data collected from the par-
titioning tracer test could not be satisfactorily interpreted with physical pro-
cesses implemented in existing state-of-the art codes (Joodaki, 2021) but 
were qualitatively addressed as being due to phenomena like gas blocking 
water flow, which can occur due to sudden pressure drop during fluid with-
drawal. This formed the starting point for the present Thesis. The first at-
tempt to interpret the observed delayed tracer arrival by heterogeneity by 
means of a stochastic model including within-layer permeability heteroge-
neity did not provide agreement. Instead, introducing the phenomena of 
trapped gas remobilization and critical gas saturation – previously not avail-
able in existing models – provided a good agreement to the observed data 
and indeed explained the observed delayed peak in tracer arrival as well as 
the reduced relative permeability to the gas-phase entering the wellbore. 
Critical saturation is defined as the saturation at which remobilization of re-
sidually trapped gas takes place. This is first time that critical gas saturation 
has been considered in field scale analyses related to geological CO2 storage.  

In papers III and IV, the underlying pore-level physics of trapped gas re-
mobilization under pressure depletion conditions were studied using both 
pore-network modeling and pore-scale imaging. Paper III was dedicated to 
pore-scale simulations and in paper IV the phenomenon of residual CO2 phase 
remobilization during pressure depletion was characterized using pore-scale 
imaging and modeling.  

In Paper III, a series of simulations were performed with 3D networks ex-
tracted from the images of Heletz sandstones. Results were consistent with the 
field-scale analyses in terms of i) the saturation threshold needed for residual 
gas-phase remobilization (i.e., remobilization occurred at critical saturation, 
which was higher than residual saturation), and ii) the significantly reduced 
relative permeability of the remobilized gas-phase. A higher value of residual 
gas saturation was obtained from pore-network simulations than from the field 
scale analyses– around 10-20 % higher when compared to that estimated from 
field-scale analysis. This could be attributed to both modeling assumptions in 
pore-network modeling such as i) the unresolved pore space volume in the 
micro-CT images that were used to extract the pore-network, and ii) the as-
sumption of strongly water-wet condition with a contact angle of 0 during pri-
mary drainage and imbibition, but also iii) the vast difference in scales and the 
related scale-effects, from pore to field where the field-scale values represent 
values averaged over a much larger volume. This issue of scale needs to be 
further addressed in future studies while the present results provide a good 
starting point.  

The results also provided valuable insights into the various pore-scale 
mechanisms that contribute to remobilization. Ostwald ripening was found to 
affect the remobilization saturation such that remobilization of the trapped gas 
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occurred at slightly higher saturations when Ostwald ripening was taken into 
account.  

In paper IV, an experiment was designed to characterize the remobiliza-
tion of residually trapped CO2 phase during pressure depletion conditions. 
While the temperature was kept constant at 50 oC, pressure was stepwise 
decreased in a system where CO2 was at residual saturation stage and 3D 
high-resolution micro-CT images of the CO2 distribution were obtained at 
various pressures (10-5 MPa). Finally, to investigate the possible migration 
of trapped CO2 in the absence of pressure depletion, the system was left at 5 
MPa for 30 hours and a final scan was taken. Each scan was reconstructed 
into a 3D volume on which image analysis was performed. It was observed 
that the phenomenon of trapped gas-phase remobilization is intermittent in 
nature meaning that a continuous flow of gas-phase may not be retained dur-
ing pressure depletion (it is possible that reconnected gas ganglia become 
disconnected again due to local capillary forces). This indeed explains the 
low relative permeability of the mobilized gas-phase, which serves as a 
safety enhancing feature as it retards the migration of remobilized gas-phase. 
Moreover, it was found that Ostwald ripening plays a major role in the CO2 
phase redistribution and could potentially lead to remobilization even in the 
absence of pressure depletion. For the modeling, a pore-network was ex-
tracted from the 3D scans of the pore space and used as the input for the 
simulations to investigate the observed experimental behavior taking into 
account all the relevant processes and mechanisms. Wettability and its pos-
sible effects were also investigated by incorporating a range of wettability 
conditions into the model. According to the simulation results, reconnection 
of the trapped CO2 ganglia was enhanced in weakly wetting conditions. In 
general, a good agreement was obtained between the simulation and experi-
mental results, in particular in terms of the saturation threshold needed to 
remobilize the trapped CO2 phase. This confirms the predictive capabilities 
of pore-network modeling in this context, and that they can be used to char-
acterize and predict properties for conditions outside the range investigated 
experimentally.  

To summarize, in this Thesis, the phenomena of residual trapping and gas 
remobilization from residual saturation were investigated in the context of 
geological CO2 storage. The question was addressed from a range of per-
spectives and in a wide range of scales, from pore- to field-scale, by imple-
menting both modeling and experimental techniques. For the first time, a 
field-scale observation of trapped gas-phase remobilization demonstrating 
the importance of critical saturation was recognized and successfully mod-
eled, resulting in significantly improved in situ estimation of CO2 residual 
trapping. Results from pore-scale modeling and imaging in turn provide fun-
damental insights into the pore-level physics of residual trapping and related 
remobilization. The consistent findings from all scales studied in this Thesis 
can be used to build up a more unified model for gas remobilization which 
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in turn allows a better assessment of the long-term stability of residual trap-
ping, a necessity towards a successful application of geological CO2 storage.  
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6 Sammanfattning på Svenska 

Geologisk lagring av koldioxid (CO2) i djupa saltvattenakviferer är en lovande 
metod för att minska koldioxidkoncentrationen i atmosfären och därigenom 
förhindra klimatförändringen. Den långsiktiga säkerheten och effektiviteten 
av denna metod förutsätter en bra förståelse angående de processer och feno-
men som bidrar till koldioxidens infångning i berggrunden. I denna avhand-
ling är fokus på så-kallad kapillär inlåsning (residual trapping), en process där 
koldioxiden blir inlåst som immobila ’droppar’ i bergets mikro-strukturer, 
med hjälp av kapillärkrafter. Denna process bidrar väsentligt till den totala 
lagringskapaciteten och säkerheten, på kort och lång sikt. 
 
När det gäller säkerhet är det särskilt viktigt att undersöka – över en rad skalor 
– de processer och mekanismer som potentiellt kan leda till åter-mobilisering 
av den kapillärt inlåsta koldioxiden. På längre sikt, efter avslutad injektering, 
kan olika typer av läckage ske (t.ex. via ett läckande borrhål, en spricka eller 
en förkastning) eller trycket kan annars sjunka så mycket att detta tryckminsk-
ningen kan orsaka en återmobilisering av den inlåsta koldioxiden. Även om 
denna process kan potentiellt ha betydande effekter på lagringssäkerheten, har 
den inte fått uppmärksamhet i den vetenskapliga litteraturen än så länge. Det 
övergripande syftet med denna avhandling är att undersöka kapillär inlåsning 
av den injekterade koldioxiden och i synnerhet dess återmobilisering över ett 
brett spektrum av rumsliga skalor.  Detta görs med hjälp av modellering och 
analys av ett omfattande fältexperiment (artiklarna I och II), samt med hjälp 
av experiment i porskala och modellering av processer i por-skala (artiklar III 
och IV). 
 
För att studera kapillär inlåsning i fältskala användes data från Heletz, Israel 
injektionsexperiment. Experimentet i Heletz är ett av de få experiment i värl-
den utförda för att specifikt karakterisera och kvantifiera koldioxidens kapillär 
inlåsning (artiklarna I och II). Två dedikerade injektionsexperiment genom-
fördes under 2016-2017: Residual Trapping Experiment (RTE) I och II. De-
taljerna angående dessa experiment och deras första analyser sammanfattas i 
en samling av artiklar publicerat i International Journal of Greenhouse Gas 
Control (Basirat et al., 2020; Joodaki et al., 2020b, 2020a; Martinez-Landa et 
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al., 2021; Niemi et al., 2022, 2020). Data som samlades in under RTE II an-
vändes som grund för analyserna i denna avhandling, medan resultaten av 
RTE I gav bakgrundsinformation. Under RTE II genomfördes en serie hyd-
rauliska, termiska och spårämnesexperiment före och efter man hade injekte-
rat koldioxid in i formationen samt skapat en zon där koldioxiden var kapillärt 
inlåst. Skillnaderna mellan responsen från dessa tester användes för att analy-
sera hur mycket koldioxid var kapillärt inlåst i formationen. Det hade visat sig 
att data som samlats in i spårämnesförsöken kunde inte tolkas med hjälp av 
existerande modeller, inklusive en stokastisk modell med en detaljerad bild av 
formationens heterogenitet. Däremot kunde observationerna förklaras med 
hjälp av införandet av ett nytt fysikaliskt koncept, så-kallad kritisk gasmätt-
nad.  Införandet av denna process förklarade den observerade fördröjningen i 
spårämnets transport. Kritisk gasmättnad är den mättnadsgraden koldioxidhal-
ten i porutrymmet måste nå innan gasen kan börja flöda igen. Våra resultat 
visar att om koldioxidmättnaden ökar p.g.a. att trycket i formationen minskar, 
är kritisk gasmättnad större än den gasmättnaden där gasen ursprungligen blev 
immobil vilket i standardmodeller antas vara det värdet där koldioxiden även 
börjar flöda igen. Man skall påpeka att begreppet kritisk gasmättnad har ob-
serverats tidigare i undersökningar relaterade till gas- och oljeåtervinning, 
men har inte tagits till hänsyn i undersökningar relaterade till koldioxidlag-
ring.  

Detta är för första gången som begreppet kritisk gasmättnad introducerats   
i analyser relaterade till geologisk koldioxidlagring i fältskala. 
 
I artiklarna III och IV undersöks fysiken bakom kritisk gasmättnad och gasens 
återmobilisering med hjälp av pornätverksmodellering samt avancerade labo-
ratoriemätningar i porskala. Artikel III har fokus i modellering av de kritiska 
processerna i porskala, medan   artikel IV presenterar en experimentell karak-
terisering av   koldioxidens återmobilisering under omständigheterna där 
trycket sjunker.  
 
I artikel III en serie modellsimuleringar utfördes med 3-dimensinella pornät-
verk med egenskaper motsvarande Heletz-sandsten. Resultaten överens-
stämde väl med resultaten från fältstudier när det gäller både i) gasmättnaden 
som behövs för återmobilisering av den kapillärt inlåsta koldioxiden, samt ii) 
den signifikant minskade relativa permeabiliteten hos gasfasen efter återmo-
biliseringen hade skett. Ett något högre värde på mättnaden där koldioxiden 
först blir immobil erhölls från pornätverkssimuleringar i jämförelse med vär-
det uppskattat från fältdata eller laboratoriexperiment (30 % jämfört med 10-
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20 % ). Detta kan tillskrivas delvis vissa antaganden som använts i porskal-
modelleringen (numerisk diskretisering av porutrymmet i pornätverkmodellen 
samt antaganden gällande vätbarhet), delvis den stora skillnaden i skalan, där 
pornätverket bara representerar en liten del av stenen medan fältexperimentet 
ger ett genomsnitt för en mycket större volym. Dessa skaleffekterna (från por- 
till fältskala) skall undersökas ytterligare i framtiden. Resultaten ger också 
värdefulla insikter i de olika mekanismer i porskalan som bidrar till återmobi-
lisering. Till exempel, när processen kallad Ostwald-mognad (Ostwald ri-
pening) togs till hänsyn, skedde återmobiliseringen av den inlåsta gasen vid 
något högre gasmättnad i jämförelse med att processen inte inkluderades.  
. 
I artikel IV genomfördes avancerade laboratorie-experiment för att karakteri-
sera koldioxidens återmobiliseringen i en situation där trycket gradvis sänktes. 
Högupplösta tredimensionella mikro-CT-bilder av koldioxidens fördelning 
erhölls vid olika tidpunkter. Det observerades att återmobilisering är intermit-
tent till sin natur, vilket kan förklara den låga relativa permeabiliteten hos den 
mobiliserade gasfasen. Dessutom observerades det att Ostwald-mognad spelar 
en viktig roll i processen, vilket potentiellt skulle kunna leda till åter-mobili-
sering även när ingen trycksänkning sker. För modelleringen av experimenten 
extraherades ett pornätverk från de experimentella 3D-bilderna och användes 
som indata. Effekt av olika processer och mekanismer undersöktes med mo-
dellering, såsom betydelsen av så-kallad vätbarhet (hur stark är tendensen hos 
olika vätskor att sprida sig på stenens yta).  En bra överensstämmelse nåddes 
mellan simulerings- och experimentresultaten, särskilt när det gäller gasmätt-
naden där återmobiliseringen sker. Detta bekräftar den prediktiva kapaciteten 
hos pornätverksmodellering i detta sammanhang, vilket indikerar att mo-
dellerna kan användas för att karakterisera och förutsäga egenskaper för för-
hållanden även utanför det intervall som undersökts experimentellt. 
 
Sammanfattningsvis, i denna avhandling har fokus varit i processer relaterad 
till den delen av koldioxid som genom geologisk lagring blir kapillärt inlåst i 
bergets mikrostrukturer.  Fokus har särskilt varit att förstå (i) hur och vid vilka 
mättnadsgrader koldioxiden blir inlåst när vattnet igen fyller porutrymmet ef-
ter injektionen har slutats (så-kallad residualmättnad, ’residual trapping’) samt 
(ii) hur och vid vilka mättnadsgrader koldioxiden åter kan börja flyta om 
trycket i formationen sjunker. Processerna undersöks från olika perspektiv och 
i vitt olika skalor, från en storskalig fältexperiment där koldioxid injicerats i 
en 1.6 km djup lagerformation till porskala, där de detaljerade underliggande 
processer kan undersökas. För första gången presenteras en modell för 



 

 68 

återmobilisering av kapillärt inlåst koldioxid, baserat på resultaten från ett om-
fattande fältexperiment. Resultaten visar att ett fenomen kallad kritisk gas-
mättnad måste inkluderas i analysen, ett fenomen som tidigare inte tagit till 
hänsyn i samband med CCS, i synnerhet inte i fältskala. Resultat från model-
lering av processer i porskala samt avancerade laboratorie-experiment i sin tur 
ger grundläggande nya insikter angående de underliggande fysikaliska pro-
cesser som kontrollerar återmobiliseringen. De konsekventa resultaten från 
olika skalor som studerats i denna avhandling kan användas för att bygga upp 
en enhetlig modell för en bättre bedömning av den långsiktiga stabiliteten av 
den lagrade koldioxiden, en nödvändighet för en framgångsrik tillämpning av 
geologisk koldioxidlagring. 
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