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Geological storage of CO2 in deep saline aquifers is one of the methods to mitigate the release
of this greenhouse gas into the atmosphere. The efficiency of this solution can be improved
by better understanding of the relevant trapping processes, as well as by improving available
injection techniques and developing tools for more accurate site characterization.

 This Thesis has implemented numerical simulations to investigate the processes that affect
the capillary trapping of the injected CO2 in a saline aquifer with the focus on two field
experiments carried out in Heletz, Israel. The two experiments, applying different test sequences
and characterization techniques, were carried out with the focus on determining the parameter
of the maximum residual gas saturation. The collected data and a detailed description of
the injection site and operational procedures are presented in Paper I. In Paper II, numerical
modeling is used to interpret the pressure and temperature data recorded during the first
residual trapping experiment (RTE I). The second residual trapping experiment (RTE II) and
the corresponding numerical modelling for interpretation of hydraulic and partitioning tracer
tests is presented in Paper III.

Overall, the data analysis and the results from numerical simulations for both experiments
were in agreement and suggested that push-pull hydraulic test is a robust technique that can
provide useful information to estimate the parameter of residual gas saturation in situ with
reasonable costs. Both thermal and tracer tests can provide valuable data to further characterize
the formation however the operational difficulties can be limiting factors.  

In Paper IV, the effect of different parameters to increase the efficiency of the Water
alternating Gas (WAG) technique are investigated. For this study numerical simulation was
used to model a heterogeneous formation based on parameters obtained from the Heletz site.
For the formation used in this study, it was shown that higher water injection rate has a stronger
effect on dissolution trapping than CO2 injection rate. The most important design parameter was,
however, the WAG ratio. It was also concluded that the design parameters of WAG technique
are site-specific and application of this method requires extensive site characterization.
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1. Introduction 

1.1 CO2 geological storage  
Anthropogenic emission of greenhouse gases, particularly carbon dioxide, is 
commonly considered to be one of the main reasons for warmer global tem-
perature observed during the last decades. Energy sectors driven by the fossil 
fuels and industrial activities such as cement production are the biggest 
sources of CO2 release to the atmosphere (IPCC 2014). Abrupt climatological 
events and increasing scientists’ warnings on the negative environmental ef-
fects of CO2 emissions have driven public attention to the importance of the 
remediation of greenhouse emissions and motivated industrial countries to 
search for alternative methods. Nuclear power as well as renewable energy 
resources are among the suggested approaches that seems promising and at-
tractive for the future of energy production. However, Fukushima nuclear dis-
aster on March 2011, along with the difficulties in keeping the wind, hydro or 
solar powers stable and economical, have contributed to the situation in that 
fossil fuels are still the most common and accessible energy resources.  

In the absence of and while waiting for reliable alternative solutions, indus-
trial countries who have signed the Paris agreement and are committed to re-
ducing their greenhouse emissions need to find applicable methods to mitigate 
their CO2 releases while still using fossil fuels. Carbon Capture and Storage 
(CCS) in geological formations is suggested to be a feasible option. The tech-
nique is more suitable for high emitter point sources e.g. power plants, oil 
refineries, steel and cement production factories. The idea was borrowed from 
oil industry where CO2 injection into oil reservoirs has been used for enhanced 
oil recovery (EOR). Since the EOR method has been in use since the early 
70’s, related injection techniques and equipment are well-developed which 
can be an advantage for their application in CCS. Despite their similarity, the 
purpose of the CO2 injection in EOR and CCS is quite different. While the 
fate of the injected gas at the end of the process is not important for EOR, safe 
and long-term immobilization of the injected CO2 is the ultimate goal of CCS.  

In general, suitable geological formations for storing CO2 are characterized 
by relatively high porosity and permeability and the typical depth of more than 
800 m which are furthermore sealed with very low permeable layers. These 
formations can be categorized as a) depleted oil and gas fields, b) cool beds 
and c) sedimentary saline aquifers (IPCC 2005). Besides economic and polit-
ical factors, general guidelines for storage site selection include its safety and 
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durability (geological structure and its stratigraphy), vast storage capacity and 
its injectivity (which is a function of connectivity and CO2-water-rock inter-
actions) (Bachu, 2000). The reservoir depth is an important factor required to 
keep the injected CO2 at supercritical condition.  CO2 in the supercritical con-
dition (Figure 1), with temperature higher than 31.1 ºC and pressure greater 
than 73.4 bar, has the density range of 200 kg/m3 to 900 kg/m3 and viscosity 
between 3.95×10-5 and 7.11×10-5 (Gasda, 2008). Such conditions are required 
for the injection to be viable.   

 
Figure 1. A phase diagram for CO2. Temperature and pressure at the critical point 
are 31.1 ͦ C and 7.34 MPa respectively.  

Saline aquifers are porous geological formations saturated with salty water 
with salinity more than that of the protected groundwater. Salinity of a pro-
tected water resources which may be used for drinking purposes can vary by 
legislation and might be defined up to 10000 ppm. For comparison, the aver-
age salinity of sea water is 33000 ppm (Bachu et al. 2007). Most of the deep 
saline aquifers contain water more saline than this level and are not considered 
to be used as drinking/agricultural water resources. Besides, the other im-
portant advantages of deep saline aquifers as geological storage are their wide-
spread availability and their vast storage capacity (Bachu et al. 2007). The 
estimated capacity of CO2 storage resources only in the US ranges between 
2100 to more than 20000 billion tonnes (ATLAS 2012). To put this into per-
spective, the anthropogenic release of CO2 to the atmosphere is approximately 
30 billion tonnes per year (Birkholzer and Zhou, 2009). 

The first large-scale CO2 injection project dedicated to storage purposes 
was initiated at Sleipner, in the North Sea, in 1996. Until June 2017, this on-
going project has stored 17 million tonnes of CO2 which has been extracted 
from Sleipner gas field. Other industrial-scale operating CCS sites include 
Snøhvit in Norway (launched in 2008), Quest in Canada (launched in 2015) 
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and Illinois in the United States (launched in April 2017) (Global CCS Insti-
tute, 2018). In addition, several injection projects in pilot-scale have been ded-
icated to CCS-related research and demonstration purposes including Frio in 
the US, Ketzin in Germany, Nagaoka in Japan, Otway in Australia and Heletz 
in Israel. More detailed presentations of these sites are found e.g., in Niemi et 
al. (2017).  

1.2 Trapping mechanisms 
Here the term storage refers to the process of long-term immobilization of an 
injected fluid in the target formation. There are several mechanisms that con-
tribute to immobilization of the injected fluid in a given reservoir. Figure 2 
shows the most important trapping mechanisms and their corresponding time 
scales. At the very early stage of the injection, the immobilization happens 
due to existence of physical barriers. These barriers can be low permeable 
geological layers or dome-shape structures which hinder the fluids from ex-
panding vertically or laterally. This process is called structural trapping 
(Gasda et al., 2012). Based on the integrity of the sealing caprock and thermo-
dynamic properties of the reservoir, Bachu (2003) has proposed a set of crite-
ria for the reservoir assessment and to rank the sedimentary basins suitable for 
CO2 storage.   

 
Figure 2. Time frame of the storage security for the processes involved in CO2 geo-
logical storage (IPCC 2005). 
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At the beginning of the CO2 injection, the injected fluid occupies the pores 
next to the injection well, pushing the ambient water away. The injected su-
percritical CO2 is more buoyant and less viscose than the formation brine. This 
can cause the upward migration of CO2 by gravity forces when the injection 
pressure is removed. Following the CO2 migration and after the injection 
stops, the formation brine imbibes back to the pores. The co-existence of two 
phases in the pores generates capillary forces which can trap and immobilize 
a fraction of the injected gas, preventing or slowing down the upward move-
ment of the free phase. This process is referred to as residual trapping (Kumar 
et al., 2005; Juanes et al., 2010; Krevor et al., 2015; Niemi et al., 2017) and 
will be discussed in more details in Section 2.1. 

The other important process that prevents the expansion of the CO2 in free 
phase is dissolution trapping, where the injected CO2 dissolves in the for-
mation brine. The typical reaction type that occurs during CO2 dissolution can 
be shown as (Rochelle et al., 2004): 

 

   HHCOCOHCOOH 33222   (1) 

 
The brine that contains the dissolved CO2 is slightly heavier than the ambient 
brine. This density difference can be up to 1% (Flett et al., 2007; Xu el al., 
2004; Ennis-King et al., 2005). The accumulation of the heavier brine on top 
of the aquifer leads to an inverse density gradient and downward movement 
of the denser fluid which in turn can initiate more mixing and gas dissolution. 
Dissolution trapping was shown to be an effective contribution in enhancing 
storage capacity (Lindeberg and Wesselberg, 1997; MacMinn and Juanes, 
2013). This process depends on pressure, temperature and salinity of the for-
mation water and has been extensively studied by means of numerical simu-
lation studies and to some extent even experimentally (Ennis-King and Pater-
son, 2005; Hassanzadeh et al., 2007; Farajzadeh et al., 2007; Pruess and 
Zhang, 2008; Chen and Zhang, 2010; Zhang, 2013) as well as experimental 
methods (Farajzadeh et al., 2007; Kneafsey and Pruess, 2010; Neufeld et al., 
2010; Backhaus et al., 2011; MacMinn et al., 2012; MacMinn and Juanes, 
2013 and Rasmusson et al., 2017).  

Eventually, at large time scales, the dissolved CO2 might chemically react 
with the formation fluids or with the rock and form as carbonates, Alumino-
silicates or silicate minerals. This process that is the safest trapping mecha-
nism is called mineral trapping.  While CO2 mineralization immobilizes the 
injected carbon dioxide and contributes to a safe storage, it can also change 
the porosity and permeability of the formation. The process is controlled by 
the mineralogy and the formation geochemical and hydrological properties as 
well as the formation’s temperature and pressure (Zhang and Song, 2014).  

Among these various mechanisms, residual trapping is the most contrib-
uting trapping mechanism in the time scale of the injection. Quantifying the 
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amount of the gas that can be trapped by capillary forces in a target formation 
is crucial for evaluating the safety and capacity of the reservoir in long term. 
The parameter that is used to quantify this trapping mechanism is residual gas 
saturation, Sgr. This site-specific parameter describes the irreducible amount 
of the gas that gets trapped in the pores during imbibition. It is usually meas-
ured in laboratory using various core analysis methods (Shi et al., 2011). Mul-
yadi (2002) summarized the most common methods to estimate Sgr in labora-
tory as steady state displacement, co-current imbibition, centrifuge and coun-
ter-current imbibition.  

Field scale heterogeneity, the size, shape and connectivity of the pores can 
strongly affect the residual gas saturation (Zhang et al., 2011). It is also a his-
tory dependent parameter i.e. the dynamics of core flooding and drainage pro-
cesses can affect its value. As a result, core scale laboratory measurements 
which fail to represent the field-scale heterogeneity and injection/abstraction 
processes in the field, can lead to uncertainty in parameter estimation.  

The limitations of laboratory measurements in the estimation of residual 
gas saturation has highlighted the importance of field-scale experimental ap-
proaches for in situ measurement of the parameter. However, the high cost 
and challenging technical issues of the injection, abstraction and monitoring 
the injected fluids at relevant depths has limited the number of such dedicated 
operations. The CO2CRC Otway project (Australia) and Heletz experiment in 
the framework of several EU projects (MUSTANG, TRUST) are among the 
very few dedicated field experiments to estimate the residual gas saturation 
parameter in situ. In these experiments single-well push-pull technique com-
bined with thermal and hydraulic tests were used. The field experiments car-
ried out at the Heletz and the corresponding data analysis are presented in the 
following chapters. 

1.3 The Heletz pilot CO2 injection site and the in-situ 
residual trapping experiments 
The Heletz site in Israel is a scientifically motivated site dedicated to CO2 
injection experiments with the objective of improving our understanding of 
the processes involved in CO2 geological storage. The site has also been used 
to test newly developed technologies and in situ methods for CO2 injection 
and monitoring of the injected fluids.  The site was developed in the frame of 
several EU funded research and development projects, in particular MUS-
TANG (2009-2014) and TRUST (2012-2017) projects (Niemi et al. 2016). 
The experimental site is part of a depleted oil field located in the Southern 
Mediterranean Coastal Plain of Israel (Figure 3). The geological structure of 
the site has been studied since the discovery of the oil field in 1955 and reliable 
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data on the boundaries and layers stratifications were available. Two deep in-
jection and monitoring well were drilled and investigated for the operations 
designed for the site. The wells, 40 m apart from each other, reach the depth 
of the target formation at about 1640 m. The target reservoir is part of the 
Heletz structure, which is an anticline fold dipping to the east. At the location 
of the injection well, H18A, the target formation consists of two sandstone 
layers of W and A with thicknesses of 2 m and 9 m respectively. The top of 
the upper sandstone at this location is at the depth of 1627 m. These two sand-
stone layers are separated by a 3 m low permeable shale layer. The cap-rock 
consists of a shale and marl layer with various thickness between 23 m at the 
north to 54 m at the south. The site is described in detail in Niemi et al. (2016).  

Two extensive field experiments with focus on determining residual gas 
saturation in situ were carried out at the Heletz site during summer 2016 and 
autumn 2017. The experiments applied different in situ techniques to create 
the residually trapped zone in the target reservoir as well as different testing 
programs to quantify the residual saturation. Data collected during these two 
experiments are the major base of this thesis. 

 
Figure 3. The location of the Heletz site and elevation map of the bottom of the sand 
reservoir at Heletz (Niemi et al., 2016) 
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1.4 Objectives of the Thesis 
The objective of this Thesis is to improve the understanding of the processes 
that occur during CO2 injection into deep saline aquifers. The focus was in 
particular on characterization of the processes that lead to residual trapping of 
the injected fluid in the formation as well as quantifying the residual trapping 
in-situ. To achieve this, numerical modelling was used to extensively analyze 
the collected data from the two field experiments carried out at the Heletz pilot 
site. Modeling was also used to simulate how different approaches for inject-
ing CO2 can be used to enhance the residual trapping.  

The first three papers in this Thesis are focused on the first and the second 
residual trapping field experiments at the Heletz site. Paper I, introduces the 
site and presents the data collection and experimental procedure of the two 
experiments and summarizes the data collected. Paper II presents the numeri-
cal modelling and interpretation of the first experiment (Residual Trapping 
Experiment I) with the particular focus of determining the parameter of resid-
ual saturation. 

Paper III is focused on analyzing the data from the second field experiment 
(Residual Trapping Experiment II) where a different field sequence (in com-
parison to the first experiment) was applied for the same objective of charac-
terization of the gas residual saturation. 

 The last paper of this collection (Paper IV) focuses on investigating differ-
ent parameters that affect the efficiency of a method called “Water Alternating 
Gas injection” (WAG). The WAG method is designed to enhance the residual 
trapping of the injected CO2.  
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2. Theory 

2.1 Multiphase flow and transport in porous media 
Porous medium is a term to define a volume that consists of solid and immo-
bile matrix with connected voids (pores) that are occupied by liquids or gas 
phase (Pinder and Gray, 2008). Typical targets for CO2 sequestration are deep 
sedimentary porous media initially filled with brine or mixture of brine and 
other fluids such as oil. Depending on the temperature and pressure of the 
reservoir, the injected supercritical CO2 can be found in gas, supercritical or 
liquid phases (see Figure 1). The injected CO2 rich phase drains the brine-
filled porous medium, creating pore scale fluid-fluid interfaces where differ-
ent phases are competing to occupy the pore space. Saturation is the term that 
describes the volume fraction of each phase in the pores. This parameter as 
well as the interaction of the phases at their interface determine the mobility 
of the phases and the distribution of both the injected and resident fluids. The 
phase interaction at the interface is controlled by coupled hydrological, chem-
ical, thermal and mechanical processes. The hydrological processes that con-
tribute in spreading of the CO2 include macroscopic processes e.g. buoyancy 
flow and microscopic processes e.g. viscose fingering and capillary effects 
(Pinder and Gray, 2008; Juanes et al., 2010; Krevor et al., 2015). 

Buoyancy flow  
The injected CO2 creates a dry-out zone at the vicinity of the injection well 
where the injected fluid replaces the ambient brine and fills the pores. During 
the injection, the CO2 plume expansion is driven by the injection pressure. At 
the end of the injection, when the external force is ceased and the injection 
pressure does not apply any longer, the flow of both phases is controlled by 
the density driven forces where the density difference between the signifi-
cantly lighter injected fluid and the heavier ambient brine initiates the upward 
migration of the CO2. This process can be affected by the heterogeneity of the 
formation (Bolster et al., 2010; Shamshiri and Javadpour, 2011; Krishna-
murthy et al., 2017; Trevisan et al., 2015). Buoyancy flow has been studied 
using both numerical and analytical modeling (Celia and Nordbotten, 2009; 
Gasda et al., 2009, 2011, 2012).  
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The concept of capillary pressure 
The definition of the pressure is rather straightforward when there is only one 
fluid present. For a single-phase system, pressure at each point within the fluid 
is defined as force per unit area or energy per unit volume (Pinder and Gray 
2008). When two or more immiscible fluids co-exist, an interface is formed 
between the phases. For a two-phase system, the pressure definition at the in-
terface is complex to define since each fluid on each side of the interface 
would experience a different pressure. The pressure difference between the 
two phases at the interface is called capillary pressure (Nordbotten and Celia 
2012). According to Young-Laplace equation (Equation 2) capillary pressure 
in microscopic scales is defined using two key parameters of “interfacial ten-
sion” and “contact angle”.  

The interfacial tension (σ) is referred to intermolecular forces between a 
liquid phase and a solid or another liquid/gas phase. When two phases are in 
contact, the molecules at their interface experience two different attraction 
forces. One is the inward force that keeps the fluid molecules together and 
forms the phase surface. The other force originates from the attraction forces 
between the molecules of two fluids at the interface. Interfacial tension is the 
work per unit area needed to be applied in order to overcome the net attraction 
forces to increase the surface area of one phase, i.e. when that particular phase 
expands in space. It has the unit of N/m (Bear 1972).  

The attraction forces between fluids and the solid phase is also used to de-
fine the concept of wettability. In a system with two fluids in contact with the 
solid phase, the attraction forces between each of the fluids and the solid ma-
trix are different. The fluid with a stronger surface attraction to the solid sur-
face is called wetting fluid and the other fluid is referred to as nonwetting 
fluid. At the joint point of all the phases, an angle is formed between the in-
terface of the fluids and the surface of the solid phase. The fluid with the con-
tact angle less than 90° is wetting phase and the fluid with contact angle bigger 
than 90 is non-wetting phase (Figure 4). In other words, wettability connects 
the concept of the attraction forces and the contact angle. As a result, capillary 
pressure (Pc) can be defined as the difference between wetting phase pressure 
(Pw) and nonwetting phase pressure (Pnw) at the interface (Equations 2-3) 
(Bear 1972; Nordbotten and Celia, 2012): 

 
	

      (2) 

 
,    (3) 

  
 

where R is the radius of the pore.  
 



 18 

 
Figure 4. Schematic diagram of contact angel at the interface of wetting/non-wetting 
phase with the solid phase. 

Both wettability and interfacial tension depend on pressure and temperature. 
In macroscopic scale, capillary pressure is measured in laboratory by perform-
ing drainage experiments. In those experiments wetting phase is displaced by 
the non-wetting phase using mercury injection or centrifuge methods (Gouze 
et al., 2017; Pentland et al., 2011; Krevor et al., 2011, 2015; Pini and Benson., 
2013; Garing et al., 2017, Hingerl et al., 2016; Tatomir et al., 2016). One of 
the most common models to fit the capillary pressure data versus liquid phase 
saturation, Sl, is Brooks-Corey model (Equation 4) (Brooks and Corey, 1966): 

 

/1
0 )

1
( 





lrl

l
c SS

S
PP     (4) 

 
where λ is a fitting parameter, P0 is the minimum pressure required for the 
non-wetting phase to enter the pore throat and Slr is the irreducible liquid sat-
uration; meaning for Sl<Slr the liquid phase remains immobile.  

In the case of CO2 injection into an initially brine-filled porous formation, 
CO2 rich phase and brine are referred to as nonwetting and wetting phase, 
respectively. Figure 5 shows the schematic process of CO2 injection in a typ-
ical brine-filled porous medium. The injected CO2 as the non-wetting phase 
occupies the centers of the pores while the wetting phase, having more ten-
dency to adhere to the rock, forms a thin layer over the solid phase. After 
removal of the injection pressure, buoyancy forces cause the upward move-
ment of the gas phase letting the wetting phase to imbibe back into the pores 
and to surround the non-wetting phase. Since the throats of the porous medium 
have various sizes and diameters, some blobs of the surrounded non-wetting 
phase become snapped-off in narrower pores as the wetting phase moves 
through the pore. These segmented, isolated patches of the non-wetting phase 
left behind the advancing plume are retained by capillary forces in the pores 
and are referred to as residually trapped gas (Figure 5) (Juanes et al., 2006; Al 
Mansoori et al., 2009; Herring et al., 2016). 

θ 
θ 
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Figure 5. Evolution of the injected CO2 into the brine-filled porous medium a) initial 
stage (fully water saturated), b) water replacement (drainage), c) gas replacement 
(imbibition) 

Relative permeability and Darcy’s law 
Single phase flow in porous medium is commonly described by Darcy’s low 
(Equation 5). This equation relates the fluid’s velocity (u) to the properties of 
both the rock (through permeability, k) and the fluid (through viscosity, μ, and 
density, ρ).  

 

     (5) 

 
where g is the gravitational vector. 

Here, permeability or intrinsic permeability (k), with the unit of m2, is an 
anisotropic parameter that describes the tendency of the formation to let the 
fluid pass through it. The flow description however, will become more com-
plicated when there is more than one fluid existing in the medium. The com-
plexity comes from the phases’ different displacement velocities and the fact 
that the space available for each single phase is reduced by the presence of the 
other phase. So, to describe the flow, the effective permeability of each phase 
needs to be determined. The parameter that is used to characterize the flow in 
a multi-phase system is relative permeability. The relative permeability of 
phase i (kri) is a dimensionless parameter which is defined as the ratio of the 
phase effective permeability to the medium intrinsic permeability. It describes 
the tendency of the porous medium to allow that particular phase pass through 
it. Hence, two-phase extension of Darcy’s low can be written as follow (Equa-
tion 6): 

 
	

     (6) 

 
There is a correlation between relative permeability and capillary pressure and 
different methods have been suggested to calculate the relative permeability 
as a function of capillary pressure or fluid saturation. Abaci et al. (1992) used 
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the steady state method in a laboratory experiment to determine the relation-
ship between relative permeability and liquid saturation in unconsolidated 
sand samples. The method applies a simultaneous inflow of both phases with 
a specified volume ratio while liquid saturation of the sample and the corre-
sponding capillary pressure are measured. The steady state method has also 
been used in Perrin et al. (2009), Perrin and Benson (2010) and Krevor et al. 
(2011) among others. The transient or unsteady state method, also called un-
steady core-flooding method, consists of drainage and imbibition experiment 
(Bennion and Bachu, 2005, 2008; Bennion 2007; Okabe and Tsuchiya, 2008; 
Shi et al. 2011; Pentland et al. 2011; Pini and Benson 2013; Akbarabadi and 
Piri, 2013). In a drainage experiment, non-wetting phase is pushed into the 
saturated porous medium to drain the pores. Imbibition tests usually use the 
gravity driven flow to replace the nonwetting phase by the wetting phase. The 
most well-known models for fitting these experiments are models by Brooks-
Corey (1966) and van-Genuchten (1980). Brooks-Corey model for gas (krg) 
and liquid (krl) relative permeability function are as follow (Equations 7 - 10): 
 

. 1      (7) 

 

	      (8) 
 
where Sgr represent irreducible gas saturation, 
 

  and    (9) 

 

	.                          (10) 

 
Simulation of the drainage experiment is more accurately captured by those 
models than the imbibition experiments. The comparison of the common 
methods to calculate relative permeability from capillary pressure is reviewed 
by Li and Horne (2006).  

Hysteresis in relative permeability and capillary pressure 
functions 
Equations (7 - 10) that describe the relationships between liquid saturation, 
relative permeability and capillary pressure are based on the assumption that 
all pores (or grid blocks within a numerical model) experience the same grade 
of drainage and imbibition. In practice, when the gas plume advances in the 
formation, the tip and the tale of the plume undergo different processes. To 
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account for this, hysteretic characteristic curves are needed to describe the 
two-phase flow in the medium. In a hysteretic model the characteristic curves 
are not single-valued functions of liquid residual saturation but are as well 
functions of saturation history.  

During the drainage at a given pore, the gas saturation can increase to the 
point that only irreducible liquid saturation, the thin wetting phase adhered to 
the rock, remains in the pore. When imbibition starts, non-wetting phase, 
trapped in the pore as a result of the capillary forces, prevents the pore to go 
back to fully saturated condition. The amount of this trapped non-wetting 
phase, Sgr, is a function of initial gas saturation in the pore. The more the pore 
has been drained (the more non-wetting phase fluid has been present), the 
more the non-wetting phase can be trapped.  
The maximum amount of non-wetting phase that can be trapped in the pore, 
Sgrmax, is reached during the imbibition process that starts after Slr has been 
reached. However, not all of the pores within the formation experience the 
complete drainage. In some of the pores, imbibition starts while the liquid sat-
uration is less than irreducible liquid saturation (Sl<Slr). The point that transi-
tion starts from drainage to imbibition is referred to as turning-point satura-
tion,	 ∆ . This is an important parameter in defining the formations character-
istic curves. Several models have been suggested to relate Sgr to the initial 
amount of the gas saturation in the pore at the start of the imbibition (Spiteri 
et al., 2005; Rasmusson et al., 2016). Land trapping model (1968) used in this 
study is a well-known empirical model that describe this correlation as (Equa-
tion 11): 
 
∆

∆

∆                         (11) 

 
The effect of hysteresis on relative permeability and capillary pressure have 
been investigated in various studies (Tweheyo et al., 2001; Beliaev and Has-
sanzadeh, 2001; Flett et al., 2004; Spiteri et al., 2005; Juanes et al., 2006; Ak-
barabadi and Piri, 2013; Ruprecht et al., 2014; Doughty, 2007 among others). 
Figure 6 shows typical first order relative permeability curves versus liquid 
saturation. Relative permeability and capillary pressure function in hysteretic 
model can be written as (Equations 12- 17) (Doughty (2007)): 
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Figure 6 Hysteretic relative permeability functions (Left) and Hysteretic capillary 
pressure function (Right)   

2.2 Field methods to determine residual trapping 
 Different in situ site characterization techniques have been applied to estimate 
the residual trapping characteristics of a given reservoir. At Frio site, Eastern 
Texas, the injected CO2 plume was monitored using pulse neutron logging 
observation method in both the injection well and one observation well 30 m 
up dip from the injection well. 3D seismic monitoring, core analysis and hy-
draulic testing in combination with numerical simulation were also used to 
estimate the total amount of the residually trapped CO2 (Hovorka et al., 2006; 
Sakurai et al., 2006; Müller et al., 2007). At a field experiment near Nagaoka, 
Japan, sonic, resistivity and neutron logging tools were applied at a several 
observation wells both during and after the CO2 injection. The combination of 
these tools could provide information to estimate the formation saturation as 
well as residual trapping in the formation (Xue et al., 2006; Saito et al., 2006; 
Sato et al., 2011; Mito and Xue, 2011).  
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A combination of hydraulic, tracer and thermal tests to determine the for-
mation’s trapping properties was suggested by Zhang et al. (2011). The appli-
cation of hydraulic and thermal tests is based on the observation that the for-
mation response to hydraulic and thermal stimulations under fully water satu-
rated condition differs from its response to the same stimuli when it contains 
gas. The difference can therefore be related to the parameter of residual gas 
saturation, the tests can be applied to estimate this parameter in situ. These 
two tests alongside partitioning tracer tests were applied in the field experi-
ments at Otway site, Australia (Paterson et al., 2013). The same combination 
of tests considered to be performed in two field experiments at Heletz to quan-
tify Sgr. The theoretical aspects of these tests are discussed below.  

Hydraulic test 
Hydraulic tests measure the pressure evolution in reservoirs in response to 
fluid injection or production. Formation response to pressure stimulations for 
a fully water-saturated media depends on the injection/production flow rates 
as well as petrophysical properties of the media e.g. compressibility and per-
meability. In formations where liquid and gas co-exist, the pressure response 
is controlled by the relative permeability of the liquid phase which in turn is a 
function of the phase saturation. Pores occupied (or partially occupied) with 
non-aqueous phase display much lower liquid relative permeability in com-
parison with a fully water saturated pores. This unavailability of the conduits 
to pass the liquid phase leads to higher pressure increase in response to water 
injection or higher pressure decline in response to water production. If the 
same hydraulic test is performed under fully water-saturated conditions and 
again after the formation has been exposed to gas injection, the difference in 
pressure response can be interpreted to estimate the amount of the gas that has 
been trapped in the pores (Zhang et al., 2011; Paterson et al., 2011).  

Thermal tests 
During a thermal test, a formation is heated up and the temperature increase 
is measured. Heat propagation in the formation when it has been exposed to 
heating depends on formation’s thermal properties e.g. heat capacity and ther-
mal conductivity. The latter parameter is sensitive to fluid composition and in 
turn to formation’s state of saturation. This parameter describes how easily a 
formation transfers heat. Heat conductivity of supercritical CO2 is much lower 
than brine. For example, the effective thermal conductivity of a formation with 
heat capacity of 800 J/(kg °C) at 65 °C and 14.5 MPa is 2.2 W/(m K) when it 
is fully water saturated and 1.4 W/(m K) when it is fully CO2 saturated (Zhang 
et al., 2011). Therefore, a fully water saturated formation transfers heat much 
faster than a formation which contains CO2. This means that temperature in-
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crease recorded next to a heating source will be less for a water saturated res-
ervoir. This difference implies that it is possible to estimate the parameter of 
residual gas saturation by comparing the temperature variation resulting from 
heating under water saturated conditions and again under gas saturated condi-
tions. Despite the accuracy and simplicity of this test, it should be noted that 
the penetration depth of a thermal test is limited to only a few meters (Zhang 
et al., 2011; Paterson et al., 2013).  

Partitioning Tracer test 
Partitioning tracers are compounds that can co-exist in both liquid and gas 
phase. Historically, chemical tracers have been used to determine residual oil 
saturation in oil fields and to evaluate the effectiveness of the EOR process 
(Tomich et al., 1973). Partitioning tracer test has also been used to detect and 
remediate the nonaqueous phase liquids (NAPLs) contaminants in subsurface 
(Dwarakanath et al., 1999). The method is applicable in formations that con-
sist of a mobile phase (e.g. water in groundwater or mobile gas in the vados 
zone) and immobile or less mobile phase (e.g. residual oil or NAPLs). Parti-
tioning inter-well tracer tests (PITT) includes injection of one or several trac-
ers with different partitioning coefficients in one or several wells and record-
ing the breakthrough curves at one or several observation wells (Jin et al., 
1995). While non-partitioning tracer moves with the formation’s water veloc-
ity, partitioning tracers will be distributed between mobile and immobile 
phases and will be retarded when pulled back. Knowing the partitioning coef-
ficient of the tracer, it is possible to estimate the saturation of the immobile 
phase based on the difference in the break-through curves.  

Single well tracer test (SWTT) uses the same idea of the injection and ab-
straction of the tracer with different partitioning coefficient in the formation. 
The difference with PITT is that the injection and withdrawal are performed 
at the same well. Both reactive and non-reactive partitioning tracer can be used 
with SWTT. Myers et al. (2012) suggested an approach to determine the re-
sidual CO2 saturation using ester reactive tracer. In this method an ester tracer 
(e.g., ethyl acetate) is injected into the reservoir and is pushed forward by the 
injection of chasing water. The “parent” tracer will partially hydrolyze by the 
formation water providing “daughter” components which can partition in the 
gas phase. These partitioned compounds will be retarded during the produc-
tion phase and can indicate the amount of the residually trapped gas in the 
formation. 

The application of the noble gas partitioning test in determining the CO2 
residual gas saturation was suggested by Zhang et al. (2011) and was applied 
at Otway field experiment (LaFroce et al., 2014). Noble gases as Krypton (Kr) 
and Xenon (Xe) can be present in both dissolved stage or be partitioned in the 
gas phase. In comparison with reactive tracers, these types of tracers have the 
advantage of having less environmental effects. Noble gas tracers are injected 
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in the reservoir which contains residual gas. While the tracers injected in dis-
solved phase move with the water phase, a fraction of the tracer that partitions 
into the residually trapped CO2 moves slower and covers less distances. The 
retardation of the tracer depends on its partitioning coefficient. During the 
production stage, the dissolved phase tracer is pulled back faster while the 
partitioned tracer is recovered with delay since it has to first partition back 
into the mobile phase. Simultaneous injection of tracers with different parti-
tioning coefficients or simultaneous injection of partitioning and non-parti-
tioning tracers can be used to estimate the residual gas saturation in a target 
aquifer. Comparison of the single well push-pull test under fully saturated wa-
ter condition and again after the formation has been exposed to the CO2 injec-
tion can provide useful data to estimate the parameter of residual gas satura-
tion.  

U-Tube sampling  
Successful application of a partitioning tracer test in deep geological reser-
voirs requires careful and advanced fluid sampling. The biggest challenge in 
fluid sampling at great depths is to recover the fluids in reservoir conditions 
and to minimize the contamination (Freifeld and Trautz, 2006). The sampling 
techniques can be categorized as “downhole” or wireline techniques, where 
samples are taken at the depth of interest, or “uphole” techniques, where sam-
ples are transferred to the wellhead and recovered at the surface (Gal et al., 
2017; Wolff-Boenisch and Evans, 2014). Example of a well-established sam-
pling technique for lifting samples at reservoir conditions is U-Tube sampling 
which uses a carrier gas, usually Nitrogen, to lift the sample from the reservoir 
depth. This system has been used at Frio, Otway sites and was proven to be a 
useful tool in providing information on subsurface chemical and physical con-
ditions (Freifeld et al., 2005; Boreham et al., 2011). It has also been used at 
Heletz, Israel site for the experiments discussed in this Thesis  

2.3 Numerical models 
The development of the injected CO2 plume in saline aquifer is commonly 
described by application of a set of nonlinear partial differential equations that 
are combination of the continuity equation and principles of mass and energy 
conservation (Bear, 1972). Numerical modeling has long been used to ana-
lyze, interpret and predict the physical behavior of the injected CO2 plume. 
This approach is based on discretization of the domain and defining the equa-
tion of state and initial and boundary conditions. The choice of the appropriate 
numerical model and the assumption applied should be based on the spatial 
and temporal scale of the problem of interest. For instance, fluid interaction at 
the interfaces (i.e., capillary trapping), hysteresis effects or density driven flow 
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are pore to core scale phenomena while structural trapping, ultimate fate of 
the CO2 plume, risk assessment and leakage path identifications are large scale 
questions. Likewise, while buoyancy flow and residual trapping start at the 
initial stages of the injection, chemical reactions between the injected CO2 and 
the formation fluids is a very slow process that is relevant in time scales bigger 
than hundreds to thousands of years (Nordbotten and Celia, 2012).  

Numerical modelling is a valuable tool for interpretation of the collected 
data from both laboratory or field experiments. Numerical simulations can 
also be used to predict the fate of the CO2 injected in a saline formation in 
longer time scales. (Xu et al., 2003; Hassanzadeh et al., 2005; Pruess and 
Zhang, 2008; Elenius et al., 2010; Juanes et al., 2006; Doughty, 2007; 
Birkholzer et al., 2009, 2011; Pruess and Nordbotten, 2011; Zhang and 
Agarwal, 2012; Doughty and Freifeld, 2013; Rasmusson et al., 2014, 2016; 
Yang et al., 2013; Tian et al., 2016, 2017) 

In this study, TOUGH2 simulator (Transport Of Unsaturated Groundwater 
and Heat) (Pruess et al., 1999) was used for modeling and data analysis. The 
code is designed to simulate the coupled processes that occur during non-iso-
thermal, multiphase, multicomponent flow in one, two or three-dimensional 
porous media or fractured rock. The numerical discretization is based on inte-
gral finite difference (IFD) method. The code provides different modules with 
different equations of state which makes it applicable for a wide variety of 
applications. The equation of state formulates the dependency of material 
properties (e.g. density, viscosity and partitioning of fluid components among 
phases) on pressure and temperature. Mass and energy conservation equations 
are solved for each component in each grid block. The basic equations solved 
by TOUGH2 for component k in phase β are as follow (Equations 17 – 18) 
(Pruess et al., 1999): 

 

. ГГ                          (17) 

 
where Vn is volume of arbitrary subdomain [m3], Г  is closed surface (m2), n 
is normal vector on surface element dГ ,  is mass flux [kg m-2 s-1],  is 
specific mass sink/source [kg m3 s-1] and  is specific mass of component k 
which is defined as: 

 

∅∑ . .                           (18) 
 
where ∅ is porosity and  is mass fraction of component k in phase β. 
 
In this study, two modules of ECO2N (Paper II and IV) and EOS7C (Paper 
III) have been applied. ECO2N were used to calculate the fluid properties in 
a system that includes a mixture of water, CO2 and brine. This is a suitable 
module to simulate hydraulic and thermal tests is saline aquifers. To model 
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the tracer test, EOS7C was used which is TOUGH2 module to simulate a flow 
in a multicomponent gas mixture in systems with methane-carbon dioxide. 

ECO2N 
This module is specifically designed to simulate thermodynamic and thermo-
physical properties of the CO2 injected in saline aquifer. The components 
modelled are water, CO2, salt (NaCl) and heat. ECO2N covers a number of 
phase combinations of the components including a single (aqueous or gas) 
phase as well as two-phase mixture. In addition, salt precipitation can also be 
simulated and solid phase can be present. For dissolution of CO2 in water and 
salt precipitation, local equilibrium solubility is assumed. Both CO2 and water 
can be present in gas and aqueous phase and their partitioning in those phases 
is a function of temperature, pressure and salinity. While CO2 rich phase can 
be present in both gas and liquid phase, the module does not distinguish be-
tween these two phases and the phase transition between CO2 gas and liquid 
phase is not covered in this module. The module treats the CO2 rich phase 
(whether it is in gas or liquid phase) as gas which is the non-wetting phase in 
the simulation. Thermophysical properties of the fluid mixture e.g. density, 
viscosity and specific enthalpy are a function of temperature, pressure, com-
position and partitioning of components among the fluid phases (Pruess, 
2005).  

EOS7C 
Simulation of flow in systems with gas mixture of carbon dioxide and methane 
or carbon dioxide and nitrogen can be performed using EOS7C. The compo-
nents in this module include water, brine, non-condensable gas that can be 
CO2 or N2, tracer, methane and heat. To simulate the components’ transport, 
both advection and Fickian molecular diffusion are considered. The aqueous 
phase in EOS7C represents a mixture of brine and water and not water and 
salt. The code provides three options for the choice of equation of state. In this 
study (Paper III) Peng-Robinson equation was used. Viscosity is calculated 
using a method suggested by Chung et al. (1988). More details about the mod-
ule can be found at Oldenburg et al. (2004).  

2.4 Injection strategies to enhance residual trapping 
Reservoir engineering techniques can be applied to optimize the efficiency 
and safety of a given storage. The optimization process is a site-specific pro-
cedure and depends on formation characteristics and its petrophysical proper-
ties such as porosity and permeability. For reservoirs which may contain frac-
tures or abandoned wells or are bordered by faults, increasing the storage 
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safety requires application of the methods that can limit the CO2 plume mi-
gration. For other reservoirs where existence of possible conduits is not a ma-
jor concern, increasing the storage safety can be reached by improving CO2 
dissolution and residual trapping. Several field techniques have been sug-
gested to enhance the capillary trapping of the injected gas. Brine injection on 
top of the injected CO2 to increase solubility (Leonenko and Keith, 2008; Has-
sanzade et al., 2009), injecting CO2 using horizontal injection well to increase 
the interface between the injected gas and the ambient fluid (Hassanzade et 
al., 2009) or adding nanoparticles to the injected CO2 in order to promote the 
density driven flow and consequently increasing dissolution trapping (Ja-
vadpour and Nicot, 2011) are among the suggested strategies. Cyclic injection, 
where the drainage and imbibition processes alternate to increase the effi-
ciency of the capillary trapping, as well as water alternating gas (WAG) injec-
tion have also been proposed to enhance the residual and dissolution trapping 
(Agarwal and Zhang, 2014; Gonzales-Nicolas et al., 2017). 

Water alternating gas, also a concept borrowed from oil industry, is an in-
jection strategy that applies the consecutive injection of water and gas slugs. 
The parameters that characterize this technique include the number of the in-
jection cycles, water and CO2 injection rate and mass ratio of the injected flu-
ids (WAG ratio) (Agarwal and Zhang, 2014). An injection cycle is defined as 
one slug of CO2 injection followed by one slug of water injection. These fac-
tors can be combined in an optimized way to maximize the efficiency of the 
trapping mechanisms. Optimization of WAG injection scenario using numer-
ical simulation was studied in this work.  
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3. Results and discussion 

3.1 Field scale push-pull experiments to estimate the 
residual gas saturation (Paper I) 
Two field scale push-pull experiments designed to estimate the parameter of 
residual gas saturation in-situ were carried out at the Heletz site, Israel. The 
data collected during the two experiments and the numerical modeling used 
for data analysis and interpretation are the bases for this thesis.  

The main objective of both Residual Trapping Experiments I (RTE I) and 
Residual Trapping Experiments II (RTE II) was to estimate the formation’s 
residual gas saturation. The experiments were designed based on comparison 
of the formation’s response to various tests at two different conditions; first, 
when the formation is fully water saturated and again when it is at gas residual 
saturation state. A main difference between the two experiments is the method 
applied to establish the residual state. For the first experiment the residual sat-
uration state was created by CO2 injection followed by withdrawing fluids 
from the formation so that only residually trapped CO2 was left. In the second 
experiment, CO2 injection was followed by the injection of CO2-saturated wa-
ter to push away the CO2 plume and to establish the residually trapped zone. 
The other difference is the tests applied to characterize the formation response. 
While hydraulic and thermal tests were applied for both experiments, parti-
tioning tracer test was only used during the second experiment. Moreover, the 
hydraulic tests in the first experiment were performed by water withdrawal 
while in the second experiment water injection was used. The different se-
quences used for these experiments are summarized in Table (1). Here, the 
tests which were carried out before the CO2 injection are referred to as char-
acterization tests while tests carried out after creating the residual state are 
referred to as residual tests. 

General description of the Heletz experimental site is given in section 1.2. 
The target formation at the location of the injection well consists of two sand-
stone layers, sandstone W and A, with the thickness of 2 and 9 m respectively. 
The two sand layers are separated by an intermediate 3 m thick shale layer. 
The sandstone reservoir is overlain by a limestone layer. It is sealed by a thick 
low-permeable shale and marl intervals on top of the limestone layer. The 
depth of the top of the upper sandstone at the location of the injection well, 
(H18A) is 1627 m. While both sand layers A and W are perforated, the slotted 
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section of the injection well ends at the depth of 1632 m. More detailed de-
scription of the site and the target reservoir can be found at Niemi et al. (2016). 
The schematic drawing of the formation’s layers and the details of the injec-
tion well are shown in Figure 7. 

Previous information concerning the petrophysical properties of the injec-
tion site was available from the extensive site characterization program, ob-
tained both from well logging, field tests and from laboratory core sample 
analyses. Information included porosity, permeability, mineralogy relative 
permeability and capillary pressure functions etc.  (Niemi et al., 2016; Tatomir 
et al., 2016; Hingerl et al., 2016)  

The data collected during the experiments included pressure and tempera-
ture recorded at two P/T gauges 15 m apart at formation depth with the lower 
P/T sensor located 1 m below the intermediate shale layer and the upper sensor 
9 m above the top of the upper sandstone (Figure 7). Temperature data from 
the optical fiber distributed temperature sensors (DTS) were available with 
resolution of 1 m along the injection well. Also, for the second experiment, 
where a test with partitioning tracers was carried out, U-tube sampling was 
used to measure the tracer concentration in the liquid phase. This thesis is 
based on data analysis of hydraulic and thermal tests in the Residual Trapping 
Experiment I and hydraulic and tracer tests in the Residual Trapping Experi-
ment II.  

 
Figure 7. Schematic drawing of the injection well 
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Table 1. Comparison of the sequences and the tests used for the two push-pull ex-
periment I and II 

Stage RTE I RTE II 

Characterization test Hydraulic test (water 
withdrawal)  
Thermal test 

Hydraulic test (water injection) 
Thermal test 
Partitioning tracer test 

CO2 injection  100 tonnes 50 tonnes 

Establishing the residually 
trapped zone 

Self-release 
Fluid withdrawal 

Self-release 
CO2-saturated water injection 

Residual tests Hydraulic test (water 
withdrawal) 
Thermal test 

Hydraulic test (CO2-saturated water 
injection) 
Thermal test 
Partitioning tracer test 

The main conceptual model used for modeling both experiments is a 3-layer 
radial symmetric model with the injection well at the center and the lateral 
boundary at the radius of 500 m. It consists of two permeable layers with per-
meability of 400 mD separated with a 3 m low-permeability layer to represent 
the stratigraphy of the formation at the location of the injection well. This 
model is based on the conceptual model presented in Rasmusson et al. (2015). 

A detailed description of the numerical model and the equations used can 
be found in Paper II and Paper III.  

3.2 Residual Trapping Experiment I (Papers I and II) 
The first field experiment with the objective of determining residual trapping 
in situ at the Heletz site was performed between 9-29th of September 2016. 
The sequence used some of the principles of the Otway experiment (Paterson 
et al., 2013) as well as suggestions from Rasmusson et al. (2014), but was 
different from both of these cases in the sense that hydraulic withdrawal rather 
than hydraulic injection test was used as the main characterization test method. 
Formation response to variation in pressure was recorded during two hydrau-
lic tests performed by water withdrawal. To create the residually trapped zone 
of CO2, a total amount of 100 tonnes of CO2 was injected and the residual state 
was created by withdrawing fluids from the same well. The time schedule and 
the injection/production rates at different stages of the experiment are summa-
rized in Figure 8 and Table (2). Figure 9 represents the overall pressure and 
temperature data recorded during the entire experiment sequence. The col-
lected data and the corresponding simulations of various stages of the experi-
ment will be presented in the following sections. The petrophysical properties 
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initially used for the numerical simulations including porosity and absolute 
permeability are based on extensive laboratory analysis of core samples which 
are summarized in Tatomir et al. (2016), Hingerl et al. (2016) and Niemi et al. 
(2016). These initial parameter values were modified during model calibration 
based on hydraulic characterization tests (the test before CO2 injection) and 
used later for the history matching of the residual hydraulic test (test after the 
creation of the residually trapped zone).  Parameters for the hysteretic relative 
permeability and capillary pressure functions were based on the parameter 
matching to the available laboratory data provided by Hingerl et al. (2016). 
These parameter values are summarized in Table 2 of Paper II.  

 
Figure 8. The schematic sequence of the Residual Trapping Experiment I 

Table 2. Time duration and the injection rates at different stages of the Residual 
Trapping Experiment I 

Element of test 
sequence 
  
 

Start time 
(date and 
time)   

End time 
(date and time)  

Total vol-
ume/mass  
of fluid in-
jected/ 
pumped 
 

Average  
rate of injec-
tion/ 
pumping 
 

Hydraulic reference test   
‐ Pumping 09-09-2016 

10:20 
09-09-2016 
15:30 

24 m3 5.5 m3/hour 

‐ Recovery 09-09-2016 
15:30 

12-09-2016 
09:10 

  

Indicator tracer and water injection   
‐ Tracer injection  12-09-2016 

09:19 
12-09-2016 
09:50 

5,6 kg  

‐ Water injection  12-09-2016 
09:10 

12-09-2016 
10:37 

11 m3 7.3 m3/hour 

CO2 injection  12-09-2016 
12:00 

14-09-2016 
08:36 

100 tonnes 2.3 tonnes/hour 



 33

Heating experiment    
‐ Heating 15-09-2016 

9:00 
17-09-2016 
8:05   

‐ Cooling     
Establishing the residually trapped zone   
‐ Self-release 21-09-2016 

11:05 
24-09-2016 
08:00 

  

‐ Active pump-
ing of fluids 

24-09-2016 
08:00 

26-09-2016 
12:50 

358 m3 5-7 m3/hour 

Hydraulic test with residually trapped CO2   
‐ Pumping  29-09-2016 

10:56 
29-09-2016 
16:00 

36 m3 7.4 m3/hour 

‐ Recovery      

 
 

 
Figure 9. Data recorded at the two sensors (Upper P/T sensor at the depth of 1618 m 
and Lower P/T sensor at the depth of 1633 m) a) pressure, b) temperature  

Hydraulic characterization test 
The experiment starts with a hydraulic withdrawal test on September 9th. Dur-
ing the test, 24 m3 of the formation water with the average production rate of 
5.5 m3/hour was pumped out. The abstracted water was first directed to the 
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storage tank at the surface. The flow rate data were recorded by a flowmeter 
installed at the outlet of the tank and were corrected for the storage effect of 
the tank by continuously measuring the water height (pressure at the bottom 
of the tank) in the tank (by means of a pressure sensor at the bottom of the 
tank) at each given time. The oscillation in the pressure data during the with-
drawal phase is related to the air lift technique used in the experiment. Varia-
tion in temperature data is negligible during this stage. Two models, one with 
permeability of 400 mD for both layers and the other with permeability of 700 
mD for the upper reservoir and 350 mD for the lower reservoir could fit the 
pressure data for the hydraulic characterization test but only the first one could 
provide a good fit with the collected data during the later stages of the exper-
iment (more details can be found in Paper II). The best fitting model result 
with permeability of 400 mD for both upper and lower reservoir is given in 
Figure 10 along with the measured pressure and the corrected flow rate data.  

 
Figure 10. The production flow rate data, recorded pressure at the location of the 
lower sensor and the corresponding modeling result during the characterization hy-
draulic test on 9th of September 2016. 

CO2 injection  
The CO2 injection was carried out from 12th of September 2017 12:00 to 14th 
of September 2017 8:36. During this time 100 tonnes of CO2 under high pres-
sure and temperature was injected in the reservoir. The CO2 injection caused 
an increase in pressure as well as a gradual rise in temperature (Figure 11). As 
the temperature of the injected gas and the injection flow rate were measured 
at the surface, the exact gas temperature at the reservoir depth was not known, 
but had to be estimated in the simulation. To simulate the gradual increase in 
temperature during the gas injection without knowing the gas injection tem-
perature at the reservoir depth, enthalpy of the injected fluid was assigned so 
that it increased with time (Figure 11b). The temperature data drops at the end 
of the CO2 injection which is related to the sudden pressure release in the in-
jection well. As it can be seen in Figure 11a, the fluctuation in pressure data 
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at the early stage of the CO2 injection was not captured by the model. How-
ever, when the injection flow rate stabilizes at the later stage of the injection, 
the simulation result agrees well with the data. After the CO2 injection, the 
formation was left undisturbed for one day.  

Heating 
The heating test took place from 15th of September at 9:00 to 17th of September 
at 8:05. The heating was done via a heating cable with the nominal effect of 
40 W/m (the actual heating effect was shown to be lower). The termination 
depth of the heater wire was at 1634 m (Figure 7). The temperature response 
recorded at the lower sensor was shown to be sensitive to the gas distribution 
in the layered reservoir. This in turn is affected by the geometry of the injec-
tion well and the processes that happen in the well during the injection. The 
modeling results based on initial assumption of a fully perforated well where 
the injected CO2 can enter both upper and lower reservoirs could not satisfy 
the temperature data during the heating test (Figure 12). The model that could 
fit the data suggests that the injected gas tends to enter the upper reservoir.  
This conclusion is also in agreement with the analysis of the pressure differ-
ence of the two down-hole sensors. The pressure difference between the two 
sensors (∆ ) can be used to estimate the height of the column of the gas inside 
the injection well ( ), assuming a sharp interface between the two existing 
phases (See equation 19).  

∆                       (19) 

Here h is the distance between the two sensors and  and  are density 
of the CO2 and water, respectively. The calculated gas volume fraction in 
the injection well during the CO2 injection (Figure 13) shows that 80% of the 
volume of the injection well is occupied by gas during the injection phase. 
This suggests that the lower part of the well is not in contact with the injected 
gas. In order to consider this effect, during the CO2 injection, the grid blocks 
of the numerical model at the lower 9 m of the injection well were assigned to 
be less permeable than the grid blocks at the top of the well. This adjustment 
in the conceptual model is shown in Figure 12 as “Modified well model”. 
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Figure 11. a) CO2 injection flow rate, pressure data and simulation, b) temperature 
data and simulation results between 12th of September 2016 9:10 to 14th of Septem-
ber 2016 09:00 

 
Figure 12. Temperature data and the simulation results during the heating test between 
15th of September at 9:00 to 17th of September at 8:05 as well as the following reting 
period  
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Figure 13. Calculated gas volume fraction in the injection well between two sensors 
during CO2 injection and heating 

Self-release 
As summarized in Figure 8 and Table (2), the residual state in this experiment 
was established in two steps. First, the injection well was opened to atmos-
pheric pressure which allowed a spontaneous flow of a mixture of gas and 
liquid to the surface. This took place in a series of geysering-type events that 
can be seen in the pressure and temperature data (Figure 9) as abrupt fluctua-
tions between 21th-24th September. Also, here the released fluid flow was 
measured using a flowmeter installed at the outlet of a storage tank at the sur-
face. Please note that only the outcoming water flow could be measured, while 
the outcoming gas was released into the atmosphere and could not be meas-
ured. To simulate the pressure response during this period, the pressure data 
recorded at the lower sensor was used as time-varying boundary condition and 
the corresponding flow rate was calculated by the model.  
Because of some technical problems with the heaters, the planned following 
heater test was not performed and no attempt was made to match the temper-
ature data after the self-release phase.  

Active production  
The second step in establishing the residual gas state was to actively produce 
fluid from the same injection well. The pumping started at 8:00 on 24th of 
September and continued until 12:50 on 26th of September. The average pro-
duction rate was about 4-5 m3/hour during the first day and was later increased 
to about 6-7 m3/hour. The pressure difference between two P/T sensors was 
continuously monitored and was used as an indication of the gas presence in 
the injection well. The fluid withdrawal was stopped when the pressure dif-
ference between the sensors corresponded to the hydrostatic pressure of a fully 
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CO2 saturated water column at the depth of the formation. The pressure re-
sponse during this withdrawal phase was simulated using the well deliverabil-
ity function provided in TOUGH2. This option allows to calculate the mass 
production rate of different phases (qβ) based on the bottom-hole pressure 
( ) as follow: 

 

. .                       (20) 

 
where PI is productivity index and is defined as: 

 
∆

/
	.                      (21) 

 
Here μ is viscosity, ρ is density and Δz, rl, rw and s are the layer thickness, the 
grid block radius, the well radius and skin factor respectively. Simulated flow 
rate was shown to be sensitive to the parameter of residual gas saturation i.e. 
calculated liquid flow rate was higher with lower residual gas saturation. The 
best fit to the flow rate data was achieved by scenario with residual gas satu-
ration of 0.1 (Figure 14).  

 
Figure 14. Flow rate, pressure data and simulation results during establishing residual 
saturation phase between 21 September 2016, 11:05 to 26 September 2016, 12:50 for 
scenarios 1, 2 and 4 (For list of scenarios see Table 1 in Paper II). 
 

Residual hydraulic test 
After the creation of the residually trapped zone a period of three days of rest 
followed before the start of the residual hydraulic test on 29th of September. 
The objective of this test was to see the effect of the residually trapped CO2 
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on test response and to be able to compare with the test before CO2 injection. 
During the residual hydraulic test 36 m3 of the formation fluid was abstracted 
with production rate of about 7.4 m3/hour. Since the pressure-drop resulted 
from the fluid withdrawal during this test is sensitive to residual gas saturation, 
analysis of the test can be used to estimate this critical parameter. A complete 
list of all different scenarios tested in numerical simulations are summarized 
in Table (1) of Paper (II). Figure 15 compares the base case scenario (scenario 
2), where the effect of well geometry was not included, with the best matching 
model (scenario 19), where both hysteretic relative permeability functions and 
modification in the injection well have been considered. For the best matching 
scenario, permeability of the both reservoirs was 400 mD and the maximum 
residual gas saturation was 0.1. 

 
Figure 15. Pressure data and simulation results during the residual hydraulic test. Base 
case and Best case are referring to scenario 2 and scenario 19 in Table 1 of Paper II 
respectively. 

Overall conclusion from the model interpretation of RTE I 
The model analysis of the first residual trapping field experiment carried out 
at the Heletz pilot CO2 injection was presented. Numerical simulation of the 
Residual Trapping Experiment I provided understanding of the distribution of 
the injected gas into the two layers of the reservoir. Interpretation of the pres-
sure and temperature data showed that the injected gas tended to move into 
the upper reservoir. The main objective of the experiment was to estimate the 
residual gas saturation of the formation, here taken as the model parameter in 
Equation (11). The simulated pressure with the maximum residual gas satura-
tion (Sgrmax) of 0.1 provided a successful agreement with the collected data, 
assuming gas accumulation mainly into the upper reservoir. This estimated 
value for maximum residual gas saturation is lower than the value measured 
on a core sample in laboratory conditions, which was reported to about 0.2. 
The difference can be due to the scale difference between the field experiment 
and a 9 cm core sample measured in laboratory as well as from issues of rep-
resentativity of the laboratory sample in terms of representing the properties 
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of the formation at large. The model that provided the best fit to the data from 
this first experiment was later used for numerical simulation of the second 
residual trapping experiment, RTE II.  

3.3 Residual Trapping Experiment II (Papers I and III) 
The second residual trapping experiment was carried out between 8th of Au-
gust and 10th of October 2017. In this experiment 50 tonnes of CO2 was in-
jected and the residually trapped zone was created by injection of CO2-satu-
rated water. Partitioning tracer test was applied along with thermal and hy-
draulic tests before and after CO2 injection. The time series of the processes 
and the injection rates used in this experiment are summarized in Figure 16 
and Table (3). The overall pressure and temperature data during the the exper-
iment are shown in Figure 17. The conceptual numerical model used for data 
analysis of this test was based on the results from the previous experiment, 
RTE I. The model consisted of two permeable sandstone layers with the inter-
mediate shale layer and modifications were applied to the well during the CO2 
injection phase so that the injected CO2 preferably entered the upper reservoir. 
The model parameter values were as shown in Table 1 of Paper III.  

As for the RTE I, the conceptual model and the initial parameters were first 
calibrated against the characterization hydraulic test. A description of various 
stages of the experiment as well as the corresponding numerical simulations 
are summarized in the following sections. 

 
Figure 16. The schematic sequence of the experiment II 
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Figure 17. pressure and temperature data recorded at P/T gauges in the injection 
well during the time frame of the experiment II between 18 August 2017 7:50 to 11 
October 2017 11:15 

Table 3. Time duration and the injection rates at different stages of the experiment II 

Element of test 
sequence 

Start time End time 
Total vol-
ume/mass in-
jected/pumped 

Average rate of 
injection/pro-
duction 

Heating test     
Heating 18-08-2017 7:50 22-08-2017 1:50   
Cooling 22-08-2017 1:50 23-08-2017 9:00 

 
  

Hydraulic and tracer reference tests  
Tracer injection  23-08-2017 9:56 23-08-2017 12:01 2 kg 1.01 kg/hour 
Water injection  23-08-2017 9:00 23-08-2017 17:10 50 m3 6.2 m3/hour 
Recovery  23-08-2017 17:10 24-08-2017 9:06   
Pumping 24-08-2017 9:06 25-08-2017 14:30 183.8 m3 6.1 m3/hour 

 
Heating test     
Heating  27-08-2017 11:10 29-08-2017 10:00   
Pumping 1 29-08-2017 10:25 29-08-2017 18:25 41.4 m3 5.7 m3/hour 
Pumping 2 30-08-2017 10:10 30-08-2017 13:10 13.6 m3 5.7 m3/hour 

 
CO2 injection      
CO2 injection 4-09-2017 12:00 5-09-2017 11:30 50 tonne 2.14 tonne/hour 
Recovery  5-09-2017 11:30 6-09-2017 8:00  

 
 

Heating test     
Heating 6-09-2017 8:00 8-09-2017 9:00   
Cooling 8-09-2017 9:00 10-09-2017 9:00  

 
 

Establishing the residually trapped zone   
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Self-release 10-09-2017 14:24 13-09-2017 12:00   
CO2- saturated 
water injection 1 

13-09-2017 12:00  13-09-2017 16:22 31.4 m3 8.9 (water) 
m3/hour 

 13-09-2017 12:50 13-09-2017 16:22 0.56 tonne 0.187 (CO2) 
tonne/hour 
 

CO2- saturated 
water injection 2 

14-09-2017 0:50 14-09-2017 1:45 6.6 m3  6.6 (water) 
m3/hour 

 14-09-2017 0:47 14-09-2017 1:44 0.165 0.165 (CO2) 
tonne/hour 
 

CO2- saturated 
water injection 3 

17-09-2017 12:20 17-09-2017 23:20 53 m3 4.8 (water) 
m3/hour 

 17-09-2017 12:58 17-09-2017 23:20 2.075 0.19 (CO2) 
tonne/hour 
 

Heating test      
Heating 17-09-2017 23:20 19-09-2017 16:20   

Cooling 19-09-2017 16:20 21-09-2017 16:20 
 

  

Hydraulic and tracer tests with residually trapped CO2   

CO2- saturated 
water injection  

8-10-2017 15:29 8-10-2017 20:30 17.151 m3 3.4 (water) 
m3/hour 

 8-10-2017 15:29 8-10-2017 20:30 0.880 tonne 0.23 (CO2) 
tonne/hour 
 

Tracer  8-10-2017 15:29 8-10-2017 17:10 1,7 kg 1.01 kg/hour 

Pumping  10-10-2017 9:00 11-10-2017 11:15 183 m3 6.7 m3/hour 

Characterization tests 
The experiment started on 18th of August 2017 with a thermal test followed 
by characterization noble gas tracer test and hydraulic test. During the thermal 
test between 18th and 23th of August, the formation was heated using the heat-
ing cable (Figure 7). The effect of the heating can be seen in Figure 177 as the 
recorded temperature in both sensors has increased. The sharp pressure in-
crease and temperature drop on 23th of August are related to the water and 
tracer injection during the characterization tracer and hydraulic tests. During 
this phase, 2 kg of Krypton (Kr) was co-injected with 12.7 m3 of water, fol-
lowed by 34 m3 of chased water injection. 

Fluid withdrawal and U-tube sampling started at 9:06 on 24th of August 
2017 and lasted for about 28 hours during which 184 m3 of formation fluids 
were abstracted. As for the previous Residual Trapping Experiment (RTE I), 
a model with 400 mD permeability for both reservoirs can satisfy the pressure 
data of the hydraulic characterization test. Since the mechanical dispersion is 
not accounted for in TOUGH2 model, several models with different grid res-
olutions were tested and the best model with grid discretization of 5 cm in 
horizontal direction was chosen to be used for simulation of the further stages 
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of the experiment. The pressure and tracer data and the best-fitting numerical 
simulation results for this stage are presented in Figure 18 and Figure 19. 

The experiment was followed by another heating test with the purpose of 
estimating the formations heterogeneity. For this test, the formation was first 
heated between 27th-29th of August and then water was produced in two steps 
on 29th and 30th of August. Although the process was included in the simula-
tion and the pressure variations in data and simulation have been compared in 
Figure 18, the temperature data analysis to estimate the heterogeneity is not 
covered in this work. 

 
Figure 18. Measured pressure and flow rate (green dots) during the characterization 
hydraulic test along with the flow rates used in the simulations (red dots) (24th of 
August at 9:06 to 25th August at 14:30).  

 
Figure 19. Measured and simulated tracer concentrations in abstracted water as a 
function of volume of water abstracted during the characterization test (24th of Au-
gust at 9:06 to 25th August at 14:30). 

CO2 injection 
After 3 days of recovery, during which the formation was left undisturbed, 
CO2 injection was carried out from 4th to 5th of September 2017. During this 
stage, 50 tonnes of CO2 with an average rate of 2.14 m3/hour was injected. 
This injection caused an about 1 bar pressure increase and the temperature 
drops about 2 degrees. As for the best-fitting model for RTE I, the model was 
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modified so that CO2 enters the upper reservoir. The measures pressure and 
flow rate data together with the simulation results are shown in Figure 20.   

 
Figure 20. Measured and simulated a) pressure and b) injection flow rate during CO2 
injection (4th to5th of September) 

Self-release 
In order to create the residually trapped zone and to release the mobile CO2, the 
first step was to open the well to the atmospheric pressure. This took place be-
tween 10th and 13th of September. As in the previous experiment, this well opening 
caused a sequence of fluid release events to the surface which can be seen in the 
pressure data as consecutive pressure-drop events. These fluid releases contained 
both CO2 in gas phase and water pushed up to the surface by the gas. To model 
the flow during this process, the well deliverability option in TOUGH2 was ap-
plied where the pressure recorded at the lower P/T sensor was used to define the 
bottom-hole pressure as a boundary condition (Figure 21). 

 
Figure 21. Measured and simulated pressure during the self-release stage (10th to 11th 
of September, lower sensor) 
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CO2-saturated water injection  
The main process to establish the residual state was to inject CO2-saturated 
water. The purpose of this injection is to push the mobile gas plume further 
away from the injection while the capillary forces trap the gas bubbles in pores 
and form a residually trapped zone of CO2 at the tail of the gas plume. The 
injected fluid had to be CO2-saturated in order to avoid gas dissolution into 
the injected water. Due to operational conditions in the field, this injection was 
carried out in three separate events rather than in a continuous one injection. 
The pressure response to these events can be seen as sharp pressure increases 
on 13th, 14th and 17th September. The duration of these injection events and 
the injected amount of fluid for each event varied. In total, 90 m3 of water and 
2.8 tonnes of CO2 were co-injected between 13th and 17th of September (Figure 
22). Due to technical difficulties in the field, the gas injection pressure was at 
times less than the required pressure to maintain the optimal CO2/water ratio 
for full saturation and as a result the injected fluid during this stage was under-
saturated (for more details see Paper I).  
In spite of the undersaturation of the injected water, it appears that some free 
gas still was present at the borehole test interval during this stage. Gas volume 
fraction calculated based on the pressure difference between the upper and 
lower sensors (Equation 19) confirmed the existence of free phase CO2 in the 
injection well during the injection process (Figure 23). This gas accumulation 
explains the difference between the recorded pressure data and the estimated 
pressure response from numerical simulations.  

 
Figure 22. Simulated and measured pressure during CO2-saturated water injection 
on 13th, 14th and 17th of September, hysteretic relative permeability functions 
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Figure 23. Calculated volume fraction of the gas in the injection well within the 
completion interval (18th of August 2017 to 11th of October 2017) 

Hydraulic and tracer tests at residual state 
The residual tracer and hydraulic tests – to be compared with the test before 
CO2 injection - were carried out after a relatively long recovery time and were 
started on 8th of October. During these tests, 1.7 kg of Krypton dissolved into 
7 m3 of CO2-saturated water was injected, followed by the injection of 10 m3 
of CO2-saturated water. The total amount of the injected CO2 in this stage was 
880 kg which created a slightly over-saturated fluid injection. Fluid with-
drawal started after one day of recovery on 10th of October at 9:00. The for-
mation water was pumped out with the average pumping rate of 6.7 m3/hour. 
The production rate was higher during the first five hours at about 9.6 m3/hour 
and was stabilized later at about 6.5 m3/hour. The production phase stopped 
on 11th October at 11:15. U-tube sampling was started shortly after the start of 
the water production and the first U-tube sample was collected at 9:20. In total 
nine high-pressure samples were collected during the production phase with 
five hours gap between the first and the second samples and almost two hours 
gap between the rest of the samples.   

As for the first RTE experiment, the initial model calibrated with RTE I 
can well simulate the pressure response (Figure 24a). The tracer data however, 
is more challenging to match. This is mainly due to the two following reasons. 
First, according to our simulations, at the start of the residual tracer test the 
aquifer in the vicinity of the injection well is not CO2-saturated as it was 
planned. This was because of the fact that the injected fluid during the previ-
ous injection stage was under-saturated, which could contribute to dissolving 
the CO2. Besides, the amount of injected chase water during the residual tracer 
test was less than the initially planned amount, due to erroneous and insuffi-
cient water delivery to the site. The lesser amount of available chase water 
limited the extent of tracer plume expansion to about 2 m. At this distance 
from the injection well the formation is mainly water saturated which results 
in less contact between the injected tracer and CO2-saturated fluid. As a result, 
most of the tracer remains in the liquid phase and is pulled back during the 
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early hours of water production. This corresponds to the early peak seen in the 
simulations (Base case in Figure 24b). The tracer data does, however, show a 
somewhat lower peak at the later stage of water production, at about 65 m3. 
To capture this, several model scenarios were considered, including the effect 
of relative permeability functions, grid resolution, partitioning coefficients, 
heterogeneity in the aquifer’s permeability and well geometry (See Table 3 
and 4 in Paper III).  

Figure 24 compares the base case model and the best fitting scenario (Sce-
nario 6 in Table 4, Paper III) and their ability to capture the second peak in the 
tracer data. The assumptions in the best-fitting scenario assume well geometry 
effects where during the injection phase, the injected CO2 enters the upper 
reservoir while the tracer dissolved in water enters the upper section of the 
lower reservoir, below the intermediate shale layer. During the withdrawal 
phase it was assumed that the upper part of the lower reservoir, where the 
tracer was injected, was blocked for the early five hours of water production. 
These assumptions can be motivated by the well construction (Figure 7), 
where accumulation of the gas below the packer lowers the liquid permeability 
and water intrusion into the upper formation and pushes the water into the 
lower formation. It can also be related to the phenomenon of gas exsolution 
that might happen as a result of the sudden pressure release and can reduce the 
permeability of both liquid and gas phases during the early hours of water 
production.   

 
Figure 24. a)  Measured and simulated pressure and b) measured and modelled tracer 
concentration during the residual tracer test.  
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Overall conclusion of model interpretation for RTE II 
Numerical modelling was used to analyze the data collected during the second 
residual trapping field experiment (RTE II) at the Heletz CO2 injection site. 
The interpretations were based on hydraulic and tracer tests which were car-
ried out once at the ambient condition and again when the formation was at 
the residual state. The simulation results of the hydraulic test were in agree-
ment with the conclusions from RTE I where it was shown that in the two-
layer target reservoir at the Heletz site, the injected gas tended to move into 
the upper formation. As for the estimation of the maximum residual gas satu-
ration, the best fitting model estimated maximum residual gas saturation of 
0.1 which is the same as the previous experiment. Interpretation of the tracer 
data however, was shown to be more challenging and assumption had to be 
made in order to fit the tracer data. These assumptions were related both to the 
fluid behavior in the injection well, assuming more gas entering the upper res-
ervoir while water and tracer entering more the lower reservoir, as well as the 
possible phenomenon of gas blocking water flow and channelized flow in 
multi-layer formation. It should be noted that to rigorously take into account 
the processes happening in the injection-production well, a coupled reservoir-
wellbore model would be needed, a topic for future work. 

3.4 The effect of injection strategies on enhancement of 
the CO2 residual trapping (Paper VI) 
The safety and feasibility of a saline formation as CO2 storage is determined 
by its capability to store large amount of the injected CO2 and immobilize the 
gas plume. The immobilization by the physical barriers e.g. dome shape struc-
tures or faults (structural trapping) depends on the geological conformation of 
the reservoir and can hardly be affected by external factors. Likewise, geo-
chemical trapping is dependent on intrinsic properties of the formation and not 
the injection techniques applied. Besides, geochemical trapping is only rele-
vant in large time scales (hundreds to thousands of years). However, it has 
been shown that certain injection strategies can significantly improve the re-
sidual and dissolution trapping in a given target formation. Water alternating 
gas (WAG) injection is among the methods suggested to enhance the capillary 
trapping mechanisms. The method applies alternating slugs of CO2 and water 
injection. Parameters that control the efficiency of this injection procedure in-
clude the amount of the injected gas and water, their injection rates and num-
ber of the cycles. The effect of these designing parameters on WAG perfor-
mance are investigated in Paper IV.  

The criteria used to evaluate the efficiency of the WAG injection were re-
sidual trapping index (RI) and dissolution trapping index (DI). Dissolution 
index was defined as the proportion of the total amount of the CO2 dissolved 
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in water to the total amount of the injected CO2 at a given time. Likewise, the 
residual index was defined as the total amount of the CO2 in residual state to 
the total amount of the injected CO2 at a given time. The parameter WAG ratio 
represents the ratio between total amount of the injected gas and total amount 
of the injected water in each cycle. The term cycle refers to one slug of CO2 
injection followed by one slug of water injection.  

TOUGH2 simulator (Pruess et al. 1999) with the ECO2N module (Pruess 
2005) was used in this modeling study. To generate the heterogeneous perme-
ability fields, GSLIB implementation to TOUGH2 (Finsterle and Kowalsky, 
2007) with Sequential Gaussian simulation (SGSIM) was applied. As a result 
of the alternating gas and water injection scenario, the target domain experi-
ences sequences of drainage and imbibition processes. This means that gas 
residual trapping in the pores not only depends on the initial gas saturation at 
the time of start of the imbibition but also on the history of the processes oc-
curred in the pores. The history dependent residual trapping can be simulated 
using hysteresis in relative permeability and capillary pressure functions. We 
used a hysteresis model modified by Doughty (Doughty, 2013) which is based 
on the Land trapping model (Land, 1968). The parameter values for the mod-
eling, including the formation’s properties, heterogeneity characteristics and 
fitting parameters for the hysteretic characteristic curves were chosen based 
on the laboratory analysis of the Heletz core samples and performed site in-
vestigations at Heletz. More details about the conceptual model and the pa-
rameter values used can be found in Paper IV (Table 1). To compare the effect 
of various design parameters, 21 different injection scenarios were tested (See 
Table 2 in Paper IV). For each heterogeneous scenario, 11 realizations of per-
meability fields were generated. Permeability values were assumed to be log-
normally distributed with known correlation length and variance. The total 
amount of the injected CO2 for all the scenarios was 100 tonnes and the cal-
culation for the residual and dissolution indices was conducted at the end of 
the injection. One sample realization of the permeability fields is shown in 
Figure 25.  
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Figure 25. One example realization of a heterogeneous permeability field in loga-
rithmic scale (log10), with the injection well at (x, y, z) = (0, 0, z) 

The simulation results showed that for the high-permeable sandstone reservoir 
considered here, the CO2 injection rate was not a determining design parame-
ter to maximize the trapping efficiency. This can be explained by the rein-
forced influence of gravity segregation in high permeable reservoirs which is 
the dominant factor in shaping the gas plume distribution.  

Water injection rate however, was shown to be a more important factor in 
determining the trapping indices. The results from the numerical simulations 
show that higher water injection rate leads to increase in both residual and 
dissolution trapping. Higher water injection rate coincides with higher injec-
tion pressure which in turn may facilitate water intrusion into pores with a 
higher initial gas saturation and thereby improve the capillary trapping. The 
results also highlight the importance of the residual liquid saturation parame-
ter, Slr. For scenarios where Slr is doubled (15 to 17 in Table 2 in Paper IV), 
the total trapping index (sum of the residual and dissolution indices) has 
reached up to over 0.9. This effect is expected since the higher residual liquid 
saturation means more water availability in the pores to dissolve the injected 
CO2.  

Among the designing parameters tested, trapping efficiency was more sen-
sitive to WAG ratio and number of cycles (Figure 266Figure 277). Figure 26 
compares the trapping indices for different number of cycles when equal 
amount of water and CO2 has been injected in each cycle (RWAG=1) (Scenarios 
5-8). The evolution of these indices for scenario 19, where there was no water 
injection, is also presented. The highest residual and dissolution trapping was 



 51

achieved in scenario 5, when all the CO2 was injected in one cycle. These 
results indicate that in comparison to conventional CO2-only injection, the wa-
ter injection after the CO2 injection enhances the capillary trapping. However, 
an increase in the number of the injection cycles does not improve the trapping 
efficiency, measured by the defined trapping indices at the end of the injection.  

This pattern of decreasing trapping indices with an increase in the number 
of the injection cycles was also observed for other WAG ratios (Figure 27). 
This result can be explained by the hysteretic model used here. According to 
the Land model (1968) pores with a higher initial gas saturation, store a higher 
amount of the non-aqueous phase when the imbibition starts (See section 2.1 
on hysteresis in capillary pressure and relative permeability functions). Figure 
28 compares the gas saturation at various distances from the injection well for 
scenarios with different number of the injection cycles. For the numerical grid 
cells which are close enough to the injection well to experience the cyclic 
events of drainage and imbibition (Figures 28a and 28b), the highest gas sat-
uration during the drainage phase is reached when the gas injection is per-
formed in one cycle.  

Figure 29 presents 3-dimensional plots of simulated gas saturation distri-
butions for one sample realization in scenarios 5 to 8. The buoyancy effect 
that pushes the injected gas to the top of the formation is more dominant when 
CO2 is injected in one cycle. The more gas saturated tip of the plume moves 
faster and longer distances from the injection well while the less gas saturated 
tail of the plume is left behind. This means that a larger formation volume can 
be affected by the injected gas in case of one cycle injection, which in turn 
increases the potential for residual trapping. In the case of scenarios with 
larger number of injection cycles, the difference in gas saturation between the 
tip of the plume and the area close to the well is less distinct. Also, in compar-
ison with the one cycle injection scenario, the formation volume containing 
the mobile non-aqueous phase (with the gas saturation higher than the gas re-
sidual saturation) is increased. These results imply that CO2 injection in more 
than one cycle reduces the travel distance of the injected plume from the in-
jection well which means a safer reservoir in a longer time period. 

Results presented in Figure 27 show that sensitivity of the trapping indices 
to the number of the injection cycles decreases as WAG ratio increases. The 
WAG ratio, here defined as the proportion of the injected gas to the injected 
water, is an important parameter in designing the WAG injection technique. 
It can be expected that the increased amount of the water available to dissolve 
the injected CO2 (which corresponds to lower RWAG) will enhance the disso-
lution trapping. The increase in the residual trapping in turn, can be explained 
by the increased volume reached by the injected gas since the larger amount 
of the chased water injection pushes the gas plume to further distances away 
from the injection well.  
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Figure 26. Evolution of dissolution and residual trapping for different numbers of 
cycles for the example realization of permeability field (scenarios 5-8). RWAG is 1, 
CO2 and water injection rates are both 5 kg s-1. 
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Figure 27. The average trapping indices among all the 11 realizations for different 
WAG ratios. Error bars represent the mean values plus/minus their standard devia-
tions. CO2 and water injection rates are both 5 kg s-1. 
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Figure 28. Gas saturation variation with time at different distances from the injec-
tion well in X direction (Y=0), for the example realization of permeability field 
(Scenario 5-8). (a) top of the injection well, (b) 5m away from top of the injection 
well, (c) 10m away from top of the injection well, (d) 15m away from top of the in-
jection well. 

 
Figure 29. Gas saturation at the end of the injection for the example realization of 
permeability field (Scenario 5-8). (a) one-cycle injection, (b) two-cycle injection, (c) 
five-cycle injection, (d) ten-cycle injection. (Axis units are in meter). 
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4. Summary and conclusions 

Geological storage of carbon dioxide in deep saline aquifers is one of the 
methods to mitigate the release of this greenhouse gas into the atmosphere. 
The efficiency and long-term performance of this solution can be significantly 
improved by better understanding of the relevant fluid transport and trapping 
processes, as well as by improving available injection techniques and devel-
oping tools for more accurate site characterization.  

In-situ site characterization and specifically estimation of the parameter of 
maximum residual gas saturation is the main focus of the first three papers in 
this thesis. While understanding the site’s capacity for residually trapping the 
injected CO2 is an important step in characterization of a site, so far very few 
studies have attempted to determine this parameter in-situ. The first three pa-
pers in this thesis summarize the data collection and model analysis of two 
push-pull field experiments that were carried out at Heletz, Israel pilot CO2 
injection site under 2016-2017. The two experiments, applying different test 
sequences and characterization techniques as well as different approaches for 
creating the residually trapped zone of CO2, were carried out with the focus 
on determining the parameter of the maximum residual gas saturation. The 
extensive data collection and a detailed description of the injection site and 
operational procedures are presented in Paper I. In Paper II, numerical mod-
eling is used to interpret the pressure and temperature data recorded during the 
first residual trapping experiment (RTE I). In this experiment withdrawal hy-
draulic test and thermal test were used once when formation was fully water 
saturated and again after the residually trapped zone was created. The gener-
ation of residually trapped zone was achieved by CO2 injection followed by 
fluid withdrawal. Analysis of the pressure data from hydraulic tests could pro-
vide robust information for characterization of the formation properties in-
cluding the parameter of maximum residual gas saturation. Temperature data 
analysis was also used to describe the gas distribution pattern in the formation. 
The temperature data showed that in the two- layer formation the injected gas 
tended to move to the upper reservoir creating an uneven gas distribution.  

The second residual trapping experiment (RTE II) was carried out in 2017. 
Here hydraulic, thermal and partitioning tracer tests were applied before and 
after the generation of the residually trapped zone. The residually trapped zone 
was generated by CO2 injection followed by CO2-saturated water injection. 
The interpretation of the hydraulic and tracer tests, using numerical modeling 
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with the model calibrated based on RTE I, is presented in Paper III. The es-
timated parameter of the maximum residual gas saturation obtained from the 
interpretation of the hydraulic test was in good agreement with the previous 
experiment. The interpretation of the tracer data was, however, more challeng-
ing. This was partly due to operational difficulties in the field. The best model 
to satisfy both the pressure and the tracer data incorporates assumption of oc-
curring a phenomenon called gas blocking water flow which can happen as a 
result of sudden decrease in pressure during the fluid withdrawal. The simu-
lation results also showed the importance of taking into account the processes 
that happen in the injection well, in other words gas preferably entering the 
upper layer and water the lower layer. This can motivate to future studies 
where a coupled wellbore-reservoir model is implemented.  

Overall, the data analysis and the results from numerical simulations sug-
gested that push-pull hydraulic test is a robust technique that can provide use-
ful information to estimate the parameter of residual gas saturation in situ with 
reasonable costs. Both thermal and tracer tests can provide valuable data to 
further characterize the formation however the operational difficulties can be 
limiting factors.    

While dedicated field experiments are required to investigate different as-
pects of the processes involved in CO2 storage in geological formations, nu-
merical modeling is a valuable tool for field data analysis, interpretation as 
well as predictive analyses. Among different techniques suggested to enhance 
the capacity and safety of a given reservoir to store CO2, is Water Alternating 
Gas (WAG) technique. The method applies alternative slugs of water and gas 
injection and is designed to enhance the residual and dissolution trapping of 
CO2, which in turn enhances the capacity and longevity of the storage reser-
voir. In Paper IV, the effect of different parameters to increase the efficiency 
of the WAG technique are investigated. The aspects studied included CO2 and 
water injection rate, the effect of the number of cycles and the amount of the 
injected water in proportion to the injected gas. For this study numerical sim-
ulation is used to model a heterogeneous formation based on parameters ob-
tained from the Heletz site. For the formation used in this study (a sandstone 
layer with relatively high porosity and permeability), it was shown that higher 
water injection rate has a stronger effect on dissolution trapping than CO2 in-
jection rate. The most important design parameter was, however, the WAG 
ratio which is defined as the ratio between the amount of the injected gas to 
the amount of the injected water. Generally, higher amount of injected water 
increases both dissolution and residual trapping but it also increases the cost 
of the injection. The other important conclusion from this study was that the 
design parameters of WAG technique are site-specific and application of this 
method to enhance the residual and dissolution trapping requires extensive site 
characterization.  
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To summarize, this Thesis has implemented numerical simulations to in-
vestigate the processes that affect the capillary trapping (residual and dissolu-
tion trapping) of the injected CO2 in a saline aquifer with the focus on exper-
iments carried out in Heletz, Israel. Two residual trapping experiments carried 
out at the Heletz site were analyzed and the data interpretations using numer-
ical simulations were presented. The results from these experiments can pro-
vide a better understanding of the CO2 trapping mechanisms and highlight the 
strengths and weaknesses of different characterization techniques that were 
used in the field experiments.  
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6. Sammanfattning på Svenska 

Geologisk lagring av koldioxid, CO2, i djupa saltvattenakviferer är en av me-
toderna för att mildra utsläppet av denna växthusgas i atmosfären. Utbytet och 
den långsiktiga effektiviteten för denna metod kan avsevärt förbättras, dels 
genom bättre förståelse av relevanta vätsketransport- och fastläggningsproces-
ser, dels genom att förbättra tillgängliga injektionstekniker och utveckla verk-
tyg för mer effektiv karaktärisering av akviferen. 

In situ karakterisering och specifikt uppskattning av parametern för maxi-
mal kapillär fastläggning är huvudfokus för de tre första artiklarna i denna 
avhandling. Förståelse av reservoarens kapacitet för att fastlägga den injice-
rade koldioxiden är ett viktigt steg i karaktäriseringen av en reservoar. Dock 
har hittills väldigt få studier försökt estimera denna parameter in situ. De tre 
första artiklarna i denna avhandling sammanfattar datainsamling och modell-
analysen av två push-pull fältexperiment som utfördes under 2016-2017 vid 
Heletz, Israels pilotundersökningsplats för CO2-injektion. De två experimen-
ten, vilka tillämpade olika testsekvenser och karakteriseringstekniker samt 
olika tillvägagångssätt för att skapa zonen med kapillärt bunden CO2, genom-
fördes med fokus på att bestämma parametern för den maximala kapillära 
CO2-mättnaden. Den omfattande datainsamlingen och en detaljerad beskriv-
ning av injektionsstället och driftsförfaranden presenteras i Papper I. I Papper 
II används numerisk modellering för att analysera de tryck- och temperatur-
data som samlades under det första kapillära fastläggningsexperimentet (RTE 
I). I detta experiment användes återtagande hydrauliskt test och termiskt test 
en gång när akviferen var helt vattenmättad och igen efter att zonenmed ka-
pillär fastläggning hade skapats. Bildandet av zoner med kapillär fastläggning 
uppnåddes genom CO2-injektion följt av vätskeuttag. Analys av tryckdata från 
hydrauliska tester kan ge robust information för karakterisering av formations-
egenskaperna inklusive parametern för maximal kapillär mättnad. Tempera-
turdataanalys användes också för att beskriva  gasens distribution i format-
ionen. Temperaturdata visade att den injicerade gasen i den i två lager strati-
fierade formationen tenderade att röra sig till det övre lagret och skapa en 
ojämn gasfördelning. 

Det andra kapillär fastläggningsexperiment (RTE II) genomfördes 2017. I 
detta användes hydrauliska, termiska och partitionerande spårprov före och 
efter bildandet av den kapillärt bundna zonen. Den kapillärt bundna zonen 
skapades genom CO2-injektion följt av CO2-mättad vatteninjektion. En analys 
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av hydraul- och spårtesterna, genom numerisk modellering med en model ka-
librerad utifrån resultaten i RTE I, presenteras i Paper III. Den uppskattade 
parametern för den maximala kapillär fastläggning som erhållits från en ana-
lys av det hydrauliska testet överensstämde med resultat från det tidigare ex-
perimentet. Tolkningen av spårprovsdata var dock mer utmanande. Detta be-
rodde delvis på operativa svårigheter under experimentet. Den bästa modellen 
för att tillfredsställa både tryck- och spårprovsdata inkluderar antagandet att 
det förekommer ett fenomen som kallas gasblockerande vattenflöde, vilket 
kanuppstå som ett resultat av plötslig tryckminskning under vätskeuttaget. Si-
muleringsresultaten visade också vikten av att ta hänsyn till de processer som 
sker i injektionsbrunnen, med andra ord gas har en tendens att tränga in i det 
övre lagret och vattnet i det nedre lagret. Detta kan motivera till framtida stu-
dier där en kopplad borrhålsmodell implementeras. 

Sammantaget antydde dataanalysen och resultaten från numeriska simule-
ringar på att push-pull hydrauliskt test är en robust teknik som kan ge använd-
bar information för att uppskatta parametern för kapillär gasmättnad in situ 
med rimliga kostnader. Både termiska test och spårningstest kan ge värdefulla 
data för att ytterligare karakterisera formationen, men driftsproblemen kan 
vara begränsande faktorer. 

Dedikerade fältstudier krävs för att undersöka olika aspekter av proces-
serna som är involverade i koldioxidlagring i geologiska formationer.Nume-
risk modellering är dock ett värdefullt verktyg för fältdataanalys såväl som 
prediktiva analyser. Bland olika tekniker som föreslås för att förbättra kapa-
citeten och säkerheten hos vissa reservoarer för lagring av koldioxid är WAG-
teknik (Water Alternating Gas). Metoden tillämpar alternativa vatten- och ga-
sinjektioner och är utformad för att förbättra fastläggning och upplösnings-
fångst av CO2, vilket i sin tur ökar lagringskapacitet och säkerhet. I papper IV 
undersöks effekten av olika parametrar för att öka effektiviteten i WAG-tek-
niken. De studerade aspekterna inkluderade CO2- och vatteninjektionshastig-
het, effekten av antalet cykler och mängden injicerat vatten i proportion till 
den injicerade gasen. För denna studie används numerisk simulering för att 
modellera en heterogen formation baserad på parametrar erhållna från Heletz. 
För den formation som användes i denna studie (ett sandstenlager med relativt 
hög porositet och permeabilitet) visades det att högre vatteninjektionshastig-
het har enstörre effekt på fastläggning genom upplösning än CO2-injektions-
hastigheten. Den viktigaste designparametern var emellertid WAG-förhållan-
det som definieras som kvoten mellan mängden injicerad gas och mängden 
injicerat vatten. 

Generellt ökar högre mängder injicerat vatten både upplösning och kapillär 
fastläggning men det ökar också kostnaden för injektionen. Den andra viktiga 
slutsatsen från denna studie var att designparametrarna för WAG-tekniken är 
olika för varje reservoar och tillämpning av denna metod för att förbättra ka-
pillär fastläggning och lagring genom lösning i formationsvatten kräver om-
fattande karakterisering av reservoaren. 
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Sammanfattningsvis har denna avhandling implementerat numeriska simu-
leringar för att undersöka de processer som påverkar kapillär fastläggning av 
den injicerade koldioxiden i en saltvattenakvifer med fokus på experiment ut-
förda i Heletz, Israel. Två exepriment av kapillär fastläggning utförda på 
Heletz-platsen analyserades och tolkning av datat med hjälp av numeriska si-
muleringar presenterades. Resultaten från dessa experiment kan ge en bättre 
förståelse för CO2-fastläggningsmekanismerna och belysa styrkor och svag-
heter hos olika karakteriseringstekniker som användes i fältexperimenten. 
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