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Abstract

Carbon dioxide sequestration has gained a great deal of global interest because of the
needs and applications of mitigation strategy in many areas of human endeavors includ‐
ing capture and reduction of CO2 emission into atmosphere, oil and gas enhanced pro‐
duction, and CO2 geological storage. In recent years, many developed countries as well as
some developing ones have extensively investigated all aspects of the carbon dioxide
geological storage (CGS) process such as the potential of storage sites, understanding the
behavior of CO2, and its interaction with various formations comprising trapping mecha‐
nisms, flow pattern, and interactions with formation rocks and so on. This review
presents a summary of recent research efforts on storage capacity estimation techniques
in most prominent storage options (depleted oil and gas reservoir, saline aquifers and
coal beds), modeling and simulation means followed by monitoring and verification ap‐
proaches. An evaluation of the more interesting techniques which are gaining attention in
each part is discussed.

Keywords: carbon dioxide, geological storage, CGS

1. Introduction

Carbon dioxide (CO2) is one of the most emitted greenhouse gases (GHG) which causes heat
trapping of the earth and contributes to the global climate change. This global issue led to the
public concern and has become a serious problem in the developed and developing countries
[1]. Accordingly, the increase of GHG in the atmosphere has led to a rise in the average global
temperatures with a warming forecast of 1.8–4.0°C [2]. Recent surveys conducted, see [2–5],
show that the CO2 concentrations has risen from pre-industrial levels of 280 parts per million
(ppm) to present levels of ~380 ppm in the atmosphere and this increase in CO2concentration
depends on world’s expanding use of fossil fuels. Further studies, according to the CO2
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 emissions from fossil fuel power plants, represent the amount of emissions around 23 Gton-
CO2 per year and 26% of the total emissions approximately[1, 2, 6]. Reports from on-road
transportation emissions also indicate the high contribution of CO2 in atmosphere especially
in urban areas. It contributes around 10% of the total global and 20% of the European atmos‐
pheric CO2 emissions [7]. Based on the Intergovernmental panel on Climate Change (IPCC)
report in 2005, 72% of the anthropogenic greenhouse effect is due to the CO2 emission and it
is considered as the most important GHG contributor [1]. The Kyoto Protocol in 1997 also
recommends that the nations minimize their CO2 emissions up to 95% of 1990 levels by 2012.
In this regard, the mitigation options of the CO2 have been defined in many national and
international scales and the scientists have been looking and developing for the techniques
which reduce the CO2 emissions [8–11]. The options include reduction in using carbon-
intensive fuels and improving energy efficiency in order to decrease the CO2 emissions into
the atmosphere or carbon sequestration.

CO2 sequestration is the process of injecting CO2 into sub-surface to reduce the emissions of
anthropogenic CO2. According to the IPCC 2005, the storage options are classified into three
groups: (1) ocean storage, (2) mineralization, and (3) geological storage. Ocean storage consists
of injecting the CO2 into deep oceans and immobilizing it by dissolving or forming a plume
which is heavier than water under the ocean. The ocean is the largest storage option of CO2

and can contain 40000 Gton of carbon in contrast to the 750 Gton in the atmosphere. The ocean
storage has not yet been considered as a pilot scale since it is still in the research phase and
may also have dire consequences in marine life in case of leakage during and after the storage.
[1, 12]. Mineralization process provides an opportunity to store the CO2 for a long period of
time without any special concern about the permanent mitigation quality. It includes the
CO2 conversion to a solid inorganic carbonates which is stable for a long time. The only
considerable problem in this process is related to the high cost of implementation [13]. The
CO2 geological storage (CGS) is considered as the main process for CO2 sequestration in the
developed world [14–16]. The candidate CO2 storage facilities consist of deep saline aquifer
and unmineable coal deposits, as well as depleted and mature oil and gas reservoirs which
can contain 2200 Gton of carbon dioxide [17]. Based on an estimation reported by the European
technology platform for zero emission fossil fuel power (ZEP), the contribution of each option
for the storage potential of CO2 is shown in Figure1. [18]

As for CGS’s regulation in Europe in 2009, the European Union approved that seven million
tons of CO2 could be stored by 2020 and up to 160 million tons by 2030, assuming a 20%
reduction in GHG emissions by 2020 [19]. Over the past decade, many developed countries
have extensively investigated the potential of CO2 storage sites as well as understanding the
behavior of CO2 and its interaction with different reservoir formations as a prerequisite to
increase the effectiveness and integrity of the CGS projects. These comprise advanced scientific
knowledge about CO2 behavior such as trapping mechanisms (physical and chemical), flow
patterns, and interactions with formation rocks that can be achieved by improved techniques
such as flow simulation, reservoir modeling, reservoir monitoring, and verification [20].
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2. CGS: Storage Capacity

In recent years, there have been a number of surveys related to the storage capacity estimation
methods in CGS fields [21]. The first groups of estimation assessments were simple with no
technical component similar to the estimations held in Europe by Holloway and van der
Straaten, in 1995, while the other recent ones have taken into account the complexities and
more sophisticated methods of estimating the CO2 storage capacity [22–28]. One should keep
in mind that the capacity estimation in any different scale (global, reservoir, basin, or region)
and time frame is a difficult process due to our lack of knowledge about subsurface in most
areas of the world and also the uncertainties and inaccessibility of the available data [29].
However, there is a wide variety of estimation techniques proposed by different authors (CSLF,
IPCC, and Bradshaw et al.) which mainly rely on a simple algorithm depending on various
storage mechanism [26, 28, 30].

In 1979 and 1988, the concept of resource pyramids was developed by Masters and McCabe
for the first time and was later proposed to demonstrate the accumulation and quality of the
CO2 storage potentials in the form of three pyramids as an important factor for capacity
estimation, including (1) high level, (2) techno-economic, and (3) trap-type and effectiveness
pyramid [31, 32]. This concept consists of the main aspects of CO2 storage such as different
time scales and assessment scales, various assessment types, and different geological storage
options [29]. For instance, as it has been demonstrated in Figure2, the techno-economic
resource pyramid calculates the storage capacity in mass instead of the volume and includes
the maximum upper limit of capacity estimate with various time and assessment scales. On
the other hands, it reveals three levels of theoretical, realistic and viable estimates in which the
theoretical portion includes the entire pyramid whereas the realistic and viable parts have
covered the top two portions and only the top portion of pyramid respectively [28, 30].

In an investigation which was performed by Kopp et al. in 2009, to estimate the effective storage
capacity, some models were proposed by authors, including(1) CSLF model (proposed by
Bachu et al. in 2007 in which the effective storage volume is calculated by reducing the capacity
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Figure 1. The contribution of most important CGS techniques in the world’s CGS projects.
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coefficient from theoretical capacity), (2) Doughty model (proposed by Doughty et al. in 2001
which estimated the effective capacity as a volume fraction for CO2 storage), and (3) Kopp
model (based on Doughty model while the pores containing dissolved CO2 is much larger than
those containing free gas [33]).

According to CO2 storage capacity estimation surveyed by Bachu et al., based on a summary
of carbon sequestration leadership forum (CSLF), different timeframes and field scales are
accounted considering various trapping mechanisms (physical and chemical mechanisms)
[26]. Bachu et al. have demonstrated the approaches based on different geological potential
with generally assessing the opportunity of other storage options like man-made underground
cavity and the basalts such as Deccan Plateau in India; however, they need more investigations.

2.1. Estimation techniques in depleted oil and gas reservoir

DOE (2006), ‘Methodology for development of carbon sequestration capacity estimates’ and
CSLF (2007), ‘Estimation of CO2 storage capacity in geological media – phase II’ are the major
investigations regarding the storage capacity estimation approaches in geological formations.
The CSLF (2007) employs a techno-economic resource pyramid in the capacity estimation
process for depleted oil and gas reservoir based on McCabe (1998), while the DOE (2006)
utilizes volumetric equations and Monte Carlo approach to estimate the uncertainty and
capacity storage by incorporating various trapping mechanisms in depleted oil and gas
reservoirs [31]. Another integration of DOE and CSLF with simple version of SPE (Society of
Petroleum Engineering) petroleum resource management system is proposed and called
CO2CRC storage capacity classification [34, 35]. They have reported that on account of greater
amount of data in term of oil and gas fields, the estimation process is the easiest among the
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Figure 2. Techno-Economic Resource Pyramid for capacity estimation in CO2 geological storage.
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geological formations. It should be noted that the other methods which are employed in saline
aquifers can be used here for CO2 storage volume estimation: ‘volumetric-based estimation’
and ‘production-based estimation’ [35, 36].

Bachu et al., provided a good overview of storage capacity estimates in oil and gas reser‐
voirs to compare the other geological formation such as coal beds and saline aquifers [26].
Based on Bachu et al., the capacity estimation in oil and gas reservoirs is more convenient
than other geological formations, and these geological formations are discrete in contrast to
the continuous coal beds and saline aquifers [26]. Estimation of the CO2 storage capacity is
also difficult for a number of reasons: In estimation process, some assumption would be
made, such as volume occupied by hydrocarbons is available for CO2 after production for
pressure-depleted reservoirs with no hydrodynamic contacts.  On the other hand, forma‐
tion water  influx as  the consequence of  pressure decline and water  trapping can be in‐
versed due to the CO2 injection and increase in the pore spaces which may cause some pores
to be unavailable for CO2 storage. Thus, the original reservoir pressure has the maximum
limitation for CO2  injection into the depleted reservoirs [37]. According to the volume of
original oil and gas at surface conditions, theoretical mass storage capacity can be account‐
ed through an equation proposed by Bachu et al.[26]. They also provided an extrapolation
to account the theoretical storage capacity in another correlation. In some cases, the actual
volume availability to CO2 storage can be reduced and would be stated by capacity coeffi‐
cient (equation expressed by Doughty and Press, 2004) [38]. But based on Bachu and Shaw,
in 2005, enough data are not available for assessing these coefficients, and estimations are
mostly carried out by numerical simulations [9, 38]. One of the specific issues in CO2 storage
in depleted reservoirs is  CO2  flood-enhanced oil  recovery.  Because of  some reasons,  the
capacity estimation in this case is already an effective estimation. The promising storage sites
for CO2  enhanced recovery can be performed at regional and basin scales such that this
criterion decreases the effective capacity to practical storage capacity [39–41].

2.2. Estimation techniques in saline aquifers

As it has been illustrated in recent studies, deep saline aquifers are the most favorable storage
option in comparison to the depleted reservoirs and coal beds [1, 27, 28, 39]. In contrast, the
numbers of projects which have been conducted by the industries are not considerable due to
some reasons, including availability of anthropogenic CO2 and the related data, site assessment
difficulties, poor injectivities, and high cost of monitoring [42]. According to the DOE, a
volumetric equation is proposed to CO2 storage estimation in saline aquifers, while each type
of trapping mechanisms is also needed for calculation of the basin-scale assessments [35]. In
CSLF methodology for deep saline aquifers, storage estimations based on structural and
stratigraphic trapping mechanisms are similar to depleted oil and gas reservoirs, whereas the
mass of CO2 related to the effective storage volume would be more difficult to calculate.
Moreover, the storage estimation based on solubility trapping at the basin and regional scales
can be calculated by the relation proposed by Bachu and Adams [36, 41].

Bachu et al. proposed a theoretical approach to CO2 storage estimation considering each type
of trapping mechanism in deep saline aquifers [26]. They introduced a simple time-independ‐
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ent volumetric equation used for depleted oil and gas reservoirs in which the traps have been
saturated  by  water  rather  than  being  occupied  with  hydrocarbons.  Similar  to  equation
mentioned above, a relation related to the CO2 mass storage limitation also has developed
here for basin- and regional-scale assessments,  which can be utilized for theoretical  and
effective capacity estimations. For residual gas trapping method, the storage volume can be
calculated with  a  time-dependent  equation proposed by the  authors  with  regard to  the
concept of actual CO2 saturation at flow reversal by Juanes et al. [43]. The solubility mecha‐
nism is a time-dependent, continuous, and slow process which can be performed effective‐
ly  after  finishing the  injection process.  If  this  trapping system occurs  in  thick and high
permeable aquifers, a convection cell can be constituted and the dissolution process will be
improved, while in the case of thin aquifers, this mechanism is less efficient [44, 45]. Capacity
storage at the basin and regional scale can be assessed through an equation proposed by
Bachu and Adams whereas at the local and site scale, numerical simulation is required for
precise estimation of the storage capacity [41]. Estimation through mineral trapping cannot
be applied at the regional and basin scales due to the lack of available data and the com‐
plex intrinsic of mineral trapping and the chemical and physical related mechanisms. The
only remaining approach is numerical simulation which is suitable for site and local scale
during a long period of time. According to recent research, mineral trapping mechanism can
be compared to the solubility mechanisms with regard to the long time period required here
[46, 47]. Hydrodynamic trapping mechanism consists of all the mentioned features of the
mechanism and it needs various time scales for acting. This process cannot be evaluated at
regional and basin scale estimations due to the different acting time scales through various
trapping mechanisms. Hence, it should be considered in a specific point of time and the
numerical simulation applied to estimate the storage capacity at local and site scales [26, 48].

De  Silva  and Ranjith  conducted  a  complete  investigation  related  to  the  CO2  estimation
methods on saline aquifers and assessed different aspects of the estimation process such as
operating time frame, resource circles (pyramids),  and trapping mechanisms and factors
affecting the storage capacity [50]. The proposed equations in each trapping system are based
on the relations recommended by Bachuet al. [26]. The evaluated parameters which can affect
the storage capacity consist of in-situ  pressure, injectivity, temperature, permeability, and
compressibility. According to De Silva and Ranjith, eight methods have been introduced to
estimate theoretical and effective capacity of CO2 storages (volumetric method, compressibil‐
ity method,  flow simulation,  flow mathematical  models,  dimensional  analysis,  analytical
investigation,  Japanese  methodology,  and  Chinese  methodology),  while  to  calculate  the
practical and matched capacities, the local conditions need to be considered [26, 49, 50]. In a
quick and simple volumetric method, the porosity, area, thickness, and storage efficiency of
the  storage  reservoirs  are  important  in  capacity  estimation  according  to  an  equation
mentioned by DOE and Ehlig-Economides and Economides [see 51, 52], while van der Meer
and Yavuz have proposed another equation to measure the CO2 mass [53]. To calculate the
volume of CO2 per volume of the aquifers, Eccles et al. have introduced another relation
including measuring the effective capacity storage at a special depth [54]. The more compre‐
hensive equation to calculate the storage capacity by compressibility method was shown by
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Zhou et al. [55]. The most effective method to assess the capacity is the flow simulation which
includes volumetric formulas and more reservoir parameters rather than other methods [56].
Mass balance and constitutive relations are accounted in mathematical models to capacity
assessment and dimensional analysis consists of fractional flow formulation with dimension‐
less  assessment  and analytical  approaches  [33].  From the formulations  demonstrated by
Okwen and Stewart for analytical investigation, it can be deduced that the CO2 buoyancy
and injection rate have affected the storage capacity [57]. Zheng et al. have indicated the
equations  employed  in  Japanese  and  Chinese  methodology  and  have  noted  that  some
parameters in Japanese relation can be compared to the CSLF and DOE techniques [58].

2.3. Estimation techniques in coal beds

According to the IPCC 2005, the coal bed storage process is currently in the demonstration
phase. MacDonald of Alberta Energy reported the storage in coal bed in 1991 for the first time
[59]. One of the most prominent factors to guarantee the successful economic CO2 storage
process is the permeability of coal and it should be more than 1 mD (miliDarcy) [60]. The main
problem in CO2 storage in coal bed process is the limitation of available data about location
and capacity of promising sites [30, 26, 28]. It should be noted that the main trapping mecha‐
nism in storage process regarding the coal beds is adsorption, and it is necessary to assess the
rank, grade, and type of the coal in order to achieve more information about adsorption
capacity of the coals [35].

The CSLF and DOE proposed models such as volumetric equation to estimate the coal capacity
through substituting the intrinsic methane by injected CO2 process. Bachu et al. have reported
the relation demonstrating the initial gas in place after coal adsorption process proposed by
van Bergen et al. and White et al. [59, 61, 62]. One should keep in mind is that since the
adsorption is one of the main parts of the storage process, adsorbed gas capacity estimation is
also important to investigate [63]. Langmuir equation is a simple and efficient relation for
single-layer adsorption capacity estimation in low-pressure conditions [64–66]. In case of high
pressure and high temperature, other methods are more suitable such as Bi Langmuir,
extended Langmuir, Sips, Langmuir-Freundlich, Toth, UNILAN, two-dimensional EOS, LRC
(loading ratio correlation), Dubinin-Radushkevich (D-R) and Dubinin-Astakhov (D-A) [59, 67–
73]. A modified Langmuir and Toth correlation was expressed by Himeno et al. and Bae and
Bhatia, which includes the substitution of pressure by fugacity high dense phase conditions
[74, 75]. Another mathematical power equation proposed by Saghafi et al. can be used to
estimate the adsorption capacity [66].

Storage capacity estimation for the stored gas content can be performed through the equation
suggested by White, van Bergen et al., CSLF, and Vangkilde et al. [61, 76, 77]. Palarski and
Lutynski expressed another relation to estimate the CO2 storage components in coal seams [78].
To estimate the large-scale storage capacity of 45 important coal basins during Enhanced Coal
Bed Methane Recovery (ECBM) in China, Li et al. used an equation which can be modified to
a simpler form without considering the different coal bed basins [63, 79].
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3. CGS: Modeling and Simulation

To study the behavior of CO2 during and after the CGS process, numerical modeling is
considered as the only effective tool prior to the experimental and field demonstrations instead
of analytical and semi-analytical solutions on account of some limitations and simplifications
[80–83]. In the past few years, various numerical modeling and reservoir simulations ap‐
proaches have been documented in the literature at the pilot and commercial scales which are
using common numerical methods such as finite difference, finite element, and finite volume
methods. One of the most efficient means for reservoir modeling is TOUGH2 simulator
developed by Pruess et al. and used successfully in Rio Vista reservoir. In this study, an
extension of EOS7R and EWASG modules have been developed to simulate the gas and water
flow called EOS7C [84-88]. Omambia and Li carried out a CO2 numerical modeling in a deep
saline aquifer (Wangchang basin, China) using a fluid/property module of TOUGH2 called
ECO2N which is adapted from EWASG module [89]. This module was evaluated in a separate
study for the CGS process in saline aquifers by Pruess and Spycher [86, 90]. TOUGHREACT,
a non-isothermal reactive geochemical transport code, was utilized to simulate the CO2

disposal in deep aquifers by Xu et al., which was performed by merging the reactive chemistry
term into the TOUGH2 framework [91–95]. An efficiency evaluation of CGS was performed
in Frio brine pilot project using the TOUGH2 simulator to identify the uncertainties related to
nature of the earth by Hovorka et al. [96]. In a previous study at the University of Stuttgart,
the MUFTE-UG simulator has been evaluated for CO2 sequestration in various fields of
application such as simulation, CO2SINK, and CO2TRAP [97, 98]. At the Ketzin CO2 storage
site, the ECLIPSE 100/300 and MUFTE-UG codes were employed to perform a history matching
[99]. Pawar et al. have investigated a preliminary study to model and simulate the CGS in a
depleted oil reservoir by ECLIPSE 100 [100]. Another 2/3 dimensional simulation survey with
consideration of reactive flow and transport in deep saline aquifers has been performed by
Kumar et al. with GEM simulator (computer modeling groups) [101]. ECLIPSE and DuMux
simulators are also taken into consideration to understand the thermal effect during CO2

injection and movement in the porous medium.

According to the CGS simulation methods, there have been some comparative investigations
between the various simulators, such as reported by David et al. and Jiang [102]. David et al.
have compared six simulators for numerical simulation of CGS in coal beds: (1) GEM, (2)
ECLIPSE, (3) COMET2, (4) SIMED II, (5) GCOMP, and (6) METSIM 2. Additional features are
needed to be taken into consideration based on Law et al., such as coal matrix swelling,
diffusion of mixed gas, non-isothermal effect, water movement, and so on [103]. According to
the recent survey by David et al. GEM and SIMED II are suitable to consider multi-component
liquids while ECLIPSE and COMET 2 can handle only two component fluids [103, 104]. In
2011, Jiang demonstrated an overview of the various simulator applications and their numer‐
ical features including TOUGHREACT, MUFTE, GEM, ECLIPSE, DuMux, COORES, FEHM,
ROCKFLOW, SUTRA, and other types of simulators. Numerical methods and physical models
play an important role in the simulators outcomes. Selecting the best simulator among those
presented above is highly based on the desired application. For example, the ELSA simulator
can be applied efficiently in semi-analytical estimation of fluid distributions; ROCKFLOW is
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suitable in the case of multi-phase flow and solute transport modeling; GEM is an aqueous
geochemistry tool while for the low-temperature situation PHREEQC is more applicable; and
for the multi-component, three phase, and 3D fluid flow simulation with consideration of
reservoir heterogeneities, COORES would be a robust means [85, 102, 104, 105]. Zhang et al.
had a quick look on different types of simulators mentioned earlier and have suggested a new
parallel multi-phase fluid flow simulator for CGS in saline aquifers called TOUGH+CO2 which
has been developed on the basis of a modified TOUGH2 family of cods, TOUGH+ and
TOUGH2-MP including all the ECO2N features capabilities [83]. This brand new simulator
has proved to be a successful and robust means, which has been used in a number of large-
scale simulation projects [106–113].

Another group of surveys has focused on the direct modeling of some effective transport
phenomena which are essential for predicting parameters that have an important role in
underground gas sequestration process such as diffusivity and convection. Azin et al., in
2013, have conducted study regarding correct measurement of diffusivity coefficient [114].
The modeling was based on a method proposed by Sheika et al. to analyze pressure decline
data and the impact of pressure and temperature on the measurement of diffusivity coefficient
[114]. GholamiY., et al., in 2015, have also investigated the measurement of CO2 diffusivity
in synthetic and saline aquifer solutions at reservoir conditions with emphasis on the role of
ion interactions [114–117]. A non-iterative thermodynamic predictive model has investigat‐
ed by Azin et al. to calculate the effect of gas solubility [118–120]. The effects of convective
dissolution and diffusivity mixing have also been surveyed with finite-element method by
GholamiY., et al. They have used Streamline Upwind Petrov-Galerkin (SUPG) method and
crosswind artificial  diffusion and found that  the  dissolution is  controlled by convective
dissolution in bulk water [115, 121]. Another numerical simulation was done by Azin et al.
to predict  the onset of  instability in CO2  underground injection [114].  It  was found that
depending on Rayleigh number, there is a wave number at which instability occurs earlier
and grows faster [114].

4. CGS: Monitoring and Verification

Precise monitoring and verification is required to have an appropriate risk management
strategy for the CGS projects [1]. The monitoring and verification process should be com‐
menced from site selection and characterization followed by atmospheric and remote sensing,
near and deep surface methods, as well as well bore-monitoring techniques. Different types
of monitoring tools are introduced and used in recent literature: acoustic velocity structure
imaging by seismic, density distribution imaging by gravity, electrical resistivity structure
imaging, and fluid content imaging of potential reservoir rocks by the electromagnetic
methods [20, 122]. After injecting the CO2 into the sequestration sites, electromagnetic and
gravitation sensors are employed for seismic surveys of storage integrity such as CO2 flow and
transportation quality in porous media and behavior of cap rock in contact to the CO2. The
leakage measurement in atmospheric level can be done by open path, flux tower, and InSAR
systems (satellite-based infrared and interferometric synthetic aperture radar) [20].
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Otway Basin Pilot project in Australia is the first CGS project in which monitoring techni‐
ques were used [122]. In 2010, the CSEM have considered landing base imaging and passive
magnetotelluric in deep crustal scales surveys by Sreitch and colleagues [124]. According to
the  surveys  performed by  Arts  et  al.  and  Chadwick  et  al.,  the  4D gravity  and  seismic
techniques have been successfully accomplished in Sleipner site [125–127]. The 4D vertical
seismic profiling (VSP) has been commonly used to quantitative monitoring of the CO2 plume
with tracer injection, well logging, micro-seismic and pressure–temperature measurements
which is applied successfully at Frio and Nagaoka project [128–144]. In Frio Brine and Otway
Pilot projects, tracer monitoring has been employed to assess the CO2 breakthrough [145,
146].  The  Eddy  covariance  and  hyperspectral  imaging  in  a  shallow  subsurface  site  are
important computational issues that were examined to monitor the CO2 leakage in Monta‐
na [147, 148]. Another successful surface monitoring technique tested at In Salah project was
InSAR which was incorporated into other monitoring techniques such as seismic, gravity,
and electromagnetic [149–153]. At Ketzin sequestration site, the monitoring methods included
cross-hole resistivity,  seismic,  and microbiology with temperature and pressure profiling
[154-160].

5. Conclusions

In summary, the methods of theoretical and effective capacity estimation of CO2 storage
comprise volumetric and compressibility methods, flow mathematical and simulation models,
dimensional analysis, analytical investigation and Japanese/Chinese methodology.

The CSLF model employs a techno-economic resource pyramid in the capacity estimation
process for depleted oil and gas reservoir, while the DOE model utilizes volumetric equations
and Monte Carlo approach by incorporating various trapping mechanisms. According to the
CO2CRC, storage capacity classification in terms of oil and gas fields is the easiest among the
other geological options due to the greater amount of data. A volumetric equation has been
proposed to CO2 storage estimation in the most favorable storage option (saline aquifers) while
each type of trapping mechanism is also needed for calculation of the basin-scale assessments.
The CSLF methodology has been considered for deep saline aquifers as well as depleted oil
and gas reservoir based on structural and stratigraphic trapping mechanisms. Estimation
through mineral trapping cannot be applied at the regional and basin scales due to lack of data
availability. The only remaining approach, numerical simulation, is suitable for site and local
scale for a long period of time. Despite the application of the hydrodynamic trapping mecha‐
nism in various time scales, it cannot be evaluated at regional- and basin-scale estimation. To
calculate the storage capacity based on compressibility concept, a more comprehensive
equation has been addressed recently including flow simulation employing volumetric
formulas and more reservoir parameters.

In coal bed capacity estimation, the Langmuir equation provides a simple and efficient relation
for single layer low-pressure conditions. In the case of high pressure and high temperature, Bi
Langmuir, extended Langmuir, Sips, Langmuir-Freundlich, Toth, UNILAN, two-dimensional
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EOS, LRC (loading ratio correlation), Dubinin–Radushkevich (D-R), and Dubinin-Astakhov
(D-A) are more suitable.

One of the most efficient means for reservoir modeling is the TOUGH2 simulator developed
in Rio Vista reservoir and an extension of EOS7R and EWASG modules also has been proposed
to simulate the gas and water flow called EOS7C. A fluid/property module of TOUGH2 called
ECO2N has been utilized for CO2 modeling in saline aquifers. TOUGHREACT, a non-isother‐
mal reactive geochemical transport code, was utilized to simulate the CO2 disposal in deep
aquifers by entering the reactive chemistry term into the TOUGH2 framework. MUFTE-UG
simulator has been evaluated for CO2 sequestration in various fields of application such as
simulation, CO2SINK, and CO2TRAP. Another survey with consideration of reactive flow and
transport in deep saline aquifers has been performed using the GEM simulator. ECLIPSE and
DuMux simulators are also taken into consideration in a study to understand the thermal effect
during CO2 injection and movement in the porous medium.

Six simulators including GEM, ECLIPSE, COMET2, SIMED II, GCOMP, and METSIM2 have
been compared for CGS in coalbeds. GEM and SIMED II simulators are suitable for multi-
component liquids while ECLIPSE and COMET2 can handle only two component fluids. Other
comparison studies including TOUGHREACT, MUFTE, GEM, ECLIPSE, DuMux, COORES,
FEHM, ROCKFLOW, SUTRA, and other types of simulators have been carried out throughout
the world. Selecting the best simulator among those presented is highly based on the desired
application. The ELSA simulator can be applied efficiently in semi-analytical estimation of
fluid distributions. ROCKFLOW is suitable in the case of multi-phase flow and solute transport
modeling. GEM is an aqueous geochemistry tool, while for the low temperature situation
PHREEQC is more applicable. For multi-component, three phase, and 3D fluid flow simulation
with consideration of reservoir heterogeneities, COORES would be a robust means. The new
parallel multi-phase fluid flow simulator for CGS in saline aquifers called TOUGH+CO2 has
been developed on the basis of a modified TOUGH2 family of cods, TOUGH+ and TOUGH2-
MP including all the ECO2N feature capabilities and has proved to be a successful and robust
means in a number of large scale simulation projects.

The CSEM have considered landing base imaging and passive magnetotelluric in deep crustal
scale surveys in 2007. The 4D gravity and seismic methods have performed well in the Sleipner
project. The 4D vertical seismic profiling (VSP) has been commonly used for quantitative
monitoring of the CO2 plume with tracer injection, well logging, and micro-seismic and
pressure-temperature measurements with successful application at Frio and Nagaoka. In Frio
Brine and Otway Pilot projects, tracer monitoring has been employed to assess the CO2

breakthrough. The Eddy covariance and hyperspectral imaging in a shallow subsurface site
are important computational issues that were examined to monitor the CO2 leakage in
Montana. Another successful surface monitoring technique tested at In Salah project was
InSAR which incorporated to other monitoring techniques such as seismic, gravity, and
electromagnetic. At Ketzin sequestration site, the monitoring methods included cross-hole
resistivity, seismic, and microbiology with temperature and pressure profiling.

Carbon Dioxide Geological Storage (CGS) – Current Status and Opportunities
http://dx.doi.org/10.5772/62173

165



Author details

Kakouei Aliakbar1, Vatani Ali1*, Rasaei Mohammadreza1 and Azin Reza2

*Address all correspondence to: avatani@ut.ac.ir

1 Chemical Engineering Department, College of Engineering, University of Tehran, Tehran,
Iran

2 Department of Petroleum Engineering, Faculty of Petroleum, Gas and Petrochemical
Engineering, Persian Gulf University, Bushehr, Iran

References

[1] IPCC: Special report on carbon dioxide capture and storage. 2005; Intergovernmental
Panel on Climate Change (IPCC), Prepared by the IPCC work group III, Metz, B., Da‐
vidson, O., de Conick, H.C., Loos, M., Meyer, L.A. Cambridge University Press,
Cambridge: 442.

[2] IPCC: Summary for policymakers. 2007; Intergovernmental Panel on Climate Change
(IPCC), In: Solomon, S. (Ed.), Climate Change 2007: The Physical Sceince Basis. Con‐
tribution of working group I to the forth assessment report of the IPCC, Cambridge,
United Kingdom and New York, NY, USA.

[3] Mann M., Bradley R.S., et al.: Global-scale temprature patterns and climate forcing
over the past six centuries. 1998; Nature 392: 779–787.

[4] EIA: Energy-related carbon dioxide emission. 2006; Energy Information Administra‐
tion (EIA)/DOE.International energy outlook.

[5] Tans P.: 2007. Retrieved from NOAA/ESRI: www.esrl.noaa.gov/gmd/ccgg/trends.

[6] Holloway S., Pearce J., et al.: Natural emissions of CO2 from the geosphere and their
bearing on the geological storage of carbon dioxide. 2007; Energy Conversion and
Management 32: 1194–1201.

[7] Metz N.: Contribution of passenger cars and trucks. 2001; Environmental Sustainabil‐
ity Conference and Exhibition, Austria Graz.

[8] Bachu S.: Sequestration of CO2 in geological media: criteria and approach for site se‐
lection in response to climate change. 2000; Energy Conversion and Management 41:
953–970.

[9] Bachu S. and Shaw J.C.: CO2 storage in oil and gas reservoirs in western Canada: ef‐
fect of aquifers, potential for CO2-flood enhanced oil recovery and practical capacity.

Greenhouse Gases166



In: Proceedings of the Seventh International Conference on Greenhouse Gas Control
Technologies. 2005; Elsevier 1: 361–369.

[10] Preston B.L. and Jones R.N.: Climate change impacts on Australia and the benefits of
early action to reduce global greenhouse gas emissions. 2006; retrieved from http://
csiro.au/files/p6fy.pdf.

[11] PhungQ.H., Kyuro S., et al.: Numerical simulation of CO2 enhanced coal bed meth‐
ane recovery for a Vietnamese coal seam. 2010; Journal of Novel Carbon Resource
Science 2: 1–7.

[12] Khoo H.H. and Tan R.B.H.: Life cycle investigation on CO2 recovery and sequestra‐
tion. 2006; Environmental Scienceand Technology 40: 4016–4024.

[13] Allen D.J. and Brent G.F.: Sequestering CO2 by mineral carbonation: stability against
acid rain exposure. 2010; Environmental Science Technology 44(7): 2735–2739.

[14] Celia M.A. and NordbottenJ.M.: Practical modeling approaches for geological stor‐
age of carbon dioxide. 2009; Ground Water 47: 627–638.

[15] van der Zwaan B. and Smekens K.: CO2 capture and storage with leakage in an ener‐
gy-climate model. 2009; Environmental Modeling & Assessment 14: 135–148.

[16] Yang F., Bai B., et al.: Characteristics of CO2 sequestration in saline aquifers. 2010; Pe‐
troleum Science 7(1): 83–92.

[17] PiresJ.C.M., Martins F.G., et al.: Recent developments on carbon capture and storage:
An overview. 2011; Chemical Engineering Research and Design 89: 1446–1460.

[18] ZEP. Strategic overview.2007; European Technology Platform for Zero Emission Fos‐
sil Fuel Power Plants (ZEP).

[19] CamaraG.A.B., Andrade J.C.S., et al.: Regulatory framework for geological storage of
CO2 in Brazil-analyses and proposal. 2011; International Journal of Greenhouse Gas
Control 5(4): 966–974.

[20] DOE/NETL: Carbon dioxide capture and storage RD&D roadmap. 2010 US Depart‐
ment of Energy.

[21] Spencer K.L., Bradshaw J., et al.: Regional storage capacity estimates: Prospectivity
not statistics. 2010; CO2 geological Storage Solution (CGSS), Australia.

[22] Holloway S. and Van Der Straaten R.: The joul II project-The underground disposal
of carbon dioxide. 1995; Energy Conversion and Management 36(6–9): 519–522.

[23] Doughty C., Pruess K., et al.: Capacity investigation of brine-bearing sands of the
Frio-formation for geological sequestration of CO2. In: Proceedings of First National
Conference on Carbon Sequestration. 2001; U.S. Department of Energy.

Carbon Dioxide Geological Storage (CGS) – Current Status and Opportunities
http://dx.doi.org/10.5772/62173

167



[24] Brennan S.T. and BurrussR.C.: Specific sequstration volumes: a useful tool for CO2
storage capacity assessment.2003; Open-File Report, U.S. Geological Survey, Second
Annual Conference on Carbon Sequestration, Alexandria, Virginia, U.S. 03-452.

[25] Newlands I.K., Langford R.P., et al.: Assessing the CO2 storage prospectivity of de‐
veloping economies in APEC applying methodologies developed in GEODISC to se‐
lected sedimentary basins in the Eastern Asian region. In: Proceedings of the Eigth
International Conference on Greenhouse Gas Control Technologies. 2006; Elsevier.

[26] Bachu S., Bonijoly D., et al.: CO2 storage capacity estimation: methodology and gaps.
2007; International Journal of Greenhouse Gas Control 1(4): 430–443.

[27] USDOE: Carbon sequestration atlas of the United States and Canada. 2007; U.S. De‐
partment of Energy/NETL: 88.

[28] Bradshaw J., Bachu S., et al.: CO2 storage capacity estimation: issues and develop‐
ment of standards. 2007; International Journal of Greenhouse Gas Control 1(1): 62–68.

[29] Kopp A., Class H., et al.: Investigation on CO2 storage capacity in saline aquifers-
Part 2: Estimation of storage capacity coefficient. 2009; International Journal of
Greenhouse Gas Control, 3: 277–287.

[30] CSLF: A taskforce for review and development of standards with regards to storage
capacity measurment; 2005.

[31] McCabe P.J.: Energy resources: cornucopia or empty barrel. 1988; AAPG Bull 82:
2110–2134.

[32] Bradshaw J., Bachu S., et al.: Discussion paper on CO2 storage capacity estimation
(Phase 1): A taskforce for review and development of standards with regards to stor‐
age capacity measurment. 2005; CSLF-T 15.

[33] Kopp A., Class H., et al.: Investigations on CO2 storage capacity in saline aquifers:
part 1. Dimentional analysis of flow processes and reservoir characteristics. 2009; In‐
ternational Journal of Greenhouse Gas Control 3(3): 263–276.

[34] FraileyS.M., Finley R.J., et al.: CO2 sequestration: storage capacity guidline needed.
2006; Oil & Gas Journal 104(30): 44–49.

[35] CO2CRC. Report: Storage capacity estimation, site selection and characterisation for
CO2 storage projects, Edited by Kaldi JG., Gibson-Poole CM. 2008; RPT08-1001.

[36] Bachu S.: Comparison between methodologies recommended for estimation of CO2
storage capacity in geological media by the USDOE capacity and fairway subgroup
of the regional carbon sequestration partnerships program (Phase III). 2008; The
CSLFTask Force on CO2 Storage Capacity Estimation 04.

[37] Stevens S.H., Kuuskara V.A., et al.: Sequestration of CO2 in depleted oil and gas
fields: global capacity, costs and barriers. In: Proceedings of Fifth International Con‐

Greenhouse Gases168



ference on Greenhouse Gas Control Technologies, CSIRO Publishing, Collingwood,
Australia. 2001; 278-283.

[38] Doughty C., PruessK.: Modeling supercritical carbon dioxide injection in heterogene‐
ous porous media. 2004; Vadose Zone Journal 3(3): 837–847.

[39] Taber J.J., Martin F.D., et al.: EOR screening criteria revisited-Part1: introduction to
screening criteria and enhanced recovery field projects. 1997; SPEReservoir Engineer‐
ing 12(3): 189–198.

[40] KovscekA.R.: Screening criteria for CO2 storage in oil reservoirs. 2002; Petroleum Sci‐
ence Technologies 20(7/8): 841–866.

[41] Bachu S. and Adams J.J.: Sequestration of CO2 in geological media in response to cli‐
mate change: Capacity of deep saline aquifers to sequster CO2 in solution. 2003; En‐
ergy Conversion and Management 44(20): 3151–3175.

[42] Michael K., G. A., Shulakova V., Ennis-King J., Allinson G., Sharma S., Aiken T.: Geo‐
logical storage of CO2 in saline aquifers-A review of the experience from existing
storage operations. 2010; International Journal of Greenhouse Gas Control 4: 659–667.

[43] Juanes R., SpiteriE.J., et al.: Impact of relative permeability hysteresis on geological
CO2 storage. 2006; Water Resource Reservoir 42(W12418): doi:
10.1029/2005WR004806.

[44] Lindeberg E., W.-B. D.: Vertical convection in an aquifer column under a gas cap of
CO2. 1997; Energy Conversion and Management 38S: 229–234.

[45] Ennis-King J.P. and Paterson L.: Role of convective mixing in the long-term storage
of carbon dioxide in deep saline formations. 2003; SPE 10: 349–356.

[46] Xu T., Apps J.A., et al.: Reactive geochemical transport simulation to study mineral
trapping for CO2 disposal in deep arenaceous formations. 2003; Journal of Geophysi‐
cal Research 108(B2): 2071–2084.

[47] Perkins E., C.-L. I., Azaroual M., Durst P.: Long term predictions of CO2 storage by
mineral and solubility trapping in the WeyburnMidalereservoir. In: Proceedings of
Fifth International Conference on Greenhouse Gas Control Technologies. 2004; Elsev‐
ier II2093–2101.

[48] Bachu S., Gunter W.D., et al.: Aquifer disposal of CO2: hydrodynamic and mineral
trapping. 1994; Energy Conversion and Management 35(4): 269–279.

[49] Pingping S., Xinwei L., et al.: Methodology for estimation of CO2 storage capacity in
reservoirs. 2009; Petroleum Exploration and Development 36(2): 216–220.

[50] De Silva P.N.K. and RanjithP.G.: A study of methodologies for CO2 storage capacity
estimation of saline aquifers. 2012; Fuel 93: 13–27.

[51] DOE. Carbon sequestration atlas of the United States and Canada-II.2008; 1–142.

Carbon Dioxide Geological Storage (CGS) – Current Status and Opportunities
http://dx.doi.org/10.5772/62173

169



[52] Ehlig-Economides C. and Economides M.J.: Sequestering carbon dioxide in a closed
underground volume. 2010; Journal of Petroleum Science and Engineering 70(1–2):
123–130.

[53] van der Meer L.G.H. and Yavuz F.: CO2 storage capacity calculations for the Dutch
subsurface. 2009; Energy Procedia 1(1): 2615–2622.

[54] EcclesJ.K., Pratson L., et al.: Physical and economic potential of geological CO2 stor‐
age in saline aquifers. 2009; Environmental Science and Technology 43(6): 1962–1969.

[55] Ghanbari S., Al-Zaabi Y., et al.: Simulation of CO2 storage in saline aquifers. 2006;
Chemical Engineering Research and Design 84(9): 764–775.

[56] Yang F., Bai B., et al.: Characteristics of CO2 sequestration in saline aquifers. 2010; Pe‐
troleum Science7(1): 83–92.

[57] OkwenR.T., TstewartM.T., et al.: Analytical solution for estimating storage efficiency
of geologic sequestration of CO2. 2010; International Journal of Greenhouse Gas Con‐
trol 4(1): 102–107.

[58] Zheng Z., Larson E.D., et al.: Near-term mega-scale CO2 capture and storage demon‐
stration opportunities in China. 2010; Energy Environmental Science 3(9): 1153.

[59] White C.: Sequestration of carbon dioxide in coal with enhanced coalbedmethan re‐
covery-a review. 2005; Energy Fuels 19(3): 659–724.

[60] Mazumder S. and Wolf K.H.: Differntial swelling and permeability change of coal in
response to CO2 injection for ECBM. 2008; International Journal of Coal Geology
74(2): 123–138.

[61] van Bergen F., PagnierH.J.M., et al.: CO2-sequestration in the Netherlands: inventory
of the potential for the combination of subsurface carbon dioxide disposal with en‐
hanced coalbed methane production. In: Proceedings of Fifth International Confer‐
ence on Greenhouse Gas Control Technologies, CSIRO Publishing, Collingwood,
Australia. 2001; 555-560.

[62] Bachu S., Bonijoly D., et al.: Screening and ranking of sedimentary basins for seques‐
tration of CO2 in geological media in response to climate change. 2003; Environmen‐
tal Geology 44: 277–289.

[63] De Silva P.N.K., RanjithP.G., et al.: A study of methodologies for CO2 storage capaci‐
ty estimation of coal. 2012; Fuel 31: 1–15.

[64] Rowley H.H. and Innes W.B.: Relationship between the spreading pressure, adsorp‐
tion and wetting. 1942.

[65] Pan Z. and ConnelL.D.: A theoretical model for gas adsorption-induced coal swel‐
ling. 2007; International Journal of Coal Geology 69(4): 243–252.

Greenhouse Gases170



[66] Saghafi A., Faiz M., et al.: CO2 storage and gas diffusivity properties of coals from
Sydney Basin, Australia. 2007; International Journal of Coal Geology 70(1–3): 240–
254.

[67] OzgenKaracan C. and Okandan E.: Assessment of energetic heterogenitiesof coals for
gas adsorption and its effect on mixture predictions for coalbed methane studies.
2000; Fuel 79(15): 1963–1974.

[68] RyuY.K., Lee H.J., et al.: Adsorption equilibria of tuluene and gasoline vapors on ac‐
tivated carbon. 2002; Journal of Chemical Enginnering Data 47(5): 1222–1225.

[69] Ming L., Anzhong G., et al.: Determination of adsorbate density from supercriticl gas
adsorption equilibria data. 2003; Carbon 41(3): 585–588.

[70] Ozdemir E., MorsiB.I., et al.: CO2 adsorption capacity of argonne premium coals.
2004; Fuel 83(7–8): 1085–1094.

[71] Siemons N. and Busch A.: Measurment and interpretation of supercritical CO2 sorp‐
tion on various coals. 2007; International Journal of Coal Geology 69(4): 229–242.

[72] Day S., Duffy G., et al.: Effect of coal properties on CO2 sorption capacity under su‐
percritical conditions. 2008; International Journal of Greenhouse Gas Control 2(3):
342–352.

[73] Dutta P., Harpalani S., et al.: Modeling of CO2 sorption on coals. 2008; Fuel 87(10–
11): 2023–2036.

[74] Himeno S., Komatsu T., et al.: High-pressure adsorption equilibria of methane and
carbon dioxide on several activated carbones. 2005; Journal of Chemical Enginnering
Data 50(2): 369–376.

[75] BaeJ.S. and Bhatia S.K.: High-pressure adsorption of methane and carbon dioxide on
coal. 2006; Energy Fuels 20(6): 2599–2607.

[76] PagnierH.J.M., et al.: CO2-sequestration in the Netherlands: inventory of the poten‐
tial for the combination of subsurface carbon dioxide disposal with enhanced coal‐
bed methane production. In: Proceedings of Fifth International Conference on
Greenhouse Gas Control Technologies, CSIRO Publishing, Collingwood, Australia.
2001; 555-560.

[77] Vangkilde-pedersen T., AnthonsenK.L., et al.: Assessment European capacity for
geological storage of carbon dioxide -the EU GeoCapacity project. 2009; Energy Pro‐
cedia 1(1): 2663.

[78] Palarski J. and Lutynski M.: Capacity of an abandoned coal mibe converted into high
pressure CO2 reserovir. Economic evaluation and risk analysis of mineral projects,
London, UK. 2008; Taylor & Francis.

[79] Li D., Liu Q., et al.: High-pressure sorption isotherms and sorption kinetics of CH4
and CO2 on coals. 2010; Fuel 89(3): 569–580.

Carbon Dioxide Geological Storage (CGS) – Current Status and Opportunities
http://dx.doi.org/10.5772/62173

171



[80] NordbottenJ.M., Celia M.A., et al.: Injection and storage of CO2 in deep saline aqui‐
fers: analytical solution for CO2 plume evolution during injection. 2005; Transport
Porous Media 58(3): 339–360.

[81] NordbottenJ.M., Celia M.A., et al.: Semianalytical solution for CO2 leakage through
an abandoned well. 2005; Environmental Science Technology 39(2): 602–611.

[82] OmambiaA.N. and Li Y.: Numerical modeling of carbon dioxide sequestration in
deep saline aquifers in Wangshang Oilfield-Jianghan Basin, China. 2010; Journal of
American Science 6(8): 178–187.

[83] Zhang K., Moridis G., et al.: TOUGH+CO2: A multiphase fluid-flow simulator for
CO2 geologic sequestration in saline aquifers. 2011; Computers &Geoscinces 37: 714–
723.

[84] Oldenburg C., Pruess K., et al.: Process modeling of CO2 injection into natural gas
reservoirs from carbon sequestration and enhanced gas recovery. 1995; Lawrence
Berkeley National Laboratory Report, LBNL: 94720.

[85] Oldenburg C. and Pruess K.: EOS7R: Radionuclude transport for TOUGH2. 1995;
Lawrence Berkeley National Laboratory Report, LBL 34868.

[86] Battistelli A., Calore C., et al.: The simulator TOUGH2/EWASG for modeling geo‐
thermal reservoirs with brines and non-condensible gases. 1997; Geothermics 26(4):
437–464.

[87] Pruess K., Oldenburg C., et al.: TOUGH2 user's guide, version 2.0. 1999; Ernest Or‐
lando Lawrence Berkeley National Laboratory Report, LBNL 43134.

[88] Oldenburg C. and Pruess K.: EOS7C: Gas reservoir simulation for THOUGH2. 2000;
Lawrence Berkeley National Laboratory Report, LBNL.

[89] OmambiaA.N. and Li Y.: Numerical modeling of carbon dioxide sequestration in
deep saline aquifers in Wangshang Oilfield-Jianghan Basin, China. 2010; Journal of
American Science 6(8): 178–187.

[90] Pruess K. and Spycher N.: ECO2N- A new TOUGH2 fluid property module for stud‐
ies of CO2 storage in saline aquifers. 2006; Proceeding, TOUGH2 Symposium, Law‐
rence Berkeley National Laboratory Report, LBNL, California.

[91] Xu T., Apps J.A., et al.: Reactive geochemical transport simulation to study mineral
trapping for CO2 disposal in deep arenaceous formations. 2003; Journal of Geophysi‐
cal Research 108(B2): 2071–2084.

[92] Pruess K.: TOUGH2: A genaral simulator for multiphase fluid and heat flow. 1991;
Lawrence Berkeley National Laboratory Report, LBNL, California: 29400.

[93] Xu T. and Pruess K.: Coupled modeling of non-isothermal multiphase flow, solute
transport and reactive chemistry in porous and fractured media: 1. Model develop‐

Greenhouse Gases172



ment and validation. 1998; Lawrence Berkeley National Laboratory Report, LBNL,
California: 42050.

[94] Xu T. and Pruess K.: On fluid flow and mineral alteration in fractured caprock of
magmatic hydrothermal systems. 2001; Journal of Geophysics Reservoir 106: 2121–
2138.

[95] Xu T., Apps J.A., et al.: Numerical simulation of CO2 disposal by mineral trapping in
deep aquifers. 2004; Applied Geochemistry 19: 917–936.

[96] Hovorka S.D., Doughty C., et al. Testing efficiency of storage in the subsurface: Frio
Brine pilot experiment (574).

[97] Helmig R., Class H., et al.: Architecture of the modular program system MUFTE-UG
for simulating multiphase flow and transport processes in heterogeneous prous me‐
dia. 1998; MathematischeGeologie2: 123–131.

[98] Ebigbo A., Bielinski A., et al.: Numerical modeling of CO2 sequestration with
MUFTE-UG. 2006; Institute of Hydraulic Engineering, University of Stuttgart.

[99] Kempka T., Class H., et al.: Current status of the modeling activities at the Ketzin
CO2 storage site. 2011; Geophysical Research Abstracts 13(EGU2011): 11591–11592.

[100] Pawar R.J., Zhang D., et al.: Preliminary geologic modeling and flow simulation
study of CO2 sequestration in a depleted oil reservoir. NETL Carbon Sequestration
Conference Proceedings.

[101] Kumar A., Noh M., et al.: Reservoir simulation of CO2 storage in deep saline aqui‐
fers. 2004; SPE/DOE Fourteenth Symposium on Improved Oil Recovery, Tulsa,
USA(89343).

[102] Jiang X.: A review of physical modeling and numerical simulation of long-term geo‐
logical storage of CO2. 2011; Journal of Applied Energy 88: 3557–3566.

[103] Law D H-S., van der Meer LGH., et al. Comparison of numerical simulators for
greenhouse gas sequestration in coalbeds, Part III: More complex problems. NETL
Carbon Sequestration Conference Proceedings.

[104] Class H., Ebigbo A., et al.: A benchmark study on problems related to CO2 storage in
geologic formations. 2009; Computational Geosciences 13(4): 409–434.

[105] Parkhurst DL.andAppeloCAJ.: User's guide to PHREEQC (version 2)-A comuter pro‐
gram for speciation, batch-reaction, one-dimentional transport and inverse geochem‐
ical calculations. 1999; US Geological Survey Water-Resources Investigations Report:
99-4259.

[106] MillyPCD.: Moisture and heat transport in hysteretic, inhomogeneous porous media:
anatric head based formulation and a numerical model. 1982; Water Resource Re‐
search 18(3): 489–498.

Carbon Dioxide Geological Storage (CGS) – Current Status and Opportunities
http://dx.doi.org/10.5772/62173

173



[107] Zhang K., W.Y.S., et al.: Parallel computing techniques for large-scale reservoir simu‐
lation of multi-component and multi-phase fluid flow. In: Proceeding of the 2001 SPE
reservoir simulation synposium, Texas.2001; SPE.

[108] Wu Y.S., Zhang K., et al.: An efficient parallel-computing scheme for modeling noni‐
sothermal multiphase flow and multicomponent transport in porous and fractured
media. 2002; Advances in Water Resources 25: 243–261.

[109] Zhang K., Wu Y.S., et al.: Parallel commuting simulation of fluid flow in the unsatu‐
rated zone of Yucca Mountain, Nevada. 2003; Journal of Contaminant Hydrology.62–
63.

[110] Zhang K., Wu Y.S., et al.: Flow focusing in unsaturated fracture networks: a numeri‐
cal investigation. 2004; Vadose Zone Journal 3: 624–633.

[111] Zhang K., Doughty C., et al.: Efficient parallel simulation of CO2 geologic sequestra‐
tion in saline aquifers. In: Proceeding of the 2007 SPE reservoir simulation synposi‐
um, Texas(106026). 2007; SPE.

[112] Yamamoto H., Zhang K., et al.: Numerical investigation concerning the impact of
CO2 geologic storage on regional groundwater flow. 2009; International Journal of
Greenhouse Gas Control 3(5): 586–599.

[113] Zhang K., Moridis G., et al.: TOUGH+CO2: A multiphase fluid-flow simulator for
CO2 geologic sequestration in saline aquifers. 2011; Computers & Geosciences 37:
714–723.

[114] Azin R., JafariS.M., et al.: Measurement and modeling of CO2 diffusion coefficient in
saline aquifer at reservoir conditions. 2013; Heat Mass Transfer 49: 1603–1612.

[115] Gholami Y., Azin R., et al.: Prediction of carbon dioxide dissolution in bulk water un‐
der isothermal pressure decay at different boundary conditions. 2015; Journal of Mo‐
lecular Liquids 202: 23–33.

[116] Sheikha H., Pooladi-Darvish M., et al.: Development of graphical methods for esti‐
mating the diffusivity coefficient of gases in bitumen from pressure-decay data. 2005;
Energy & Fuels, 19, 2041– 2049.

[117] JafariS.M., Azin R., et al.: Measurement of CO2 diffusivity in synthetic and saline
aquifer solutions at reservoir conditions: the role of ion interactions. 2015; Heat Mass
Transfer DOI 10.1007/s00231-015-1508-4.

[118] Azin R., Mahmudi M., et al.: Measurement and modeling of CO2 diffusion coefficient
in saline aquifer at reservoir conditions. 2013; Central European Journal of Energy
3(4): 585–594.

[119] Zirrahi Z., Azin R., et al.: Prediction of water content of sour and acid gases. 2010;
Fluid Phase Equilibria324: 80–93.

Greenhouse Gases174



[120] Zirrahi Z., Azin R., et al.: Mutual solubility of CH4, CO2, H2S, and their mixtures in
brine under subsurface disposal conditions. 2012; Fluid Phase Equilibria 299: 171–
179.

[121] Zienckiewicz O., Taylor R., et al.: The Finite Element Method: Its Basis and Funda‐
mentals. 2005; 1, Butterworth-Heinemann.

[122] Goel: Carbon capture and storage technology for sustainable energy. 2009; Jawahar‐
lal Nehru University, New Delhi, India.

[123] Sharma S., Dodds K., et al.: Application of geophysical monitoring within the Otway
Project S.E. Australia. Las Vegas 78th Annual SEG (Society of Exploration Geophy‐
sics) Conference. 2008; 2859–2863.

[124] Sreitch R., Becken L., et al.: Imaging of CO2 storage sites, geothermal reservoirs and
gas shales using controlled-source magnetotellurics: Modeling studies, chewie der
Ercle. 2010; Geochemistry 70(3): 63–75.

[125] Arts R., Eiken O., et al.: Monitoring of CO2 injected at Sleipner using time-lapsed
seismic data. 2004; Energy Conversion and Management 29: 1383–1392.

[126] Arts R., Eiken O., et al.: Seismic monitoring at Sleipner underground CO2 storage
site (North Sea). In: Geological Storage of Carbon Dioxide. 2004; Geological Society
233: 181–191.

[127] Chadwick A., Arts R., et al.: 4D seismic quantification of a growing CO2 plum at
Sleipner, North Sea. In: Petroleum geology, North West Europe and Global perspec‐
tives-Proceedings of the 6th Petroleum Geology Conference. 2005; 15.

[128] Hovorka S.D. and Knox P.R.: Frio brine sequestration pilot in the Texas gulf coast. In:
Proceedings of Sixth International Conference on Greenhouse Gas Control Technolo‐
gies, Kyoto, Japan. 2003; 583–587.

[129] Freifield B., Trautz R., et al.: The U-tube; a novel system for acquiring borehole fluid
samples from a deep geologic CO2 sequestration experiment. 2005; Journal of Geo‐
physics Reservoir 110: B10203.

[130] Kikuta K., Hongo S., et al.: Field test of CO2 injection in Nagaoka, Japan. in: Proceed‐
ings of the 7th International Conference on Greenhouse Gas Control Technologies,
Vancouver, Canada. 2005; 1367–1372.

[131] Zwingmann N., Mito S., et al.: Preinjectioncharacterisation and evaluation of CO2 se‐
questration potential in the Haisume formation, Niigata Basin, Japan-Geochemical
modeling of the water-mineral-CO2 interation. 2005; Oil Gas Technology 60: 249–258.

[132] Hovorka S.D., Benson S.M., et al.: Measuring permanence of CO2 storage in saline
formations: the Frio experient. 2006; Environmental Geoscience 13: 105–121.

Carbon Dioxide Geological Storage (CGS) – Current Status and Opportunities
http://dx.doi.org/10.5772/62173

175



[133] KharakaY.K., Cole D.R., et al.: Gas-water-rock interactions in Frio formation follow‐
ing CO2 injection: implication for the storage of greenhouse gase in sedimentary ba‐
sins. 2006; Geology 34: 577–580.

[134] KharakaY.K., Cole D.R., et al.: Gas-water-rock interactions in sedimentary basins:
CO2 sequestration in the Frio fromation, Texas, USA. 2006; Journal of Geochemical
Exploration 89: 183–186.

[135] Mito S., Xue Z., et al.: Mineral trapping of CO2 at Nagaoka test site. In: Proceedings
of Eighth International Conference on Greenhouse Gas Control Technologies, Trond‐
heim, Norway. 2006.

[136] Saito H., Nobuoka D., et al.: Time-lapse crosswell seismic tomography for monitor‐
ing injected CO2 in an onshore aquifer, Nagaoka, Japan. 2006; Journal of Exploration
Geophysics 37: 30–36.

[137] Xue Z., Tanase D., et al.: Estimation of CO2 saturation from time-lapse CO2 well log‐
ging in an onshore aquifer, Nagaoka, Japan. 2006; Journal of Exploration Geophysics
37: 19–29.

[138] Daley T.M., Solbau R.D., et al.: Continuous active-source seismic monitoring of CO2
injection in a brine aquifer. 2007; Geophysics 72: A57–A61.

[139] Muller N., RamakrishnanT.S., et al.: Time-lapse carbon dioxide monitoring with
pulsed neutron logging. 2007; International Journal of Greenhouse Gas Control 1:
456–472.

[140] Daley T.M., Myer L., et al.: Time-lapse crosswell seismic and VSP monitoring of in‐
jected CO2 in a brine aquifer. 2008; Environmental Geology 54: 1657–1665.

[141] Doughty C., Freifield B., et al.: Site characterization of CO2 geological storage and
vice versa: the Frio brine pilot, Texas, USA as a case study. 2008; Environmental Ge‐
ology 54: 1635–1656.

[142] Mito S., Xue Z., et al.: Case study of geochemical reactions at the Nagaoka CO2 injec‐
tion site, Japan. 2008; International Journal of Greenhouse Gas Control 2: 309–318.

[143] Onishi K., Ueyama T., et al.: Application of crosswell seismic tomography using dif‐
ference analysis with data normalization to monitor CO2 flooding in an aquifer.
2009; International Journal of Greenhouse Gas Control 3: 311–321.

[144] Xue Z., Mito S., et al.: Case study: trapping mechanisms at the pilot-scale CO2 injec‐
tion site, Nagaoka, Japan. 2009; Energy Procedia 1: 2057–2062.

[145] Freifield B., Trautz R., et al.: The U-tube; a novel system for acquiring borehole fluid
samples from a deep geologic CO2 sequestration experiment. 2005; Journal of Geo‐
physics Reservoir 110: B10203.

Greenhouse Gases176



[146] Stalker L., Boreham C., et al.: Geochemical monitoring at the CO2CRC Otway
project: tracer injection and reservoir fluid acquisition. 2009; Energy Procedia 1:
2119–2125.

[147] Keith C.G., RepaskyK.S., et al.: Monitoring effects of a controlled subsurface carbon
dioxide release on vegetation using a hyperspectral image. 2009; International Jour‐
nal of Greenhouse Gas Control 3: 626–632.

[148] LewickiJ.L., HilleyG.E., et al.: Eddy covariance observations of surface leakage dur‐
ing shallow subsurface CO2 releases. 2009; Journal of Geophysics Reservoir 114.

[149] RiddifordF.A., Tourqui A., et al.: A cleaner development: The In Salah gas project Al‐
geria. In: Proceedings of the Sixth International Conference on Greenhouse Gas Con‐
trol Technologies, Kyoto, Japan. 2003; 595–600.

[150] RiddifordF.A., Wright I.W., et al.: Monitoring geological storage in the Salah gas CO2
storage project. In: Proceedings of 7th International Conference on Greenhouse Gas
Control Technologies, Vancouver, Canada. 2005; 1353–1359.

[151] Matheison A., Wright I.W., et al.: Satelite imaging to monitor CO2 movement at
Krechba, Algeria. 2009; Energy Procedia 1: 2201–2209.

[152] Onuma T. and Ohkawa S.: Detection of surface deformation related to with CO2 in‐
jection by DInSAR at In Salah, Algeria. 2009; Energy Procedia 1: 2177–2184.

[153] Rutqvist J., Vasco D.W., et al.: Coupled reservoir-geochemical analysis of CO2 injec‐
tion at In Salah, Algeria. 2009; Energy Procedia 1: 1847–1854.

[154] Forster A., Norden B., et al.: Baseline characterization of the CO2SINK geological
storage site at Ketzin, Germany. 2006; Environmental Geosciences 13: 145–161.

[155] Juhlin C., Giese R., et al.: Case history: 3Dseismics at Ketzin, Germany: the CO2SINK
project. 2007; Geophysics 72: B121–B132.

[156] Yordkayhun S., Julin C., et al.: Shallow velocity-depth model using first arrival trav‐
eltime inversion at the CO2SINK site, Ketzin, Germany. 2007; Journal of Applied Ge‐
ophysics 63: 68–79.

[157] Kazemeini H., Juhlin C., et al.: Application of the continuous wavelet transform on
seismic data for mapping of channel deposits and gas detection at the CO2SINK site,
Ketzin, Germany. 2008; Geophysics Prospect 57: 111–123.

[158] Giese R., Henninges J., et al.: Monitoring at the CO2SINK site: a concept integrating
geophysics, geochemistry and microbiology. 2009; Energy Procedia 1: 2251–2259.

[159] Prevedel B., Wohlgemuth L., et al.: The CO2SINK boreholes for geological CO2-stor‐
age testing. 2009; Energy Procedia 1: 2087–2094.

[160] Schilling F., Borm G., et al.: Status report on the first European on-shore CO2 storage
site at Ketzin, Germany. 2009; Energy Procedia 1: 2029–2035.

Carbon Dioxide Geological Storage (CGS) – Current Status and Opportunities
http://dx.doi.org/10.5772/62173

177




