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Abstract

Global warming is one of the challenges the world faces in the modern era. Therefore, the
injection of carbon dioxide into the geological layers is one of the methods which have been

used to reduce the emissions of carbon dioxide.

Carbon dioxide is injected into the oil layers for enhanced oil recovery (EOR), or in the
aquifers for carbon storage. When carbon dioxide is injected in water phase, water carbonate
will be formed. CO, dissolution initiates by the diffusion, leading to an increase in the
density of water. Thus, density-driven convective flow will occur which accelerate the carbon

dioxide dissolution in water.

The purpose of this master thesis has been to simulate CO, convections in porous media and
studying the effect of some important parameters on CO- dissolution by using an open
porous media flow reservoir simulator which is called (OPM). Simulation will include the
impact of salinity on the dissolution of carbon dioxide by varying the concentration of NaCl
in water. In addition, illustrating the effect of changing the diffusion coefficient on the
dissolution of carbon dioxide and permeability as well, studying the rate of CO, dissolution
in porous media with absence of pure water and comparing the results with the results of real
experiment which has been done at same conditions and studying the effect of permeability
heterogeneity on solubility of carbon dioxide.

This master thesis is consisting of three main parts. The first part is literature study, in this
part will be focused on the basic theories and fundamentals for dissolution of carbon dioxide,
important physical parameters which have impact on CO, dissolution and overview about
carbon capture and storage (CCS). The Second part is the simulating part, here OPM-
simulator will be used to illustrate and discuss the effect of changing some important
parameters on CO, dissolution in two different cases. The first case is Casel, in this case the
pressure will be 100 bars and temperature will be 50 Celsius. The second case is Case2, in
this case pressure will be 10 bars and temperature 20 Celsius (room temperature). The third
part will show some limitations of using the OPM-simulator, further work as continuation of

this master thesis and some personal suggestions to improve the OPM-simulator.

Further steps can be done with OPM-simulator as kind of continuation are: studying the
effect of heterogeneity with more specific details like adding different horizontal and vertical




layers to see how it will affect on the dissolution of carbon dioxide. Extend the simulation to
involve the dissolution of carbon dioxide in oil phase. The effect of minerals which can be

founded in porous media the dissolution of carbon dioxide.
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1-Introduction
a. Background

With the ever increasing population and the steady growth of industries. The demand for
fossil fuels is increasing. The use of fossil fuels to obtain energy has increased carbon
emissions to the atmosphere. This poses an existential challenge for humans. This led to
search for ways to reduce carbon emissions.

The rapidly increase of global warming which caused by carbon emissions has led many
countries and researchers to find alternative ways to reduce these emissions. Whereas, the
Paris Agreement was the starting point for collective action in this field. Many developed
countries have taken practical steps to reduce carbon emissions. As many large industrial
countries such as China and Germany have taken effective steps such as reducing the usage
of coal and replacing it with natural gas, which is less polluting the environment than coal.
Also, some other countries have relied on green energy such as the hydroelectric power and
solar energy to contribute to reducing global warming. The CCS project remains an important
and practical step to reduce emissions of carbon dioxide in atmosphere. Norway is one of the
first countries to implement this project on a large scale .Therefore, doing laboratory and
program research can help a lot in developing and understanding carbon capture and storage
CCs.

The dissolution of carbon dioxide has been inspected though many studies (Keith et al., 2005;
[a.1]Leonenko et al., 2006[a.2]; Taku Ide et al., 2007[a.3]; Leonenko and Keith, 2008[a.4];
Hassanzadeh et al., 2009[a.5]), in which the researchers endorse that subsurface conditions
are accelerating the dissolution of carbon dioxide. The effect of geometry on the dissolution
of carbon dioxide studied by (Leonenko and Keith (2008)), where he used the commercial
black- oil reservoir simulator. In this thesis OPM-simulator will be used to simulate the effect

of some important parameters on the dissolution of carbon dioxide in porous media.

b. Aim and objectives

The aim of the present study is to show the CO, dissolution in porous media at different
conditions and investigating the effect of some parameters like salinity, permeability,

diffusion coefficient and permeability heterogeneity on CO, dissolution process.
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This is to improve the understanding of the impact of salinity on the CO, dissolution process

for 2 different cases (Casel and Case2). So the objectives are:

a)
b)

c)

d)

C.

Literature study to give sufficient information about CO, dissolution process.
Performing the simulation of CO, dissolution in different concentrations of NaCl to
illustrate the impact of salinity on the total CO, dissolution.

Performing the simulation of CO, dissolution in porous media which contain pure
water and making comparing against real experimental results. Here will be for two
Cases (Casel and Case2).

Performing the simulation of CO, dissolution for different numbers of diffusion
coefficient. The aim for that is to show how the impact of diffusion coefficient on
total amount of solubility of CO, .

Performing the simulation of CO, dissolution to illustrate the impact of permeability

heterogeneity on the CO, transportation in porous media.

structure of the thesis

The thesis is organised as follows: First, a literature study is presented in 3 chapters. The first

chapter shows basic theory and fundamentals for carbon dioxide for including: CO, phase

behaviour, Solubility CO, of in water. Chapter 2 important physical parameters for CO,

dissolution for instance effect of pressure, temperature and salinity on solubility of carbon

dioxide in water. Chapter 3: CCS Carbon capture and storage. Chapter 4 is showing the

results of OPM-simulator which will be focused on the investigation of the effects of many

parameters on the dissolution of carbon dioxide. Chapter 5 will show the restrictions of using

OPM-simulator, further works as extension of this master thesis and suggestions for

developing of OPM-simulator.
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Chapter 1

1.1 CO, phase diagram

The CO, Phase behaviour is highly dependent on temperature and pressure.

Figure 1.1 represents a phase diagram of carbon dioxide which shows 3 different phases:
gas, liquid and solid phase. The point where gas, liquid and solid coexist is called the triple
point. Line between the solid and liquid phase is known as the melting point line. Because it
goes from a solid to a liquid because its melting and going backwards from liquid to a solid
its freezing. Line between the liquid and a gas phase is called the boiling point curve. Going
from a liquid to a gas its vaporization and gas to liquid is condensation. At 1 atm if you
increase the temperature for carbon dioxide and we notice that it goes directly from solid to
gas so carbon dioxide sublime’s we can notice that at 1 atm the pressure is below the triple
point. So we can say if the pressure was below of triple point it would go from a solid to gas,
and if the pressure was above the triple point it would go from a liquid to a gas. But at
standard pressure its bellow the triple point so that is why carbon dioxide sublime’s from
solid to gas as the temperature increases. Here we can say that carbon dioxide has different
densities according phase of carbon dioxide. The density of solid face of carbon dioxide is
higher than liquid phase at higher pressures. Another important point is called critical point.
Critical point is location where you are beyond the temperature and pressure of that point you
can have supercritical fluid a supercritical fluid is a fluid that has properties of gas and liquid,
it is not exactly a gas and not exactly a liquid but it is in between the two. A gas can be
liquefied when the temperature is below the critical temperature.

Supercritical
fhasd

Ligquid

785 -S64 311

Temperature (C| =

Figurel.1 Carbon dioxide (CO2) pressure—temperature phase diagram (Whitson and Brul 2000)[1.1]
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1.2: Solubility of CO, in water and equilibrium constants.

The amount of dissolved CO, is one of the critical factors to every application (experiments,
modelling and simulating) Therefore, the solubility of CO, in water and brine must be
ascertained at the condition of its application. Several CO, solubility studies in water and
high- and low salinity brines have been conducted for an extensive range of temperatures,
pressures and ionic concentration in conjunction with different reservoir properties by many
researchers (Bamberger et al. 2000;[1.2.1]. Chang et al. 1998; [1.2.2]. Chapoy et al. 2004;
[1.2.3]. Guietal. 2017;[1.2.4]. Liuetal. 2011;[1.2.5].; Valtz et al. 2004;[1.2.6].). Solubility
of CO, was investigated both in pure water an and in diverse brine solutions (Mg?*, K*,
Na't, Ca%*, C17,and SO?2) at several different temperatures and at pressures up to 200 MPa
(Duan et al. 2006 ;[1.2.7]). Solubility of CO, and other injection gases in water and NaCl
solutions is modeled at varying temperatures (0-350 C), pressures (0.1-150 MPa) and ionic
concentrations (0—4.5 mol/kg) by Mao et al. (2010) [1.2.8] using Helmholtz free energy
model, which can be extended to different ranges of the variables parameters.

The correlation proposed by Enick and Klara (1990)[1.2.9] on CO, the solubility in brine at
surface condition is found to be applicable at subsurface formation conditions too, including

consideration of the dissolved solids in the brine.

CO,, dissolves in water, and some of it reacts with water molecules to produce a slightly acid
solution called carbonic acid. The (aq) indicates water solution. The hydrogen carbonate
compound cannot be isolated as a pure substance. It decomposes easily to produce water and

CO, gas.
CO, (aq) + H,0«< H,CO3(aq) eq(1.1)

The equilibrium condition between the phases is quantified by molar solubility K, (henry's

—_ [H2C03] eq (12)

la Ko =

W) 0" [Pcoz]
Where is Pcq, IS atmospheric partial pressure of carbon dioxide (in atm). K, is the solubility
in mol L~! atm™~* and [H,CO5] is the dissolved CO2 concentration in mol/kg of water. This is
a weak acid, so some of it dissociates to produce H* ions, hence it’s a slightly acidic solution,

forming the hydrocarbonate ion.
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H,CO5;<> HY + HCO3 eq (1.3)
HCO3 <H™* + €03~ eq (1.4)
Equilibrium conditions are quantified by the acidity constants:

_ [HCO3][H"]

K, = ,C0.] eq (1.5)
_ [co3T]H]
K, = oS | eq (1.6)

1.3 : Henry's law and Solubility Correlations

Henry's law is one of the gas laws states that: the amount of a given gas that dissolves in a
given type and volume of liquid is directly proportional to the partial pressure of that gas in
equilibrium with that liquid at a constant temperature. One of the important factors which
affect the solubility of gas is Henry's constant.

Henry's constant: It is defined as the limit of carbon dioxide’s fugacity(f.,,) to carbon

dioxide water ratio (x¢02). Ky co, is Henry's constant has the dimension of pressure

(Eg. 1.3.1) (Diamond and Akinfev 2003) [1.3.1].

. fco
Ky,co, (T, P) = limgcoz-o (—2) eq (1.3.1)

Xco2

Chang et al.(1998)[1.3.4] studied the properties of carbonated water binary system including
the CO, solubility in water and brine to prove the eq (1.3.1) experimentally, and found that
the viscosity of CO, - saturated water remained unchanged. For solubility measurements they
used equation (1.3.2) to estimate the solubility of carbon dioxide in distilled water and later
the correct it for salinity effect of brine (Kechut et al. 2011[1.3.2]) and they found agreement

between the measured values and calculated values of CO, dissolution.

log (;‘—3) = —0.028 % S * T~0-12 eq (1.3.2)
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Ry, solubility of carbon dioxide in brine of salinity S (scf/STB),
Rsw Solubility of CO2 of water (scf/STB),
S: salinity of brine in weight % of solid

T: temperature (°F).

Bicarbonate (HCO3), carbonate (CO3~) and carbonic acid (H,CO5) are the main ions that

exist when carbon dioxide is dissolving in water.

Equilibrium state established by carbonic acid (H,CO3) can be expressed as:
CO, (aq) + H,0< H,CO3(aq) Eq (1.3.3)
To demonstrate the relation between relative carbonate ions concentration will be by mass

valance equation and mass action equation:

Total Dissolved Carbon = m(H,CO3) + m(C0O%~) + m(HCO3) Eq(1.3.4)
logK; =loga(H,CO3) —loga(H*) — logm(HCO3) Eq (1.3.5)
logK, = loga(HCO3) — loga(H*) — logm(CO3) Eq (1.3.6)

log K; and log K, are relevant log equilibrium constants for the equilibrium.
m molality of aqueous species.

a is activity of aqueous species.

The relation between partial pressure of carbon dioxide and dissolved carbonate ions in the
same solution can be expressed as:
logK;=log p(CO,) + log a(H,0) — log a(H,CO3) Eq (1.3.7)

when the partial of carbon dioxide will increase, the dissolution of carbon dioxide will
increase in the fluid. While by decreasing the partial pressure of carbon dioxide that will case
to release more carbon dioxide from the fluid . as a result of CO, dissolution, the fluid will
be more acidic. Thus, this acidic fluid will lead to dissolve more minerals from the reservoir

rocks, especially carbonate minerals (perkins 2003)[1.3.3].
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1.5 Diffusion and density-driven convection mechanism in dissolution of CO,

process.

Fick's law describes the diffusion as how particles are tending to spread from a region which
has higher concentration to a region of lower concentration under random thermal motion
[1.4.1]. Carbon dioxide starts dissolving in aquifers by molecular diffusion (Hassanzadeh et
al., 2006)[1.4.2]. The result is a thin layer in the top of the aquifers of the CO,-saturation
(Lindeberg & Wessel-Berg, 1997)[1.4.3]. when the concentration of CO, is increasing in
water, the density of water in increasing linearly (Ennis-King & Paterson, 2005; Yang & Gu,
2006)[1.4.4]. When the thickness of water carbonate layers will increase sufficiently that will
lead to gravitational instability, also in the real porous media as a result of the presence of
heterogeneities in porosity and permeability will lead to appear perturbations (Emami-
Meybodi et al., 2015[1.4.5]; Lindeberg & Wessel-Berg, 2011)[1.4.6]. gravitational instability
and perturbations will initiate the density-driven convections (Hassanzadeh et al.,
2006)[1.4.2]. as a result of density driven convection, finger of CO,/water will migrate
vertically downwards (Pau, Bell, Pruess, Almgren, Lijewski & Zhang, 2010)[1.4.7].
Unsaturated water which has less density than CO,-saturated formation water will migrate
upwards to be in contact with gas phase of CO,. Therefore, more carbon dioxide will dissolve

in water before it migrate downwards again (Pau et al. 2010)[1.4.7].

C ) Carbon dioxide e

Figure (1.4.1) shows the density-driven convection during CO,/water dissolution.
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When the density-driven convection occurs, unsaturated water with respect to CO2, will
migrate to the upper side of aquifer to the CO,-water contact surface. As a result of this
phenomenon the dissolution of carbon dioxide will increase. This process is significant for
the projects of the carbon storage (Ennis-King & Paterson, 2005[1.4.8]; Faisal, Chevalier,
Bernabe, Juanes & Sassi, 2015[1.4.9]; Kneafsey & Pruess, 2010)[1.4.10]. if the density-
driven convection doesnt occur, only the upper part of aquifer will be in contact with carbon
dioxide .Therefore, the dissolution of carbon dioxide in water will be governed by diffusion,

which is slow process in compare to density-driven convection.

Chapter 2

Important physical parameters for CO, dissolution

2.1 The effect of Temperature and Pressure on solubility of CO, in water.

C02 Solubility (kg C02/100 kg of H20)

0 4————g—g v e ¥ < g T S ——
o 20 40 Go Do 100 120
Temperature (°C)

-~—

Figure (2.1) CO; solubility in water depends on temperature and CO, pressure (Perkins 2003)[2.1]
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https://link.springer.com/article/10.1007/s13202-019-0738-2#ref-CR64

The figure (2.1) is showing the solubility of carbon dioxide in pure water as a function of
temperature at different pressures. The relation between the solubility of carbon dioxide and
the temperature is inverse proportionality. An increase in temperature will lead to decrease of
the solubility of carbon dioxide in water Figure (2.1). There is an attractive forces between
the water and carbon dioxide so when we add heat to a solution, the thermal energy will be
sufficient to overcome the attractive forces which is exist between the gas and solvent
molecules. Therefore, less CO, will be dissolved in water when the temperature is
increasing. And that is why solubility in water decreases with increasing the temperature.
Figure (2.1) shows the effect of pressure on CO, dissolution. The relation is

direct proportion between pressure and dissolution of carbon dioxide, and the effect of
pressure on CO, dissolution is much greater than temperature’s effect. At the constant
temperature any increasing in pressure will lead directly to increase the solubility of
carbon dioxide, and any drop in pressure will lead to decrease in the dissolution of carbon

dioxide.

2.2 The effect of salinity on the dissolution of carbon dioxide in brine.

3
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Figure (2.2.1) shows Variation of CO2 solubility in water with salinity,

for various conditions representative of sedimentary basins (Bachu & Adams, 2003).[2.2].
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Salinity is one of the important factors which effects on the dissolution of carbon dioxide in
water, which reduces the solubility of CO, gas in the water in what is known as
“salting-out effect”[2.2.1] This is due to the water molecules being attracted to the salt ions,
which reduces the number of H* and 02~ ions that can capture and disassociate carbon dioxide
molecules. Many experiments has been done in this field, in this thesis will also the effect of

salinity on the dissolution of carbon dioxide will be simulated by using OPM-simulator.

2.3 The reaction between the carbon and reservoir’s rocks.

Depending on the nature and scale of the chemical reactions, CO, interactions with reservoir
rocks and cap rocks may have significant consequences, either beneficial or deleterious, on
injectivity, CO, storage capacity, sealing efficiency, and long-term safety and stability

(Czernichowski-Lauriol et al., 1996 a,b; Rochelle et al., 2004)[2.3.1].

2.3.1 Reaction of carbon dioxide with carbonate rocks

When the rocks contain carbonate minerals such as CaCO5, MgCO5or FeCO4, carbon dioxide
can reacts with these minerals (mineral trapping) which is significant for long term of carbon
capture and storage (CCS). It is known that when carbon dioxide is injected into carbonate
formation, it leads to the dissolution of carbonate minerals because of the acidic nature of
carbonic water. Such kind of reactions between aquifer, rocks and carbon dioxide will affect
on the physical properties of the rocks. Dissolution of the rock leads to an initial increase in
formation permeability; subsequently, transportation of these minerals and later precipitation
lead to decrease in permeability and effective porosity (Bowker and Shuler 1991[2.3.2];
Grigg and Svec 2006[2.3.3]; Shiraki and Dunn 2000 [2.3.4]; Wellman et al. 2003 [2.3.5]).

Many factors is affecting on the this reaction such as, pressure, temperature, rock chemistry
and physical conditions of the reservoir. Izgec et al. (2008) [2.3.6] observed that with the
injection of carbon dioxide, porosity of core plug is changed with corresponding changes in
permeability. When CaCO;, MgCO50r FeCO;exists in the rock, the water-soluble

bicarbonates might form by the following reactions:

H,0+ CO,+ CaCO; = Ca(HCO), Eq (2.3.1.1)
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H,0+ CO,+ MgCO; = Mg(HCO), Eq (2.3.1.2)

H,0+ CO,+ FeCO; = Fe(HCO), Eq (2.3.1.3)

The rock dissolution will definitely result in the change in petro-physical properties of the

rock by creating new flow paths and increasing the rock permeability.

2.3.2 Reaction of carbon dioxide with sandstone rocks.

When carbon dioxide presence in sandstone formation. There is a possibility of reduction in
permeability. The explanation for that is carbon dioxide is reacting with cementing particles
and releasing them and later precipitation. If the sizes of released particles are more than the
pore throat size, that might abstract the pore throats, so that will lead to the reduction in
permeability (Sayegh et al. 1990)[2.3.7].

The other possible reactions in sandstone formations are:

Silicates + 2H*«> M?* +silica Eq (2.3.2.1)
Mgl tHCO3aq) < Hig) + MgCO5 ) (Magnesite) Eq (2.3.2.2)
Cafy,)tHCO3,q) < H{g) + CaCOs () (calcite) Eq (2.3.2.3)
Fef.t) tHCO3,q) < H{yq) + FeCO3 ) (siderite) Eq (2.3.2.4)

Where:

M2t : generic carbon.
ag : aqueous.
S : solid.

Many experimental studies have been performed to examine the changes in the physical
properties of rocks by the injection of CO,-saturated water (Sayegh et al. 1990). Kono et al.

(2014)[2.3.8] conducted experimental studies to show how the carbonated water can change
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the carbonate rock properties in the reservoirs of Middle East, through core flooding at
reservoir conditions, measuring porosities and permeabilities. The carbonate mineral
dissolution studies were conducted on scanning electron microscope (SEM) and liquid
chromatography also. Results obtained (without the compaction effects) showed an increase
in porosity by a 3.6% in the first 50 pore volume injected, and a further increase in up to

6.0% from 50 to 100 pore volume injected.

2.4 Rayleigh number

Rayleigh number (Ra) is a dimensionless, measures as a ratio of free convection to diffusion
[2.4.1],[2.4.2]. The Rayleigh number provides an indication of whether density-driven
convection will take place under given properties and conditions (Kneafsey & Pruess, 2010).
Low Rayleigh numbers correspond to pure molecular diffusion because perturbations within
the system are observed to decay. When the Rayleigh number exceeds a critical value, Ra, =
42 observed that the perturbations are growing, and density-driven convection will occur
Hassanzadeh et al., 2006; Kneafsey & Pruess, 2011; Khosrokhavar et al., 2014[2.4.3];
Lindeberg & Wessel-Berg, 1997; Xu et al., 2006). Furthermore, when the Rayleigh number is
increasing the density-driven will increase (Farajzadeh, Ranganathan, Zitha & Bruining,
2011)[2.4.4].

Rayleigh number is functional with properties of fluid and porous media. The Rayleigh

number can be written as:

_ KapgH
¢uD

Ra Eq (2.4.1)

K is the effective permeability (m?)

Ap density increase of water due to dissolution of carbon dioxide (%)

g Iisthe gravitational acceleration (Sﬂz)
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H is the vertical thickness of porous media
@ isthe porosity.  (-)

w is the dynamic viscosity. (Pa.s)
D is diffusion coefficient of carbon dioxide in water. (mTz)

The effective permeability according to the Hele-Shaw cell with uniform thickness, the
porosity is 1.

bZ

12

K Eq(2.4.2) [2.4.5][2.4.6]

Where is the b is the uniform thickness of Hele-Shaw cell.

The gravitational instabilities can be occurred only when the diffusive layer is thick enough
that Rayleigh number will be more that critical value Ra. [2.4.7]. Nield [2.4.8]offered
method to measure the critical Rayleigh number which is 32.5 as estimated by Slim and
Ramakrishanan [2.4.9] based on linear stability analysis, 55 as estimated by Szulczewski et
al[2.4.10], and 31.5 as estimated by Slim [2.4.11] according to the theoretical analysis of
dissolution rate.

A critical onset time (t.) and critical wavelength (A.) were widely used to predict the

gravitational instabilities.

The critical onset time ( t.) can be predicted as[2.4.17]
t, = alD(%‘;g)z ~a,Ra2 Eq (2.4.3)

Where a, and a, are the parameters for the onset time of convection.

The critical wave length A, can be calculated as [2.4.12][2.4.19][2.4.13]

D
Ae=Tne Eq (2.4.4)

23

—
| —




Density-driven convection enhances the CO,dissolution rate with the increase in Rayleigh
number. Islam et al[2.4.14]. indicated that effective convection occurred only at a limited

range of scales when Rayleigh numbers exceeded the critical value.

2.5 diffusion coefficient D

Diffusion coefficient is one of critical factors which has impact on density-driven convection
of dissolution of carbon dioxide in water. Diffusion coefficient also known as the diffusivity,
describes how fast one material can diffuse through another material. The higher diffusion
coefficient, the faster diffusion will be. Therefore, the diffusion coefficients for solids tends

to be much lower than the diffusion coefficients for liquids and gases.

The Arrhenius formula to calculate the diffusion coefficient as follow:

_EA

D=D,.eRrT Eq (2.5.1) [2.5.1][2.5.2]
D: diffusion coefficient (?).

D, : pre-exponential factor.

E4 : activation energy (ﬁ).

R : gas constant (8.314 ﬁ)

T: temperature (K)

To study how the diffusion coefficient is affecting of the density-driven convection, that can
be by Rayleigh number eq (2.4.1). In eq (2.4.1) the diffusion coefficient D is dominator in the
equation, so the relation between Ra and D is inverse proportion. By increasing the diffusion
coefficient the Rayleigh will decrease, that means less density-driven convection will occur.

When diffusion coefficient is decreasing, the Rayleigh number will increase. Thus density-
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driven convection will accelerate. PVT cell experiments were also performed by Farajzadeh
et al. (2007)[2.5.3]at a pressure 50 bars and temperature of 30 °C. At early stages, the
effective diffusion coefficient was found to be one order of magnitude larger than for pure

molecular diffusion of CO,into water.
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Chapter 3

Carbon capture and storage (CCS)

3.1 introduction

Climate change is one of the major challenges of our time. The greenhouse gases emissions
have continuously increased since the industrial revolution (Stocker et al., 2013)[3.1.0],
leading to global warming.

Over the past decades, the atmosphere and ocean temperature have risen, the amount of snow
and ice have diminished and sea level has increased as results of the global warming.
International agreements (EuropeanCommission, 2012, 2010; Kioto Protocol, 1997; Paris
Agreement, 2015; Rio Summit,1992) highlight the necessity to take climate protection
actions.

The increase of renewable energy generation, the implementation of carbon capture

and storage (CCS) and the improvement of energy efficiency are the most promising options

to reduce greenhouse gases emissions (Edenhofer et al., 2014)[3.1.1].

Carbon capture and storage (CCS) divided of three main steps:
1- Capturing waste carbon dioxide from large point sources (i.e. fossil fuel power plants,
cement industries...).
2- Transporting carbon dioxide to site that will be injected.
3- Storing it into underground geological formations (Metz et al., 2005)[3.1.2]. The
CO,, should be confined in the subsurface for a long time period preventing the release

of carbon dioxide to the atmosphere again.

3.2 carbon capturing

The first and most difficult step in CCS is to remove the carbon dioxide from other gaseous
substances because the smoke from power plants is not only contains carbon dioxide but also
other substances. Carbon capture is considered as an expensive process so will not be easy to

implement it in all over the world.
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Many methods can be used to capture the carbon dioxide for instance,

a- post-combustion separation:

here they separate the carbon dioxide from flue gas emitted from power plants by using
adsorption of the gas in the solvent for instance: using the chilled ammonia process which we
use ammonia as a solvent [3.2.1].

b- Oxyfuel separation

it considers as advanced way to capture carbon dioxide. When the fuel is burnt in air the
carbon dioxide will react with other components of air for instance nitrogen[3.2.2].
Cc- pre-combustion separation
which means gasification of fuel like natural gas or coal and convert it to carbon monoxide

and hydrogen (syngas) mixture.

3.3 CO, transportation

After capturing the carbon dioxide, it must be transported to the storage site. But first they
liquefied the carbon dioxide then they decide to which method for transport will be used.
If we have small-scale they transportation will be by boats, trucks and rail-ways.

But when we have large-scale usually pipeline will be used.

3.4 CO, storage

This last step in CCS, when carbon dioxide will be transported to storage site it needs to be
stored. Selecting the storage site is depending on the potential of this site and cost-
effectiveness. Carbon dioxide can be stored in geological formations of oceans. Storage in
oceans is considered as a high environmental risk therefore no longer has been used.

Nowadays they store carbon dioxide just in geological formations. [3.3.1]

3.5 geological formations for CCS

Many geological formations can be used as storage sites.
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3.5.1 Deep saline aquifers

This refers to water reservoirs. They are considered to be one of the best choice for the
storage of carbon dioxide due to their geographical ubiquity and large potential of
storage.[5.1.1]

3.5.2 Depleted oil and gas reserves

Here carbon dioxide is injected into such depleted hydrocarbons reservoirs. This method
known as enhanced oil recovery (EOR). But this method will be considered as high price
scenario if the reservoirs will not be extensive.

The incremental oil production can reach to 180 million barrels and around 60 million tons of
carbo dioxide can be stored annually with help of CO, — EOR.[3.5.2]

3.5.3 Basalt formations.

This volcanic rock has silicates of metals such as calcium, iron and aluminium which can
react with carbon dioxide and form the carbonate minerals which considers as very good site
to store the carbon dioxide.[3.5.3]

Advantages of such sites are:

a- the trap will be considered as stable.

b- High level of security for the storage because the reaction between carbon dioxide
and silicates of metals will give mineral carbonate which is suitable for long term of
storage.

c- high level of integrity for carbon dioxide storage because basalt provides solid cap

rocks.

3.5.4 unmineable coal seams

At deeper depths such recovery is not economically feasible. Thus, the captured CO2 can be
injected in such seams, which improves methane recovery. This is known as enhanced
coalbed methane recovery (CO2-ECBM). It is seen that the injection of CO2 not only
improves methane extraction, but also helps to make the adsorption of carbon dioxide much

more rapid.[3.5.4]
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3.6 storage capacity
According to Bradshaw et al. [3.6.1], capacity can be threefold according to the required
category level:
a. theoretical, realistic and viable capacity.

Theoretical capacity is considering that the entire porous is available for storage or they
consider that aquifers have maximum dissolution of carbon dioxide. but practically will be
impossible to reach the theoretical level.

b. realistic capacity: takes in the consideration the real parameters of reservoir (permeability,
porosity, depth etc.).

c. viable capacity: includes the consideration of legal limitations and considerations of social

and environmental aspects of the selected site for storage.

Storage capacity can be defined as the quantity of carbon dioxide that maybe Injected and
stored in the geological layers.

According to the study of the Task Force for Review and Identification of Standards for CO2
Storage Capacity Estimation of Carbon Sequestration Leadership

Forum (CSLF), the regional CO2 storage capacity in structural and stratigraphic

traps can be calculated using a residual water saturation [3.6.2], [3.6.3]:
VC02t = Vtrap- . (1 - SWirr) = A.h. d)(l - Swirr) Eq (361)

Vcoze - Theoretical storage volume of carbon dioxide (m?)
Virap : Trap volume (m?)

@ : Porosity (%)

Swirr - Irreducible water saturation (%)

A: Trap area (m?)

h: Average trap thickness (m)

According to the United State Department of Energy (US DOE), for the regional salt water
aquifers, the coefficient of storage efficiency is suggested to be 2% [3.6.4]. [3.6.5]
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The storage capacity of depleted hydrocarbon fields can be calculated from cumulative

production and reserve data following the methodology described in [3.6.6]

M= pCOzF(RfN BfO_Wi — Wp) Eq (362)
M = p.CO,. Ry (1-Fy).G.B, Eq (3.6.3)

M: capacity of reservoir for carbon dioxide storage (kg)

p.CO,,. : density of carbon dioxide at reservoir conditions (kg/m?3) .

R¢ : recovery factor (%).

N: original oil in place( m3).

By : gas formation volume (%).

B, : oil formation volume (%).

W; : water injection ( m3).

Wp : water production ( m3).

Fig : gas injection ( m?).

G : gas original in place ( m3).

For the effective capacity it is necessary to consider some additional factors such as the
macroscopic displacement efficiency, buoyancy, reservoir heterogeneity, water saturation,
reservoir drive, etc.

The first global assessment of carbon dioxide storage capacity back to the

1990s. Koide et al. [3.6.7], [3.6.8] assessed carbon dioxide storage capacity for deep saline
aquifers on the level of 320%10° tons. According to Van der Meer [3.6.9], it was estimated to
425*10° tons, calculation made by Ormerod et al. [3.6.10] was on the level of 790 *10° tons
of carbon dioxide. Hendricks and Blok [3.6.11] reported storage capacity of 150*10°tons,

which was mainly related to depleted hydrocarbon reservoirs [3.6.12].
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3.7 challenges of carbon capture and storage (CCS)
a. Geological storage complex and surrounding area characterisation:

Potential sites for geologic storage are: depleted oil and gas fields, deep saline
formations and deep unmineable coal seams. According to EU Directive 2009/31/EC
[3.7.1], the characterisation and assessment of the potential storage complex,
including the cap rock and surrounding area, including the hydraulically connected
areas, should be carried out in three steps according to best practices at the time of the
assessment: (1) data collection, (2) building the three-dimensional static geological
earth model and (3) characterisation of the storage dynamic behaviour, sensitivity

characterisation and risk assessment.

b. Potential of CO, leakage pathways:

The possibility of potential leaks of carbon dioxide is one of the hardest barriers to

large-scale of carbon capture and storage.
The injected CO, can migarte from the storage formations upwords (into atmosphere,
aquifers or upper formations) if these following conditions will exist: 1. When the gas
pressure will be higher than capillary pressure. 2. When there is gap in cap rocks that will
lead carbon dioxide to migrate to upper aquifers. 3. Fault in siltstone that will force carbon
dioxide to migrate to upper aquifers. 4. CO, will esacpe to atmosphere via poorly sealed new
or abandoned wells.
Possibility of leakage of carbon dioxide from the active or an abandoned well
include leakage: corrosion of the tubing, around packer, through
deterioration of the casing, between the outside of the casing and the set
cement, through the deterioration of the set cement in the annulus.
leakage in the annular region between the set cement and the formation, through the

cement plug and between the set cement and the inside of the casing [3.7.2]. [3.7.3]. [3.7.4].
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3.8 CCS projects

Carbon capture and storage is considering as new technology, therefore the implementation
of this project will have many obstacles which can preventing the moving from planning
stage to construction stage and operation phase.

Several years of worldwide implementation of carbon capture and storage programs have
resulted to sufficient data and knowledge on CCS technology. Comprehensive databases
founded by, for example, Carbon Capture and Sequestration Technologies at the
Massachusetts Institute of Technology (MIT) [3.8.1], Global CCS Institute [3.8.2], National
Energy Technology Laboratory (NETL) [ 3.8.3 18], Zero Emissions Platform [3.8.4], British
Geological Survey [3.8.5], etc., can serve as a valuable source of information in further
research and design [3.8.6]. A large-scale facility captures at least 0.8 Mt of CO2 from a coal-
based facility for power generation or at least 0.4 Mt of CO2 from other industry on yearly
basis [3.8.2].

The Global Carbon Capture and Storage Institute database counts 23 large-scale

CCS facilities both in operation and under construction, having capture capacity

of approximately 30 Mt/y. Realisation of further 5 projects, which are now in

advanced planning phase, as well as another 15 projects, which are in early planning, could
significantly increase capture capacity by more than 60 Mt/y. Temporarily ongoing large-
scale CCS projects are located in the USA, Canada, China, Saudi Arabia, United Arab
Emirates and Europe. The most promising CCS projects. However, successful operation of
two Norwegian large-scale projects (Sleipner and Snghvit).

According to the Norwegian ministry of petroleum and energy:

e During processing of natural gas from the Sleipner Vest field nearly one million
tonnes of carbon dioxide per year has been separated, and stored in the Utsira
formation.

o Natural gas production at utgrad field has been separated the carbon dioxide at the
sleipner platform and stored in the Utsira formation(since 2019).

« Snpvit facility is separating carbon dioxide from the well stream and captured carbon
dioxide is back to the Snghvit , around 700000 tonnes every year of carbon dioxide is

stored there.
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Figure (3.8.1) illustrates the injection and storage of carbon dioxide on the sleipner field in north sea

(photo: alligator film/BUG, Equinor)

3.9 trapping mechanisms

Four different storage mechanisms keep the supercritical CO2 securely stored inside the CO2
storage formation:

(2)structural/stratigraphic (or physical) trapping.

(2) solubility trapping.

(3) residual trapping.

(4) mineral trapping [3.9.1]. [3.9.2].

1. structural/stratigraphic (or physical) trapping.
Physical trapping of carbon dioxide will be below the cap rocks which are low
permeability seals, for instance shale or salt beds.
Physical trapping simply means to store carbon dioxide in geological formations.
Sedimentary basins can be considered as physical trap. The lateral change in
rocks caused by variation in the setting where the rocks deposited can make
stratigraphic traps.
In saline formations that don’t have much distance that can be considered as
structural trapping. When carbon dioxide is injected into structural trapping it

displaces saline formation water and then migrates buoyantly upwards, because it
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is less dense than the water. When it reaches the top of the storage formation, it
continues to migrate as a separate phase until it is dissolved (potentially helped by
gravity instability and mixing), trapped as residual CO2 saturation or gets arrested
in local structural or stratigraphic traps below the sealing formation (IPCC 2005)

(b)

Figure (3.9.1): Examples of (a) structural and (b) stratigraphic physical traps for CO2 (From CO2CRC, 2008).

Solubility trapping

Dissolving the carbon dioxide in water formation is known as solubility trapping.
The advantage of this trapping that when carbon dioxide is dissolving in water, it
no longer exists as a separate phase. As underlined by various authors (Bachu et
al. 2007), CO2 dissolution is a significant trapping mechanism and saturating
formation water with carbon dioxide would create huge carbon dioxide storage
capacities (Bachu & Adams, 2003). Nevertheless, it is also indicated that
dissolving carbon dioxide is a long-term process, coupling molecular diffusion

and in some cases aided by gravitational instabilities in the formation water.

Residual trapping

When supercritical carbon dioxide injected in porous rocks which are water
saturated, small droplets of supercritical carbon dioxide will be trapped and left
behind due to the variation of the capillary properties of the pores. This called
residual trapping. This kind of CO,, trapping is very secure for CO, storage

because residual trapping is immobile.
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Figure (3.9.2) Large-scale effect of residual trapping after injection stop (Juanes et al. 2006)

4. Mineral trapping
Due to the increment the acidity of water as a result of dissolution of super
critical carbon dioxide, and it subsequently induces the dissolution of primary
mineral compositions in liquid phase. Dissolving the carbon dioxide can react
with minerals in a geologic formations, that will cause the sedimentation of
secondary carbonate minerals for instance calcite CaC05, dolomite
CaMg(CO0s),, siderite FeCO5 by a servals of reactions with aqueous ions in the
saline aquifers. This processes is called mineral trapping (Bachu et al., 1994)
Mineral trapping is considered as the most promising long term for carbon capture

and storage.

3.10 Long-term trapping analysis.

Most of the injected carbon dioxide will be mobile (Kneafsey & Pruess, 2010)[3.10.1]. Thus,
physical trapping dominates in the early stages. The figure (3.10.1) (IPCC report 2005.
Chapter 5) is illustration of the different trapping mechanism and storage( the change in
storage of carbon dioxide by the time). At early time the physical trapping will dominate,
over time the security of storage can increase when we have more residual and solubility
trapping. But most secure and promising for long term storage is mineral trapping (Kneafsey
& Pruess, 2011).
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Figure (3.10.1) Diagram showing the concept of increasing amount of immobile CO2, and thereby increased security of the storage facility.

The mechanisms responsible for the immobilisation of CO2 are shown. From IPCC 2005. Right) Trapping-mechanism/time diagram based

on data from simulations of the processes of mineral reaction and dissolution. Produced from data given for a base-case study (Zhang et al.
2009). (Figure from Frykman et al. 2010).
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Chapter 4:

OPM- SIMULATOR

4.1 description of OPM

The open porous media (OPM) is a collaborative effort, which encourages more researches
for simulation of porous media processes. Open Porous Media software components have
been developed by:

Research institutes (NORCE, SINTEF, )

Companies (Equinor)

Universities (U. Stuttgart, university of Bergen and NTNU)

The purpose of initial version was for open-source software for simulating the transport and
flow in porous media. Then it extended to supply open data sets, so in this way will make it
easier to test different models, benchmark and computational methods. Reservoir simulation
is the main field that OPM is focusing about. Therefore OPM is focusing about the tools

which are related with reservoir simulation.

OPM software contains

OPM flow : it is a reservoir simulator using fully-implicit discretization and using
automatic differentiation [4.1.0] to avoid the error in derivation and coding of Jacobians for
residual equations. OPM flow in turn builds or uses on frameworks and libraries such as dune
[4.1.1], DuMuX [4.1.2], Zoltan [4.1.3], and Boost to reduce implementation and maintenance
cost and improve software quality. The Matlab Reservoir Simulation Toolbox [4.1.4],
[4.1.5], [4.1.6],has also been source of ideas and concepts.

Upscaling tools: it is using steady-state approach and contains programs which can do
upscaling of capillary curves, flow-based permeability and relative permeability.

Para View : an easy tool and uses for quick visualization of the reservoir simulation.

In this thesis (simulating of Co,) convections we did as follow :
A. Input : tables which contains the codes
1- Tables for CO, fluid properties calculated [4.1.A]
2- Co,-solubility in brine and water solubility in the Co,-phase are implemented after
Duan & Sun, [4.1.A2]
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B. Building and running the problem(CO,injection — uncover) on Linux which Ubuntu
has been used.

C. Visualization: ParaView used as monitor for the results

4-2 : description of Cases

In this part of the master's thesis, simulation results will be presented and discussed in two
different cases: Case 1 (labcase), in this case the simulation will be done at a pressure of 100
bars and a temperature of 50 degrees Celsius. These values were chosen to compare the
simulation results with the experimental results that performed under the same conditions
[4.2.1]. Case 2 (surface case(as a name)), in this case the simulation will be done at a pressure
10 bars and a temperature 20 degrees Celsius ; furthermore, the results of simulation will be
compared with experimental results [4.2.2].

Table (4.2.1) shows the parameters which has been used to simulate Casel. Table (4.2.2)
shows the parameters which has been used to simulate Case 2. In both Case 1 and Case 2

are homogeneous porous media but we add some noise in OPM-simulator to generate fingers
when the carbon dioxide dissolves in water. Boundary conditions in Casel and Case2: Top
boundary: Free-flow boundary condition. Left, right and bottom boundaries: no-flow
boundary condition. Porous media will be saturated with either pure water or with brine

which has different concentrations of NaCl.
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Casel lab case

Parameter Numerical value Unit
Pressure 100 Bars
Temperature 50 Celsius Celsius
Permeability 76 Darcy
Permeability of left, right 76 107° Darcy
and bottom boundaries
(almost impermeable)
Diffusion coefficient 2*107° m?
&
Table (4.2.1): parameters of Casel
Case2 (surface case)
Parameter Numerical value Unit
Pressure 10 Bars
Temperature 20 Celsius Celsius
Permeability 76 Darcy
Permeability of left, right and 76x 107° Darcy
bottom boundaries (almost
impermeable)
Diffusion coefficient 2*107° m?
5]

Table (4.2.2): parameters of Case2

39

—
| —




4-3. Effect of salinity on the dissolution of carbon dioxide in brines.

The effect of salinity on the solubility of carbon dioxide in water will be examined by OPM-
simulator at Casel and Case2.

First for Casel, figure (4.3.1) shows the simulation results when the porous media has pure
water. Figure (4.3.2) shows the simulation results when porous media has brine with low
concentration of NaCl (0.005). Figure (4.3.3) illustrates the simulation results when the water
contains 0.035 of NaCl. Figure (4.3.4) shows the simulation results when the salinity in
increased to 0.05 of NaCl. All figures have done at same time steps 10, 30, 60 and 120

minutes respectively.

VWMV

t =10 minutes t =30 minutes t =60 minutes t =120 minutes

PURE WATER : CASEl (LABCASE),
PRESSURE: 100BARS, TEMPERATURE: 50 CELSIUS

Figure(4.3.1). OPM-simulation result CO,/pure water-wet porous, permeability 76 Darcy

t =10 minutes t =30 minutes t =60 minutes t =120 minutes

Brine (0.005 of NaCl ): casel (labease),
pressure: 100bars, temperature: 50 Celsius

Figure(4.3.2). OPM-simulation result CO,/brine(0.005 NaCl)-wet porous, permeability 76 Darcy
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t =10 minutes t =30 minutes t =60 minutes t =120 minutes

Brine (0.035 NaCl): Casel (labcase),
Pressure: 100bars, Temperature: 50 Celsius

Figure(4.3.3). OPM-simulation result CO,/brine(0.035 NaCl)-wet porous, permeability 76 Darcy

t =10 minutes t =30 minutes t =60 minutes t =120 minutes

Brine(0.05 NaCl): Casel (Iabcase),
Pressure: 100bars, Temperature: 50 Celsius

Figure(4.3.4). OPM-simulation result CO,/brine(0.05 NaCl)-wet porous, permeability 76 Darcy

Brine (0.005 NaCl) Brine (0.035 NaCl) Brine (0.05 NaCl)

Time = 120 minutes

Cusel (Inbcaxe),

Pressure: 100bars, Temperature: 50 Celsius

Figure(4.3.5). OPM-simulation result CO,/brine(0.005, 0.035 and 0.05 NaCl)-wet porous, permeability 76 Darcy
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Discussion results

Figure (4.3.1) shows the result of OPM-simulator for dissolution of carbon dioxide in pure
water. From the time zero to 10 minutes was hard to observe any fingers, but we can observe
growing of CO,/pure water layers laterally, which occurs by the diffusion of carbon dioxide.
Growing the fingers downwards are starting after 10 minutes and observed clearly at 30
minutes, because the thickness of water carbonate layers will increase sufficiently that will
lead to gravitational instability. Therefore, the density-driven convection will occur. The
density-driven is accelerating the dissolution of carbon dioxide in water. Therefore, the

penetration of fingers is increasing by time (120 minutes).
When the salinity is increasing dissolution of carbon dioxide is decreasing (salt out effect).

(See the figures (4.3.2), (4.3.3), (4.3.4)and (4.3.5)). When the salinity is increasing the
developing the thickness of water carbonate layers takes longer time to be sufficient to create
the gravitational instability. Thus, developing of fingers will be slower when we compare it

with pure water.

According to the Eq (2.4.1) when the salinity is increasing the Rayleigh number is
decreasing, because by increasing the salinity that leads to increase of viscosity p and density
of brine. Thus, Ap will decrease ( the density difference between the mixture of ( CO, ,
brine) and the density of brine). When the Rayleigh number Ra is decreasing that indicates to

less carbon dioxide will dissolve in brine.
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Case2 (Surface) at (Pressure 10 bars and temperature is 20 Celsius)

t =10 minutes t =30 minutes t =60 minutes t =120 minutes

PURE WATER : Casc2 (surfacce),
Pressure: 10bars, Temperature; 20 Celsius

Figure(4.3.6). OPM-simulation result CO,/pure water- wet porous, permeability 76 Darcy at (10 bars and 20 Celsius)

t =10 minutes t =30 minutes t' =60 minutes t =120 minutes

Brine (0.005 NaCl) : case2 (surface),
pressure: 10bars, temperature; 20 Celsius

Figure(4.3.7). OPM-simulation result CO,/brine(0.005 NaCl)- wet porous, permeability 76 Darcy at (10 bars and 20 Celsius)

t =10 minutes t =30 minutes t =60 minutes t =120 minutes

Brine (0.05 NaCl) : case2 (surface),
Pressure: 10bars, Temperature: 20 Celsius

Figure(4.3.8). OPM-simulation result CO,/brine(0.05 NaCl)- wet porous, permeability 76 Darcy at (10 bars and 20 Celsius)
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In Case 2 the pressure is dropped to 10 bars. The pressure is critical factor on dissolution of
carbon dioxide in water. The relation is direct proportion between pressure and dissolution
of carbon dioxide. Therefore, the drop from 100 bars to 10 bars will reduce the dissolution
of carbon dioxide significantly. The results of OPM-simulator show slow developing of
water carbonate layers (see figure (4.3.7)) and the thickness of these layers are not enough to
create gravitational instability. Therefore, was hard to observe any fingers in Case2. When
the salinity is increasing in Case2 that will reduce more the developing of water carbonate
layers (see the figures (4.3.7) and (4.3.8)). Therefore, observation of fingers will be much

slower than pure water.

4-4: Results of OPM-simulator VS real experiment at same conditions for both Casel

and Case2.

In order to compare laboratory results with simulation results, simulation conditions must be
made as close as possible to the conditions in which the experiment was performed in the
laboratory. Casel and Case 2 have been done experimentally also [4.4.1]. but at small scale ,

where the porous media was filled in pure water.

| t=10minutes | [t=20minutes [t=30minutes | | t=40minutes |

VWY VWY VRVIWVIM Y

Figure(4.4.1). OPM-simulation results CO,/pure water- wet porous, casel (labcase) permeability 76 Darcy

[t=S0minutes | :tﬁaﬁihniélj [t=120minutes
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https://www.arabdict.com/en/english-arabic/direct+proportion

= 3 minns = 14

4

{ = 20 mwrs I = 47 nvma

Figure(4.4.2). experiment results CO,/pure water- wet porous, permeability 76 Darcy /pressure 100bars, Temperature 50 Celsius/ [4.4.1]

Figure (4.4.1) shows the simulation results, which shows the dissolution CO,/pure water- wet
porous, simulated by OPM-simulator for Casel (labcase).

Figure (4.4.2) illustrates the developing of fingers in CO,/pure water- wet porous
experimentally[4.4.1].

Experimentally, developing of fingers in porous media are faster than simulation results.
Figure(4.4.2) shows the appearing of fingers after 8 minutes, and it reaching the bottom of
cell after 47 minutes. Figure (4.4.1) fingers are appearing after 20 minutes, the growth of

these fingers is continuing but less frequently than experiment




Case 2 has been done experimentally also. Comparing the results of experiment (see the
figure (4.4.4)) and simulation results (see figure (4.4.3)) also clearly show delaying between

experiment’s results and OPM-simulator’s results as it illustrates.

| t=10minutes | [t=20minutes | [t=30minutes | t=40minutes |
ﬂ [t=SOminutes | [t=60minutes | t=120minutes]

Figure(4.4.3). OPM-simulation results CO,/pure water- wet porous, case2 (surface) permeability 76 Darcy

t= 60 nun t= 115 nun t= 193 nun

Figure(4.4.4). experiment results CO,/pure water- wet porous, permeability 76 Darcy /pressure 10bares, Temperature 20 Celsius.

Figure (4.4.3) shows the dissolution of CO,/pure water- wet porous, simulated by OPM-

simulator for case2 (surface)

46

—
| —




Figure (4.4.4) shows the developing of fingers in CO,/pure water- wet porous
experimentally[4.4.1].

Figure (4.4.3) doesn’t show any developing of fingers as a result of the dissolution of carbon
dioxide in pure water after 2 hours, because the pressure is dropped from 100 bars to 10 bars.

Figure (4.4.4) shows the developing of fingers clearly after 13 minutes.

We can say there is dallying between the experiment and simulation in both Casel and Case

2, that can be for many reasons, some of them will be discussed below.

Discussion:
The OPM-simulator is showing the delaying of finger's penetration in pure water- wet
porous. That can be for many reasons:
1- In OPM-simulator is considering the diffusion coefficient as constant value, but the
diffusion coefficient is time- dependent [4.4.2], [4.4.3].[4.4.4] increasing at early
time (diffusion of gas) then it decreasing when the more carbon dioxide is dissolving

in water (density-driven). According to the Eq (2.4.1)

_ KApgH

Ra
@uD

When the diffusion coefficient is decreasing, Rayleigh number will increase. That means
more carbon dioxide will dissolve
2- Packing the particles at the experiment can have some heterogeneity which will lead
to have some capillary pressure or increment of permeability or error in the measuring
the permeability its self.
3-  The effect of viscosity :
Kumagai et al. (1998) measured the viscosity of water containing up to  4.8% (by weight)

CO,, at pressures up to 400 bar and the temperatures from 0° to 50° Celsius.

HH20+Co02 = Hr * UH20

2 i
i=1 diXco,

ne =1+ :
' 11=0 b;T!

Where is a, b Coefficients we can find them in tables x¢,, is CO, mass fraction.

The viscosity is increasing by dissolving of carbon dioxide in water.
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OPM-simulator does not include the effect of changing of viscosity on the CO, dissolution.
According to the Eq (2.4.1)

The relation between Rayleigh number and viscosity is inverse proportion; therefore,
increasing of viscosity will lead to decrease of Rayleigh number. Thus, decreasing of the
dissolution of carbon dioxide in water, but at same time will increase the Ap will increase.

Thus, we can say that the effect of the viscosity change on the insolubility will be small.

4.5 The effect of permeability on the transportation of carbon dioxide in

water.

!-l;ermealgiulni»t_y =76_f)3 [Permea!;i_l‘ity = 40!5]

W VoW

WUy

’ Case 1 (labcase): pure water/ time=120minutes

Figure(4.5.1). OPM-simulation results CO,/pure water- wet porous, casel (labecase)

iPermeability = 76D éPermeability = 40D{

3 \j V‘\/"' \u"v' W \V’\-

' Case 1 (labcase): Brine (0.05 NaCl)/ time=120minutes

Figure(4.5.2). OPM-simulation results CO,/brine (0.05 NaCl)- wet porous, casel (labecase)
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Permeability = 76D Permeability = 760D

Case 2 (surface): pure water/ time=120minutes

Figure(4.5.3). OPM-simulation results CO,/pure water- wet porous, case2 (surface)

Figures (4.5.1) and (4.5.2): are illustrating the effect of changing the permeability from 76
Darcy to 40 Darcy on the dissolution of CO, in pure water and brine (0.05 NaCl) respectively
at 2 hours by using OPM-simulator.

Decreasing the permeability caused the sharp decreasing in the dissolution of carbon dioxide
in water.

Figure (4.5.3) is illustrating the effect of increasing the permeability from 76 Darcy to 760
Darcy on the dissolution of CO, in pure water at Case 2 (surface) at 2 hours by using OPM-
simulator. Increasing the permeability is leading to significant increment of dissolution of

carbon dioxide in water.

Discussion:
According to the Eq (2.4.1)

There is direct proportion between the permeability K and Rayleigh number R, therefore
decreasing the permeability will lead to decrease of Rayleigh number , thus decreasing the
dissolution of carbon dioxide. And increasing the permeability will lead to increase the

Rayleigh number, thus increment in dissolution CO,.
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4.6 impact the diffusion coefficient D on the dissolution of carbon dioxide.

First, when diffusion coefficient is increasing :

ll)lﬂusmn coefficient = 2‘!0"-')] [Diffusmn cocfficient = 4+ IO"-‘)]
| |

Case 1 (labcase): pure water/ time=120minutes ’

Figure(4.6.1). OPM-simulation results of increasing diffusion coefficient on CO,/pure water- wet porous, casel (labecase)

| Diffusion coefficient = Z‘IOA-(i]

Case 1 (labcase): brine (0.05 NaCl)/ time=120minutes

Figure(4.6.2). OPM-simulation results of increasing diffusion coefficient on CO,/brine(0.05NaCl) - wet porous, casel (labecase)

Figures (4.6.1): is showing the effect of increasing of diffusion coefficient on CO, dissolution

rate in pure water-wet porous (casel) which has permeability 76 D after 120 minutes by
2
using OPM-simulator. The diffusion coefficient increased from 2*107°to 4 *10~° mT after

120 minutes.
Figures (4.6.2): is showing the effect of increasing of diffusion coefficient on CO, dissolution

in brine (0.05 NaCl)-wet porous (casel) which has permeability 76 D after 120 minutes by

50

—
| —




2
using OPM-simulator. The diffusion coefficient increased from 2*107°to 4 *10~° mT after

120 minutes. Both figures show when the diffusion coefficient is increased, that leads

reduction of CO, dissolution in both pure water and brine which contains (0.05 NaCl).

Discussion:
According to Rayleigh number equation Eq (2.4.1), there is inverse proportion between
diffusion coefficient and Rayleigh number. By increasing the diffusion coefficient, Rayleigh

number will decrease and that will lead to reduce (density-driven convection).

Second, when the diffusion coefficient is decreased

l
|l)|ft'usmn coefficient = 2*10%-9

| Case 1 (labcase): Pure water/ time=115 minutes |

Figure(4.6.3). OPM-simulation results of reduction of diffusion coefficient on CO,/pure water- wet porous, casel (labecase)

]
[l)iﬂ'usion coeflicient = 2%10°-9 l(m‘fusmn coefﬁclenl = 1.5°10* 01
L J !

Case 1 (labcase): brine (0.05 NaCl)/ time=115 minutes

Figure(4.6.4). OPM-simulation results of reduction of diffusion coefficient on CO,/brine (NaCl)- wet porous, casel (labecase)
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Figures (4.6.3): is showing the effect of reduction of diffusion coefficient on CO, dissolution
in pure water-wet porous which has permeability 76 D after 115 minutes by using OPM-
simulator.

Figures (4.6.4): is showing the effect of reduction of diffusion coefficient on CO, dissolution

in brine (0.05 NaCl)-wet porous which has permeability 76 D after 115 minutes by using
OPM-simulator. The diffusion coefficient reduced from 2*107° to 1.5 *10~° mTZ after 115

minutes. Both figures show when the diffusion coefficient is reduced, that leads to increase

the density-driven convection.

Discussion:

According to Rayleigh number equation Eq (2.4.1), there is inverse proportion between
diffusion coefficient and Rayleigh number. By decreasing the diffusion coefficient, Rayleigh
number will increase and that will lead to increase CO, dissolution (density-driven

convection).

4.7 The effect of permeability heterogeneity on CO-, dissolution rate

At real storage sites where carbon dioxide will be injected mostly have heterogeneous
porous media; therefore simulating CO, dissolution in heterogeneous pores will give
us better understanding the impact of heterogeneity of CO, dissolution pure water and

brines. In this part the impact of heterogeneity will be illustrated in small/scale.

Permeability 7.6 Darcy -
Permeability: 76 Darcy -

Carbon dioxide gas P ——

Figure (4.7.1) schematic drawing shows the horizontal low permeability layer layer
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Figure (4.7.1) is schematic drawing of the location of horizontal low permeability
layer, which disturbs the homogeneity of porous media. This layer has lower
permeability that main porous media.

OPM-simulator will be used to simulate the dissolution of carbon dioxide in this new

porous structure.

‘Time = 120 minutes | Time = 180 minutes |

Casel : Heterogeneous porous

Figure (4.7.2) OPM-simulation results/ casel/effect of heterogeneity on CO, dissolution vs time

‘Homogeneous porous 'Hctcrogcncous porous
|

Case 1 (labcase): pure water/ time=120minutes

Figure (4.7.3) OPM-simulation results/ casel/effect of heterogeneity on CO, dissolution vs time




Figure (4.7.2) is illustrating the impact of permeability heterogeneity on the
transportation of carbon dioxide in porous media. When the low permeability layer is
interrupting the track of carbon dioxide, this layer works as barrier for the
transportation CO,, as it discussed in part (4.5) impact permeability on the CO,
dissolution. The rate of penetration of fingers is very slow after 3 hours, but at same
time the diffusion is helping to dissolve more carbon dioxide laterally.

Figure(4.7.3) is showing the comparing of CO, dissolution rate between
homogeneous porous media which has 76 D and heterogeneous porous media which
interrupted by lower permeability layer 7.6 Darcy.

OPM-simulator results are illustrating that the CO, dissolution is higher in

homogenous porous media than heterogeneous porous.

Chapter 5

5.1 general discussions

OPM-simulator shows the ability to simulate the CO, dissolution in porous media, which
contains pure water or brine with different concentrations of salinity for different cases
(Casel and Case2).

OPM-simulator gives a realistic view about the carbon dioxide solubility and the effect of
factors that affecting on the solubility, despite the results of laboratory experiments and

simulation output shows delaying, which dissolution is faster in experiment than simulation.

Conducting laboratory experiments and collecting the correct data, and considering them in
the OPM-simulator, that will help to improve the results of the simulation and bringing them

closer to the laboratory results.
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When reaching convergence in laboratory and simulation results, OPM-simulator can be
adopted in practical projects. In this way, time, effort and money can be saved. Because lab

experiments take a lot of money and time.

5.2 further steps can be done on OPM-simulator.

1- Real geological sites will contain different minerals such as Fe, Ca and Mg therefore
studying the impact of minerals on the CO, dissolution can be studied by OPM-
simulator.

2- Simulating €O, dissolution in oil phase is helpful for EOR projects.

3-using OPM-simulator to study the transportation of carbon dioxide in emulsified

(water-oil) phase.

4- Simulating CO, dissolution in complex heterogeneous porous media, that by adding

horizontal, vertical and diagonal layers with different permeability.

5.3 Restrictions of OPM results

1. The difficulty of working on OPM-simulator, especially for people who are not
familiar with Linux system.

2. The tables which are used in OPM-simulator do not contain sufficient explanation,
which makes it difficult to understand by other users.

3. The difficulty of the OPM's response to changing some values, which make us
restricted to specific values. Here are some restrictions during the studying of CO,
dissolution.

a. during the studying of impact of diffusion coefficient, was hard to reduce it below

1.5*107° mTZ and max time for simulation was 115 minutes (4.6).

b. the quality of tables: some tables were easy to build and flexibility was good for
changing the values, for instance all salinity tables were easier to build that pure water
in both cases (casel and case2).
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c. Difficulty to determine the physical time on (Para view) program, because it is

showing it as time steps.

e (I AP | i S O Dl T abebe bl N

5.4 developing of OPM-simulator

a. Possibility to change the parameters like Pressure, Temperature,
permeability etc direct from ParaView.

b. Possibility to see the physical time on Para View, not only as time
steps.

c. Possibility to merge the files an illustrating the effect of this merge

direct on ParaView.
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