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Abstract

Carbonated water injection (CWI) is a promising enhanced oil recovery (EOR) method that
provides an efficient and a more environmentally friendly alternative to meet the ever-increasing
demand for energy. An additional benefit from the implementation of CWI is the storage of
anthropogenic CO> and this has made it even more attractive. Over the years, several attempts have
been made to model CWI as an EOR process but have been of very little success due to the
underlying assumptions used or the modelling strategy. There are several multi-physics involved
during CWI and to have an accurate model to investigate CWI, these physics need to be adequately
captured. In this thesis, we have attempted to model CWI adequately by using more realistic and
practical assumptions to present a novel modeling strategy. This thesis shows our research in a
manuscript-based format which is presented in each chapter as major contributions. Firstly, a
comprehensive review of CWI where the behavior of fluids, fluid-rock interactions and challenges
associated with CWI technique have been thoroughly discussed. Secondly, the modelling
investigation to capture the critical salinity which plays an important role in EOR techniques for
sandstones and carbonate as well as the solubility of CO> during CWI1 is presented. Thirdly, a 3-D
modeling method to investigate CWI which considers important terms such as gravity, non-
instantaneous equilibrium, heterogeneity, anisotropy and well orientation is presented. Fourthly, a
1-D core modelling approach which considers the reaction term and rock dissolution in an
improved attempt to capture CWI is presented. Finally, a deterministic approach is presented to
effectively predict oil recovery factor based on pattern recognition and artificial intelligence. To
facilitate this, the use of artificial neural network (ANN), least square support vector machine

(LSSVM) modelling and gene expression programming (GEP) are adopted.
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Chapter 1 Introduction

In an oil reservoir, production is primarily associated with natural depletion which precedes the
use of secondary recovery methods such as water flooding to further recover the remaining oil in
place. As the demand of energy continually increases, the need to reduce the oil volumes left
behind during primary and secondary recovery methods increases. The contribution of crude oil
to the world’s energy supply is estimated to be 26.3% in 2035[1]. Hence, enhanced oil recovery
methods are constantly been applied to oil reservoirs to recover more oil to meet ever increasing
energy demands. Due to the added benefit of CO> storage and simplicity of implementation, CO»-
EOR methods are been frequently sort after. Several CO,-EOR methods such as pure CO;
injection, water alternating gas (WAG), simultaneous water alternating gas (SWAG) have proven
to be quite efficient in field scales but they are associated with several draw backs upon their
implementation. Poor oil sweeping efficiency is reported during the oil displacement process due
to high mobility of CO. compared to oil, and due to gravity segregation (override) because of a
large difference between the densities of CO2 and oil. These challenging phenomena are dominant
in pure CO2 injection, WAG and SWAG which lead to a high residual oil saturation and an early
CO: breakthrough. Carbonated water injection (CWI) is an efficient oil recovery technique to
further reduce residual oil saturation [2]. The major problems normally associated with water
flooding and CO: injection can be mitigated by implementing CWI as an enhanced oil recovery
technique [2-8]. In carbonated water injection, CO. and water are both injected as single-phase
fluid and provides and piston like displacement due to low mobility ratio because of the similarities
between the density of the displacing fluid (carbonated water) and the displaced fluid oil. CWI
was first introduced as an improved oil recovery approach in the late 1940s. It is recognized as a
promising EOR alternative and since CO- is more soluble in water compared to other common
gases, it becomes the preferred gas. The availability of CO2 makes CWI1 a viable option for onshore
and offshore reserves. In comparison with the conventional water injection (WI), higher
incremental oil recovery is expected from the CWI technique. The oil recovery increase is mainly
attributed to the CO2 mass transfer from the carbonated water (CW) to the oil phase, causing the
oil phase to become more mobilized. The dissolved CO: in the oil phase enhances the mobility of
the oil (Mo) and due to the oil swelling and reduction in both oil viscosity and interfacial tension

(IFT), there is an overall reduction in residual oil saturation. Due to the nature of carbonated water



injection and its associated multi physics, the modelling aspects as an efficient EOR method have
not been successful. After a comprehensive review of CWI as an efficient EOR method, especially
in the modelling aspects. The drawbacks or inaccuracies of existing models spark the interest for
this research because of several physics that have been overlooked and the modelling approaches
and assumptions that have been adopted. Some of the overlooked physics are; (1) assumption of
an instantaneous equilibrium in the modelling approach which has caused over prediction of
recovery factor when compared to experimental data (2) The exclusion of gravity term during the
modelling approach (3) the exclusion of reaction term, (4) the exclusion of diffusion and
dissolution term. With the exclusion of these physics, the existing models do not entirely capture

the phenomena that exist during CWI1 which current study attempts to address.

1.1 Objectives of research

The objective of this research is to develop a model that captures the entire physics that exist

during carbonated water injection. This objective is divided into 4 sub-objectives

e Perform a comprehensive review of CWI to cover its important aspects/features such as
displacement mechanisms, and recovery performance at various conditions/properties
during CWI

e Investigate the critical water salinity that gives the best recovery factor. This is important
because the solubility of CO2 in water is largely affected by salinity. This salinity will be a
base case and give better insights optimum solubility of CO, towards modeling CWI.

e Develop a 3-D model to capture important aspects such as gravity, heterogeneity and
anisotropy, well placement and orientation, and the effect of operational parameters in the
field scale

e Develop a 1-D model to capture reaction term, rock dissolution, diffusion and the effect of
operational parameters in the laboratory core scale

e Develop statistical models (Artificial Neural Network, Least Square Vector Machine and
Gene Expression Programming) to investigate CWI in terms of pattern recognition by

relaxing its complex Multiphysics



1.2 Organisation of thesis

This thesis is written as a manuscript (paper based) and the outlines of this thesis are presented

below;

Chapter 2 presents a comprehensive review of carbonated water injection for enhanced oil
recovery. The chapter reviews thoroughly, vital aspects of carbonated water injection in terms of
fluid- fluid interaction, fluid rock interactions, practical and theoretical challenges, carbon capture,
modelling approach and experimental approach during the CWI for EOR.

This chapter is published in the Journal of Fuel 237 (2019)1086-1107

Chapter 3 presents a modelling investigation of low salinity water injection in sandstone and
carbonates. The chapter investigates the determination of critical salinity for an optimum
performance in terms of EOR for sandstone and carbonates and this salinity also gives an idea to

model the solubility of CO> in water during CWI

This chapter is published in the Journal of Fuel 232 (2018)362-373

Chapter 4 presents a modeling strategy to investigate carbonated water injection for EOR and CO;
sequestration. This chapter presents a novel modelling strategy to investigate CWI considering
important aspects such as gravity, heterogeneity anisotropy, well orientation as well as the effect

of operational parameters during CWI.

This chapter is published in the Journal of Fuel 252 (2019)710-721
Chapter 5 presents core scale tests and computational modeling of carbonated water injection. This
chapter captures the reaction term as a part of complex physics during carbonated water injection

to consider the effect of rock dissolution as well as the effect of operational parameters during
Cwi

This chapter is submitted to the Journal of Fuel

Chapter 6 presents a deterministic approach to predict the recovery performance of carbonated
water injection. This chapter uses Artificial Neural Network (ANN) Modeling, Least Square
Support Vector Machine (LSSVM) and Gene Expression Programming (GEP) to model CWI.

This chapter is submitted to the Journal of Molecular Liquids
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Chapter 2 Comprehensive Review of Carbonated Water Injection for EOR and CO;
Sequestration

ABSTRACT

Carbonated water injection (CWI) is a promising enhanced oil recovery (EOR) technique in which
the dissolved CO cantransfer to the oil phase to improve the oil mobility, and to cause oil swelling,
both enhancing the sweep efficiency. In addition to serving as an EOR method, CWI promotes a
high storage capacity for geological CO> storage. A number of laboratory tests and field
applications have confirmed the effectiveness of this recovery process. This paper provides a
comprehensive review of CWI to cover its important aspects/features such as displacement
mechanisms, and recovery performance at various conditions/properties. In this paper, carbonated
water injection process and the properties of CO-brine-oil systems are described. The influences
of petrophysical properties, fluid properties, and operational parameters on the performance of
CWI are also thoroughly addressed. The pore-scale investigations available in the literature are
discussed to unveil the fundamental mechanisms of transport phenomena in CWI. The previous
modelling/simulation conducted by several researchers are briefly explained where the main
findings, advantages, and disadvantages of the proposed models are reported. The theoretical and
practical challenges associated with the implementation of CWI process are presented. The
additional benefits of CO> storage capacity are also highlighted by reviewing some real cases in
the open sources. Studying a large number of experimental and modeling works on CWI, this
review is aimed to further understand the CWI process and to provide helpful tips/guidelines for

researchers and engineers who focus on theoretical and practical prospects of CWI operations.

Keywords: Carbonated Water Injection; Enhanced Oil Recovery; Displacement Mechanisms;

Pore-Scale; Implementation Guideline

2.1 Introduction
Since the discovery of oil in the Creek Pennsylvania in 1859, the demand for oil as a primary
source of energy has continuously increased, while the hydrocarbon reservoirs are being depleted

over time. The reservoir depletion has motivated researchers to develop novel and efficient



improved oil recovery methods to maximize the oil recovery factor while fulfilling the energy
market demand. After the primary recovery stage, the amount of oil that remains in the reservoir
is about 75 % original oil in place (OOIP) for light oil, 95 % OOQIP for heavy oil, and 100 % OOIP
for tar sands. The target recovery factor for EOR processes is estimated to be 45 % OOIP for light
oil, 90 % OOIP for heavy oil, and 100 % OOIP for tar sands [1]. Gas injection (Gl) is a common
EOR technique with application to conventional light oil reservoirs, in which a gas (usually CO3)
is continuously injected to recover the that is oil trapped in the reservoir [2]. The injected CO2 may
be miscible or immiscible with the reservoir hydrocarbons, depending on the thermodynamic and
operating conditions [3]. COz injection is usually conducted to recover a part of the residual oil
that is left after water injection (W1). GI has been proven as a successful recovery method which
has been investigated extensively and applied in several fields [4]. However, poor oil sweeping
efficiency is reported during the displacement process due to high mobility of CO, compared to
oil, and also due to gravity segregation (override) because of a large difference between the
densities of CO2and oil. These challenging phenomena in pure CO2 injection lead to a high residual
oil saturation and an early CO. breakthrough. To overcome these problems during the pure CO-
injection, various recovery approaches such as water alternating gas (WAG), simultaneous water
alternating gas (SWAG), CO. foam flooding, and carbonated water injection (CWI) were
developed (and applied) at laboratory, pilot, and field scales, while the gas injection is still used in

oil production because of its simplicity [5].

CWI1 was first introduced as an improved oil recovery approach in the late 1940s. It is recognized
as a promising EOR alternative, since CO- is more soluble in water compared to other common
gases. The availability of CO2 makes CWI a viable option for onshore and offshore reserves. In
comparison with the conventional water injection (WI), higher incremental oil recovery is
expected from the CWI technique. The oil recovery increase is mainly attributed to the CO2 mass
transfer from the carbonated water (CW) to the oil phase, causing the oil phase to become more
mobilized. The dissolved CO: in the oil phase enhances the mobility of the oil (M) due to the oil
swelling and reduction in both oil viscosity and interfacial tension (IFT), leading to a lower residual
oil saturation. Results of the sand-pack experiments show that the residual oil saturation can be
further reduced up to 15 % of pore volume (PV) if CWI is applied after WI. Several studies are
conducted on CWI1 in sand-packs and core samples at different operating conditions [6-11]. They
reported that the oil RF improvement by CWI is in the range of 2 % to 30 % [6]. In the secondary
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recovery mode of CWI, a 40 % reduction in the residual oil saturation after the WI was measured
during the experiments, which is in agreement with the range of 33 % to 48 % reported by
Marfarlane et al. [7] based on the core flood experiments, using Bradford crude oil. In the
secondary implementation of CWI, in the K&S field project in Oklahoma, an oil recovery of 43
% was reported [8]. This recovery performance was greater, compared to the recovery factor of 33
%, using conventional WI [8]. In the tertiary recovery mode, CWI process provides a 31 %
reduction in the residual oil saturation after W1, based on the experimental work. This shows a
good agreement with the coreflooding tests using the Bradford oil where an oil recovery
improvement of 14 % to 47 % was attained [7]. CWI has several advantages compared to its
competing EOR processes such as COz injection, WAG, and SWAG because CWI leads to a better
areal and microscopic sweep efficiency. In water flooded reservoirs, CWI can alleviate the adverse
effects of high water saturation and water shielding because of the mixing between CW and
resident water [9-11]. This mixing favors the dissolution of CO; and propagates the oil swelling.
However, in direct CO2, WAG, and SWAG injection, it has been confirmed that the time scale for
COq. diffusion in the oil can be longer due to low sweep efficiency and gravity segregation [12-
14]. CO; storage is an additional benefit during CWI process because CO: is dissolved into water
and oil; the volume of free gas phase in the reservoir might not be considerable. Thus, CWI has a
potential to provide a safe storage strategy which also contributes to a reduction in the level of

greenhouse gas in the atmosphere.

There have been several experimental and numerical studies on CWI in the recent years to
understand the involved microscopic and macroscopic production mechanisms [9-24]. The first
reported commercial application of CWI was in 1958 (during the K&S project in the US). Since
then, numerous successful studies of the CWI for EOR has been reported [11-15]. However, the
effects of heterogeneities, fracture characteristics, mass transfer coefficient, non-equilibrium
thermodynamic behaviors, pore structure, and injection-production well configuration on CWI

performance have not been systematically investigated.

Oil swelling has been found to considerably contribute to the total oil recovery during CWI and
its effects on EOR are studied in the literature [9, 12, 13]. Flow of fluids in the reservoir during
CWI is strongly affected by the CO2 mass transfer across the phases, which leads to the variations
in the fluids properties, especially viscosity, interfacial tension and density [14]. The CO. is known



to alter the wettability of reservoirs. The effects of oil viscosity reduction and fluid-rock wettability
alteration during the CWI have been studied in several research works [12, 15, 16]. It was
concluded that these two phenomena act as important recovery mechanisms during CWI, affecting
the displacement process and consequently oil recovery. During the CWI, there is a higher
potential of CO, storage, compared to pure CO- injection. It was also found that the shrinkage rate

is considerably faster than the swelling rate [17, 6, 18].

Mathematical models and simulation tools have been developed to study the mechanisms of CO>
dissolution in water and to simulate the CWI process where the equilibrium state of CO, was
assumed to be instantaneous [19, 20, 18, 21, 21]. An excellent match between the modeling results
and real data is not yet materialized. The commercial simulators tend to overestimate the total
recovery factor by 10 % when simulating CWI recovery processes [22, 23, 6]. In all CWI
experimental and modelling studies, they agree on the wettability alterations through fluid-rock
interactions, reduction in oil viscosity, oil swelling, and overall reduction of the residual oil
saturation, which contribute to an increase in total oil recovery. However, there are still discussions
on why there are disparities between the experimental and modelling results while conducting
CWI simulation runs. The difference between predicted and real behaviors is attributed to the
assumption of complete mixing and thermodynamic equilibrium in the conventional simulation
techniques, and inappropriate models for relative permeability and capillary pressure [22, 24].
Moreover, the overall effects of gravity and diffusion have not been comprehensively explored to
capture the main production and transport phenomena mechanisms in real field scenarios. Most
studies have also overlooked the possible formation of carboxylic acid and its reactive contribution

to the fluid-fluid and fluid -rock characteristics especially in carbonate reservoir cases.

Practical and theoretical issues can arise during the CWI application for the oil recovery processes.
One of the issues, occurring during CWI is the preparation of carbonated water, where thousands
of hydrophobic micro-hollow fibers are required to dissolve CO2 gas into water at elevated
pressures [10]. Other challenges might be corrosion, scale formation, and asphaltene precipitation
around the wellbore region (which strongly depends on the lithology and geochemistry of the

reservoir), water weakening effect, and high capital, operating, and maintenance costs.

Though there are several reviews on CO: injection, WAG, LSWAG, and SWAG enhanced oil

recovery strategies in the open sources, there is no comprehensive review paper on CWI technique



for oil recovery. As CWI is considered as a promising alternative for EOR with field applications,
it appears to be a suitable replacement for CO; injection, WAG, and SWAG as an enhanced oil
recovery process since it lessens major problems; including, early gas breakthrough, poor areal
sweep efficiency, and gravity override [25, 24, 26]. Highlighting the advantages of CWI, it seems
vital to obtain a deep and insightful knowledge about this recovery approach. The objective of this
paper is to provide a proper description/understanding of the CWI process, its applications, key
mechanisms (e.g., fluid-fluid interactions, rock-fluid interactions, phase change, and wettability
alterations), pros and cons, challenges, and new advances, where several previous experimental

and modeling investigations are discussed.

The paper is structured as follows. After the introduction section, this paper offers an overview of
the CWI process in session 2. The characteristics and thermodynamic behaviors of the CO; and
brine/oil/CO, systems are described in section 3. The effects of petrophysical properties, fluid
properties, and operational parameters on the CWI process/performance are discussed in sessions
4,5, and 6 respectively. Section 7 addresses the main recovery mechanisms through discussions
on the pore scale studies. Session 8 represents the influence of CWI on fluid properties. Modeling
and simulation studies are reported and discussed in session 9. Practical and theoretical challenges
of CWI are addressed in session 10. The CO; storage capacity of CWI is discussed in session 11.
Finally, concluding remarks about CWI are presented, based on the research works available in
the literature.

2.2 Process Overview of Carbonated Water Injection

In the carbonated water injection (CWI) process, carbon dioxide (CO,) is dissolved into the water
phase before injecting into the reservoir. The dissolved CO; will transfer from the water phase to
the oil phase due to the chemical potential difference of the CO; in two phases (as a driving force)
[27]. This interphase mass transfer reduces the oil viscosity, lowers the oil-water interfacial tension
(IFT), and causes oil swelling, which will be responsible for the reconnection of isolated residual
oil ganglia, mobilizing the trapped oil (after WI) to be produced. These mechanisms will then
result in a higher oil recovery factor upon CWI [28]. The increased oil mobility due to the oil
viscosity reduction by CO- dissolution (in oil) is one of the main advantages of the CWI process,

which is in favor of enhanced oil sweeping efficiency.



Figure 2.1 compares CO: injection (Figure 2.1a)) and CWI (Figure 2.1(b)) in terms of their
sweeping efficiency and their sweeping patterns. In Table 2.1(a), CO: injection is shown to be
more prone to the gravity and capillarity instabilities. The presence of heterogeneities such as
fractures or regions of large-scale heterogeneities are expected to intensify these problems. As it
is expected, better oil sweeping efficiency, more stable displacement front, delayed water
breakthrough, and less viscous fingering are observed during the displacement process in CWI
(Table 2.1 (b)).

(@) (b)

CO, Oil Carbonated Water 0il

L 4 ) 3

144/

Figure 2.1: Schematic cartoon of enhanced oil recovery process by (a) continuous COz injection
and (b) carbonated water injection. The brown color represents oil and the blue color represents
the injected fluids; including CO2 and carbonated water (modified after [29]).

The oil swelling itself leads to a greater relative permeability to oil [29]. The oil mobility
enhancement, carbonated water-oil (CW-O) interfacial tension reduction, and oil swelling
phenomena are affected by the concentration of CO- in the oil, which is controlled by the solubility
at reservoir conditions and the rate of CO> mass transfer across the interface (and also in the oil
phase) [6]. These factors are influenced by the reservoir properties and operating conditions. In
addition to the oil viscosity reduction, CW-O IFT reduction, and oil swelling upon dissolution of
CO:2 in the oil, there is another advantage associated with CWI when compared to WI. In CWI,

there is a potential for CO> ex-solution upon pressure drop because of the difference in the volume
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of COz in the liquid and gas phases. The gas ex-solution causes expansion, which will serve as an

additional driving force for the increased oil recovery in comparison with W1 [2].

For CWI to be effective (compared to WF), the CO2 mass transfer from water to oil will be
essential. The simulation results by Shu [30] (presented in Figure 2.2) demonstrate the evolution
of CO. distribution curves near the carbonated water-oil (CW-0O) interface in the absence of a
porous medium for Bakken crude oil, where the operating temperature and pressure were 20 "C
and 17 MPa, respectively. It can be observed that the mass transfer of CO2 from water to the oil
phase occurs close to the interface between the carbonated water (CW) and oil. This phenomenon
causes the CO» concentration to decline from its initial value near the interface in the CW phase;
however, it increases in the oil phase. Over time, the CO2 will diffuse in the oil phase. It can be
observed from Figure 2.2 that for the specific crude oil used in this investigation, the thickness of
interfacial region (that is affected by the CO2 mass transfer across the CW-O interface) is about 3
cm in the water phase and about 1 cm in the oil phase after 30 hours, which is due to higher
viscosity of oil, compared to CW (~2.2 cP at 20 °C). The dissolution of CO; in the oil phase will
cause oil swelling and shrinkage of water phase, which can be noticed through the interface

movement.
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Figure 2.2: Concentration change in water and oil phases due to the inter-phase mass transfer
from the carbonated water to the oil phase at 16.56 MPa and 20 °C [30].

A recognized technology to prepare CWI is the use of gas infusion generator. In this technique,
the ground water pressurized remediation optimizer (GWPRO) is capable of infusing a high
amount of dissolved gas into liquids at elevated pressures. It employs a hydrophobic micro-hollow

fibre to provide a high mass transfer efficiency because of the large surface area that exists between

11



the water and gas phases. Hence, this strategy produces a water phase with a high dissolved gas

concentration [29].

The CO, weight concentration of 2 % to 5 % is required to prepare the CW that is injected at a
particular temperature and pressure to assure flow of single CW phase in the porous medium. After
CW contacts the oil phase, the asphaltene precipitation may occur as a result of CO2 transfer from
CW to the oil, depending on the asphaltene precipitation/deposition phase envelope for the COo-
crude oil system [31]. Another concern in handling CW is associated with its corrosive nature due

to the formation of carbonic acid (H,CO,) when CO, dissolves into water. The carbonic acid

accelerates corrosion of carbon steel materials, adding higher expenses to the CWI project.

2.3 Properties of COzand Brine/ Oil Systems

2.3.1  Properties of Pure CO2

Phase behavior. The triple and critical points for pure CO> are identified at (-56.4 °C, 0.52 MPa)
and (31.1 °C and 7.38 MPa), respectively [32]. A practical phase diagram for pure CO> with
application to hydrocarbon reservoirs is given by van der Meer, as depicted in Figure 2.3, in which
the typical range of reservoir conditions is also highlighted [32]. Referring to CO. utilization in
the EOR methods, CO2 normally behaves as a gas at the standard/normal conditions of temperature
and pressures (STP). When its operating conditions such as temperature and pressure are both
increased above the critical point, it adopts properties (e.g., density, viscosity, and
compressibility), replicating a gas phase and a liquid phase. For instance, it can expand to fill its
container like a gas; however, it possesses a density as that of a liquid. More specifically, CO-
behaves as a supercritical fluid above its critical temperature 31.10 °C and critical pressure
7.39 MPa. The physical properties of CO such as density, viscosity, and compressibility are found
to be strongly dependent on the operating pressure and temperature [33]. CO2 is usually utilized
either as a gas or a supercritical fluid, depending on the operating conditions and implication
objective [29].
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Figure 2.3: Triple-point phase diagram of CO> and typical range of reservoir conditions [32].

2.3.2  Properties of CO2-Brine Systems

Solubility of CO2 in brine. Compared to other common reservoir gases, CO2 has an exceptionally
higher solubility in the brine phase, which is shown Figure 2.4 (modified after [29]). The dissolved
CO2 (aq) can react with water and dissociate to form HCO3™ and CO3%; these reactions are among
important reasons for higher solubility. The equilibrium quantities of CO2, HCO3", and CO3% are
governed by Le Chateliers’ principle. In general, the solubility of COz in brine is affected by
temperature, pressure, brine salinity, and pH [34]. Alkalinity influences the equilibrium conditions.
Above a pH value of 8.3, CO2 (aq) will completely dissociate to form HCOs™ and CO3? ions [35].
Therefore, the dissolution of ions from reservoir into CW can also change the equilibrium

conditions, and further complicate the problem.
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Figure 2.4: Solubility of different gases in pure water (modified after [29]).

A correlation was proposed by Yih-Bor et al. [36] that can be used to estimate the solubility of
CO: in the water phase, implying that the CO2 solubility is a function of pressure, temperature, and
salinity of brine. Experimental works on measurements of CO; solubility in water are extensive.
Table 2.1 summarizes a part of the experimental studies conducted so that it shows the solubility
of CO2 in pure water and brine (NaCl solution) at various temperatures and pressures.

Table 2.1: Experimental data on the solubility of carbon dioxide in pure water and in NaCl
solutions [37].

Salinity Pressure range

Aqueous phase Temperalture Ref.
(mollkgH,0)  fange (°C) (bar)

12-100 30-800 [38]

101-120 30-700 [39]

71 100-1000 [40]

Pure water 0 15-260 6.9-202.7 [41]

110-260 100-700 [42]

250-350 200-3500 [43]

100-200 3-80 [44]

14



200-330 98-490 [45]

20-30 5-30 [46]

0-100 10-90 [47]

10-30 1-20 [48]

30-80 10-39 [49]

50-200 1-54 [50]

50-100 100-800 [51]

15-93 7-203 [52]

10-70 10-160 [53]

50 Up to 200 [54]

-29-25 6.9-137.9 [55]

50-75 101-152 [56]

70-148 Up to 200 [57]

0-2 172-330 16-93 [58]
0-6 50-400 30-266 [59]
0-6 40-160 1-100 [60]
0-3 0-25 1 [61]
0-6 25-150 48 [62]
0-4 25-75 48 [63]
0.1-4 0-40 1 [64]
0-6 40-160 2-96 [65]
NaCl solution 0-0.2 80-200 1-100 [66]
0-3 25 1 [67]
1-4.3 135-527 30-2800 [68]
0-43 150-250 1001400 [69]
0.4-5.1 15-35 1 [70]
0.01-0.06 5-65 0.49-0.84 [71]
0.52-4 40-120 7-92 [72]
1-3 50-100 Up to 200 [73]
0-6 50-150 Up to 150 [74]
1-6 50-150 Up to 200 [75]
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2.5-4 50-150 Up to 180 [76]
0.01-0.03 30-60 100-120 [77]
0-5 50-140 50-400 [78]

Table 2.1 reveals a higher CO> solubility in pure water, compared to brine solution. Experimental
data on the solubility of CO2 in multivalent brines are also available in the literature [10, 79], which
is not presented in Table 2.1 for brevity. Figure 2.5 describes the effect of temperature and pressure
on the solubility of CO> in pure water in the temperature range of 373 -473 K and the pressure
range of 0 - 100 MPa. As it is clear from Figure 2.5, an increase in the pressure leads to a higher
solubility, while a decrease in the solubility with temperature is noticed because of the increase in
the kinetic energy of the fluid. Furthermore, the solubility is more affected by pressure at lower
pressure and lower temperature values [80]. In Figure 2.5, the scatter points are from the
experimental data reported by Yan et al [80] and the solid lines represent the magnitudes of the
solubility predicted by Peng Robinson equation of state (PR-EOS) from the Sgreide-Whitson
model [81].
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Figure 2.5: CO; solubility in pure water as a function of temperature and pressure (scatter
points) [80] . Solid lines are obtained based on the solubility values estimated from the Sgreide-
Whitson model using PR-EOS [81].

The CO-water solubility was investigated in a systematic research work within the temperature
range of 323-413 K and pressure range of 5-40 MPa, where Zhao et al. studied the effects of
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salinity (in wt % and in molality) on CO- solubility, considering monovalent ions (e.g., NaCl and
KCI) and divalent ions (MgCl,, CaCl,, and Na2SO4) in water [82]. The impact of multivalent salt
on solubility of CO. in water at 323 K and 15 MPa is presented in Figure 2.6, where different
salinity conditions are considered [82]. Based on their results, the effect of salts on the solubility
of CO; in water is more pronounced at lower pressures [82]. At the same level of salt ionic strength
(mol/kg), the salts influence the magnitude of CO. solubility in the following order:
KCl<CaCl><MgCl><NaCl<Na>SOs; however, when the salinity is considered in weight percent of
salt in aqueous solutions, the salts will affect the CO2 solubility in a different order:

KCI<NaCl<CaCl,<MgCl,<Na;SO4 [82].
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Figure 2.6: Effect of different salts on the solubility of CO; in water (in terms of molality of
CO2 in aqueous solutions) at 323 K and 15 MPa versus (a) salt weight percent and (b) ionic
strength (mol/kg). Experimental data are shown with markers [82].

One of the main factors affecting the solubility of CO- in the aqueous solution is the charge density
of ions in the presence of salts, leading to a change in the arrangement of the water molecules [83].
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Small ions with a high charge density (kosmotropes) can strongly interact with the water molecules
(compared to the water molecules with themselves) to become strongly hydrated. Hence, the
kosmotropes can cause the molecules in the aqueous phase to be more organized [83], decreasing
the solubility of the gas in the aqueous solution. Larger ions with a small surface charge
(chaotropes) generally have weak interactions with water molecules. Thus, they are weakly
hydrated. These ions will cause the molecules in the aqueous phase to be more disordered.

Therefore, they increase the solubility of the gas in the solution [83].

Phase behavior of COg2-brine systems. The P-x phase diagram for CO>-H>O system is
demonstrated in Figure 2.7 [79]. The black isotherms show bubble point curves for the H,O—rich
phase, which is saturated with CO,. The red isotherms represent the dew point curves for the CO»-
rich phase, which is saturated with H2O. The solid lines are based on the data from Peng-Robinson-
Stryjek-Vera EOS with Wang-Sandler mixing rules (PRSV-WS) EOS [79] and the scatter points
are the measured equilibrium data [43, 69, 44]. As it is illustrated in Figure 2.7, the phase
equilibrium data predicted for the CO»-rich phase are less accurate than those for the water-rich
phase. Li and Firoozabadi [10] concluded that the cross-association between H.O and CO>
molecules will influence the phase equilibria, which is more important in the CO-rich phase

system than that in the water-rich phase. This is confirmed by the results reported in Figure 2.7.
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Figure 2.7: Pressure-mole fraction phase diagram for CO2-H>O binary systems [79].The black

isotherms (left to critical line) are the bubble point curves for H.O-rich phase saturated with CO;

18



and the red isotherms (right to critical line) are the dew point curves for CO2-rich phase saturated
with H20. The solid lines are the estimated phase equilibria data based on Peng-Robinson-Stryjek-
Vera EOS with Wang-Sandler mixing rules [79]. The experimental data are shown with scatter
data points [43, 69, 44].

Viscosity of CO2-brine system. An early work on the viscosity of CW as a function of CO;
concentration was conducted in 1969 by Tumasyan et al. [84], in which the viscosity of CW was
found to increase with CO2 concentration. Yokoyama et al. [85] performed experiments at
temperatures of 273, 276, and 278 K and at the pressure range of 0.1 MPa to 30 MPa. They reported
that the viscosity of the aqueous solutions increases with the CO2 content at a constant temperature
and pressure. The combined effects of temperature and CO- concentration on the viscosity of CW
are illustrated in Figure 2.8, based on the experimental work conducted by Bando et al. [86]. In
their tests, the pressure was 20 MPa and the NaCl salinity varies from 0 wt % (pure water) to 3
wt% [86]. It was found that the viscosity of saturated CW lowers with temperature and salinity. It
confirms that a higher salinity leads to a smaller CO2 solubility in water, which is in an agreement
with the output of the research work carried out by Yokoyama et al. [85]. It was also concluded
that the viscosity of CW decreases with CO2 concentration. According to Figure 2.8, the impact
of salinity on the viscosity is less pronounced at higher temperatures. Moreover, the viscosity of

CW is more affected by temperature when it holds low values.
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Figure 2.8: Viscosity of saturated mixture of brine (NaCl) and CO; at 20 MPa as a function of
temperature [86].
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Uchida et al. [87] showed that the viscosity of carbonated brine depends on time, temperature, and
pressure through applying the dynamic scattering method. They concluded that the viscosity of
brine—CO2 mixture increases with time until a thermodynamic equilibrium condition is attained. It
was also found that the solubility is higher at higher pressures and lower temperatures; the viscosity

of brine increases with increasing CO2 content [88].

Diffusion coefficient of CO2 in brine. The diffusion of CO> from the water phase to the oil phase
is an important feature of CWI for enhanced oil recovery, which can be controlled by the CO»-
brine diffusion coefficient [88]. The diffusion coefficient of CO: in brine is a function of
temperature, pressure, salinity, and salt composition, which may be correlated to the viscosity of
the liquid [89]. In the presence of a porous medium, the effective diffusivity will be also dependent
on the porosity and tortuosity [89]. As measurement of tortuosity is difficult, it can be obtained
from empirical correlations such as Archie [90]. A general form of diffusion coefficient for

COo/water in porous media may be written as follows:

T m
D,y corw = Dy {F - 1} r (2.1)

S

where Do, Ts, and m introduce the parameters of the diffusion coefficients of CO in pure water,
and n is the Archie’s exponent. The values of Do, Ts, and m are found to be 13.942x10° (m?/s),
227 K, and 1.7094, respectively for the CO>-water systems. The value of n is between 1.3 and 4.5
[90].

The diffusivity of CO- in the bulk water phase may be correlated to the solvent viscosity as given
below [89]:

Deop = DofT" (2.2)

where n stands for the solvent viscosity. For pure water, the values of parameters Do and m were
obtained to be 2.831x10° (m?/s) and -1.0743, respectively [89]. The effect of pressure on the
diffusion coefficient of CO2-water systems seems to be small [89, 91], [91]. Sell et al. [91]
investigated the diffusion coefficient of CO> in water and NaCl brine inside a microfluidic chip at
26 °C and a pressure of 5 to 50 bar. They did not observe a significant pressure effect in this
pressure range. They found the diffusion coefficient of CO2 in pure water to be (1.86+0.26)x10°

m?/s, which decreases as a power law correlation with salinity in the range of (0 to 5) M NaCl. At
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5 M NacCl salinity, the diffusion coefficient was one-third of that of the pure water at the same
temperature. The experimental diffusion coefficient values from the bulk and microfluidics
systems were in a good agreement with those obtained from molecular dynamics simulations [92].
A comprehensive modeling study and review of the CO> diffusion coefficient in water is available

by Mutoru et al. in the literature[93].

Interfacial tension of CO2-brine systems. The interfacial tension of CO> with pure water and
different brines was experimentally investigated by Bachu and Bennion [94] within wide ranges
of pressure (2-27 MPa), temperature (20-125 °C), and salinity (0-334000 mg/l) using single and
multivalent salts. They introduced the following general empirical correlation to determine the

interfacial tension (y) as a function of temperature (T), pressure (P) and salinity (S) [94]:

g = A(T,S)p 5" (2.3)

In Equation (3), A and B are the variables, which are functions of both temperature and salinity.
A recent research work on CO»-brine interfacial tension with application to the geological storage
of CO; is given by Pereira et al. [95]. Their experimental data covered the temperatures and
pressures up to 423 K and 69.51 MPa, respectively, using NaCl, KCI, and CaCl; salts with an ionic
strength up to 2.7 ml/kg. Employing the density gradient theory, the objective function was
estimated theoretically, showing an acceptable accuracy in terms of statistical analysis.

2.4 Properties of CO2-Oil Systems

Solubility of COz-oil system. The solubility of COz in oil is an important parameter in CWI that
governs the production rate of oil. In 1964, Simon and co-workers [96] suggested a correlation to
determine the solubility of CO> in the oil phase as a function of temperature and pressure, based
on their experimental data. Systematic experiments were conducted, using seven different crude
oils and two refined oils with API gravity values, ranging from 11-33 [96]. They have measured
the solubility of CO, in these nine different oil samples at various temperature and pressure
conditions. An early set of the experiments was also performed, using different oils with various
API gravity values to investigate the temperature and pressure effects on the solubility of CO in
the oil. They also measured the swelling factor of COz in the oil phase and the viscosity change
of dead oil with CO- dissolution [97]. Orr et al. conducted a systematic analysis of the CO2-oil

equilibrium phase behavior from the stationary and displacement experiments (slim tube and
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continuous multiple contact) within a wide range of operating conditions [98, 99, 99, 98]. A review

of CO2-oil properties with application to CO capture and storage is given by Sasaki et al. [100].

Interfacial tension of CO2-o0il system. Several experimental studies in the recent years have
investigated the influences of temperature and pressure on the interfacial tension of CO2 with brine
and oil with application to enhanced oil recovery by CO: injection and CWI. A recent study by
Yang et al. [101] was conducted to measure the IFT of CO2 with Shangli crude oil in a broad range
of temperature up to 412 K and pressure up to 45 MPa, using the pendant drop method. The
experimental results show that the IFT decreases with increasing temperature, pressure, and CO>
content in the oil. For example, by increasing the CO> content in the oil phase from (0 to 65) mol%
at 27 MPa, the IFT decreased from 53.07 mN/m to 34.79 mN/m [101]. The rate of change in IFT
with pressure is more influenced at a lower temperature in the range of 45 to 139°C. Moreover,
they observed that the IFT variation undergoes a transition behaviour with pressure at the
minimum miscible pressure (MMP), beyond which the rate of decrease in IFT with pressure is
minimal. For example, the MMP was found to be 26.4 MPa at 412 K for a specific crude oil with
COz. The IFT reduction with pressure is thus significant up to this pressure as it can be observed
in Figure 2.9 [101]. There is a transition point at 19.15 MPa at which the IFT is as low as 3 to 5

mN/m.
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Figure 2.9 : Correlation of IFT with pressure for CO-oil (Shengli crude oil) at 412 K. The
transition point at 26.4 MPa is the MMP for this crude oil [101].
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The experimental measurements of CO2-oil IFT at reservoir conditions are also found elsewhere
[102, 103].

Diffusion coefficient of CO2-oil system. In an early work, McManamey et al. [104] developed a
correlation that can be used to estimate the CO> diffusion coefficient in an oil as a function of oil
viscosity (at 25 °C and 50 °C):

Dipyo =1.417107°R 4 (2.4)

where no denotes the oil viscosity in Pa. s and Dcq, o refers to the CO: diffusion coefficient in
oil with an unit of m?/s. This equation can exhibit various industrial applications because it relates
the diffusion coefficient to the viscosity in a simple way [105]. A review of the diffusion
coefficient of CO> in different crude oils based on a variety of experimental and simulation studies
is given by Zheng et al. [106] where it can provide useful tips while implementing enhanced oil

recovery processes through CO> injection and CWI.

Oil swelling in CO2-o0il system. Oil swelling is found to be an important mechanism in recovering
the disconnected oil ganglia in processes such as CO:> injection, CO.-WAG, and CWI. Upon
swelling, the disconnected oil ganglia may become connected with the adjacent ganglia and attain
a higher mobility. The oil swelling factor may be determined from volume measurements of the
oil phase when exposed to CO: at different temperatures and pressures, using PVT cell, pendant
drop, or/and microfluidic chips. It might also be obtained from an equation of state in combination
with a transport model for CO- diffusion in the oil. The swelling factor is affected by various
parameters such as pressure, temperature, oil properties (e.g., viscosity and composition), and the
COz solubility [107] . An empirical correlation was proposed by Welker et al. [108] to obtain the
swelling factor of different crude oils, as provided below:

(2.5)

P {O.BSRS}

1000

where SF represents the swelling factor (ratio of oil volume to that at atmospheric pressure and
test temperature), and Rs symbolizes the solubility of CO: in oil in scf/bbl. Chung et al. used four
different crude oils with a solubility in the range 0-1000 scf/bbl. They noticed an excellent
agreement between the experimental data and the results obtained from the empirical correlation
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introduced by Welker and Dunlop [107]. As it is demonstrated in Figure 2.10, recent studies [109,
110] show a maximum in the swelling factor with equilibrium pressure at different temperatures,
after which the swelling factor decreases significantly; this maximum swelling factor becomes
smaller at higher temperatures and is shifted to a higher equilibrium pressure with temperature
[110]. Having a maximum point in the swelling factor curve is explained by the extraction of
lighter cuts of the crude oil as the pressure reaches that value corresponding to the maximum
swelling factor [109, 110]. Perhaps, the proximity of critical condition of the gas phase (mainly

CO2) may also justify such a behavior.
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Figure 2.10 : Swelling factor versus equilibrium pressure at different temperatures for a light
crude oil [110].

2.5 Properties of CO2-brine-oil systems

Interfacial tension of CW-oil. When CO> does not exsolve as a separate free gas, the IFT of CW-
oil contributes to the efficiency of CWI. The IFT measurements of CW-crude oil at reservoir
conditions are available in the literature [111, 112]. As it is expected, the IFT of carbonated brine
with oil is less than that of brine-oil, using similar fluids because of CO; effects. In addition, an
increase in temperature and pressure causes a reduction in the IFT of CW-oil [112]. The effect of
salinity is more complex in the literature. [112] Comparing the IFT of CW-oil using seawater and
formation brine, lower IFT was obtained for the formation brine due to lower CO> content (due to
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higher salinity), where the salinity of formation brine was about 3 times of that of the seawater.
The combined effects of ions in low salinity water and CO content in the CW at reservoir
conditions were investigated using NaCl, KCI, KI, MgCl,, CaClz, Na2SOs, MgSOa, and K>SO4
[111]. A minimum IFT was observed with the concentration of these salts, which occurred
between 1500-2000 ppm [111]. The maximum reduction in IFT at the reservoir condition was
observed with 2000 ppm K2SQOg, in which the IFT decreased by 48 %. The maximum reduction in
IFT was recorded between 4-48 % with these salts. As a controversial point, they noticed an
increase in the IFT with temperature for all salts, at 1500 psig and the temperature range of 40-80

°C [111], which is not justified as it is not in an agreement with results of Honarvar et al. [112].

Partition coefficient of CO2: This coefficient is a parameter, which is used to show how CO: is
partitioned between the CW and oil phases. Partition coefficient of CO; is defined as the ratio of

concentration of COz in the oil phase to that in the water (CW) phase, as follows:

C
K =& s (2.6)

co, 0w ~ C
CO, W

in which, Kco2,0w denotes the oil-water partition coefficient of CO2; Cco2,0 is the concentration of
COz in the oil phase, and Ccozw represents the concentration of CO; in the CW phase. Both
pressure and temperature affect the partition coefficient of CO». This parameter may be used to
simplify the modeling aspect of mass transfer of CO, from CW to oil phase [113]. As demonstrated
in Figure 2.11, the partition coefficient of CO2 decreases with pressure, but increases with
temperature. Furthermore, the change in the partition coefficient with pressure is more pronounced
at higher temperatures as it may be observed in Figure 2.11. At a room temperature (20 °C), the
partition coefficient of COz in the pressure range of 4-22 MPa is almost constant at about 3.4 [113],
meaning that the concentration of CO- in the oil phase at equilibrium is 3.4 times of that in the
CW.
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Figure 2.11: Partition coefficient of CO. between oil and carbonated water phases versus pressure.
The experimental data at 20 °C is taken from [112], the data at 60 °C is taken from [113], and the
data at 82 °C is obtained from [114].

2.6 Effects of Petrophysical Properties on Cwi Performance

The research investigations on carbonated water injection process as an enhanced oil recovery
method under various reservoir conditions are limited. The interactions between the injected CW
and reservoir rock can lead to various chemical reactions, especially in carbonates. The reactions
will influence the fluid-flow and oil recovery mechanisms of reactive transport in porous media.
Upon the reactions, the mechanical properties of the reservoir will be affected, resulting in the loss
of reservoir formation integrity [116]. The performance of CWI under different reservoir

conditions; including reservoir permeability and wettability will be discussed in this section.

2.6.1 Heterogeneity

A series of experiments were performed, using CWI in a heterogenous sandstone core to
investigate how the heterogeneity affects the performance of CWI with an insight on RF [17]. In
this study, the porous system had an absolute permeability of 98.73 mD and a porosity of 17.68
%. A crude oil with an API gravity of 20.8 and a brine with a salinity 54647 ppm of ionic
constituents of (Na* 16844, Ca?* 664, Mg?* 2279, SO4> 3560, CI 31107 and HCO3? 193) were
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used at operating conditions of 2000 psi and 100 °F where the injection rate was 5 cm®h. Based
on their observations, it was found that after injecting only 0.21 pore volume (PV) of brine, there
was a water breakthrough, which was attributed to the presence of high permeable layer in the
rock. The ultimate recovery factor of 35 % was also reported, which was improved additionally
by 10 % when CWI was implemented in the tertiary mode. This significant extra oil recovery by
CWI reveals that heterogeneity do not derail the performance of CWI in the tertiary mode,
particularly when the performance of the conventional water flooding in the same reservoir is
usually poor. In another experimental study, the effect of fracture geometry on the performance of
the carbonated water injection (CWI) in the presence of gravity was carried out by Mahdavi and
James [117]. A heterogenous micromodel (20 cm x 3.5cm) with fractures was designed with a
porosity of 38 % and a permeability of 400 D. An oil with an API gravity of 29.8 and a viscosity
of 6.8 cP was utilized in this research study where the operating pressure, temperature, and
injection rate were 305 psi, 21°C, and 0.0024 cm®min, respectively. They systematically
investigated the displacement pattern and residual oil saturation distribution in the experimental
tests. The visualization results of their study to present the saturation distribution are demonstrated
in Figure 2.12.

(a)

Figure 2.12 : Saturation distribution pattern for (a) WF and (b) CWI in a fractured medium in
the presence of gravity [117].
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It can be seen from Figure 2.12(a) that after 0.05 PV of the injected brine, the fluid distribution
pattern near the fracture (F1) exhibits the fingering phenomenon due to the high permeability of
the fracture zone, leading to a 9.2 %-recovery. However, in Figure 12(b) which is the case of CWI,
the fluid distribution in the fracture and matrix was more even distributed with 14.9 % oil recovery
after 0.05 PV of injected CW. This experimental investigation also shows that the overall

performance of CWI (as a viable EOR method) is not considerably affected by the heterogeneities

such as fractures and vugs in a porous medium.

2.6.2  Wettability

Sohrabi et al. conducted an experimental study, which investigates the influence of wettability on
the CWI performance, using two Clashach cores; one was naturally water-wet and the other was
treated to become mixed-wet by ageing it in the crude oil phase [118]. Permeabilities of the cores
were 1300 mD and 850 mD, respectively; the values of the porosity were 0.185 and 0.165,
respectively. The operating conditions of the tests were 38 °C and 2000 psig with an injection rate
of 20 cm®/h. The cores were initially saturated with decane as the oil phase with a viscosity of 0.82
cP. Their production results are presented in Figure 2.13(a) and (b).

(@) (b)
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Oil recovery, PV
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Figure 2.13: Comparing recovery factor for CWI and water injection (WI) at 38 °C and 2000
psig for (a) mixed-wet and (b) water-wet cores [118].

The impact of the core wettability on the CWI performance was assessed in terms of the oil
recovery factor, which was compared to WI as a baseline. The ultimate oil recovery upon WI was

found to be 59.5 % PV in the mixed-wet core and 71.0 % PV in the water-wet core [118]. After
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applying the secondary recovery by CWI, the ultimate oil recovery increased by 11.8 % in the
mixed-wet core and by 7.7 % in the water-wet core (compared to WI), as depicted in Figure 2.13(b)
[118]. Therefore, it was concluded that the CWI improves the oil recovery—compared to WI-
slightly better in the mixed-wet media, compared to that in the water-wet media. The reason for
this behavior in the mixed-wet core was hypothesized by the presence of continuous oil-wet paths
of appreciable lengths in the mixed-wet rock that causes better oil connectivity as it allows film
flow of the oil along the wetting phase even at a low oil saturation [119]. This connectivity is
expected to be further enhanced by the oil swelling mechanism, thus contributing to a better oil

recovery [120].

The effect of wettability on the performance of CWI was also studied through a simulation study
performed using E300 [121]. Two sandstone cores were used for this investigation; including a
water-wet system with a permeability and a porosity of (1300 mD, 0.19) and a mixed-wet medium
with a permeability and a porosity of (850 mD, 0.16). The cores were initially saturated with
decane with a viscosity of 0.83 cP under the operating conditions of 38 °C initial temperature, 136.
1 atm pressure, and 20 cm®/h injection rate. In this research work, their results were validated by
the real data so that a good agreement was noticed when the modeling and core flooding results of
recovery factors, total oil production, and differential pressure were compared. Based on their
research investigation, the secondary CWI led to about 60 % oil recovery for water-wet core and
65 % in the mixed -wet case at the breakthrough condition. The CWI yielded an additional 6 %
ultimate recovery oil recovery for a water-wet core [121]. In the case of the mixed wet-core, CWI
resulted in 68 % oil recovery at breakthrough, which was 13% more than WF recovery factor at
the breakthrough; but it yielded only additional 1 % as the ultimate recovery factor. It was
concluded that CWI has a better performance in mixed water-wet rocks, compared to the water-
wet rocks; however, no explanation was given as a reason for this trend [121]. CWI was also
applied for the oil-wet cores in an experimental investigation by Ruidiaz et al. [122]. Dolomite and
limestone cores were used, which were extracted from Silurian Devonian formation, Pennsylvania,
USA, and Morro do Chaves Formation at the Sergipe-Alagoas Basin, Brazil, respectively. The
rock properties varied between 7 % and 21 % for the porosity and 10 mD to 400 mD for the
absolute permeability. A crude oil with an API density of 28 and a viscosity of 6.4 cP was utilized
where the tests were operated at a pressure of 2500 psi and a temperature of 64 °C. The dolomite
and limestone cores were subjected to CWI with the sea water salinity of 35,000 ppm NaCl. It

29



was reported that the oil recovery for limestone at breakthrough is 48 % and the ultimate recovery
is about 49 %, while the limestone case led to a recovery factor of about 10 % at breakthrough and
an ultimate recovery of about 28 %. It was also found that the wettability of both cores may alter
towards a more neutral wet condition. Another experimental study was also carried out using a
carbonate system by Kilybay et al. [123]. According to the core flooding results, quaternary CWI

resulted in 5.7 % to 13.6 % additional oil after the smart water injection.

2.7 Effects of Fluid Properties on CWI Performance

The performance of CWI also depends on the physical properties of the CW and crude oil. In this
section, the effects of CW salinity, CO, content, and crude oil density and viscosity on the
performance of CWI will be discussed.

2.7.1  Effect of CW Salinity

The effect of CW salinity on the CWI performance was studied by Sohrabi et al. [120] in an
experimental investigation using a reservoir core, which was water-wet with a permeability and a
porosity of 4580 mD and 0.350 %, respectively; where a crude oil with a viscosity of 145 cP was
utilized in the experiments. To examine the impact of CW salinity on CWI performance, the case
of CW salinity of 1 % (0.8 % wt of NaCl and 0.2% wt CaCl».6H.0) at the test condition of 2500
psig and 38 °C was compared in terms of recovery factor with the case of CW salinity of 3.2 %
(2.6 % wt of NaCl and 0.6 % wt CaCl..6H20) at the test condition of 2000 psig and 38 °C, as
described in Figure 2.14. In the experiments, the effect of CW salinity was studied in the tertiary
mode, which followed after the water injection process. It can be seen from Figure 2.14 that 3.2 %
saline carbonated water improves the secondary recovery by an additional 4 % compared to 1%

saline carbonated water, which increases the secondary recovery by an additional 11 %.
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Figure 2.14 : Comparison of oil recovery factor using tertiary CWI with high salinity (3.2 %
salinity, 2000 psig) and low salinity (1 % salinity, 2500 psig) brines at 38 °C in water-wet
reservoir core [120].

2.7.2  Effect of CO2 Content

The effect of CO2 content or carbonation level (CL) was observed in an experimental study by
Mosavat [29] for a homogenous sand-pack flooding set-up with a permeability of 4074 mD and a
porosity of 0.27 using a crude oil sample from Bakken formation in Saskatchewan Canada with a
viscosity of 2.76 mPa.s. For this investigation, two different types of CW were prepared by
dissolving CO> in water to attain the carbonation level of 100 % and 50 %, respectively, under the
operating conditions of 4.1 MPa and 25 ° C and an injection rate of 1 cm®min. In this research
study, it was found that the oil recovery increases proportionally to the carbonation level during
the test. According to the experimental findings, the ultimate recovery factor was reduced from
68.8 % to 66.8 % when the carbonation level was decreased from CL = 100 % to 50 %.

The effect of CO content/carbonation level was also investigated in a simulation study of CWI
using Eclipse 300 by Ahmadi et al. [124] for an Iranian oil reservoir with a viscosity of 0.2109
mPa.s measured at the bubble point condition. The initial reservoir pressure and temperature were
reported to be 63.2 MPa and 421 K, respectively. The reservoir bubble point was 40 MPa, GOR
was 276.6 m*/mq, and the oil API gravity of 39 was reported for this simulation study. The
simulation approach was conducted using an injection rate of 0.0505 m%/s and an injection pressure
of 68.9 MPa. The performance of CWI in terms of oil recovery was examined using the

concentration of 0.8, 1.6, and 3.2 mol % CO: in solvent for a constant injection rate of 0.0505
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m/s. It was observed that the ultimate oil recovery increases by 32.3 %, 34.5 %, and 40.6 %
respectively for the CO, concentrations reported above. Thus, it was concluded that the recovery
factor of a CWI process with a higher CO> dissolved is more than that with a lower carbonation
level or CO> concentration. In other words, increasing CO, concentrations results in a greater CWI

recovery factor.

2.7.3  Effect of Oil Properties

One of the first CWI related research in Shell was conducted in 1960’s by van Dijke [125]. In this
study, a series of sand pack experiments were performed at 104 °F and various pressures using oils
with different viscosities (e.g., 10.7 cP and 57.4 cP). The recombined live oil with 35 cP viscosity
was also tested where the injection rate was 15 PV/d. It was noticed that the recovery increases
by 4.5 % PV and 13 % PV at 5 PV injection rate for 10.7 cP and 57.4 cP oils, respectively, implying
the carbonated water flood performs better for more viscous oil [125].

The effect of oil viscosity on the performance of CWI was experimentally investigated by Sohrabi
et al. at pore scale, using a glass micro-model [126]. They conducted the experiments at a pressure
of 2000 psia and a temperature of 100.4 °F. A mineral oil with a viscosity of 16.5 cP (under the
experimental conditions) and nC1o with a viscosity of 0.8 cP were used to study the performance
of CWI. The flooding tests were conducted at 24 PV/d and the total cumulative volume of 144
PVs was injected in the experiments. The performance of CWI was evaluated for the viscous oil
(16.5 cP) and light oil (0.8 cP). For the viscous oil, the secondary CWI reduced that oil saturation
and yielded an additional recovery of 11.8 % when compared to WI. However, for the light oil
(0.8 cP), the secondary CWI yielded additional 32.7 %, compared to WI. The higher recovery
experienced for the light oil during this experiment was attributed to a higher oil swelling and
coalescence in the oil, compared to the viscous oil. The higher swelling factor for the light oil,
compared to viscous oil, is directly related to a higher CO> solubility in the lighter oil [126]. The
finding of this study is in contradiction with the results, which were reported by van Dijke [125].
In another experimental study of CWI on heavy oil conducted by Afra et al. [127], 28 % to 49 %
additional oil recovery were attained during heavy oil production upon implementation of CWI
after WF. It was also concluded that CWI is an efficient EOR technology even for heavy oil

production.
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2.8 Effect of Operational Parameters on CWI Performance
The efficiency of CWI during an EOR process depends on operational parameters such as

temperature, pressure, and injection rate, which will be discussed in the following subsections.

2.8.1 Effect of Pressure

A series of CWI tests with brine (saturated with CO.) were performed by Mosavat et al. [6] using
the sand pack model with a permeability ranging from 4011 mD to 6715 mD and a porosity within
the range of 0.27 to 0.28. A light crude oil of 44 ° APl and 2.76 mPa.s viscosity was utilized in
this research study with an injection rate of 1 cm3/min, a temperature of 25 °C, and a pressure in
the range of 0.4 MPa to 10.3 MPa in order to investigate the effect of the operating pressure on the
recovery factor. The results of their experiments for CWI in the secondary and tertiary modes are

illustrated in Figure 2.15(a) and 2.15(b), respectively.
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Figure 2.15: Effect of pressure on the performance of: (a) secondary CWI, and (b) tertiary CWI
processes, conducted at the room temperature of 25 °C [29].

The ultimate recovery factor for the conventional WI at 4.1 MPa was reported to be 59.74 % (see
Figure 2.15(a)). The relative increase in the oil recovery factor during secondary CWI (compared
to conventional WI) varied from 2.74 % at 0.7 MPa to 19.02 % at 10.3 MPa, where the temperature
was 25 °C. In the tertiary mode, as shown in Figure 15(b), an increase in the operating pressure at
25 °C increases the recovery factor additionally by 11.77 % at 1.4 MPa to 12.52 % at 10.3 MPa,
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when compared to the conventional water flooding scenario. This extra oil recovery, which was
observed at a higher operating pressure, was due to a higher CO2 solubility in water, leading to
further performance enhancement of the carbonated water injection operation [29]. The impact of
operating pressure on the performance of CWI was also investigated by Fathollahi et al. [128] in
a core flooding experimental study. A water- wet core with a permeability of 57 mD and a porosity
of 0.18 was employed in their research work. The fluids including n-decane of 0.92 cP and a
synthetic brine with an NaCl salinity of 35000 ppm were used where the operating conditions were
2000 psi and 30 °C. The performance of CWI was evaluated by increasing the operating pressure
from 2000 psi to 3500 psi for both secondary and tertiary EOR scenarios. It was noticed that in the
secondary mode of CWI, an increase in the operating pressure from 2000 psi to 3500 psi yields an
increase in the ultimate recovery factor from 42.73 % to 44.39 % and an improvement in the
recovery from 4.85 % to 8.63 % when compared to the conventional water flooding with a recovery
factor of 37.88 % [128]. In the tertiary mode, increasing the operating pressure from 2000 psi to
3500 psi led to an improvement in the ultimate recovery factor from 39.39 % to 40 %, which is

not appreciable [128].

2.8.2  Effect of Temperature

Using a sand pack porous system, Mosavat [29] investigated the effect of temperature on the
recovery performance of CWI at 4.1 MPa and two different temperature values of 25 °C and 40
°C. Their experimental results are presented in Figure 2.16 in which the oil production (primary
vertical axis) and CO- production (secondary vertical axis) data are plotted versus pore volume

injection at two different temperatures.
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Figure 2.16 : Effect of temperature on recovery of oil and CO> production by CWI at 4.1 MPa,
conducted in sand-packs at 25 °C and 40 °C [29].
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As depicted in Figure 2.16, the breakthrough RF for both 25 °C and 40 °C was 55 %; but after
injecting about 4 PV of carbonated water, the ultimate recovery at 25 °C was 68 %, while it was
65 % at 40 °C. This observation is justified by the reduced CO> solubility while injecting more
carbonated water at a higher temperature (40 °C), which in turn reduces the performance of CWI.
In Figure 2.16, the amount of produced CO2 lowers from 16.5 scm®/cm?3at 25 °C to 12.5 scm®/cm?
at 40 °C after 4 PV of injected carbonated water (CW). This is because, at lower temperature
causing greater CO- solubility, the CW holds more CO, which can be subsequently stored and
produced in the pore spaces of the porous media. A mathematical modelling was conducted by
Yang et al. [3] to study the effect of temperature on CWI performance with focus on IFT of the
three-component liquid-liquid system using an oil with a viscosity of 0.009 mPa.s. In this
modelling work, a core with a permeability of 1x10"? m? and a porosity of 0.18 was used. The
relative permeability curves were modelled using the Corey’s equation, where the operating
conditions including a pressure of 3.1 MPa and temperatures of 80 and 250 °C were considered.
In this study, the IFT relationship with temperature for a three-component liquid -liquid system
was assumed to be linear; hence the total cumulative oil production was 3250 m*at 80 °C. At 250
°C, the total cumulative oil production increased to 3500 m? after 200 days due to the IFT
reduction. This outcome contradicts that of Mosavat [29]. It seems that CO- dissolution as the
dominant mechanism in the oil production has not been accurately captured in the modelling work.
Even though there is a IFT reduction during CWI, it is mainly attributed to the transfer of CO>
from CW to the oil phase (not only temperature effect).

2.8.3  Effect of Injection Rate

A sand pack experimental set-up was used by Mosavat [29] to assess the influence of injection
rate on CWI performance using a light crude oil of 44 °© APl and 2.76 mPa.s, where the ranges of
permeability and porosity were 4011 mD - 6715 mD and 0.27 - 0.28, respectively. The
performance of CWI in terms of recovery factor was investigated using different injection rates of
0.5 cm®min and 1 cm®min at a constant pressure of 4.1 MPa. Their research results show that at
lower injection rate (0.5 cm®/min) the recovery factor at the breakthrough was 56 %, while the
ultimate recovery was 72 % for this injection rate. However, for the higher flow rate (1 cm®min)
at a constant pressure of 4.1 MPa, the recovery factor at breakthrough and ultimate recovery were
54 % and 68 %, respectively. It was later explained that a higher recovery factor is achieved at a

lower injection rate (0.5 cm®/min) due to a longer contact time between CWI and the oil, which
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allows a greater amount of CO transfer across the phases [29]. Table 2.2 reports the
specifications/conditions of the research work performed by Ahmadi et al. [124], which compares
oil recovery of CWI at different injection rates (2 to 4 cm3/h) and different CO, concentrations in
the CW (0 to 3.2 mol%) in a water -wet core. In their study, the core permeability and porosity
were in the range of 30 to 1500 mD and 0.08 to 0.11, respectively; where a live oil with a bubble
point viscosity of 0.2109 mPa.s and a brine of 75000 ppm salinity of NaCl were considered. Other
operating conditions were the initial pressure and temperature of 62.2 MPa and 415 K,
respectively. It was found that an increase in the injection rate from 2 to 4 cm®h at a constant
concentration of 0.8 mol% CO> increases the ultimate oil recovery factor from 40.9 % to 47.7 %.
However, their experimental findings contradict the results attained in the experiments performed
by Mosavat [29]. A numerical field scale simulation was also conducted by Ahmadi et al. [124]
to predict the production history of an Iranian oil reservoir under CWI operation using ECLIPSE

300 compositional simulator.

Table 2.2: Effect of injection rate and CO> concentration on CWI performance [124].

Ultimate RF (% hydrocarbon pore volume or HCPV)
Injection rate

Scale CO; concentration (mol %)
(cm®/h)
0 0.8 1.6 3.2
2 38.2 40.9 43.7 48.7
Core
4 n/a 47.7 50.1 60.0
3.03x10° 30.7 323 34.5 40.6
Field
6.06x10° n/a 23.7 24.8 25.9

The initial reservoir pressure and temperature were 63.2 MPa and 421 K. An oil with an API
gravity of 39 and a GOR of 276.6 m3/m®was used in their simulation investigation. Different
injection rates of 3.03 x10° cm®/h to 6.06 x10° cm®/h were taken into account to evaluate the
performance of CWI. The results presented in Table 2 imply that at 3.3x10® cm®/h and at 0.8 mol
% of CO, the ultimate recovery factor was 32.3 %. At the same concentration of CO2, when the
injection rate was increased to 6.06 x108 m%h, the ultimate recovery decreased to 23.7 %. For a
field scale, this decrease in the recovery factor due to an increase in injection rate can be attributed
to water coning; because the production wells are shut-off when the water cut reaches to 50 %,

36



leading to the recovery reduction. However, this is not a concern in the core scale as the water

coning is not experienced in the core flooding runs [124].

2.9 Pore Scale Aspects of Carbonated Water Injection

Due to the successful performance of CWI in EOR projects, researchers are motivated to
investigate the pore-scale mechanisms of CWI to explain the mechanisms responsible for the
recovery enhancement. In this section, the pore-scale numerical and experimental studies of CWI
will be addressed. These CWI pore-scale mechanisms involve the pore-scale observations on CO>
diffusion to the oil phase, oil swelling, wettability alteration, CO, exsolution, CWI sweeping
pattern, and pore-scale flow mechanisms in the micro-model. The pore-scale aspect of the CO>
diffusion in the oil phase was investigated in some studies [129, 130]. For instance, a one-
dimensional model was developed by Grogan et al. [129], which focused on simulating the
swelling of residual oil by CO> diffusion through an intermediate water phase. The diffusion rate
was calculated and the model results were compared to those determined from the laboratory
micromodel and core flood experiments. It was concluded that CO> diffusion plays an influential
role in the mobilization of residual oil ganglia after WF. By allowing sufficient time, the diffusion
of COz into oil ganglia and the oil swelling can increase their mobility, which enhances the oil
production. Another numerical 1-D model was developed by Muller and Lake [130],where the
CO; diffusion coefficients in water and oil were considered to be 3.6 x 10° m?/s and 5.6 x10°
m?/s under a reservoir temperature of 327 K and a pressure of 13.1 MPa, respectively. The
numerical model was used to simulate the diffusion of CO. into the oil and the diffusional
extraction of oil components by CO2. According to their investigation, it was observed that CO>
diffusion causes swelling, while extraction of the oil components causes the oil to be shrank. Their
results showed that the two dimensionless parameters, which influence the oil production, are the
ratio of the stagnant water to oil volumes and the solvent (CO2) equilibrium constant at the phase
boundaries. It was concluded that the diffusion coefficient of CO2 has a minor effect on the ultimate
oil production. This finding is different from the outcome of the work by Grogans et al. [129].
There are also numerous laboratory studies, focusing on the pore-scale aspect of CWI. Several
fluid flow experiments were conducted on CWI1 using a high-pressure micro-model of porosity of
62 %, for n-decane of 16.47 cP at a pressure of 2000 psia and a temperature of 38 °C [2]. It was
found that the main pore-scale mechanisms of the oil recovery by CWI are the oil swelling and

coalescence of isolated oil ganglia, which results in fluid redistribution and consequently increases
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the mobility of the residual oil. An interesting phenomenon in this research investigation was the
gas nucleation subsequent to depressurizing of the porous system from 2000 psia to the pressures
of 431 psia and 429 psia. This pressure reduction appreciably affected the production process,
leading to an additional oil recovery [2]. As demonstrated in Figure 2.17 (gas positions indicated
by red arrows 1 to 5), CO2 gas exsolves from the solution due to depressurization of the micro
model, based on Figure 2.18(a) to (f). It was also observed that the gas tends to move towards the
bigger pores because of its wettability character as a non-wetting phase and less capillary pressure.
The additional oil recovery attained from the gas growth (as a result of pressure depressurization)
was not reported in the research work; however, it seems to be the main phenomenon, which is

responsible for additional oil recovery during CWI [2].

(a) (b) (c)

Figure 2.17:Gas nucleation occurrence at 431 psi to 429 psi [2].
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Another interesting pore-scale aspect of the CWI related to CO. exsolution to form a free gas phase
was also explored by Alizadeh et al. [131]. They studied the impact of in-situ CO, exsolution in
CWI on the oil recovery. According to a micro computed tomography (CT) visualization of the
pore spaces in CWI, it was found that as the pressure drops, it leads to formation of a new CO- gas
phase in the CW solution, as depicted in Figure 2.18 [131]. It was observed that when the oil
droplets are contacted with the free CO> gas, a thick layer of oil, which is placed between the brine
and free COy, is displaced towards the production outlet along with the moving free gas (CO-
clusters). A significant re-connection by CO, gas of the trapped oil was also noticed, while
experiencing CO- exsolution in the CW solution due to the spreading of oil films during the CWI
[131].

Figure 2.18: Pore-scale displacement of oil (brown), water (transparent), and exsolved CO-
(transparent enclosed phase with a thick border line) during CWI process [131].

The formation of the free gas causes expansion due to the difference between the density of CO-
in the solution and that in the free gas phase. The expansion will serve as an additional driving
force for enhanced oil recovery. Moreover, when the saturation of exsolved CO> exceeds the
critical gas saturation in the micro-model, the gas slug can attain enough mobility to flow in the
porous medium; if the oil can spread on the brine phase in the presence of exsolved CO3, a film of

oil will be carried with the gas phase towards the production well. Thus, the oil spread on CO> will
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also serve as another mechanism for enhancement of oil recovery. This oil recovery mechanism
was explained by Chatzis [132] for oil production in the form of oil films around rising bubbles in

water-wet glass micro-models.

In another CWI1 experimental work performed by Mosavat et al. [15], the wettability alteration,
contact angle analysis, and residual oil trapping mechanisms during CWI strategy were
investigated. Figure 2.19(a) to (d) present the saturation distribution in the micromodel after the
water flooding, secondary CWI, tertiary CWI (after 5 PVI), and the extension of tertiary CWI
(after 20 PVI). In Figure 2.19, the brown phase is oil, the blue phase is CW, and the white areas
are the solid glass grains. It was found that the wettability trapping due to the relatively oil-wet
nature of the micromodel is dominant during the water flooding process. Compared to the water
flooding, less wettability trapping was observed during the secondary CWI. This phenomenon is
the main reason why the secondary CWI can improve the oil recovery from oil-wet reservoirs
through modifying the wettability of the formation from oil-wet to mixed or water-wet condition.
In their conclusion, the wettability alteration was believed to be initiated by diffusion of CO> from
the brine into the oil ganglia. It was also reported that the secondary CWI recovers additional 9.4
% oil while in the tertiary mode, additional 7.3 % was recovered when compared to the water
flooding operation. It was also concluded that once CO. molecules reach the rock surface (in
contact with the oil droplet), the molecules start replacing the hydrocarbon molecules that are
adsorbed on the surface. This gradual replacement causes the rock surface to shift its wettability
towards the water-wet condition. Hence, the beneficial role of CWI in improving the recovery of

the original oil in place is through altering the wettability of the reservoir toward the water-wet

condition.
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Figure 2.19: Pore-scale observation of saturation distributions in the micromodel: (a) at the
end of waterflooding, (b) at the end of secondary CWI, (c) at the end of tertiary CWI after 5 PV,
and (d) at the end of extended tertiary CWI after 20 PV [15].

Mosavat et al. [15] reported that the residual oil during CWI is in the form of films of oil on the
surface of micro-model pore spaces, the interception of oil droplets (that were created by snap-off

mechanism), and the oil bypassed in the pore spaces, as observed in Figure 2.20 [15].
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Figure 2.20: Pore-scale mechanisms of oil trapping after CWI1 process by: (a) a wetting film,
(b) interception of oil droplet formed by snap-off, and (c) oil by-passed in pores [15]

One of their interesting observations was the residual oil in the form of continuous film of oil on
the surface of grains (as seen in Figure 2.20(a)). The micro-model was originally oil-wet; however,
after being in contact with CWI, the wettability alteration to oil phase in some areas of the
micromodel was noticed. CO> is known to change the wettability. The work by Chiquet et al.
[133] might be referred to obtain further understanding on the effects of CO> on the wettability of

reservoir rock. A portion of the trapped oil in the dead-end pores was found to be trapped even
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after 20 PVI (in CWI); however, a part of the residual oil trapped as oil ganglia was mobilized and

eventually produced in CWI, as depicted in Figure 2.20(c).

When CW is injected into the micromodel, CO2 molecules transfer from brine to the residual oil
phase and gradually modify the oil-solid interactions at the micromodel surface. As a result, the
wettability changes from oil-wet to water-wet condition, which greatly assists the residual oil
detachment from the grains [15]. Wettability alteration is believed to be initiated by diffusion of
CO2 from the brine phase into the oil ganglia, which ultimately leads to improvement of the

residual oil mobility.

An experimental investigation was performed by Mahdavi and James [117] to assess the influence
of the fracture geometry on the performance of CWI. A fracture with a vertical orientation in a
porous medium (e.g., micromodel) was fabricated to perform the tests at a pressure of 6.89 MPa
and a temperature of 21 °C, where the oil viscosity was 6.8 cP, the overall micromodel permeability
was 400 D, and the injection rate was 0.0024 cm®/min. It was reported that a good sweep efficiency
is attained by the carbonated water injection, compared to the water injection, even in the presence
of fracture. According to their investigation, a recovery factor of 14.9 % was obtained after
injecting 0.05 PV of CW, while only 9.2 % oil recovery were achieved in the WF process for the
same amount of injected PV. Based on the displacement visualization patterns, it was observed
that even in the presence of fractures, CWI exhibits a stable and better sweep, compared to the WF
scenario.

A summary of the experimental studies (cores, sand-packs, and micro-models) is shown in Table
2.3 where the research works are organized chronologically. Four key columns namely; 1) CWI
operating conditions, 2) oil sample, 3) porous media, and 4) CWI recovery data are included in
Table 2.4. The improvement of oil recovery through both secondary and tertiary applications of

CWI (compared to conventional water flooding) is highlighted in Table 4.
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Table 2.3: Summary of experimental studies on CWI.

Ultimate recovery

CWI operating conditions Oil phase Porous media
(%HCPV)
Wi CwiI

= @ Ref

g g 2 >

< = — = <
s § £g 2% i% g g & £ 3 -]
F z 8& 88 =68 2 T ¥ =2 ¢ g e
38 2000 0 5 0.01 decane 0.83 n/a MM 38 n/a 51 [2]
38 2000 0 5 0.01 synthetic 16.5 n/a MM nla n/a 35 [118]
38 2000 0 5 0.008 crude 145 n/a MM 32 n/a 41 [134]
38 2000 1 5 20 decane 0.80 1300 WwW CF 69 73 n/a [118]
38 2000 1 5 20 synthetic 81 n/a WW  CF 50 53 n/a
38 2000 1 5 20 decane 0.80 850 MW  CF 59 68 n/a
38 2500 35 45 5 crude 154 4580 WW CF 59 68 n/a
38 2500 35 4.5 5 crude 8.5 1123 WW CF 48.5 55.5 53
25 104.7 n/a 2 0.2 mineral oil n/a 89 WW  CF 40 n/a 74 [131]
25 104.7 n/a 2 mineral oil n/a 88 WW  CF 35 n/a 75
40 614.7 0 3 4 dead oil 70.7 3500 Ww SP 41 85 63 [135]
25 594.6 2 3 1 crude 2.7 5610 WWwW SP 60 71 67 [6]
38 1998 1 5 20 n-decane 0.83 1300 WW CF 60 70 n/a [121]
38 1998 1 5 20 n-decane 0.83 850 MW  CF 55 67 nla
38 2500 35 sat 6 dead crude 31 n/a WW  CF 34 n/a 62 [136]
37 2500 35 sat 1 North Seaoil 289 3580 CF 55 n/a 69 [137]
38 614.7 n/a sat 10 dead oil 20 22 WWwW  SP 42 63 90 [138]
100 350 n/a sat 30 crude (UAE) n/a 15 oW CF 54.3 n/a 63.7 [123]
100 350 n/a sat 30 crude (UAE) n/a 8.2 oW CF 67.2 69.3 71.2
100 350 n/a sat 30 crude (UAE) n/a 20.2 oW CF 57.4 63 62.4
38 2500 n/a 2 5 Live oil 31.2 n/a wWwW MM 25 35 n/a [139]
142 6900 75 08,16 2 crude (lran) 0.21 30-150 OW CF 30-39 40 n/a [124]

(Pb)

*WW = water-wet: MW = mixed-wet: OW = oil-wet

8 CF = coreflood; MM = micromodel; SP = sandpack; sat = saturated
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2.10 Effects of CWI on Reservoir Fluid and Rock Properties

As CO2 moves from water into the oil phase, it normally makes changes on the physical properties
of the reservoir fluids and various characteristics of the rock. The changes to crude oil and
formation brine properties such as density, viscosity, and interfacial tension, rock permeability,

rock porosity, and rock wettability during CWI are reported in the open sources [88].

2.10.1 Crude Oil Density and Viscosity Variation

The effect of CWI on oil properties such as density and viscosity has not been systematically
studied yet. However, it is clear that the density and viscosity of oil will alter during CWI similar
to what happens in pure CO: injection operation, but not to the same extent. To investigate the
variation of the oil density during the CWI process, a series of experiments were conducted by
Jones et al. [140] to determine the oil viscosity, oil density, saturation, and swelling factor at three
different values of temperature; namely, 75°F, 140 ° F, and 200 ° F. For each temperature,
measurements were carried out for 11 pressure steps ranging from 200 psi to 5000 psi. Different
oil samples with an API gravity ranging from 10 to 17 were utilized. It was concluded that the
presence of CO2 may increase or decrease the oil density, depending on temperature, pressure, and
oil type; the density of heavy oil systems was found to be significantly reduced with the addition
of CO> (at temperatures of 140 °F and 200 °F). An experimental study to investigate Wilmington
oil viscosity versus pressure at different isothermal conditions of 75°F, 140°F, and 200 ° F was
performed, where the results are presented in Figure 2.21 [140]. It was found in all cases that the
viscosity of the oil in the absence of CO increases as the pressure increases, while the viscosities

of the oil with COz in the solution decrease as the pressure increases.
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Figure 2.21: Density of Wilmington Oil at 75 ° F, 140 ° F, and 200 ° F [140].
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Viscosity of heavy oil systems was significantly reduced at temperatures of 75 °F, 140 °F and 200
° F with the addition of CO> [140]. Barrufet et al. [141] also presented some experimental data for
the viscosity of Decane/CO, mixtures for various temperatures and CO. concentrations. The
experimental results show that by increasing the temperature and CO> concentration, the viscosity

of crude oil is lowered [88].

2.10.2 Variation of Reservoir Rock Properties

A microscopic observation on the effect of CWI on the reservoir rock was made by Riazi through
a static treatment (e.g., no flow)[142], as depicted in Figure 2.22. The dissolution of CO2 in water
can form a carbonic acid, leading to dissolution of reservoir rock [143]. Figure 2.22 was obtained
from scan electron microscopy (SEM) on a sample of sandstone before and after exposure to CWI.
It was observed that the sandstone is corroded by bicarbonates due to prolonged exposure to CWI

for 2 weeks at the process conditions of 2000 psi and 38 °C.
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Figure 2.22: Scan electron microscopy pictures of a sandstone (a) before and (b) after contact
with CWI for 2 weeks at a pressure of 2000 psi and a temperature of 38 °C [143].

The effect of CWI on the permeability and porosity was studied in an experimental set-up using a
dolomite core [144]. The experimental run was conducted using a core with a porosity and a
permeability of 15.905 % and 252 mD, respectively, at an operating temperature of 70 °C, where
the pressure varied from 7500 psi to 8500 psi and the injection rate was 2 cm®/min. The injected

fluid contained 21.5 % CO and a synthetic sea water where the salinity was 38,000 ppm. X-ray
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computed tomography (CT) provided the image acquisition to evaluate how porosity was changed
through the test where the permeability was calculated using Darcy’s Law, and the pressure drop

values were determined by employing the pressure transducers. The results of their investigation

are illustrated in Figure 2.23.
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Figure 2.23: Effect of CW on (a) porosity and (b) amount of dissolved moles of dolomite in
CWI core flooding tests at 70 "C (modified after [144]).

An increasing trend of porosity up to 16.15 % was observed in Figure 2.23(a), which is attributed
to dissolution of rock due to the reaction of the carbonic acid with the rock surface. They also
supported their conclusion through presenting Figure 2.23(b), which shows an increase in moles
of dissolved dolomite with a number of PVI. This confirms that the porosity increase is as a result
of an increase in the number of moles of dolomite being dissolved during CWI during the

experiment. No appreciable change in the rock permeability was noticed in the tests.
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2.11 Modeling and Simulation Investigations of CWI

The CWI process is not a mature EOR technique. Hence, the modeling/simulation studies of CWI
are not extensive. One of the problems with simulating CWI approach is lack of enough
experimental data for prediction of important parameters (relative permeability and swelling
factor) and model validation. The first mathematical model to simulate CWI was developed by De
Nevers [19], which was based on the Buckley—Leveret theory to predict the CWI performance. In
this model, the capillary and gravity effects were ignored and the model was able to incorporate
the effect of oil viscosity reduction and oil swelling due to carbon dioxide transfer to the reservoir
oil. Based on the results attained from this model, it was concluded that viscosity reduction is the
dominant factor and the oil swelling has a lower contribution to the oil recovery improvement. The
main assumption of this model was that the pressure remains constant throughout the reservoir
or/and the pressure is high enough so that there is no free gas which is rare in practice. About 10
years later, a 2-D dynamic three-phase flow mathematical model was developed by Dixon et al.
[145]. They extended the black oil formulation to include the solubility of CO. in water so that the
developed approach was able to investigate the important aspects (e.g., displacement mechanisms
and recovery factor) of CWI and CO: flooding in a Berea sandstone core at 1300 psia and 125 °F.
The implicit method was used for discretization of the pressure equation. The saturation equation
was also discretized explicitly and both equations were solved by the iterative method proposed
by Douglas and Rachford [146]. They did not show the performance of CWI (CO. saturated water)
in terms of rock type, fluid properties, and process conditions; however, the model was able to
simulate four runs of CO; slugs/relative amount of CO2 (150, 300, 356, and 450 cm®/cmq). The
results imply that the recovery of original oil in place increases with an increase in the relative
amount of injected CO> to 52%, 63%, 65%, and 70%, respectively. A compositional simulator
being able to simulate CO- dissolution in the water phase during CO2 injection projects was
developed by Mansoori [20]. The Soave-Redlich-Kwong (SRK) equation of state was used in the
model for phase equilibrium calculations and for estimating CO2 solubility in water and fluids
density. The finite difference form of the flow equations was used, resulting in an implicit oil
pressure and explicit overall grid block composition system. The model was utilized to simulate
1-D and 2-D displacement processes with bottom hole pressures of 1900 psi and 1750 psi for
injection and production wells, respectively [20]. The discretized sets of equations were solved

using the Newton’s method until convergence was achieved. The injection scheme used in the
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model consisted of 0.05 PV of CO> separated by three water slugs of 0.05 PV. In the developed 3-
dimensional model, the objective of the simulation runs was to investigate the effect of CO;
solubility in water on oil recovery. Based on the simulation results, it was found that about 10 %
of the injected CO: are dissolved into water and the higher the solubility of CO> in water the higher
oil recovery is achieved. A 3-D three-phase compositional model to simulate CO, flooding
processes was presented by Chang et al. [18], where CO dissolution in the water phase was
considered. An oil with a viscosity of 0.7 cP and a brine phase with 10 wt % salinity were used in
the modeling work. The oil and gas densities and their fugacities were modeled by SRK equation
of state; the gravity and capillary terms were also included in the model. The governing equations
were discretized by the finite difference and the implicit pressure explicit saturation (IMPES)
method was used in formulating the Jacobian matrix. For a typical case, the injection rate was
7500 stb/d with the pressures of 4500 psia and 5000 psia assigned for the injection and production
wells, respectively [18]. It was also assumed that phases would reach the thermodynamic
equilibrium, instantaneously. The Gaussian elimination method was applied to solve the equations
to obtain the main variables such as pressure and saturation. A commercial simulator (E300) was
employed by Kechut et al. [24] to simulate a series of carbonated water flood experiments. It was
concluded that E300 over-predicts the oil recovery, compared to the experimental data for all core-
flood tests. They explained that the over-prediction is due to the assumption of instantaneous
equilibrium condition that was included in the commercial compositional simulator; it was argued
that the instantaneous equilibrium between CO, and water or/and complete mixing assumptions
would not be feasible in real CWI cases. A 1-D mathematical model was developed by Foroozesh
et al. [22] which included the mass transfer term to capture the mixing process of CO; in water.
The fully implicit technique was combined with the Newton—Raphson iterative method to solve
the equations. In their work, the oil-water relative permeability functions were defined based on
the Corey’s correlations [147]. Capillary pressure curve was defined based on the Brooks-Corey
correlation [147] .The proposed model was used to simulate the oil recovery in a sandstone core
and a water-wet Clashach core, which were originally saturated with decane. In the research work,
the gravity term was ignored. The injection rate used for this model was 20 cm®h, where the CO;
concentration was 5 % wt , having 10,000 ppm brine in the injected CW. The developed model
was validated with their experimental data and a close match was observed for the total oil

production (recovery factor and cumulative recovery) and differential pressure. An enhanced
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numerical simulation with application to CWI in core flooding experiments was later developed
[148]. The model was employed to forecast the average gas saturation in the core. They then used
the saturation distribution to tune the thermodynamic EOS for phase behavior. The oil-water and
gas-oil relative permeability functions/curves were adjusted to match the results of the core flood
experiments. The Baker’s model [149] was used to define the oil-relative permeability curves. The
homogenous core was utilized to be saturated with an oil with a viscosity of 1.41 cP. A constant
bottom hole pressure and an injection rate of 2500 psi and 5 cm3/h, respectively, were considered
in the simulation. The modeling strategy was implemented to obtain the cumulative oil production,
water production, and CO> production, implying a good agreement between the modeling outputs
and the experimental results from CWI core flooding tests [29].

Table 2.4 lists a summary of the CWI modelling investigations. Table 2.4 is organized
chronologically; including three main columns namely; CWI operating parameter, oil sample, and
model characteristics. For all the studies summarized in this table, finite difference method of

discretization is used, and the effect of capillary pressure is neglected in all models.
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Table 2.4: Summary of mathematical modelling studies on CW.

CWI operating parameter Oil sample Model
g g £ < é _ 3 Application/Remarks Ref
. % z 5_8¢2 .z & 3 2 3 =&
°© &8 £ 5:58% & & E 2 0 £ £ £ & &
- o n O£ £ & = = &) [a) L i O o X 4
25 1300 10 22  0.0012  crude 22 2D Finite n/a n/a Compositional ~ n/a n/a 200  CWI, CO:z flooding [150]
difference Computation time =0.000317
s/(iteration. grid)
10 crude 0.7 3D Finite SRK  IMPES Compositional n/a n/a nfa  Effect of COz-water solubility on oil [20]
difference recovery by COz flooding and CWI
38 4500 10 n/a 0.006 live 0.7 3D Finite SRK IMPES  Compositional ~ n/a n/a n/a  COz flooding and CO:2 solubility in [18]
difference water in CWI
37 2500 35 nla 1 North 145 1D Finite PR n/a Compositional nfa  Corey 4580 Modeling CWI and COz storage. [137]
Sea difference
38 1998 1 5 20 decane  0.83 1D Finite PR n/a Black oil nfa  Corey 1300 Mass transfer coefficient and [121]
difference wettability effects on RF in CWI.
38 2500 35 nla 5 crude 315 1D Finite PR n/a Compositional nfa  Baker nfa  CWI with CO2 exsolution potential. [139]
difference
140 6690 75 0.8 3.0 crude 0.21 3D Finite PR n/a Compositional n/a n/a 335 Modeling CWI at field and core scales. [124]
(Iran) difference
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2.12  Practical Challenges in CWI

The main applications of CWI are in enhanced oil recovery, remediation, and carbon sequestration
operations. The common practical challenges with the CWI1 implication for enhanced oil recovery
operations include preparation process of CW, corrosion, scale formation/ asphaltene precipitation
(around the wellbore region), water weakening effect, and high capital, operating, and maintenance
costs [29].

2.12.1 CW Preparation
It is a fairly difficult task to prepare the CW at large scales and under desired pressure and
temperature conditions. One of the well-known technologies to produce carbonated water is the

gas infusion generator that uses thousands of hydrophobic micro-hollow fibres to dissolve CO,

gas into water at elevated pressures. There are some safety concerns and high total costs to design

and operate the carbonated water preparation processes [10, 151, 29].

2.12.2 Corrosion
Another serious issue that can be associated with CWI is corrosion of the process facilities due to

the formation of carbonic acid (H,CO,) as a result of CO, dissolution in water. The acid promotes

corrosion of carbon steel, and therefore demands corrosion-resistant materials such as stainless
steel for safe operation, which will increase the capital and operating expenses. The important

factors governing the dissolution process are the partial pressure of CO, in the gas phase,

temperature, pH of CW, water salinity, and velocity of the fluids in the pipelines and wells [152].
The De Waard-Milliam’s equation is usually used to predict the corrosion rate of carbon steel in

terms of the partial pressure of CO,, temperature, and injection rate [152]. It should be noted that

as the carbonated water flows through the formation, it becomes saturated with bicarbonates, and
loses its acidic nature and reactivity. Despite the concern that carbonic acid may cause localized
corrosion of steel [153], no evidence of corrosion in the production wells and flow lines was
reported in the first commercial K&S carbonated water flood project [154]. Referring to the impact
of carbonated water on equipment during a CWI pilot test performed by the Amoco production
company in the Slaughter field (Texas), it was found that stainless steel and aluminum bronze

materials experience no deterioration during the pilot tests [26].
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2.12.3 Scale Formation and Asphaltene Precipitation

It is well-known that the injection of CO2 in oil reservoirs can lead to scale formation and
precipitation of asphaltene, which is a sticky substance that clogs the formation pores and
production equipment [155,156]. Even though the CO> is completely dissolved in water at the
operating pressures in the CWI process, CO can exist in a free phase under certain thermodynamic
conditions, where the operating pressure drops below the minimum miscibility pressure. Hence,
the occurrence likelihood of similar phenomena such as scale formation and asphaltene
precipitation, which normally happen during pure CO: injection, are fairly high.

2.12.4 Water Weakening Effect

The water weakening effect refers to the deformation of reservoir layers (especially for chalk
layers) during water flooding. This effect causes several issues; including, reservoir compaction
and seabed subsidence [157]. The effect of carbonated water on the rock/fluid interaction has been
studied by several researches [158,159]. It was found that the mechanical strength of high porosity
rocks especially chalk formation is affected by using carbonated water. This water weakening
effect is enhanced due to increased dissolution of chalk in the presence of CO [160].

2.12.5 High Capital, Operating, and Maintenance Cost

CWI has been proven as a viable enhanced oil recovery method, though economic aspects of the
process might be a serious concern. For instance, high total costs for drilling, CW preparation,
pressure pumps, well completion, and operation and maintenance stages are expected during field

implementation of CWI.

2.13 CO2 Storage Capacity of CWI

Global warming has raised the awareness of societies and it has been linked to a considerable
increase in the level of greenhouse gases in the atmosphere. CO: alone is responsible for about 72
% of the total greenhouse gas emissions [161]. In 2015, the International Panel on Climate Change
(IPCC) agreed on a reduction in the level of CO- in the atmosphere. A 14 % share in CO reduction
was considered through carbon capture and storage strategy [162]. CWI has the potential to store
CO:z in geological formations, while recovering oil. Thus, CO> storage is a secondary benefit
achieved from employing the CWI process. This benefit remains as a key asset of CWI, compared
to other EOR processes. Several simulation and experimental studies have been carried out to

investigate this carbon sequestration potential [17-29, 134]. A numerical simulation and
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experimental investigation of CW1 was performed by Nor et al. [134] on a core with a permeability
of 4580 mD, a porosity of 0.35 %, and under operating conditions of 2500 psig, 100 °F, and 1
cm?/h injection rate. It was reported that 3857 scm® of CO- are injected in the secondary mode
and 45 % (1754 scm®) of the injected CO; are stored after this period. CWI in the tertiary mode
was also investigated. It was found that after injecting 4000 scm?®, about 51 % (2043 scm?®) of
injected CO- are stored. In the sand pack flooding experiments conducted by Mosavat [29], it was
observed that CO, accumulates during the CWI operation, and it is stored in the porous medium
after 1 PVI. The results are presented in Figure 2.25 for the pressure range of 0.7 MPa to 10.3 MPa
[29]. After 1 PVI, the amount of CO- stored in the porous medium is stabilized for the rest of the
injection process. The reason for this trend is that the porous medium has reached its maximum
capacity and no more CO> can be dissolved in oil or stored in the pore spaces, considering the
operating pressure, temperature, and salinity. As it is expected, at a higher pressure, the storage
capacity of a porous medium in capturing CO> increases, which is due to increased solubility of

COy in water.
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Figure 2.24: Cumulative CO; storage capacity by CWI process at 25 °C and different pressures
[29].

A mathematical model of carbonated water injection for EOR and CO: storage was used to
estimate the CO- storage [25]. A water-wet sandstone core with a permeability and a porosity of
1300 mD and 0.19, respectively, was used under operating conditions of 20 cm®/h injection rate,
136. 1 atm pressure, and a temperature of 38 °C. The model predicted that 100 % of injected CO>

are stored in the porous system before breakthrough, while the storage capacity declines after the
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breakthrough. It was also found that at the end of the simulation period, 44 % of injected CO; are
stored in the core. In a core-flooding experiment, the potential of CO; storage during CWI was
investigated [17]. A sandstone core with a permeability and a porosity of 98.73 mD and 17.68 %,
respectively, was employed. A crude oil with an API gravity of 20.8° and a synthetic brine with a
salinity of 54 647 ppm were also used for this experiment under the test conditions of 2500 psi,
100 °F, and injection rate of 5 cm®/h. It was concluded that after the secondary CWI, about 47.5%
of the injected CO- are stored inside the core and 44 % of the injected CO. are stored after tertiary
CWI.

2.14 Conclusions

CWI1 has been a proven EOR technique since it was first introduced in the 1940s with an additional
benefit of CO; storage. It further enhances oil recovery in both secondary and tertiary modes,
compared to conventional water flooding. Due to the nature of CW (as a single-phase fluid
comprising of water and CO), it gives a stable front, and better sweep efficiency in comparison
to other alternative EOR methods such as WI, CO: injection, WAG, and SWAG. Several
experimental research works have focused on the pore scale, micro scale, and macro scale
mechanisms of CWI to understand the process and to obtain optimal conditions for achieving high
recovery factor. Many mathematical modelling, simulation, and optimization studies have also
been carried out to conduct systematic parametric sensitivity analysis for design, scale-up, and
optimization purposes. Although extensive studies on the theoretical and practical aspects of CWI
have been carried out, no comprehensive review on CWI is available in the literature. In this review
paper, the effects of important variables on CWI performance (fluid properties, reservoir
properties, and operating conditions) are extensively studied and summarized for the field,
experimental, and modelling approaches of CWI. A large number of previous research
investigations are well reported and the key technical and practical challenges associated with CWI

are presented. The following important conclusions as drawn based on this review.

e Although CWI is assumed to be a single-phase injection of completely dissolved CO: in water,
the effect of gas exsolution can occur as the pressure drops. This phenomenon will provide an
additional energy for the displacement of oil along the gas growth path, leading to an additional

oil recovery.
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CO2 concentration, brine salinity, injection pressure, temperature, and injection rate are
important operating conditions that notably affect the performance of the CWI process.

Wettability is another key factor which controls the overall performance of the CWI process.

There is a limited leakage of CO because CW is injected as a single phase fluid and the
operating pressures is lower than the fracture pressure of the reservoir rocks.

The reservoir heterogeneity does not reduce the performance of CWI as CW was able to sustain

a stable front even along the fractured channels or zones.

Existing mathematical models of CWI have difficulties to successfully match the experimental
oil recovery data so that the absolute error percentage is about 10 %, implying a fairly big
difference between the modeling results and real data. This is attributed to the fact that
instantaneous and complete mixing of CO2 and water is assumed during model development.
Lack of proper correlations/curves for capillary pressure and relative permeabilities can also

lead to prediction errors.

Mathematical models that appropriately capture all of the underlying physical and chemical
phenomena of CWI processes such as dissolution, gravity, hysteresis and 3-D spatial

orientation have not been yet developed.

Although there is a formation of carbonic acid (H,CO,) because of CO, dissolution in water

during CWI operation, corrosion of the flow lines and production wells has not been reported

in real cases.

Implementation of CWI may alter the petrophysical properties (porosity and permeability) of
the porous medium, core, or/and reservoir. It is found that the porosity increases due to

dissolution caused by carbonic acid, especially for dolomite and limestone rocks.

There is no comprehensive investigation on the impact of reservoir properties on CWI
performance in the literature. It seems that further experimental and modeling investigations

are required to fill this knowledge gap.

The occurrence of asphaltene precipitation during CWI1 operations has not been highlighted in
several research works, while it is expected to occur during the CO2 exsolution resulted from

the pressure drop.
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e CO, storage capacity appears to be an additional benefit during the implementation of CWI.
There are a large number of research and industrial projects ongoing in the area of carbon

management where CWI is proposed for EOR and CO, sequestration purposes.
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Nomenclatures

Acronyms

API American Petroleum Institute
bbl Barrel

BT Break Through

cP centi Poise

CWwW Carbonated Water

Cwi Carbonated Water Injection
CT Computed Tomography
CWF Carbonated Water Flood

CF Core Flood

EoS Equation of State

EOR Enhanced Oil Recovery
E300 ECLIPSE300

Gl Gas Infusion

HCPV Hydro-Carbon Pore Volume
IMPES Implicit Pressure, Explicit Saturation
IFT Inter Facial Tension

IPPC International Panel on Climate Change
Kr Relative permeability
LSWAG Low salinity SWAG

MPa Mega Pascal

mD milli Darcy

MW Mixed wet

MMP Minimum Miscibility Pressure
n/a Not applied

OOIP Original Oil Initially in Place
oW Oil Wet

PVI Pore Volumes Injected

PV Pore Volume

psi Pounds per square inch

Pc Capillary Pressure

ppm Parts per million
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PVT
PR
Ref
RF

SWAG
SRK
STP
SEM
SP
scf
sat
SF
uT
wWw
WAG
Wi
WEF

Variables

R3S EeE/EORAX AN TZIRXRXTOO

Subscripts
eff

reek letters

Pressure Volume and Temperature.
Peng-Robinson

Reference

Recovery Factor

Solubility of CO2 in oil
Simultaneous Water Alternating Gas
Soave-Redlich-Kwong

Standard Temperature and Pressure
Scan Electron Microscopy

Sand Pack

Standard cubic feet

Saturated

Swelling Factor

Ultimate

Water Wet

Water Alternating Gas

Water Injection

Water Flood

weight

Equilibrium concentration
Diffusion coefficient
hour

Partition coefficient
Permeability
Molality

Pressure

Volumetric flow rate
Salinity
Temperature
composition

Mass density

Viscosity

Porosity

Mass fraction of phase
Solvent viscosity
Interfacial tension

Effective
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w
0
CO2

Water
Oil
Carbon dioxide

Superscripts

A constant
B constant

m constant

n Archie’s coefficient
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Chapter 3 Modelling Investigation of Low Salinity Water Injection for EOR: Effect of
Na*and SO4*

ABSTRACT

Low salinity water injection (LSWI) has gained great attention as a promising enhanced oil
recovery (EOR) method with numerous advantages (e.g., economic and environmental aspects),
compared to other conventional chemical EOR methods. For the past two decades, several
laboratory studies have been performed by researchers to understand the main pore-scale
mechanisms of oil displacement during LSWI; however, further experimental and modeling
research works are required to comprehend the LSWI governing mechanisms. The focus of this
paper is to investigate important aspects such as oil recovery mechanisms, oil-water wettability
alterations, changes in pH of formation water, and mineral reaction (dissolution/precipitation)
which occur during LSWI in sandstones and carbonates. To explore the effect of ion-exchange, a
compositional model is developed with the aid of laboratory data by Computer Modelling Group
(CMG) where Na* and SO4> are used as interpolants to model LSWI in sandstones and carbonates

cores respectively.

Keywords: Low Salinity Water Injection (LSWI), Precipitation and Dissolution, lonic-Exchange,

Sandstones, Carbonates, Oil Recovery Factor.
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3.1 Introduction

Post-primary oil production drive may leave behind up to 85% of the proven reserves in a
petroleum formation. Water flooding can reduce the amount of oil saturation to nearly 60% and
low salinity water injection (LSSWI) may produce an extra 15% so that about 40% of the residual
oil can be recovered [1,2]. It appears that LSSWI is becoming one of the most popular enhanced
oil recovery (EOR) technique, based on the literature [3-9]. This is probably due to the low cost
associated with its implementation when compared to other EOR techniques. Low salinity water
is referred to smart water, ion-engineered water, and advanced ion management water in various
research studies by many researchers; however, the methodology and mechanisms behind the
increase in oil recovery remain the same [9,10]. The mechanisms responsible for the increased oil
recovery have been identified to be wettability alteration, double layer expansion, multicomponent
ionic exchange, fines migration, and mineral dissolution [3,6,8-19]. However, the dominant
mechanisms for the oil recovery increase still remain a subject of debate among researchers. The
above mechanisms alter the rock-brine-oil equilibrium from its inherent state so that they might
modify important properties such as permeability and wettability to improve the oil recovery.
Wettability alteration appears to be the most widely accepted dominant mechanism for low salinity
water injection [4,7,13,18-24].

These are a few mathematical modeling on LSWI in the open sources where contradictions and
vital limitations are found in them. For instance, Altahir et al. [25] studied the LSWI strategy in
carbonates in core-flood experiments by considering the improved oil recovery and pH increase;
however they did not take into consideration the changes in the composition of the rock [25].
Vajihi et al. [26] also investigated LSWI oil recovery and residual oil saturation in core-flood
where ions exchange and effect of the flowrate were not discussed in their work [26]. Didier et al.
[27] suggested that pH is the key factor in wettability alteration in Fontainebeau and Ottawa
sandstones. The results show that oil adhesion occurs at pH values of higher than 6 — 8. Other
research works concluded that the oil adhesion experiences at pH values lower than 6 — 8 (for
instance, a pH of 4) [27]. In another work, Al-Shalabi and Sepehrnoori [9] suggest that more
modeling research works need to be conducted in carbonates than sandstones because it is assumed
that the mechanisms that controls the wettability alteration in sandstone is known — clay, but the

mechanism is not known in carbonates.

74



The composition and salinity of the low salinity water are not constant and universal in all
formations across the world. Hence, systematic studies need to be carried out to determine the
optimum salinity and concentration of the selected low salinity water. During laboratory
investigation of sandstone and carbonate cores, as the salinity of the LSWI is reduced, there is an
increase in the oil recovery; however, after a certain threshold value, there is no significant increase
in the oil recovery upon further reduction of salinity in the LSWI process. This suggests that there
is an optimum salinity and concentration for the various formations under LSWI. It was observed
that the optimum salinity can range for sandstones, a reduction in LSWI salinity of up to 100% to
give salinities as low 100 to 2000 ppm is possible [28,29], but for carbonates, 50% reduction in
LSWI salinity yields LSWI of 1000 to 5000 ppm [6,8,12,15,30,31] for effective low salinity water

injection schemes.

A balance of adsorption capacity, cation exchange capacity, and pH window for clay is necessary
to evaluate the effectiveness of LSWI in sandstones [17]. In core flood experiments conducted by
Zhang and Morrow [2], up to 33% increase was observed in Berea sandstone which contained
clay, while no significant increase was observed in clay-free Berea sandstone when the brine with
1% salinity was injected. In sandstones with kaolinite clay, fines migration due to the desorption
of kaolinite clay from the mixed-wet sandstone surface is suggested as the mechanism responsible
for the increased oil recovery by LSWI [32]. An increase in the injection pressure and a reduction
in permeability are often accompanied with the increased oil recovery in core flood experiments
[33,34]. There are a limited number of research investigations on the formation damage during
LSWI in the open sources [35]. Typical pH values of 4-6 are attainable in sandstone reservoirs;
the pH in the formation increases as the low salinity water is injected in formations due to cation
exchange of the effluent and clay anion surfaces; however, a pH value greater than 10 is seldom
encountered due to the inherent CO2 in the hydrocarbon-bearing formations, which acts as a pH
buffer [32]. During laboratory investigation of LSWI, the concentration of divalent ions such as
Ca?" and Mg?* in the effluent were lowered, leading to an increase in oil recovery; however, when
the cores were pre-flushed with NaCl to remove the divalent ions, there was no significant oil
recovery [32]. The ions contribute to the electric surface charge and an electric double layer is
formed. The expansion of the electric double layer has also been suggested as the dominant
mechanism that considerably affects the oil recovery over the LSWI process [30,36]. This can be
measured by the zeta potential of the surface.
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More than half of the proven oil reserves are found in carbonates. Efficient exploitation and
recovery of these reserves are challenging due to the low permeability and porosity of the porous
system, particularly the matrix blocks [6]. The dominant mechanism in carbonates may be
attributed to the wettability alteration of the mixed to oil-wet formations to more water-wet
formations, leading to a higher oil production. Monovalent and divalent ions that alter the rock-
brine equilibrium are referred to potential determining ions and the mechanism behind their
alteration in the formation is known as a multicomponent ionic exchange. Austad et al. [16]
investigated the effect of seawater salinity on oil recovery in the Ekofisk field as a highly fractured
carbonate reservoir. The surface charge is positive with Ca?* in equilibrium with the formation
brine at a pH value of 7-8. Ekofisk seawater has a Ca®* ion concentration less than half of the
formation brine concentration. When the seawater is injected into the formation, Ca?* is desorbed
from the surface into the injected water to balance the rock-brine equilibrium; but the desorption
alters the rock-oil equilibrium. The negatively charged carboxylic components (R-COQO") attached
to the Ca?* are desorbed, leading to an increase in the crude oil mobility and eventually an increase
in the amount of oil recoverable. SO4% ions can also promote the desorption of carboxylic oil
components from the carbonate surface by adsorbing Ca?* to produce CaSOs [13,20,37-39].
Enhanced oil recovery is also attributed to the rock dissolution [40,25,41], though Austad et al.
[42] suggested that the rock dissolution is not necessary for increased oil recovery based on a series
of experimental runs. The initial wettability, salinity, ions present, and wetting phase are the
critical parameters that influence wettability alteration, production mechanism, and oil recovery.
In the laboratory scale in the absence of Ca?* and Mg?*, an increase in SO42* concentration of the
injected fluid fails to improve the oil recovery, implying that divalent potential determining cations
are needed to improve oil recovery through SO4% adsorption [16,43-45]. Based on the literature,
there are no numerical studies to discuss about the production behaviour/trend of LSWI in
carbonates and sandstones. To the best of our knowledge, the effects of mineral dissolution and
precipitation have not been numerically investigated in the previous related research works.
Wettability alteration appears to be the dominant mechanism for LSWI; however there have not
been sufficient number of numerical compositional studies in the literature to validate this claim
because of the difficulty to entirely capture ion exchange by most commercial simulators. Other
phenomena, which occur during LSWI, such as the change in the local pH in the formation water,

ionic-exchange, and mineral reactions (in carbonates) have not been studied adequately.
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In this paper, a compositional simulation model was built employing the CMG-GEM module to
study the effect of concentration of sodium ion (Na+) and sulfate (SO4%) in sandstones and
carbonates, respectively. The first step is to build a fluid model with CMG-Winprop such that the
fluid properties such as saturation pressure, gas/oil ratio, formation volume factor, relative oil
volume, and oil density are tuned to match the available experimental data for the reservoir fluids.
Then, the matched fluid model is imported into a 1-D generic reservoir and the initial ionic
compositions of the brine are provided from the laboratory analysis. The simulation model uses
Na+ and SO42 ions for ion exchange in sandstone reservoir and carbonate reservoir, respectively.
Na* and SO4? concentrations in the sandstone and carbonate are altered to find the impact of the

ion concentration on pH, mineral precipitation and dissolution, and oil recovery.

3.2 Theoretical Analysis: lon Exchange in LSWI

There is a chemical equilibrium between the ionic concentration of the connate water or the initial
formation water and the ions which are adsorbed onto the clay surface in the reservoir [47]. Figure
3.1 shows a typical representation of clay mineral, ionic bridge, oil and typical ions to describe the

important interaction mechanisms in LSWI

Figure 3.1: Schematic representation of clay mineral, ionic bridge, oil and typical ions to
describe the important interaction mechanisms in LSWI (Modified after Lager et al. [32] )

The polar oil components are bound to the clay surface in the presence of an ionic bridge which
lies between the actual clay and oil. This makes the rock preferentially oil wet as shown in Figure
3.1 inamolecular level. Once the low salinity water is injected, it causes the ion exchange between
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the monovalent ions and divalent ions (e.g., Na exchanging with Ca). During this ionic exchange,
the oil is released from the divalent ions and becomes producible. This reduces the overall residual

oil saturation and causes a shift in wettability to more water wet rock.

Injecting water with an ionic concentration, which is different from the original formation water,
causes a chemical reaction and an ionic exchange. There are two typical ionic exchange reactions
which can occur during LSWI. The reactions involve the alkali and alkali earth metals particularly

sodium, calcium, and magnesium as given below [47].

Na®* +1(Mg—X )= (Na—X) +1Mg2+
2 22 2
(3.1)

1 1
Nat + > (Ca—X,) = (Na—X) + ECa2+ (3-2)

where X represents the clay mineral in the reservoir rocks. The above reactions are reversible,
implying that the monovalent ions are exchanged with divalent ions during LSWI. For instance,
Na* is taken by the exchanger and Ca?*/Mg?* are freed to represent the forward reactions (see
Equations (1) and (2)). In this case, the oil initially bounded on Ca and Mg (as shown in Figure
3.1) is released, causing the rock surface to become more water wet. Similar to the chemical
reactions, ion-exchange reactions can be defined by the equilibrium constant as represented by the

following expression:

_ [a( Caz+)]0‘5a(Na—X) (3.3)
K Naca = e haca—xp) 108
o [a(mg )] ava (34)
Na/Mg —

a(Na*)[a(Mg-X7)]%*
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in which, a stands for the activity. The activity of i" component (a) is related to the activity

coefficient (y,) through the following equation:

ai= ¥ M (35)
where mi refers to the molality of component | in mol/kg.

Substituting Equation (3.5) into Equations (3.3) and (3.4) results in Equations (3.6) and (3.7) to

determine the equilibrium constant, as shown below:

K _ [m( Mg2+)]0'5m(Na—X) [(y Mg2+)]0'sy(Na—X) (3-6)
N&MI = 1 (Na+) [m(Mg—X,)]05 y(Na*) [y(Mg—X,)]05

K 3 [m( Caz+)]O'5m(Na—X) [(y Ca2+)]0'5y(Na—X) (3-7)
Na/Ca = 1 (Na+) [m(Ca—X,)]05 y(Na®) [{(Ca—X5)]05

The activity coefficient of sodium and calcium ions in the aqueous phase can be calculated by the
Debye-Huckel model or by the B-dot model; however, the evaluation of the activity coefficient of
Na-X, Ca-X, and Mg-X, which correspond to Na*, Ca?* and Mg?" on the exchanger surface, is
not an easy task. Therefore, the selectivity coefficient is used by CMG instead of the equilibrium

constant, as introduced by Equations (3.8) and (3.9):

R 0 e N (0] ¢9)
K namg = N g 1o y(Na*)
el [

K Na/Ca — m(Na*t) [((Ca—X;)]05 X y(Nat) (39)

¢(Na-X), {(Ca-X2), and §(Mg-X2) stand for the equivalent fraction of Na*/Ca?*and Na*/Mg?* on
the exchanger, respectively. The selectivity coefficient, which is a function of operational
conditions, is used, since they can be measured unlike equilibrium constants which are
thermodynamic variables. Hence, K’ naca and K’ namg are estimated using the experimental
measurements. Appelo, et al. [48] reported the selectivity coefficient between Na™ and many ions

which are used in the CMG simulation package.
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In CMG-GEM, all component moles are represented as moles per grid block volume. The total
moles of Na-X, Ca-Xz, and Mg-Xz in a grid block are VNna-x, VNca-x2,and VNmg-x2 , respectively;
where V is the grid block volume. For any value of cation exchange capacity in the grid block, the
following equation needs to be satisfied

VNnNa-x + VNeax2 +VNmgx2 = V¢(CEC) (3.10)

In a control volume (see Figure 3.2), the material balance equation for the ion of charge i* that

includes ion exchange with an exchanger X in the aqueous phase is expressed by Equation (3.11);

A

Y y+dy T uy + dy

Figure 3.2 : A control volume/element of a 3-D flow in directions X, y, and z

ATy, (AP™1 4+ —pb gAh ) + SAD}

hqAViag + VRIZy + VRIEL + it

i,aq imn

Vv
- E ((Nir};ql - l\Iin—t(1 - (Nir,laq - Nin—x) =0,

Where T = Transmissibility; y = mole fraction, P = pressure, g = acceleration due to gravity, h =
- — - - - — - — - - - - +1 -

height, D= Diffusivity, V = grid block volume, R = reaction rate, g = injection, VRj;; = Intra

aqueous reaction rate, VR}}’;&I = Mineral dissolution/precipitation, n + 1 = implicit time step for

grid block, u = explicit time step for grid block, N = Number of moles of mineral and i =/ ...n™"

represents the number of components.

Running CMG, the governing equations are solved simultaneously along with the phase, chemical,

and ion-exchange equations through using the Newton’s method.
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3.3 Model Development

This section illustrates the main steps to obtain the fluid and rock properties and to conduct the

modeling simulations using CMG

3.3.1 Fluid Behavior Modeling

To create a fluid model used for the simulation of LSWI, various steps should be taken (see Figure

3.3). Fluid composition given in Tables 3.1 and 3.2 is first used to build an EOS model using Peng

Robinson equation of state to represent the original reservoir fluid. The EOS model is then tuned

against the experimental data of Constant composition expansion (CCE), Constant volume

depletion (CVD), and Differential liberation (DL) after which a flash process of the reservoir fluid

at standard condition of 60°F and 14.7psia is simulated. A good match is obtained between the

experimental and modelled fluid properties. Figure 3.3 depicts the flow chart to illustrate how the

fluid model is built for this simulation.

START

v

Build EOS model of reservoir fluid using PR (1978)

\ 4

\ 4

Tune the EOS against CCE and DL, CVD experimental
data

NO

v

Check if viscosity,
saturation pressure, GOR,
FVF and API matched?

Generate GEM EOS model for stock tank oil at T, P for
simulation

v

END

Figure 3.3: Flowchart to prepare the EOS fluid model

PVT Data. Laboratory experiments were conducted for Saturation Pressure, Constant

Composition Expansion test and Differential Liberation test. From the laboratory experiments, the
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total Gas Oil Ratio (GOR), Saturation Pressure, Formation VVolume Factor (FVF) and API Gravity
are 247 scf/stb, 740 Psi, 1.18, 40.0 respectively. The oil viscosity used for this study is 0.65 cP
measured at bubble point. These experiments were added to the CMG - Winprop model to obtain
an idea of how close the current EoS is to modelling the observed fluid behavior. The supplied
data for reservoir oil fluid compositions/heavy fractions, separator test results, constant
composition test results, differential liberation test results are all used for tuning the EoS to match
the fluid behavior. The fluid compositions and the laboratory heavy fraction analysis utilized in
this study are provided in Table 3.1 and Table 3.2 which are available in Computer modelling
Group, 2017 [46].

Table 3.1: Black oil composition [46].

Component Mole %
CO2 0.1183
N2 0.0016098
Ci 0.1154103
Cz 0.060058
Cs 0.0647635
i-Cs4 0.0221657
n-Cs 0.047551
i-Cs 0.0328152
n-Cs 0.0370254
Cs 0.065135

Table 3.2: Laboratory heavy fraction analysis for C7 — C30+ [46].

Components Mole, % Molecular  Specific

Cc7 0.084205 91.931365 0.7400
C8 0.098941 103.11563 0.74659
C9 0.078385 113.43017 0.8129
C10 0.051514 132.0084 0.7937
Cl1 0.031329 147 0.7930
C12 0.021299 161 0.8040
C13 0.019318 175 0.8150
C14 0.014488 190 0.8260
C15 0.013374 206 0.8360
C16 0.010649 222 0.8430
C17 0.00904 237 0.8510
C18 0.009659 251 0.8560
C19 0.008173 263 0.8610
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C20 0.005325 275 0.8660

C21 0.003963 291 0.8710
C22 0.00322 300 0.8760
C23 0.002353 312 0.8810
C24 0.001981 324 0.8850
C25 0.001857 337 0.8880
C26 0.001857 349 0.8920
C27 0.001981 360 0.8960
C28 0.002105 372 0.8990
C29 0.002105 382 0.9020
C30+ 0.064516 400 0.9700

Peng Robinson equation of state is employed to construct the fluid model through using the fluid
compositions where the regression procedure on experimental constant composition expansion,
constant volume depletion, differential liberation, and separator test is carried out. Figure 4 shows

the phase envelope to characterize the fluid used in this modeling/simulation work.
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Figure 3.4: Pressure-temperature (P-T) diagram of the modelled reservoir fluid.

The comparison between the initial GOR, final GOR and the experimental data is shown in

Figure 5 (after regression).
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Figure 3.5: Comparison of measured gas oil ratio (GOR), initial GOR (before tuning), and final
GOR (after tuning)

As can be seen in Figure 3.5, an improvement is achieved to match the experimental GOR by
tuning the Pc and Tc of the heavier components during regression procedure. The similar
comparisons between the experimental and the final parameter for the fluid are shown in Figure
3.6 for the relative oil volume and Figure 3.7 for the saturation pressure. Based on the comparison
(showing relatively small error), it can be concluded that the modelled fluid behaves the same as
the real reservoir fluid.
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Figure 3.6 : Comparison of measured relative oil volume (ROV), initial ROV (before tuning)
and final ROV (after tuning)
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Figure 3.7: Comparison of measured Psat, initial Psat (before tuning) and final Psat (after
tuning)

Tuning the EOS model to attain a good matching between the modeling results and available
experimental data, Table 3.3 shows the reduction in error percentage (through comparing the
values before and after tuning) for a part of important fluid properties used in this research work.
This final error reduction percentage between the before and after tuning results shows that a valid

match has been obtained through the regression analysis carried out using the Winprop EoS
module in CMG.

Table 3.3: Experimental and modelled fluid properties

Property/Data Experimental Before tuning After tuning Error reduction
Psat, psi 740.0000 740.040 736.70 0.4%
GOR, scf/stb 247.000 247.000 248.881 0.4 %
FVF, bbl/stb 1.180 1.140 1.159 1.3%

API 40.000 41.000 40.009 0.25

The main source of error is through Plus fraction splitting of the grouped/lumped heavy carbon
fractions. Through the lumping of the carbon fractions, technique such as Kays mixing rule is
employed to determine the resultant properties such as critical temperature, critical pressure,
acentric factor, and mole fraction. This process is accompanied with a degree of error which is
unassociated with pure and single carbon number.
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3.3.2 Reservoir Modeling

We consider a 1-D model to simulate a core flood displacement test with CMG-GEM
compositional simulator. The steps taken to build the compositional generic reservoir model for
LSWI simulation are represented in a flowchart as demonstrated in Figure 3.8.

START

v

Define a GEM 1-D reservoir grid

v

Input reservoir properties

v

Import the Winprop - GEM EOS matched fluid model

v

Define two sets of relative-permeability curve from
measured data (for low and high salinity cases).
Interpolation between these curves will be carried out.

v

Define initial formation water salinity in the
components wizard

A 4

Define initial conditions, wells, time steps, boundary
conditions, and injected brine composition for the
iniector well and run the simulation

A 4

END

Figure 3.8: A simple approach to develop GEM reservoir compositional model for LSWI

A core of length 2.87 ft and a diameter of 0.1228 ft is considered to replicate the core dimensions
used for a water flood experiment conducted by CMG [46]. The total grid of 50 is used in the I-
direction and 1grid in J and K directions. The reservoir porosity is 0.24. The matrix permeability
(km) and fracture permeability (ks) are 11.43 mD and 1000 mD, respectively. Figure 3.9 shows a
schematic representation of the 1-D compositional generic model which is built in CMG-GEM to

study important aspects of LSWI.
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INJ PROD
Well rate: 0.00150956 bbl/day Min BHP: 2515 psi
Max BHP: 4000 psi

Nx =1, 2.3....50, ¢ = 0.24, Km = 11.43 mD. k¢ = 1000 mD

2.87 ft. |

A

Figure 3.9: Schemauc or tne 1-D model structure

The injector well is constrained by an injection flow rate of 0.00150956 bbl/day and by a maximum
bottom hole flowing pressure (BHP) of 4000 psi. A minimum BHP of 2515 psi is considered for
the producer well. The finite difference method is used (as a mathematical strategy) by CMG to
discretize the conservation mass or/and momentum equations of the oil and water/brine phases
during the LSWI process. The mass balance equations are written for the fracture and matrix
domains which are discretized in an adaptive-implicit manner for each grid block. The equations
are then solved interactively by CMG where the primary constraints are used for the convergence
purpose.

Input Data. To construct a 1-D numerical reservoir model, the model properties, which were used
by Computer modelling Group for their experimental investigation of 1-D laboratory core flood,
were employed in the current simulation work. Reservoir properties (for sandstone and carbonate)
and the laboratory end-point relative permeability data are tabulated in Table 3.4 and Table 3.5,
respectively. Also the plot of the resultant relative permeability versus water saturation used for
this study is shown in Figure 3.10
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Table 3.4: Model properties [46]

Parameter Field unit Sl unit

Initial Reservoir pressure 2515 psi 17.23 x 105 N/m?
Permeability 11.43 mD (Matrix) 1.12 x 10 m?
Matrix Porosity 0.24 0.24

Fracture porosity 1.00 1.00

Initial oil saturation 0.80 0.80

Connate Water saturation 0.20 0.20

Cross sectional area 0.01185ft? 0.00110m?

Grid thickness 0.10888 ft 0.01011m

Table 3.5: Laboratory end-point relative permeability data [46]

Description/Parameter Value
Endpoint saturation: Connate water 0.20
Endpoint saturation : Residual oil 0.29
Endpoint saturation : Irreducible oil for 0.37
Endpoint saturation : critical gas 0.03
Relative permeability at connate water 0.30
Relative permeability at irreducible oil 0.20
Exponent for calculating Krow 3.00
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Figure 3.10: Relative Permeability curve

Brine Water Analysis. This section presents the laboratory water analysis of the formation water
with total dissolved salt of 245980 ppm as listed in Table 3.6 (as a part of the input date in the

simulator). The total Na* and SO4% ions originally present in the formation water are 68520 ppm
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and 612 ppm, respectively. Figure 3.11 illustrates the simulation runs to study the effect of Na*

and SO4> on the oil recovery in the sandstone and carbonate.

Brine water
Sandstone Carbonate
Na* concentration (kppm) S0O4? concentration (kppm)
68.50 15.00 3.5 0.50
0.10 0.08 0.065 0.020

Figure 3.11: Design of simulation runs to understand the impact of Na*and SO4? in the LSWI

process
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Table 3.6: Initial laboratory formation water compositions/mineral volume fractions [46]

Component/ ion Formation water
Calcium Ca* 18492 ppm
Magnesium  Mg? 2320 ppm
Strontium Sr2* 1880 ppm
Sodium Na* 68520 ppm
Potassium K* 4050 ppm
Barium Ba,* 2.5 ppm
Bicarbonate  HCOs 0
Carbonates  COg?- 0

Chloride CI 150060 ppm
Sulphate SO4* 612 ppm
Hydroxide H* 0

Boron Br,* 43.7 ppm
Total dissolved salts (TDS) 245980 ppm
pH 5.22
Volume fraction of calcite 0.5

Volume fraction of dolomite 0.5

Boundary and Initial Conditions. There are two types of boundary condition implemented by
CMG for the solution of PDE’s; namely, Newman and Dirchelet (or fixed pressure) boundary
conditions. These boundary conditions are the set of constraints (primary and secondary) which
are defined as the input into the simulator in terms of BHP and well flow rates. The initial brine
compositions and the measured relative permeability for the high and low salinity conditions are
defined as a set into CMG and the interpolation will be carried out for the salinity values between
the limits.

Although CMG model has been validated with the experimental data and the results have been
also compared with other commercial simulators such as PHREEQC, concluding the model is
suitable or applicable as a tool for the study of LSWI, it is only capable of modelling low salinity
water injection in sandstones by using Na* as an interpolant between the low salinity relative
permeability curve and high salinity relative permeability curve. Only Ca?* or SO4% can be used
as an interpolant for modelling in carbonates. Hence, the complexities of ion exchange during this
process cannot be effectively captured.
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Modelling Wettability Alteration

The effect of wettability alteration during low salinity water injection is modelled by the shifting
of relative permeability curves. Typically, two sets of relative permeability curves are defined in
this study as input to represent high salinity (625000 Kppm) and low salinity conditions (1 Kppm)
as shown in Figure 3.12. Interpolation between these two curves is usually carried out by the
interpolant. The interpolant is the equivalent ionic fraction on the rock surface and these relative
permeability curves are usually measured from the laboratory experiments [46] which serve as

input during numerical modelling.
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Figure 3.12: Experimental high and low Salinity relative permeability curves [46].

3.4 Results and Discussion
This section presents the main results obtained from LSWI simulation runs, with focus on the

important mechanisms/phenomena during the recovery process.
Effect of LSWI on Oil Recovery in Sandstone and Carbonate.

Figure 13 shows the effect of pore volume of LSWI1 on recovery factor for the sandstone reservoir
at various concentrations of Na* ions where the Na* concentrations of 68.52 kppm,15.00 kppm,

3.50 kppm, and 0.50 kppm are examined.
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Figure 3.13: Oil recovery versus injected pore volume and Na* concentration

It is observed that the ultimate oil recovery factor increases from 51 % to 68 % by decreasing Na*
concentration in the injected brine from 68.52 kppm to 0.5 kppm after injecting 4.0 pore volumes

of brine into the reservoir. Indeed, the highest recovery factor is attained with a concentration of
3.5 kppm for Na*.

Further decrease of Na* concentration below 3.5 Kppm provides no improvement in the oil
recovery as illustrated in Figure 3.14 which shows the ultimate recovery factor after 4.0 injected
PV. Further reduction in the Na* concentration does not lead to further increment in the ultimate
oil recovery due to the subsequent reductions of Na* ions in the injected brine. As the Na*
concentration in the injected brine is reduced, the brine-rock equilibrium is altered and Na* on the
surface of the formation must be desorbed thereby releasing the formation Na* to balance the
equilibrium state. This desorption of Na* from the sandstone surface leads to a replacement by a
divalent ion to attain a new ionic bridge equilibrium state. This phenomenon causes the polar oil
components attached to divalent ion to be released. At a certain point in the reduction Na™ in the
injection brine, there will be no more free ions on the formation surface to balance the reduction
of Na* in the effluent. At this point, a further reduction in Na* will not lead to higher oil recovery.

In our simulations, this occurred at 3.5 Kppm.
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Figure 3.14: Final oil recovery for different Na+ concentration in the sandstone case

The impact of concentration of SO+ ions on the oil recovery in the carbonate is investigated where
the SO4?* concentration varies from 0.02 kppm to 0.10 kppm, as demonstrated in Figure 3.15. It is
observed that the ultimate recovery increases from 53.4% to 66 % if the concentration of SO4% in
the injected brine lowers from 0.1 kppm to 0.02 kppm where 4 pore volumes of injected brine are
used in the LSWI.
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Figure 3.15 : Oil recovery factor by altering S04% concentration

As clear from Figure 3.16 which shows the ultimate recovery factor, the variation of RF with SO4>
concentration does not follow a similar trend as observed in sandstone. As depicted in Figure 3.15,
RF increases when SO4% concentration decreases from 0.1 kppm to 0.08 kppm; however, the
recovery factor decreases if the SOs* concentration lowers further after 0.08 kppm. This
observation has been debatable by many researchers. According to the experimental investigation
conducted by (Chinedu , 2008) on the effect of rock wettability on oil recovery for secondary and
tertiary oil recovery process, it was reported that there is a critical low salinity at which injecting
S04? gives the highest increase in contact angle. Hence, there is a critical salinity that yields the
optimum oil recovery. The critical salinity in this study is 0.08kppm.
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Figure 3.16: Ultimate oil recovery versus the magnitude of SO4?" concentration

According to Figure 3.15, a sensitivity analysis is required to determine the optimum concentration
of SO42- that offers the highest ultimate oil recovery in the carbonate. In this research work, the
optimum SO4? concentration is 0.08 Kppm, as the highest ultimate oil recovery of 72% is attained
at this concentration after 4.0 pore volumes of injected brine. Further reduction in the concentration
yields lower recovery factor as depicted in Figure 3.15.

Effect of LSWI on pH. For sandstone, the initial pH of formation water increases after 2.5 days
under LSWI operation. The increase in the local pH is because more proton ions are released
during the exchange of monovalent ion of Na*and Ca-Xz, leading to the release of Ca?* ions in the
formation water. In this study, the local pH during LSWI for sandstone varies from 5 to 9, 5to
8, and 5 to 7.13 for 3.5 kppm, 15 kppm, and 62.52 kppm of Na* concentration respectively, as
shown in Figure 3.17.
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Figure 3.17 : 3D representation of pH change in sandstone for A(3.5 kppm), B(15 kppm), and C
(62.52 kppm).

Figure 3.18 shows a variation of pH with Na* concentration for the sandstone case. It is observed
that there is a gradual increase in the pH while decreasing the salinity. As the Na* concentration
in the injected brine is reduced, there is an ionic exchange between a monovalent ion and a divalent

ion which are mainly between Na*and Ca-X2 or Na" and Mg-Xz respectively. This phenomenon
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will cause a release of Na* into the injected brine and formation water in other to attain a new ionic
equilibrium. The release of Na* with protons ions will cause an increase in the local pH of the
formation. In this study, the local pH during LSWI for sandstone varies from (5 to 9), (5 to 8), and
(5 to 7.13) for 3.5 kppm, 15 kppm and 62.52 kppm of Na* concentration respectively as shown in
Figure 3.18. It can also be observed that the lower the salinity of Na* concentration in the injected
brine, the higher the increase in the local pH because more Na* will be released from formation

water to remedy this deficiency and this will in turn increase the pH.

This increase in pH during LSWI contributes to the overall effective mechanism of increasing the
recovery factor in sandstone, because the injected water behaves like an alkaline solution which is
capable of decreasing the interfacial tension between oil and water phases.
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Figure 3.18 : pH change in sandstone versus Na* concentration

For the carbonate case as shown in Figures 3.19 and 3.20, there is no increase in the pH even
though there is also a release of proton ions during ion exchange. This is due to the fact that an
increased solubility of CO> (liberated from CaCOs) in the aqueous phase is experienced with
decreasing the salinity which results in the formation of a weak acid and bicarbonates of HCO3? .
This will cancel the proton effect according to the following reaction as shown in Equation (3.18),

where the bicarbonates act as a buffer.

97



7.64
A 7.40
7.16
6.92
6.68
6.44
6.20
5.96
5.72

I< 5.48

7.64
7.40
7.16
5.92
6.68
6.44
6.20
5.96
5.72
5.48
5.24

C 7.7

7.2

—17.0

/6.7

=
[

6.4
6.2

159

57
I{_ 5.4

5.1

Figure 3.19: 3D representation of pH change in carbonate for A (0.1 kppm), B (0.08 kppm), and
C (0.065 kppm)

98



pH factor after 2.5 days
O P N W PS> Ul O N 0 ©

0.065 0.08
SO,> concentration (kppm)

Figure 3.20: pH change in carbonates in terms of SO4>

H,04q + CaC03 > Hiq + HCO3™, + Cals (3.18)

Hence the resultant increase in pH during LSWI for carbonates is only about £1 units for every
+10000ppm increase or reduction of salinity. Thus, pH has no predominant effect on altering
interfacial tension in carbonate reservoirs so that it does not appreciably contribute to change in

the total oil recovery.

Effect of LSWI on Mineral Dissolution and Precipitation. Figures 3.21 and 3.22 depict property
distance plots to demonstrate the calcite precipitation and dolomite dissolution, respectively,
during LSWI through a cross-section of (1, 1, 1 — 25, 1, 1) along I- direction. It should be noted
that the sign convention, used by CMG, is -ve for precipitation and +ve for dissolution. Low
salinity favors more precipitation as seen in Figure 21. This behaviour/mechanism is further

explained by the following equation:

Calcite + H*<> Ca*t + HCO3 (3.19)
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During the low salinity injection and in the presence of CO., the gas will be favorably dissolved
into water and HCO? is formed when Ca?* ions are surplus. It shifts Equation (3.19) to the left
side, causing precipitation of calcite. According to Figure 3.21, the amount of precipitated calcite
is very small. Even though the equilibrium rate cannot be measured by CMG during the simulation
run, there was evidence of precipitation in the property distance plot. This phenomenon should not
be overlooked as the precipitation of calcites in some cases might occur faster in the presence of
catalytic ions in the formation water, resulting in considerable influence on porosity, permeability,
and total oil recovery.
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Figure 3.21: Effect of LSWI on mineral (calcite) precipitation in carbonates.
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Figure 3.22: Influence of LSWI on mineral (dolomite) dissolution in carbonates

Similarly, Figure 3.22 demonstrates the dolomite dissolution in the carbonate system as low
salinity favors dissolution of dolomite. This behaviour is illustrated by the following reaction:

Dolomite + 2H*<> Ca™™ + 2HCO3 + Mg*™* (3.20)

Based on Equation (3.20), there is surplus of H* ions, but there is deficiency of HCOZ and Ca**.
The deficiency and surplus cause that the reaction moves to the right side to dissolve more
dolomite. The equilibrium rate of this reaction is not known as this parameter cannot be measured
with CMG. However, Figure 3.22 reveals the occurrence of the dissolution process in carbonate

Cases.

LSWI is identified as a prominent EOR technique where microscale investigation of this process
is needed to capture the important recovery mechanisms that result in considerable changes in oil
saturation distribution and oil and rock properties. To further understand the detailed physics at

both micro and micro scales, the systematic experimental and modeling works seem necessary.
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This study provides further insight of the LSWI process through conducting numerical simulation
of LSWI1 as an EOR method. CMG-GEM is only capable of modelling low salinity water injection
in sandstones by using Na* as an interpolant between the low salinity relative permeability curve
and high salinity relative permeability curve. Only Ca?* or SO4> can be used as an interpolant for
modelling in carbonates. Therefore, during this study, the main challenge was to capture LSWI
using a different ion aside Na*, Ca®* or SO4% as an interpolant. However, to a large extent, it gives
considerably good results when compared to experimental and other numerical commercial
simulators such as PHREEQC. PHREEQC is a computer program for simulating chemical reactions

and transport processes in natural or polluted water, in laboratory experiments, or in industrial processes

In this study, we confirm that wettability alteration is one of the dominant mechanisms for
additional recovery during LSWI process. Furthermore, we conclude that an increase in pH
represents another important mechanism for additional oil recovery in sandstone reservoirs. Most
importantly, it was found that there are two vital phenomena including mineral dissolution and
precipitation occurring in sandstone and carbonates over LSWI, respectively which are capable of
changing the reservoir properties and causing flow assurance problems (pore throat plugging),

consequently leading to further operating expenditures during production operations.
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3.6 Conclusions

LSWI as an EOR technique leads to an improvement in conventional water flooding processes.
Moreover, it exhibits more advantages, compared to other chemical EOR Process in terms of its
relatively low capital cost, environmental impact, and relative ease of field implementation. This
research work presents modeling simulation of LSWI for sandstones and carbonates to investigate
variation of pH, calcite precipitation, dolomite dissolution, recovery mechanisms, and oil recovery

factor over the production process. The following conclusions are drawn based on the results:

e A decrease in salinity content for a sandstone reservoir offers a considerable increase in
the oil recovery factor until a critical salinity below which no significant change occurs in

the recovery factor.
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Analyzing the recovery data of carbonate reservoirs, there is an optimum salinity which
gives the maximum oil recovery; further decrease behind this particular salinity lowers the

recovery factor.

The impact of the local pH (while increasing this parameter) is more noticeable in
sandstone reservoirs, compared to carbonates. This factor coupled with wettability
alteration provides effective/higher driving force for LSWI operation in sandstones. It is
known that an increase in pH reduces the oil-water interfacial tension and consequently the

residual oil saturation (Sor), leading to a greater oil recovery.

No considerable improvement in oil recovery from carbonates is noticed with increasing
local pH, due to the formation of bicarbonates HCO% which neutralizes the proton H*.
Hence, the main driving force causing higher oil recovery with low salinity injection in
carbonates is the wettability alteration. This occurs due to the release of divalent ions which
cause a shift in the oil-water relative permeability curve towards more water wet porous

system.

The effect of mineral reactions including both precipitation of calcite and dissolution of
dolomite is important during LSWI even though the reaction rate is low. Nevertheless,
under favorable conditions in the presence of catalytic ions, the mineral dissolution and
precipitation can occur at a much faster rate which can appreciably change reservoir
properties and hence affect oil recovery.

Further modelling and experimental investigations are recommended to systematically
study the influence of mineral reactions as this may be a dominant factor affecting oil

recovery in the presence of bicarbonates and other catalytic ions in the formation water.
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Nomenclatures

Acronyms

API American Petroleum Institute
BHP Bottom Hole Pressure

CEC Cation Exchange Capacity
Ca Calcium

Ca? Calcium ion

CMG Computer Modelling Group
CO2 Carbon dioxide

CCE Constant Composition Expansion
CVvD Constant VVolume Depletion
DL Differential Liberation

EOR Enhanced Oil Recovery

EoS Equation of State

FVF Formation VVolume Factor
GOR Gas Oil Ratio

kppm kilo parts per million

LSWI Low Salinity Water Injection
Mg?* Magnesium ion

mD milli Darcy

Na Sodium

Na* Sodium ion

N2 Nitrogen gas

Psat Saturation Pressure

R.F Recovery Factor

R-COO" Carboxylic components
ROV Relative Oil Volume

SO+  Sulphate ion

TDS Total Dissolved Salt

Variables and parameters

Zpﬁzx:@ - g o
E

na

Activity

Diffusivity

fugacity (-)

Acceleration due to gravity
height

Equilibrium constant

Oil water relative permeability
Selectivity coefficient
Molality

Aqueous component
Pressure (Psia)
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qi Injection and production rate of

R Reaction rate (moles/m®)

T Transmissibility

u Darcy velocity (ft/day)

\Y; Grid block volume (m®)

VR Intra aqueous reaction rate
VRIS Mineral dissolution/precipitation
X Exchanger

y mole fraction

Greek letters

p Mass densitv (-2

M Viscosity (centipoise)
¢ Porosity (-)

Y, Activity coefficient

A Difference operator
Subscripts

aq Aqueous

w Water

mn Mineral component

Superscripts

u=n Explicit time step for grid block
n+1 Implicit time step for grid block
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Chapter 4 Modelling Strategy for Carbonated Water Injection for EOR and Coz
Sequestration

ABSTRACT

Carbonated water injection (CWI) has been well investigated to improve oil recovery when
compared to other enhanced oil recovery (EOR) techniques both in the secondary and tertiary
modes. Extra oil recovery percent and CO> sequestration associated with CWI have been studied
through several experimental studies. There are not adequate number of modelling studies about
the CWI operation in the open sources because of the complex multi-physics involved with the
fluid-fluid and fluid-rock interactions during CWI processes. Hence, further experimental and
modelling investigations are needed to be conducted on CWI to systematically capture and
comprehend the governing physics and complex displacement mechanisms. This research work
will focus on the analysis of vital aspects such as oil recovery amount (and mechanisms), fluids
distribution, and effects of operational parameters and well placement on the performance of CWI
EOR and CWI for CO; sequestration. To achieve these objectives, a 3-D heterogenous reservoir
is developed using the experimental data reported in the recent literature. A new approach of using
the grid local pressure to model CWI is adopted where the moles of COz/water are controlled by
their injection rates. The dissolution of CO> in water is modeled by the Henry’s law for each
subsequent grid local pressure. In this research, it is found that through CWI, an additional oil
recovery can be achieved when compared to plain (conventional) waterflooding (WF) in the
secondary recovery mode. A subsequent increase in the injection pressure leads to more
dissolution of CO> and enhancement of the overall performance of CWI. There is an optimum
injector rate, which ensures an effective mass transfer across phases. An optimal well orientation
will also give a better recovery performance during CWI. The amount of CO; stored is also
illustrated in this work as an additional benefit in the CWI1 processes.

Keywords: Carbonated Water Injection (CWI); Grid Local Pressure; CO> Storage; Oil Recovery
Factor; Well placement

4.1 Introduction

The depletion of reservoirs has motivated researchers to develop new recovery methods that

improve oil recovery factor to meet the ever-increasing energy demands. Normally, after primary
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oil recovery stage, 75 %, 95 %, and 100 % of the original oil in place (OOIP) remain as the residual
fluid in the reservoir for light oil, heavy oil, and tar sands, respectively [1]. Enhanced oil recovery
(EOR) methods are usually implemented to considerably reduce the residual oil saturation in the
reservoir especially after primary and secondary processes. For EOR processes, the desired oil
recovery for light oil, heavy oil, and tar sands is estimated to be 45 %, 90 %, and 100 %,
respectively [1]. After conventional water injection (WI) or water flooding (WF), the injection of
COz: is normally conducted in most reservoirs to reduce the residual oil saturation. Gas injection
(GI) has been commonly employed in various fields as a suitable EOR method, though it is
associated with some demerits [2]. For example, a poor sweep efficiency attributed to the high
mobility of CO:2 gas, has been reported during CO: injection. This poor displacement process is
due to the large contrast between the fluid densities (oil and gas) and hence high mobility of CO»
gas, compared to oil [2]. Gravity segregation (override) is another issue where the injected CO>
migrates to the top of the reservoir leaving behind a large amount of unswept zones because of
early gas breakthrough in the production wells. To overcome the problems associated with pure
COz injection, alternative EOR methods such as CO» foam flooding, water alternating gas (WAG),
polymer flooding, and low salinity water injection have been developed at the laboratory, pilot,
and field scales. Esene et al. [32] recently performed a modelling investigation on low salinity
water injection (LSWI) in sandstone and carbonate reservoirs. In their research, it was reported
that oil recovery is improved in the LSWI process when compared to the plain/conventional water
flooding. However, there was a high mobility ratio because of the considerable difference between
the densities of low saline water and oil, leading to viscous fingering. Gas (e.g., CO>) injection is
still commonly used in the oil industry because of a relatively easy procedure and its availability
for implementation [3, 4]. Carbon dioxide is essentially regarded as the gas with the highest
potential to cause greenhouse effects, compared to other gases. CO2 gas accounts for about two
third of global warming potential, which gradually increases the earth’s temperature [5]. Global
warming and climate change associated with the greenhouse effects have been primarily attributed
to the increased concentration of CO: in the atmosphere [6-8]. However, finding efficient ways to
reduce the concentration of CO: in the atmosphere is a major concern to researchers, engineers,

and environmentalists.

Carbonated water injection (CWI) is a proven EOR method, which can enhance the oil recovery
of reservoirs that are in their secondary or tertiary stage of oil production [9, 10]. A secondary
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advantage, which is associated with CWI, is the ability to store anthropogenic CO2 gas in the
reservoir pore spaces [11]. Practically, during CWI, CO: is dissolved into the water and then
injected into the reservoir as a single-phase fluid. Theoretically, after injection, mass transfer
occurs between the CW and the oil. When the CO2 gas moves from CW to the oil phase, it leads
to a reduction in the oil viscosity, causes oil swelling, and increases the oil mobility towards the
production well. Several researchers have studied and reported their findings about CWI complex
processes as a promising EOR technique especially through experimental and simulation
approaches [9, 12-25]. CWI has been studied experimentally to better understand the displacement
mechanisms [13]. For instance, Miller and Jones [26] concluded based on a laboratory work that
oil density is reduced in the presence of CO> to a certain degree which is dependent on the oil type,
pressure, and temperature conditions. In another experimental investigation, it was shown that the
density of pure water is much lower than that of CWI. Thus, CO; transition from carbonated water
to the oil phase changes the density of both oil and water during a core flooding test [11, 27].
Sohrabi et al. [16, 22] conducted a series of CW flooding experiments at reservoir conditions. It
was found that through CWI injection, a higher oil recovery is achieved, compared to the
conventional water flooding. A portion of injected CO> was also stored in the core. In another sand
pack experimental set up of CW flooding for a light oil sample, additional oil recovery and CO>
storage were also reported when implemented in the secondary mode [15]. A comparative analysis
was investigated through a core flooding strategy. It was concluded that more COz is stored in the
porous media through a more stable scheme, compared to conventional pure CO- injection [19].
Riazi et al.[12, 28] performed a micro-model investigation. Based on their results, a significant oil
swelling occurred during CWI process, which contributed to the additional oil recovery during
implementation of this EOR strategy. Mahdavi and James[29] performed a series of experiments
on CWI in a fractured porous medium. It was reported that there is a stable oil displacement and
saturation front even in the presence of fractures. It was reported that fractures aid in draining oil
mostly through film flow, since oil is displaced from the matrix to matrix, and matrix to fracture.
As fractures are more permeable, they observed an increase in the oil recovery in their laboratory
investigation [29].

CWI processes through modelling and simulation approaches have not been comprehensively
studied. This is because of the complexities involved in the physical and chemical phenomena
attributed to the CWI processes. A three-phase black oil simulator was developed by Ramesh and
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Dixon, where CO; can be dissolved in both water and oil phases [30]. However, their model did
not consider the conventional CWI process either as a black oil or compositional mode. A
compositional simulator was developed by Mansoori on the basis of the instantaneous equilibrium
assumption [23]. In their model, the solubility of CO- in water was determined by the Henry’s law.
Kechut et al.[17] used ECLIPSE300 (E300) compositional simulator to investigate several
laboratory experiments on CWI. In their work, E300 notably over-predicted the oil recovery factor
when compared with their tests results. It was hypothesized that the disparity is due to the
assumption of instantaneous equilibrium made by E300 as the transfer of CO> across the phases
(oil and water) during CWI process is time-dependent. Ahmadi et al.[11] investigated CWI in the
secondary and tertiary oil recovery modes using E300 for a southern Iranian oil field. According
to their investigation, CWI provided a higher extent of oil recovery when compared to
conventional water injection. However, it was not reported how the model was developed and/or
how they simulated the mass transfer of CO. between the phases (water and oil), which is
predominantly based on the CO. solubility gradient in the two fluids. Nevers [25] developed a
mathematical model to forecast the performance of carbonated water injection based on the theory
proposed by Buckley—Leveret. Gravity terms as well as capillary forces were not included in their
modelling approach. Also, their model assumed that the pressure remains constant in all areas of
the reservoir. These assumptions flawed their modelling work, as in the real case scenarios
pressure is not always constant in the reservoir. A comprehensive review of carbonated water
injection for enhanced oil recovery was conducted by Esene et al.[31]. In their review, the
mechanisms of CWI process, fluid-fluid interactions, fluid-rock interactions, phase behaviors of
fluids (COg, oil, and water), and the challenges (both theoretical and practical) involved with

implementing CWI process were reported.

In this paper, an extracted sub model representing a North Sea field is used for modelling of CWI
to investigate this efficient secondary EOR process in terms of performance and environmental
prospects. The secondary oil recovery from CWI is analyzed for a 3-D anisotropic reservoir. We
study various aspects of CWI for secondary EOR such as influences of operational parameters and
well orientation on the recovery performance as well as geological sequestration/ storage of CO..
The fluid model is constructed to ensure that the model is matched with experimental data from
the open sources [32]. The resultant matched fluid is coupled into the field model. Water flooding
is first simulated in the full field reservoir model and the quality check is performed by history
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matching the field rates (liquid, oil and water) to the simulated rates. After the developed field
model was history matched, a sub model is extracted to investigate CWI. The injection rate of both
fluids (CO2 and water) is utilized to determine the mole ratios between injected fluids (CO> and
water). The solubility of CO; in the water is governed by the Henry’s law for all pressure variations
in the grid for the i-j-k plane. This approach will improve the past underlying assumption of
instantaneous equilibrium made by other researchers. The developed model can be readily used to

study two- phase (carbonated water-oil) in porous media.

4.2 Manuscript Organization

The organization of this research paper is as follows. The introductory section is followed by a
theoretical analysis and description of CWI process in Section 3. The vital aspect / work flow of
this research study is shown in Figure 4.1. A fluid model is first constructed with the aid of
experimental data from open sources [32]. The matched fluid is then coupled into the field model.
Water flooding is first simulated in the full field reservoir model and quality check is carried out
by history matching the field rates (liquid, oil and water) to the simulated/model rates. After the

developed field model is history matched, a sub model is extracted to investigate CWI.

Developl\zgcllze?s Fluid S Develop a Fulll\;gijlgls-D Reservoir _ Run 3-D Model on WE

v

Perform a Quality Check by History
Matching with Reported Field Data ———> Extract a Sub Model to Construct CWI
during WF

}

Write MATLAB Codes to Calculate
the Solubility of CO, for Each Grid ———> Run Sub Model on WF and CWI
Local Pressure |

v

Results and Discussion/Concluding
Remarks

Figure 4.1: Research work flow in the current study
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The development of an EOS fluid model and development of a full field 3-D reservoir model used
in this study are discussed in the methodology section. Boundary condition, CO. solubility
modelling, and sub model extraction are also included in the methodology section. The obtained
results are discussed in Section 5 and finally, the concluding remarks on modelling investigation

of CWI process are listed, based on the research findings.

4.3 Theoretical Analysis

In mathematical modelling of carbonated water injection, there are two approaches that can be
adopted which are either the black oil model or the compositional model. The black oil model is
characterized by a two-phase (carbonated water and oil) system and even when there is a mass
transfer from carbonated water into the oil, it is assumed that there is no free CO; in the system.
The compositional model is characterized by the pressure and dissolution rate such that at a certain
pressure drop, CO2 gas can exsolve from the solution and exhibit itself as a free gas. According to
the numerical and experimental studies, both methods have been successful to a fair extent in
capturing the complex phenomena of the CWI process, though the compositional model appears
to be more efficient (and general). Figure 4.2 depicts a schematic representation of CWI process,
which shows a stable front at the phase interface during the displacement process. This is because
of a very low interfacial tension between carbonated water and oil due to having almost the same
fluid density [15].

cwi Produced Oil i

Producer

Carbonated Water

Oil Bank
(Dissolved CO2 + Water)

mm_ Injection Well
\AA4

— |

Phase Interface at Time t.

Figure 4.2: Schematic 2-D representation of CWI process.
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When the injected carbonated water (CW) reaches the fluid interface, mass transfer due to CO»
dissolution occurs because of the concentration gradient between the two fluids (CW and oil). This
phenomenon causes oil swelling, oil viscosity reduction, and oil density reduction that
consequently improves oil mobility towards the production well. Figure 4.3 illustrates a three-
dimensional flow in x, y, and z directions to describe the material balance of 2-phase (CW and oil)

containing 3-component (CO, water, and oil) system.

U, + 0x

X +0X

v

Figure 4.3: A schematic representation of an x, y and z directional flow for a control
volume/element [32].

According to the control volume shown in Figure 4.3, the material balance equations for water,
COg, and oil that captures the CWI process are a set of coupled partial non-linear differential

equations, as expressed below by Equation (4.1) in x-direction.

The mass balance for a component I in phase a, which is displaced through a porous medium in x

direction by the convection and diffusion mechanisms [13, 33], is written as follows:

00(pasSawe)  O(plqwy) 0 d .
at - aX + aX (I)SO(D(I—O() aX (pO(O‘)O( ) + U

(4.1)

where w}, represents the mass fraction of the component I in the phase a. s, and p, denote the
saturation and density of phase a, respectively. u, , D, U, and ¢ stand for the Darcy velocity of
phase o, diffusion coefficient, mass transfer term, and the porosity of the porous system,

respectively. Making some reasonable assumptions (such as neglecting dispersion since CO2 gas
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continually remains dissolved in water), the following mass balance equations can be given for

oil, water, and CO; as the existing components:

90(po5o®3) _ _ 0(potio®s)

ot 0x 4.2)
09(Pos0®s*) _ _ 9(pottows?) |
ot 0x (4.3)
¢ I(pwswoow)  9(pwuywwy)
ot 0x (4.4)
09(Pwsweor?) __ A(pwiwon?)
ot 0x (4.5)

Equation (4.2) represents the mass balance of the oil phase in the finite form, Equation (4.3)
introduces the mass balance of the oil phase where CO: transfer into the oil is modelled as a
“source”, which is characterized by the addition of the mass transfer term U. Equation (4.4) refers
to the mass balance of the water component and Equation (4.5) describes the mass balance of the
water phase, where CO, transfer from the water is modelled as a “sink” term. Other constitutive
equations needed to simplify and to solve for pressure and saturation profiles of each phase in
Equations (4.1) to (4.5) are listed below in Equations (4.6) to (4.10). Equation (4.6) states that the
total saturation of fluids in the model is unity, which is necessary to solve the equations and avoid
numerical errors. Equation (4.7) represents the Darcy velocity as a function of the fluid mobility
and pressure drop. Equation (4.8) is the fluid mobility of each phase, which is strongly dependent
on the relative permeability of each phase and the flux of each phase. Equation (4.9) relates the

pressure difference between the wetting and non-wetting phases. This is a driving force for the
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fluid flow, which is known as the capillary pressure. Capillary pressure is a strong function of the

fluid saturation.

So + Sew = 1 (4.6)
N Aaaipa (@.7)
y = Ky (48)
Uq
P. =P, — Poy = f(Su) (4.9)

The mass transfer term as shown in Equation (4.10) governs the CO- distribution between the oil

and water phases, which is defined as follows [13, 34]:

U= Mrc X (Cgv(\)zz - kechoz) (4.10)

where So, Swy A, Po, Pews P, Koy K, Mg, Con?, €507, and kg stand for the oil saturation, water

o’
saturation, mobility, oil pressure, water pressure, capillary pressure, relative permeability of phase
a, absolute permeability, mass transfer coefficient, CO2 concentration in the water phase, CO-
concentration in the oil phase, and CO> partition coefficient, respectively. The mass transfer

coefficient is obtained through core flooding experiments or through history matching [18, 33].

The above relationships (Equations (1) to (10)) typically describe the overall physics that governs

CWI in a porous medium. The equations are further discretized by finite differencing (central) for
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linearization and then solved with the iterative Newton’s method to obtain stable solutions for

pressure and saturations for each phase.

4.4 Modeling Methodology/Stages
Developing an EOS Fluid Model.

Laboratory data from constant composition expansion (CCE), constant volume depletion (CVD),

and differential liberation (DL) experiments are available for a North Sea fluid, as shown in Table

4.1. Experimental and theoretical values of fluid properties/parameters such as saturation pressure
(P®), formation volume factor (FVF), gas oil ratio (GOR), and API are reported in Table 4.2 [32].
These fluid properties are tuned to develop an EOS fluid model to be used in this study.

Table 4.1: North Sea fluid compositional analysis [32]

Pure Mole %
T CO; 11.83
N2 0.16
C1 11.54
C2 6.00
Cs 6.48
i-Ca 2.22
n-Cs 4.76
i-Cs 3.28
n-Cs 3.70
Ce 6.51
Cr+ 4352

Table 4.2: Measured and modelled properties of oil [32]

Parameter Measured Before Regression After Regression Percentage Error
Ps, (psi) 740 740.04 736.70 0.40 %
FVF, (bbl/stb) 1.18 1.14 1.16 1.70 %
GOR, (scf/stb) 247 240.00 248.88 0.40%
API ) 40.00 41.00 40.00 0.00%
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Developing a 3-D Black Oil Reservoir Model. An anisotropic model representing a North Sea
field is developed with the help of CMG package using a corner point grid system. 26, 26, and 9
grids used in the i, j, and k directions respectively are shown in Figure 4.4. The average grid
thickness for the 1% to the 8" layer ranges from 8 ft -15 ft and the 9™ layer has a grid thickness of
100 ft. The Porosity of the reservoir ranges from 0.19 to 0.229, the permeability varies from 230
mD to 2298 mD and the oil has a viscosity of 0.77 cp. The 3-D model is assumed to have 320
million barrels of oil original in place, a total of 6084 grid blocks, 2052 view blocks, and 2288
exterior faces where the simulation run time is 9 hrs when fully loaded on 4 processors.

o 680 1330 2070 2760 3450 4140 4830 5520 G210 G900

Figure 4.4: A 3-D anisotropic reservoir model.

The depth of the reservoir, water oil contact, reservoir pressure, and rock compressibility are
6000ft, 5990 ft, 3500 psi, and 4 x10° psi?, respectively. The aquifer is at the bottom of the
reservoir and it is modeled using the fetkovitch method. The field currently has 7 producer wells
with an average rate of 1500 bbl/day and one injector well which is responsible for water flooding.
The rock-fluid properties for water-oil and gas -oil relative permeability curves used for this study
are based on experimental data from literature [35] and are shown in Figure 4.5 and Figure 4.6,

respectively.
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Figure 4.6: Gas-Oil relative permeability [35]

The developed EQOS fluid model and 3-D reservoir model are coupled to simulate the water
flooding process, which is validated with the reported North Sea field data.

Boundary Conditions and Well Models. To solve the coupled partial differential equations
involved in the fluid flow in porous media, initial and boundary conditions are required [32]. In
this research, we adopt the Dirchelet and Neuman boundary conditions, which are also called no
flow and constant pressure boundary conditions. In this modelling investigation, two types of
constraints, which serve as a part of the constitutive equations needed to solve the overall mass/
momentum conservation equations, are the rate constraints and pressure constraints. For the

injector well, a primary rate constraint is used to determine the time dependent solutions for the
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injector pressure profile. For the producer well, a pressure dependent constraint is set to calculate
the time dependent surface oil flow rate through employing Equations (4.11) to (4.14). These
equations are corrected by Peaceman [39] whose theorem demonstrates that the pressure in the
grid/node containing the well can be approximated as the actual flowing pressure at a radial

distance of approximately 0.2078Ax from the well, as given below:

chiqu> z 0.20784x ) (4.11)

P, =P, (
we =8t ()M

Equation (11) is simplified to the following expression:

Py = P+ (412)
L
where
27kh (4.13)
Gowi = = 0.207084xy (i~ Fwr)
1By In (=)

Equation (13) turns to:

ewi = —Ji(Pi — Pyy)
(4.14)

where Pwf, Pi, Qewi, 1, By, 4x, K, h, and J; represent the bottom hole pressure, initial reservoir
pressure, viscosity, formation volume factor, grid size, absolute permeability, reservoir thickness,
and initial productivity index, respectively. These relationships satisfy the total transmissibility
equations to describe the flow in the porous media involving CO-, water, and oil which are solved
by CMG with the Newton iterative method. The initial pressure for this reservoir is 3500 psi, which

is bounded (no flux) around all sides.

CO:2 Solubility Modelling. To maintain a thermodynamic equilibrium, the chemical potential of

a component in all involved phases should be the same. In other words, the equation for the phase
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equilibrium is the equality of the fugacity of each component in the gas mixture and aqueous

solution as follows:

fig = fiw (4.15)
where fig and fiw represent the fugacity of component i in the gaseous and aqueous system,
respectively. The fugacity of the gaseous components is determined from an equation of state [36,
37]. The fugacity of a component in the aqueous phase is calculated using the Henry’s law in this
study [38]. The latter is only applicable in this research work due to low solubility of gas

components (e.g., CO»), as given below:

fcoz,w = ycoz,wXHCOZ (4.16)
in which, yc,, and H¢o,denote the mole fraction of CO; in the aqueous phase and Henry’s

constant of COg, respectively. The Henry’s constant [38] at any pressure is determined by the
following equation to obtain CO2 solubility in this modelling study.

Vo, (P — P*) (4.17)

InHg,, = InH" + BT

where v, stands for the molar volume of CO; in the agueous component, which is determined at

a given temperature by the Winprop module. H*, R, T, and P are the Henry’s constant at the
reference pressure, universal gas constant, temperature, and pressure, respectively. The above
approach assumes that the salinity and temperature remain constant in the reservoir. Hence, each
Henry’s constant is evaluated at a defined reservoir temperature but a variable pressure. This
strategy is only suitable for thin reservoirs, where the temperature variation is insignificant from
the top to the bottom of the reservoir. In this work, a more general equation is implemented, which
considers that the temperature change for a thick aquifer is substantial and the salinity of the aquifer
may change due to CWI. Therefore, equations based on Henry’s law [38] as shown in equation
(4.18), (4.19), and (4.20) which are more suitable, are employed to calculate the Henry’s constant

as a function of temperature, salinity, and pressure, as given below:

ln H(:?OZ = ln pIS:IZO + A(T(r’Hzo))_l + B(1 - T(T,HZO))0-335(T(T,H20)_1 (418)
+ Clexp(1 — Tr,Hzo)](Tr,Hzo)_M1
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1 4.19
InHeo, = InHZ,, + lnﬁ/gh'zo Vo, dP (4.19)

where H*, Tg 120), and piy,o are the Henry’s constant of CO; at the saturation pressure of H20,

reduced temperature of H>O, and saturation pressure of H>O at a temperature, T(K). A, B, and C

are the constants for the Henry’s correlation for the CO> solute.
To model the effect of salinity on the solubility of CO,, the following correlation is utilized:

Hsaitco (4.20)
In( SIE; 2) = Ksalt,coz Mg
co,

In Equation (20), Hsait, H¢o, ,Ksait, and Msait stand for the Henry’s constant of CO; in brine, Henry’s
constant of CO with zero salinity, salting out coefficient of CO», and molality of dissolved salt,
respectively. It should be noted that Equations (18) to (20) are used in this modelling work to
determine the solubility of CO: in the aqueous, which is dependent on temperature, pressure, and
salinity. The modelling of CWI is performed using the CMG compositional simulator, which takes
input from a MALTAB script designed to calculate the solubilities of CO> for every grid, pressure,
and timestep.
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Sub Model Extraction for CWI Investigation. To construct a model for studying CWI process,
a sub model is extracted from the parent reservoir to reduce run time/computational costs. The sub
model retains the reservoir properties, rock-fluid characteristics, and well configuration of the
parent model with 15, 12, and 9 grids in the i, j, and k directions, respectively. As seen in Figure
4.7, the extracted model closely mimics a 5 spot well patterns of 4 producer and 1 injector having

a simulation run time of 1.5 hrs.

[a] 690 1330 2070 2760 3450 4140 4530 5520 6210 6900

Figure 4.7: Extracted sub model with 15,12, and 9 grids in i, j, and k directions respectively.

4.5 Results and Discussion
In this section, the validation stage and the results of CWI to investigate various aspects such
secondary EOR, effect of injection rates, effect of injection pressure, well orientation, and CO;

storage will be discussed.
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Quality Check/Validation of 3-D Model by History Matching. The developed model is
validated with the measured field data for two producer wells namely TT4 and TT6, which were
reported during water flooding. The relative permeability curves and the capillary pressure of the
developed model are tuned to match the liquid rates, oil rates, and water cut with the real data. The

validation phase and quality check of the developed model are demonstrated in Figure 4.8 and
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Figure 4.8: Comparing simulation and historical results at well TT4: (a) Liquid rates, (b) Oil rates, and (c)
Water cut % versus time

Figure 4.9, which compare the simulation results to historical field results for the water flooding

operation.
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rates, and (c) Water cut % versus time

According to Figures 4.8 and 4.9, there is a satisfactory agreement between the modeling results

and field data. The little variations/mismatch in the water cut % prediction can be improved by

using a local grid refinement around the producer wells or using an end mobility injection strategy.

However, this model can be further analyzed to conduct a parametric sensitivity analysis to attain

the research objectives with focus on CWI.
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Oil Recovery. When compared to plain water flooding as shown in Figure 4.10, CWI gives a
higher recovery factor by injecting at 3500 bbl/day. Unlike plain water flooding, the mass transfer
of CO; associated with CWI changes the oil viscosity, causes oil swelling, and improves the
mobility ratio and sweep efficiency.
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Figure 4.10: Oil recovery comparison for WF and CWI at 4500 psi

These alterations of oil properties during CWI invariably improves the recovery factor. In Figure
4.10, breakthrough of plain water flooding occurs at 7520 days with a recovery factor of 30.06 %
due to high mobility between the plain water and oil. High mobility ratio is caused by the
contrasting differences in fluid densities between oil and plain water. However, during
displacement process it causes viscous fingering, which leads to several zones in the reservoir to
be unswept during plain water flooding.

Also, in Figure 4.10, the breakthrough of CW1 is delayed because of the very low mobility ratio
between CW and oil. The breakthrough of CWI occurs at 10000 days with a recovery factor of
52.60 % , which is attributed to the stable displacement achieved during CWI. At the end of the

simulation period, the ultimate recovery factor for both plain WF and CW1 is 47.3 % and 67.20 %
respectively.

Effect of Injection Rate. Sensitivity analysis is performed to investigate the effect of injection

rate at 5500 psi on the oil recovery factor during carbonated water injection. Figure 4.11 and Table

127



4.3 show the oil recovery profiles at injection rates of 500, 1000,2500, and 3500 bbl/day with their

corresponding days.
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Figure 4.11: Effect of injection rates on CWI performance

Table 4.3: Recovery for different injection rates during CWI

Rate (bbl/day) B.T "Recovery (%) Days U.T "Recovery (%) Days
500 27.68 5022 48.65

1000 49.24 10015 63.83 22502
2500 49.84 7520 64.88
3500 5451 7520 66.19

“B.T stands for the breakthrough time and U.T represents the ultimate time.

As can be seen in Table 4.3, at 1000 bbl/day, there is a sustained period of constant oil production

with 49.24 % recovery until 10015 days when compared to 2500 bbl/day injection with a

breakthrough of 49.84 % recovery at 7250 days. This is attributed to the fact that during CWI,

there is a critical injection rate that ensures the maximum contact time between CW and oil, leading

to a proper mass transfer across the fluid phases. However before selecting an injection rate, a

detailed sensitivity analysis should be carried out based on economic aspects that include the
maximum allowable water cut and cost of separation facilities.
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Effect of Injection Pressure. Based on Henry’s law, the mole fraction of gas soluble in the water

is directly proportional to the pressure applied on the solution as given below:

x =P xK, (4.21)
where,
1
1_y (4.22)
K.
P (4.23)
*=H

in which, x, P, K¢, and H denote the mole fraction of CO; in the water, pressure, proportionality
constant, and Henry’s constant, respectively.

Therefore, large injection pressure values result in lower values for the Henry’s constant (see
Equations (21)-(23)) and high extent for the mole fraction of gas soluble in water. It can be seen
from Figure 4.12 that the recovery factor after 10000 days for 3500 psi, 4000 psi, 4500 psi and
5000 psi are 28 %, 31% ,35 %, and 39 %, respectively. A high solubility of CO; is achieved at
4500 and 5000 psi. According to Figure 4.12, the CWI at those pressure results in a high ultimate

oil recovery of 48 %.
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Figure 4.12: Effect of injection pressure on CWI performance at 500 bbl/day

Effect of Well Orientation. The type of well orientation used during an EOR process is dependent
on a variety of reservoir properties such as horizontal permeability (Kn), vertical permeability
(Kv), and pay zone thickness. In this research, different scenarios of well orientation are
investigated as shown in Figure 4.13 through Figure 4.16 and their performances in terms of oil
recovery factor are compared.

Figure 13 (a) illustrates the use of vertical injector well and vertical producer well perforated in
layers 3, 4, and 5 in the k- direction. Also, Figure 13 (b) shows the horizontal injection well
perforated in the layer 4 in k -direction that is simulated through 2,3 4, and 5 grids in the i-direction.
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Figure 4.13: Schematic of well orientation for (a) the case of vertical injectors-vertical producer

wells and (b) the case of horizontal injector-vertical producer wells

The production history results of the cases (shown in Figure 4.13) with various well orientations
are shown in Figure 4.14.
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Figure 4.14: Effect of injector well orientation on CWI

The ultimate oil recovery factors achievable in these two well orientations are 47.6 and 43.9 % for

the vertical injector -vertical producers case and the horizontal injectors- vertical producers case,
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respectively. The difference in the oil recovery is attributed to the fact that a better sweep is
achieved by the vertical injection due to the maximum well contact area in all the layers as well as
favourable horizontal permeability (Kn) in layers 3, 4, and 5. In contrary, for the horizontal injector
well, there is only one contact layer (layer 4) with the reservoir. Therefore, the performance of the
horizontal injection well in terms of sweep efficiency is lower than that of vertical injection for
this reservoir. Figure 4.15 (Panels a and b) illustrate the use of the vertical injector well and

horizontal producer well as well as horizontal injector and horizontal producer, respectively.
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Figure 4.15: Schematic of well orientation for (a) vertical injectors-horizontal producer wells
and (b) horizontal injector-horizontal producer wells cases

The performance of the vertical injector-horizontal producer case and the horizontal injector-
horizontal producer case is reported in Figure 4.16. It is found that there is no considerable
difference between these different well placements because the horizontal well can only producer
from one layer and the contribution of the vertical permeability for the horizontal producer well

remains unchanged, regardless of the orientation of the injector wells.

132



50

45 o
40 o @ L 48
L 35 .
> 30 e
s 1 g
& 25 @
x 20 _”' +++«@--- Vertical Injector/Horizontal
5 15 Producer
10 Horizontal Injector/Horizontal
3 Producer
0 5000 10000 15000 20000 25000
Time (Days)

Figure 4.16: Effect of well orientation on CWI oil recovery

CO2 Storage during CWI. CO. storage potential is a secondary benefit associated with CWI.
The amount of stored CO; varies with the injection pressure as clearly described in Table 4.4 at a
temperature of 189 °F. Table 4.4 lists the amount of injected CO> and the amount of stored CO:
at 189 °F, but different pressures; including 3000 psi, 4000 psi, and 4500 psi.

The amount of stored CO> varies with increasing solubility of CO; in aqueous phase and pressure
(see Equations (21), (22), and (23)).

Table 4.4: Number of moles of CO; stored after 22509 days for different pressures at 189 ° F.

Pressure (psia) CO:z2 Injected (moles) CO2 Stored (moles)  Moles % of CO: Stored
3000 3626.95 42.67
4000 8500 5308.25 62.45
5500 7017.60 82.56

For CO2 gas to be continually stored in the reservoir pore spaces, it must be ensured that the
injection pressure is operated below the limit of reservoir fracture pressure (5700 psi) to minimize
the risk of gas leak to the surface. Based on the results related to CO; storage pattern during CWI,
it is found that there is a positive step towards minimizing the quantity of anthropogenic CO. gas
in the atmosphere to maintain a green and sustainable environment through implementation of
CWI.
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4.6 Conclusions

CWI is an improved EOR method when compared to conventional CO; injection, water flooding,

and water alternating gas (WAG) in terms of sweep efficiency and total recovery. Moreover, it

exhibits an additional benefit of CO- storage/sequestration in the reservoirs when implemented.

This research work presents modeling/simulation of CWI to investigate fluid distribution during

CWI, CO; storage aspect, the effects of operational parameters and well orientation. Based on the

results from this research, the following conclusions are made:

There is a stable and piston-like displacement of oil by CWI because of similarities of fluid
densities and low mobility ratio. Therefore, there are no problems such as gravity override
and viscous fingering with CWI, which are associated with pure gas injection and
conventional water flooding.

A higher recovery factor is achieved with CWI when compared to WF because of the
changes in the oil properties associated with the mass transfer of CO; into oil.

More CO: is dissolved in water during high injection pressure according to the Henry’s
law, which improves the overall performance of CWI.

There is a critical injection rate to ensure a maximum contact time between the fluids (CW
and oil) for effective mass transfer across phases.

A secondary benefit associated with implementing CWI is its high potential for
anthropogenic carbon dioxide storage. The amount of CO> stored is strongly dependent on
the operational injection pressure.

The choice of well placement is strongly dependent on the vertical and horizontal
permeabilities in the reservoir.

Further modelling and laboratory studies are recommended to investigate the rate of
reaction of carboxylic acid (HC03?) as the influence of CW on the extent of permeability
and porosity will be of great interest.

Advanced laboratory experiments are recommended to generate the relative permeability
of oil as function of carbonated water will help to improve the understanding of phase
movement (CW and oil) during the displacement process and improve other modelling

works.
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e This modelling work was able to simulate CWI in the black oil mode. In cases where
random compositional variations exist, the model may not be able to accurately predict

recovery factors and other displacement mechanisms.
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Nomenclatures

Acronyms

API American Petroleum Institute
BHP Bottom Hole Pressure

CMG  Computer Modelling Group
CO2 Carbon Dioxide

CCE Constant Composition Expansion
CVD  Constant Volume Depletion
Cwi Carbonated Water Injection
Ccw Carbonated Water

DL Differential Liberation

EOR Enhanced Oil Recovery

EOS Equation of State

E300  Eclipse 300

FVF Formation VVolume Factor
GOR  Gas Qil Ratio

Gl Gas Injection

kppm  kilo parts per million

LSWI  Low Salinity Water Injection

mD milli Darcy

OOIP  Original Oil in Place
ps Saturation Pressure
RF Recovery Factor

SWAG Simultaneous Water Alternating Gas
uT Ultimate

WAG  Water Alternating Gas

WF Water Flooding

Wi Water Injection
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Variables and Parameters

“TIr-Se"gw

Formation volume factor
Diffusion coefficient
Fugacity (-)

Acceleration due to gravity
Thickness

Henry’s constant
Reference Henry’s constant
Productivity index

Oil gas relative permeability
Oil water relative permeability

Gas relative permeability
Water relative permeability

Proportionality constant
Molality

Mass transfer coefficient
Pressure

Reference pressure

Saturation pressure

Injection and production rate
Universal gas constant
Saturation

Wellbore radius
Temperature

Mass transfer term

Darcy velocity

Molar volume

Grid size

Mole fraction

Greek Letters

»>~QQ 9 b TE D

Density (%)

Viscosity (cP)
Porosity (-)
Difference operator
Mass fraction
Phase a

Mobility
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Subscripts

CO2 Carbon dioxide

cwi Carbonated water injection
Gas

Initial

Reduced

capillary

Water

Qil

os o0~ —a@

Superscripts

0 Oil

S Saturation

W Water
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Chapter 5 Effect of Operational Parameters and Rock Dissolution on Performance of
Carbonated Water Injection: Core Scale Tests and Computational Modeling

ABSTRACT

Oil recovery is expected to increase considerably by implementation of carbonated water injection
(CWI) particularly in the secondary mode according to various experimental and modeling
research works. There have been a few modelling studies and core flooding tests reported on CWI
in open sources. This inadequacy fuels the objectives of this paper. This study includes core scale
experiments and computational fluid dynamic (CFD) modeling. To effectively capture the physics
involved during CWI, the Navier-Stokes, mass balance equations, and reaction equations are
solved for the same computational domains of CO2, water, and oil. The modeling results are
validated by the core scale experimental data of carbonated water injection in its secondary
application. It is found that there is a good agreement between modeling results and real data; thus,
the introduced CFD model can adequately simulate the CWI process. The developed model is also
used to investigate the effect of operational parameters/conditions and rock dissolution during
CWI. Based on the research results, an increase in the injection rate from 0.2 ml/min to 0.8 ml/min
gives an additional oil recovery of 6 %. There is an optimum injection rate above which there is
no significant change in the oil recovery. Increasing the injection pressure leads to a more
dissolution of CO2, which improves the overall performance of CWI such that the oil recovery
increases by an additional 16 % upon an increase in the injection pressure from 1500 psi to 3500
psi. There is no evidence of rock dissolution based on the results attributed to permeability changes

in a property-distance plot.

Keywords: Carbonated water injection; Navier Stokes; Computational fluid dynamics; Rock

dissolution; Core scale tests
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5.1 Introduction

Carbonated water injection (CWI) is a promising oil recovery technique as the quantity of oil in
reserves continually declines. CO. storage potential of CWI is another interesting benefit
associated with this recovery technique especially when compared with water injection, CO>
injection, water alternating gas, and other related enhanced oil recovery (EOR) methods. Although
conventional CO; injection and plain water flooding (WF) have been successful and easy to
implement, some problems associated with them as EOR methods have been reported in the
literature [1-4]. Due to the appreciable difference in fluid densities while conducting CO; injection
or plain WF, several serious issues including, viscous fingering and gravity segregation are
expected during these EOR operations that may lead to considerable unswept zones and early
breakthrough of CO- [2].

CWI has the potential to perform better when compared to other EOR methods in reducing the
residual oil saturation because of the density similarities that exist between carbonated water (CW)
and oil. Additional oil recovery factor (RF) have been reported during CWI based on several
experimental investigations in sand packs and core samples, ranging between 2 — 30 % [5-9].
Mcfarlane et al. found that during CWI there is a further reduction between 33-48 % of residual
oil saturation after WF [6]. In the K&S field where CWI has been implemented, an additional oil
recovery of 10 % was achieved when compared to WF [10]. Various research and engineering
activities related to CWI (as an EOR technique) have also been reported even though the complex
process involved have not been well understood [7, 11]. During CWI, there is a transfer of CO>
from the water phase to the oil phase which is controlled by the solubility gradient between the
phases. The transfer of CO. into the oil phase causes oil swelling, which is one of the main
mechanisms that contributes to an increase in oil recovery percentage [2, 5, 11]. Another vital
factor for the increased RF during CWI is a reduction in oil viscosity caused by the dissolution of
CO.. Variations in interfacial tension, oil density, and fluid rock wettability have also been studied
through experimental approach and reported to contribute to the overall performance of CWI [11-
14].

There have been several attempts to understand the complex physics involved in CWI process
through experimental and modelling studies [5, 7, 11-21]. The first study to model CWI was by
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De Nevers [18] based on Buckley Leveret theory to simulate CWI operation. Although the
capillary and gravity terms were ignored, the model was able to consider oil swelling and viscosity
reduction as CO2 moves across phases. The reactive and diffusive terms, which are also part of
complex physics during CWI were ignored. A three- phase flow mathematical model was
developed by Dixon et al.[22]. In their model, an implicit method for pressure and an explicit
approach for saturation were used to investigate the displacement mechanisms of CWI and oil
recovery. Their model did not include the reaction effect. Mansoori [20] developed a model to
simulate the displacement process of CWI in 1-D and 2-D, however, this researcher also did not
take into account the gravity, reactive, and diffusive terms, which may play important roles to the
performance of carbonated water injection. A pore network model was developed by Zhao and
loannidis[23]. Their developed model was used to investigate important aspects particularly mass
transfer in the gas phase. Several other modelling and simulation work have been used to
investigate carbonated water injection with a focus on displacement mechanisms and recovery
factor [7, 21, 24, 25]. It has been reported that, through validation of developed models with
experimental data, there is an overprediction of the recovery factor. The reason for this disparity
has been hypothesized to the inherent assumption of instantaneous equilibrium during CWI.
Several modelling works have overlooked the effect of coupling of the reaction, diffusive as well
as gravity terms to the overall mass and momentum equations representing CWI. A few
experimental studies have been performed on CWI. In a laboratory work conducted by Miller and
Jones [26], it was concluded that depending on the operational parameters such as temperature,
pressure, and oil type, the density of oil is reduced to a certain degree. Sohrabi et al.[11, 19]
perfomed several experiments and reported extra oil recovery achieved through CWI and an
additional benefit such as CO. storage. In another experimental study [13], the recovery
mechanism and the storage capability of CO> during CWI were compared with plain or
conventional CO> injection approach. It was found that CWI offers a more stable displacement
process and a suitable means to safely store anthropogenic CO-. In a micro model investigation
performed by Riazi et al [5, 27], oil swelling was reported to be a major driving mechanism
contributing to the additional RF during CWI. CWI for EOR purpose was investigated by Mahdavi
and James through experimental and modeling studies [28]. It their research work, CWI led to a
greater oil recovery when compared to plain WF. It was also concluded that the presence of

fractures does not considerably affect the displacement process during CWI. Esene et al. published
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a comprehensive review of CWI, highlighting key aspects such as fluid- fluid interactions, fluid
rock interactions, and effect of operating condition on the production performance during CWI.
As mentioned earlier, the previous modelling and experimental approaches confirm that CW1 is a
well-established method to decrease the residual oil saturation during an EOR process with an
additional benefit of CO> storage. In a recent modeling study, Esene et al.[29] investigated CWI
in a 3-D heterogenous reservoir (Norne field) for EOR where the effects of operational parameters
and COz storage in the CWI process were analysed. Their model did not consider rock dissolution
due to the formation of carboxylic acid that may alter the rock porosity and permeability. Also,
there was no adequate available data of CWI on a field scale to properly validate their model. In
most of the modelling approaches for CWI, the reactive, diffusive, and gravity terms have been
overlooked by other researchers [29, 30]. The inclusion of these terms would lead to a better
generalization and understanding of the complex process involved in CWI process.

In this paper, a more general equation representing CWI is solved through using COMSOL
Multiphysics. Navier-Stokes, mass balance equation, and reaction equation are solved for the
same computational domain assigned for CO», water, and oil. The developed model is validated

with experimental data [28] and the developed model is used to conduct sensitivity analysis.

After the introductory section of the manuscript, the experimental set up and the rock/fluid
properties and conditions are presented in section 2. The governing equations to capture the
physics of CWI are discussed is section 3. The limitations of the developed model are listed in
section 4 and the obtained results and corresponding discussions are provided section 4. The vital

conclusions and recommendations are included in the last section.
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5.2 Experimental Study

Set up and operational conditions. The core flood experimental study on CWI performed in
Memorial University EOR laboratory is shown in Figure 5.1. The experimental set up includes
core, oven, core holder, back pressure regulator, amplified transducer, three double capped piston

accumulators, gasometers, O-rings, and sleeves

Gasometer

Oll weoumulator
Water accumulator
CW nccumulator

|
|
|

Graduated cylinder

Oil injection Water injection CW injection
pump pump pump

Overburden pump

Figure 5.1 : Schematic representation of core flood experiments for carbonated water injection process.

The experiments are performed in a tri-axial Hassler-type core holder. All areas/surfaces of the
core in the core holder experience compressive load in three axes (two radial, and one
longitudinal). The core is a vertical oriented sandstone as shown in Figure 5.1. The operating
conditions for this experimental study are 185 °F, 4500 psia, and 35,987 ppm for the temperature,
pressure, and initial formation brine saturation, respectively. A connate water of 0.27 and an

injection rate of 0.2 ml/min are other operating conditions for this experimental study.

As can be seen in Table 5.1, a summary of all the input data/operating condition for the
experimental study of CWI is presented. This information is used in the modelling work to simulate

the experiments.
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Table 5.1: Summary of experimental conditions

Parameter Value
Initial Pressure 4500 psi
Rock Permeability 345 mD
Rock Porosity 22 %
Length of core 10.88 cm
Temperature 185 °F
Salinity 35,987 ppm
Oil viscosity 6.82 cP
Connate water saturation 0.27
Wettability Water wet
Rate constant 0.039 st

Rock properties. In the experimental study, a Berea 2 rock with a length of 10.88 cm, a
diameter of 3.83 cm, a porosity of 22 %, and a permeability of 345 mD is used to investigate the

secondary CWI.

Fluid properties. The fluid properties are 252 g/mol, 877 g/m?, 6.82 cP that represent its molecular
weight, density, and viscosity, respectively. Using the gas chromatography, the compositional

analysis of the fluid is listed in Table 5.2.

Table 5.2: Compositional analysis of fluid at 15.5 °C and 0.101 MPa [29].

Component Mole % Component Mole %
C6 0.07 C19 3.14
C7 1.58 C20 2.65
C8 6.27 c21 2.38
C9 8.55 C22 2.13

C10 8.11 C23 1.95
Ci11 7.31 C24 1.74
C12 6.49 C25 1.69
C13 6.26 C26 1.44
Ci4 5.7 C27 141
C15 4.8 C28 1.27
C16 4.11 C29 1.27
C17 3.54 C30+ 12.81
C18 3.33 MW of C30" = 642g/mol

Density of C30* = 0.994 kg/m?®
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5.3 Mathematical Modeling Phase
To model the CWI, the generalized form of equation for flow in 3-D for any specie is given

below.

0(pySqwy 5.1
W + V(ugpawy — SaDEVwy) = U + @S RY ®1)

where x represents the species; a refers to the phase; ¢ denotes the porosity; p is the density; ®
symbolizes the mass fraction; u resembles the Darcy velocity; U is the mass transfer; s is the
saturation; and R stands for the reaction term. The compound terms on the left-hand side of
Equation (5.1) are the accumulation term, convective terms, and dispersion term, respectively. The
terms on the right-hand side of Equation (5.1) are the mass transfer term and the reactive term,

respectively.

The Navier-Stokes equation, mass conservation equation, and reaction equation are all solved for
the same computational domain as shown in Figure 5.2 in the z-x plane. The mass conservation
equation and the reaction equation are coupled by adding the Darcy law interface and transport of

diluted species interface in COMSOL Multiphysics.

m [ ]

o 0.05 0.1

x|

Figure 5.2: Core model representation in the z-x plane.

Two-phase Darcy law. Carbonated water is being modelled in a black oil mode using the
COMSOL Multiphysics. Two-phase flow interfaces for carbonated water and oil are defined for
the principal domain to represent wetting phase and non-wetting phase as follows:
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in which, os introduces the total porosity; o is the residual volume fraction; and the resultant
difference is the available pore space for the phase to move. The effective saturation is represented
by Se. kine, kv, wp,p , 9, and Z represent the intrinsic or absolute permeability, relative

permeability, viscosity, pressure, density, gravity, and coordinate of the vertical elevation.

Auxiliary equations. The capillary pressure (Pc) and the effective phase saturation equations are
needed to solve the governing equations, as shown below:

Pc = By, — P, (5.4)
Sepw +Sey, =1 (5.5)

Equations (5.2) to (5.5) are coupled together to solve for pressure and saturation of carbonated

water and oil phases.

Carbonated water injection consists of low concentration of CO2; hence the Fickian approach for
the diffusion term in the mass transport is valid. The reaction taking place in the porous medium

during CWI is governed by the convective- diffusion equation as listed below:

V. (—DiVCl' + Ciu) = Ri (56)
where D is the diffusivity; ¢ denotes the concentration, and R represents the reaction rate for the

resultant specie (HC02 ™)

Boundary and initial conditions. The initial conditions for the system of two-phase flow in

porous medium are shown in Equations (5.7) to (5.9). The inlet of the core is assumed to have a
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constant velocity as shown in Equation (5.7) and the volumetric flow rate is obtained by an inlet
surface integration using COMSOL Multiphysics. In Equation (5.8), the inlet concentration of CO>
is assumed fixed. This condition eliminates the need for a fix flux at the outlet boundary, since the
convection mechanism dominates at the outlet (see Equation (5.9)).

U= Uy (5.7)
Ci = Ciinlet (5.8)
n.(—=D;V¢; + c;u) = n.ciu (5.9)

Additionally, van Genuchten retention model [31] is employed to characterize the phase movement

and hydraulic properties relative to the wetting phase, as given by the following expressions:

1\ 2 (5.10)

k,\ = Sek <1 — <1 — Sev’f}) >
1\™ (5.11)

kpnw = (1 —Sey)" (1 - Se&,”)

where a, n, m, and L are the constants based on the characteristics of the porous medium. Kk and
krnw resemble the relative permeabilities of wetting and non wetting phases (water and oil),
respectively.

Model discretization and mesh geometry. Triangular elements are used as the geometry for
meshes in this study. The quality of meshing is determined by physics-controlled strategy, which
is the default in COMSOL multiphysics. The size of the elements of the core is selected to be fine,
as seen in Figure 5.3. The edges and surface areas of the core are selected to be extra fine mesh.

This approach is applied to capture the phase movement along those areas during simulation.
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Figure 5.3: Fine element size -Mesh in a 1-D geometry.

The maximum mesh size is 0.000598 m, the minimum mesh size is 0.000043 m, the curvature
factor of 0.4 is considered. This meshing uses a computation time of 15 mins with a set algebraic
error of 1 x 10° to enable an appropriate convergence during simulation. In the selection of

meshing type, the finer the mesh sizes, the more accurate the results would be but at the cost of a
longer simulation time.

Flowchart. COMSOL Multiphysics is a powerful tool that can be used for modeling different
transport phenomena. It exhibits a wide range of applications in the medical, electrical,
mechanical, chemical, and environmental engineering and science sectors. Regardless of the
phenomenon/process to be investigated, using COMSOL Multiphysics follows a similar workflow
or procedure, as depicted in Figure 5.4.
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Figure 5.4: Main steps to conduct modeling simulation while using COMSOL Multiphysics.

\4

Post-Processing of Results

As shown in Figure 5.4, in developing a core scale CWI model with COMSOL Multiphysics, the
first step is to select a 1-D cylindrical geometry using the dimensions of the core that were utilized
in the laboratory experiment. Two-phase Darcy law and transport of diluted species are selected
as the governing physics to represent CWI in the black oil mode. Boundary conditions for a stable
solution of partial differential equations are chosen for each computational domain in COMSOL
Multiphysics. According to Figure 5.4, meshing step is conducted after the matrix equations are
all selected and defined appropriately for each domain. The solution of the overall physics is based

on a time dependent scheme, which is preceded by the post processing of CWI results.
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5.4 Limitations

o COMSOL Multiphysics is able to accurately model a core scale but might not be very
efficient in scenarios where reservoir heterogeneities in terms of permeability and
wettability exist.

o Building a model in COMSOL Multiphysics requires an in-depth understanding of the
physics involved as well as the equations. It is time consuming to understand the overall
governing equation of a particular physical phenomenon.

o The rock-fluid data is required to be implemented on each domain, which might be very
time consuming and requires a huge effort for accuracy.

o The gas non-ideality and non-elementary reactions might not well captured using
COMSOL simulator package.

o Modeling transport phenomena in the interface within porous systems is challenging in
terms of gridding and selecting proper governing equation while employing this simulation

strategy.

5.5 Results and Discussion

In this research, a core scale model for CWI is developed using COMSOL multiphysics. The
validation of the model, parametric sensitivity analysis of the model at various condition, and the
effect of rock dissolution are presented in this section where adequate justifications and discussions

on the results are provided.

Model Validation. The core model developed in COMSOL is validated by laboratory experiment
on CWI reported in the literature [30]. Figure 5.5 (a) shows the fluid distribution of CW in a core
originally saturated with oil with a connate water of 0.3. Figure 5.5 (b) shows the comparison of

the developed model results and the experimental result.

(@) (b)

151



Time=5s Surface: Saturation (1)

07
0.6
05

-~--#--- Experiment

----- 4 Model (Before History
Matched)
4 Model (After History Match)

Recovery Factor

X

L.

4 6 8
Pore Volume Injected

Figure 5.5: (a) Carbonated water displacement profile, and (b) Oil recovery results based on experimental and modeling
works.

Based on Figure 5.5 (b), there is a satisfactory agreement between the results from the developed
model and the experimental data. The oil recovery predictions initially have a large deviations
when compared to the experimental result as can be seen from Figure 5.5 (b); but after a tuning
(history matching) of the relative permeabilities, exponents, and capillary function, the error is

greatly reduced.

Parametric sensitivity analysis. Parametric analysis is performed to investigate the response of
the model at different conditions. Effects of injection rate, injection pressure, salinity, oil viscosity,
reservoir permeability, temperature, and rock dissolution on the CWI performance are presented

in this section.

The influence of injection rate is investigated at 3000 psi to determine the performance of CWI in
terms of oil recovery by gradually increasing the injection rate based on a core scale. As
demonstrated in Figure 5.6, the ultimate oil recovery is increased by 2 % when the injection rate
increases from 0.2 ml/min to 0.4 ml/min after injecting 7 pore volume of CW. According to the
results, the performance of CWI is greatly influenced by the injection rate as the sweep efficiency

is improved upon an increase in injection rate.
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Figure 5.6: Effect of Injection Rate on CWI performance at 3000 psi.

A further increase from 0.4 ml/min to 0.8 ml/min offers no significant improvement in the oil
recovery because of the core size or because the maximum displacement efficiency has been
reached by a flow rate of 0.4 ml/min. Increasing the flow rate of CW is expected to give similar
trend in the field case as well until the injection well shut in time has been reached. Well shut-in
is normally performed to control the economic limit of the maximum allowable water production
in the producer well(s).

The effect of injection pressure on CWI performance in terms of oil recovery is investigated based
on the core characteristics, as illustrated in Figures 5.7 and 5.8. Based on Figure 5.7, an increase
in the injection pressure improves the performance of CWI. By increasing injection pressure from

1500 psi to 3500 psi, an additional 16 % ultimate oil recovery is achieved.
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Figure 5.5: Effect of pressure on CWI performance at 0.4 ml/min injection rate.
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Figure 5.6: Pressure profile along the (a) z-x and (b) x-y direction.
This substantial improvement is because of the enhancement of the CW; as more CO is dissolved

in water upon an increase in pressure. The injection pressure should be maintained below the

fracture pressure of the reservoir rock to prevent CO gas leakage to the surface through fractures
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that are unnaturally created due to the high injection pressures. Figure 5.8 (panels (a) and (b))
shows the model numerical stability through an evenly distributed pressure pattern in the z-x
direction and across the 4 planar slides in the x-y direction. As the simulation time elapses, the
pressure count increases numerically until it reaches the set pressure in COMSOL Multiphysics.

The effect of salinity on the CWI performance in terms of oil recovery is studied. At a pressure of
3000 psi and an injection rate of 4ml/min, the salinities of 1000 ppm, 35987 ppm, 60000 ppm, and
100000 ppm are examined as shown in Figure 5.9.
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Figure 5.7: Effect of salinity on oil recovery at 3000 psi and 4 ml/min.

A reduction in dissolution of CO. occurs with increasing the water salinity. This behavior
influences the performance of carbonated water injection. As depicted in Figure 5.9, the CWI
exhibits the greatest RF when the magnitude of salinity is minimal. For instance, the salinities of
10000 ppm, 35987 ppm, 60000 ppm, and 100000 ppm yield the ultimate RF values of 76.44 % ,
72.80 %, 69. 10 % and 67.7 %, respectively. Therefore, it is recommended to determine the critical
salinity for attaining an optimum dissolution of CO2 in water during CWI.

The CWI operation is studied while using different oil types with various viscosities. The oil
viscosities of 1 cP, 6.28 cP, 20 cP, and 40 cP are considered in this investigation as demonstrated
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in Figure 5.10. Based on the modeling results, the ultimate RF values for the various oil viscosities
are 83.72 %, 72.80 %, 65.52 % and 62.60 %, respectively.
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Figure 5.8: Effect of oil viscosity on oil recovery at 3000 psi and 4 ml/min.

The CWI performance for oil with a viscosity of 1 cP is much better than the case having an oil of
20 cP as the oil with a higher viscosity. This is because the solubility of COz in lighter oil is greater
than that in the heavier oil. Therefore, it improves the overall performance of CWI when applied
to light oil. The mass transfer of CO. from carbonated water across phases into lighter oil
components is faster when compared to the case with heavier oil components. CWI integrated with
thermal methods may be applied to heavy oil reservoir to accelerate mass transfer. The
performance of CWI in a heavy oil reservoir can be also improved by using a very low injection

rate to sustain a slow and effective mass transfer across phases (carbonated water and oil).

CWI simulations are performed on cores with different permeabilities of 100 mD, 345 mD, 1000
mD, and 1200 mD. The performance of CWI at various permeability conditions is studied in terms
of RF, as depicted in Figure 5.11.
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Figure 5.9: Effect of permeability on CWI oil recovery at 3000 psi and 4 ml/min.

According to Figure 5.11, the highest ultimate recovery factor is obtained for the core with the
maximum permeability, 1200 mD. CW!I offers a very low mobility ratio and a piston-like
displacement due to the similarities in the densities between the displacing fluid (CW) and
displaced fluid (oil). Hence, an increase in the core permeability consistently increases the RF as
seen in the Figure 5.11. For instance, the permeabilities of 100 mD, 345 mD,1000 mD, and 1200
mD result in RF of 63.33 %, 72.80 %, 86.33 %, and 88.81%, respectively

The performance of CWI in terms of oil recovery is also studied at various temperatures of 100
°F, 185 °F, 250 °F, and 300 °F (see Figure 5.12).

157



B
o —— -
;\a - A & " N .
; . - L @ SP— ° °
&
>
o
o
o}
[0’
° —a— 100 F
—+—185F
"""" 250 F
e300 F
3 4 5 6 ; :

Pore Volume Injected

Figure 5.10: Effect of Temperature on oil recovery at 3000 psi and 4 ml/min.

As the temperature increases, the solubility of CO in water lowers, as expected. According to
Figure 5.12, the CWI leads to the highest RF at a temperature of 100 F when compared to the RF
at higher temperatures. Hence, the performance of CWI in high temperature reservoirs will be
considerably lower than that in conventional reservoirs. We can also investigate the performance

of CWI in reservoirs with various thicknesses/depths as the temperature varies with depth.

The impact of rock dissolution on the medium permeability is studied a long the length of the core,
as shown in Figure 5.13.
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Figure 5.11: Effect of CWI on rock dissolution and consequently matrix permeability.

According to Figure 5.13, the permeability of the core remains constant, through there is formation
of carboxylic acid through the interaction of CO2 and water during CWI. This behaviour indicates
that there is no considerable change in reservoir petrophysical properties during CWI. This
conclusion can change in the presence of certain ions and catalytic reservoir conditions which may

result in various reactions.

This research demonstrates an experimental and modelling approach of carbonated water injection
where core scale set up and COMSOL Multiphysics are utilized. The developed model captures
more robust physics when compared to earlier modelling methods. The accuracy of the developed
model is validated with available experimental data. The model is then used to carry out parametric
sensitivity analysis. Carbonated water injection is recognized as an improved method, when
compared to other CO2-EOR related techniques. Thus, the need of a model that captures the
important displacement mechanisms is inevitable. With the use of the developed model, core scale
simulation studies of CWI can be performed accurately and upscaled into field scale for CWI-EOR
projects. It is expected that a precise model can assist researchers and engineers make proper

technical and economic decisions in in the pre-developmental stages of CWI projects.
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5.6 Conclusions

Carbonated water injection (CWI1) is a viable option to further decrease the fraction of residual oil

saturation. Upon application in the core scale or field scale, a secondary benefit of CO;

sequestration is also achieved. This research work presents core scale analysis of CWI in terms of

oil recovery at various process conditions. Based on the obtained results, the following conclusions

can be drawn:

There is a stable displacement during CWI which improves the sweep efficiency due to the
low mobility ratio that results from small difference between densities of the displacing
fluid (CW) and displaced oil. According to the core scale results, the predominant problems
(viscous fingering and early breakthrough) associated with conventional water injection
are mitigated while employing CWI.

In the core scale, a recovery factor (60 % - 78 %) is achieved with CWI1 when compared to
WF (30 % - 45 %) due to change in the fluid properties as well as the mass transfer of CO>
into oil. This range of RF is expected in a full scale case (reservoir), though it is strongly
dependent on the reservoir petrophysical properties, oil characteristics, and operational
conditions.

An increase in injection pressure leads to an improvement in the overall performance of
CWI. The main reason is that more COz is dissolved in water at high injection pressure
according to the Henry’s law.

The performance of CWI in a light oil case is much better, compared to a more viscous or
heavy oil case due to variations in solubility.

The performance of CWI in a high temperature reservoir is lower, compared to medium
temperature reservoir. This is because increasing the temperature lowers the CO> solubility
in water.

An increase in salinity decreases the solubility of CO. in water. Therefore, it has an adverse
effect on the performance of CWI technique.

Based on the funding of sensitivity analysis, there is an optimum or critical injection rate,
which gives a maximum (effective) performance of CWI in terms of oil recovery. This
particular injection rate rate ensures a maximum contact time that leads to a greater mass

transfer between carbonated water and oil.
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e Although there is a potential formation of carboxylic acid (HCOs?) from the interaction of
CO., water, and a favorable salinity content, no rock dissolution during CWI is confirmed.
The dissolution of the core is investigated by observing the changes in matrix permeability
in a property distance plot. Based on the results, the matrix permeability remains constant
in the core, which reflects no considerable alteration in the rock properties over CWI.

The development of a field scale model is recommended to better investigate CWI in terms of

theoretical, environmental, and economic aspects.
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NOMENCLATURES

Acronyms

APl American Petroleum Institute
BHP Bottom Hole Pressure

CO; Carbon dioxide

CWI Carbonated Water Injection
CW  Carbonated Water

EOR Enhanced Oil Recovery
mD  milli Darcy

ps Saturation Pressure

RF Recovery Factor

UT  Ultimate

WF  Water Flooding

Variables and Parameters

D Diffusion coefficient

c Concentration

g Acceleration due to gravity
Kint Intrinsic permeability

Krw Water relative permeability
Kro0 Oil relative permeability

P Pressure

q Injection and production rate
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R Reaction Rate

Se Effective Saturation
T Temperature

U Mass transfer term
u Darcy velocity

\Y; Molar volume

Greek Letters

p Mass density (%)
M Viscosity (cP)

Oy Total Porosity (-)
o, Residual Porosity
A Difference operator
® Mass fraction

o Phase

A Mobility
Subscripts

CO2 Carbon dioxide
cW Carbonated water injection
nw Non-wetting

w Wetting

g Gas

i Initial

r Reduced

c capillary

w Water

0 QOil

Superscripts

0 Oil

S Saturation

w Water
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Chapter 6 Deterministic Tools to Predict Recovery Performance of Carbonated
Water Injection

Abstract

Carbonated water injection (CWI) is an efficient oil recovery method, which provides solution to
the drawbacks of existing related recovery techniques such as water flooding and pure CO:
injection. The recovery factor achieved from CWI is considerably higher than that for related CO»-
enhanced oil recovery (EOR) methods, due to effective transport phenomena involved in the
displacement process. Additionally, the sequestration of anthropogenic CO, makes CWI even
more attractive for practical implications. Although CWI has been experimentally proven to be an
efficient technique, simulation/mathematical models to capture detailed CWI physics have been
unreliable because of the complex recovery mechanisms associated with CWI. A majority of
models have been developed based on unrealistic assumptions. Thus, existing models become
doubtful and the confidence to apply CWI in the larger scales such as pilot plants becomes low. In
this research work, smart methods such as artificial neural network (ANN), least squares support
vector machine (LSSVM), and gene expression programming (GEP) are suggested to avoid the
impractical and inconclusive assumptions. The connectionist techniques (e.g., ANN, LSSVM, and
GEP) relate the recovery factor (RF) to the key input parameters such as pressure, temperature,
viscosity, permeability, and injection rate based on pattern recognition without detailed knowledge
about the process as well as use of the governing equations. The performance of the deterministic
models is evaluated through using statistical parameters such as mean squared error (MSE),
maximum absolute percentage error (MAAPE), minimum absolute percentage error (MIAPE), and
goodness of fit (R?). The results reveal that the ANN model has the lowest MSE (0.35), MIAPE
(0.001), MAAPE (2.47), and the highest R? (0.99) in the testing phase. Based on the sensitivity
analysis, pressure is recognized as the most important parameter, while temperature has the least
rank in terms of significance. The findings of this research study can assist to provide a reasonable
estimation of RF achievable from CWI, which can be an asset in better management and planning
of CWI processes toward optimal conditions in terms of technical, economic, and environmental

prospects.

Keywords: Carbonated Water Injection; Prediction Tools; Optimization; Recovery Factor; Sensitivity

Analysis
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6.1 Introduction

There are a variety of recovery and production strategies such as gas injection, low salinity water
injection, polymer flooding, and carbonated water injection (CWI) that can enhance oil recovery
rate and cumulative oil recovery, depending on rock and fluid properties [1-14]. CWI is an
efficient oil recovery technique to further reduce residual oil saturation [1-2]. The major problems
normally associated with water flooding and CO. injection such viscous fingering, early
breakthrough, and CO> leakage can be mitigated by implementing CWI as an enhanced oil
recovery (EOR) technique [15-20]. Additional oil recovery obtained during CWI has been
investigated through several experimental and numerical studies. The secondary benefit associated
with CWI is carbon storage [7, 15-17]. During CWI, complex transport phenomena occur where
the main mechanisms to improve oil recovery during this process are mass transfer, oil swelling,
viscosity reduction, and wettability. The mass transfer of CO2 from water phase to oil phase is
driven by the concentration gradient between the two fluids (oil and carbonated water) [1, 21, 22].
There is a subsequent decrease in the viscosity of oil and the rock wettability tends to be more
water wet [6, 17, 22].

Experimental and modelling studies have been performed on CWI to understand the complex
physics during CWI [6, 16, 17, 21-34] and to investigate the performance of CWI. The effects of
operational parameters on CWI recovery factor were studied through an experimental work
conducted by Miller and Jones [35]. It was reported that oil properties such as oil density and
viscosity might change at particular operating conditions over CWI operation [35]. Several
experiments have been also performed by other researchers to figure out the recovery mechanisms
involved in CWI as well as to examine carbon storage potential of CWI [2, 21, 22, 26]. According
to the literature, CWI would further reduce the residual oil saturation (and/or improve RF),
compared to water flooding (WF); CO: storage capability was also confirmed upon implementing
CWI [21, 22, 26]. Riazi et al. [33] performed laboratory tests in a micro model and reported that
the oil swelling is the main mechanism that happens during CWI. In another experimental work,
it was found that CWI offers a stable displacement pattern even in the presence of fractures due to
the low mobility ratio [25]. Zhao and loannidis [30] carried out an experimental study on CWI to
investigate the mass transfer phenomenon during CWI. The literature confirms that CWI leads to
an additional oil recovery factor, compared to conventional water and CO: injection processes.

However, the modeling works were not successful enough to well simulate the experimental tests
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due to complex recovery mechanisms of CWI. Using the Buckley Leveret theory, De Nevers [25]
simulated CWI in the secondary recovery mode. Although the capillary and gravity terms were
ignored, the model was able to adequately capture the oil swelling and viscosity reduction. It is
believed that neglecting the capillary and gravity terms causes considerable errors in modeling and
calculations. In another 3-phase flow model introduced by Dixon et al. [29], the reaction term was
not incorporated in their model. A 2-D model was also developed by Mansoori [28] to forecast the
recovery factor during CWI. In their work, the diffusion, gravity, and reaction terms were not taken
into account. Esene et al. [8] performed a modelling study on CWI in the field scale to investigate
the influence of operational parameters, well orientation, and CO; storage during CWI. It was
found that there is an optimum injection rate that leads to optimal performance of CWI. However,
the reaction term was not important in their modelling work [8]. Most numerical modelling works
regarding CWI suffer from serious drawbacks in terms of physics and applicability [17, 27, 31,
32]. Thus, the results obtained from the modelling approach might not well match with the
experimental results. One of the reasons for this mismatch might be corresponded to the
instantaneous equilibrium assumption in a majority of modelling studies [1]. The difficulty to
accurately capture the entire physics involved during CWI (as an EOR technique) leads to the
practical drawback. These limitations negate the application of CWI specifically in the pilot scale
as the process has not been fully understood or modelled. Some of available models do not
effectively and realistically simulate/model CWI as keys aspects such as reaction, gravity,
diffusive terms, and oil swelling are overlooked, resulting in an over prediction or under prediction

of CWI recovery factor. Hence, the accuracy of the CWI modelling results is limited.

The deterministic methods such as artificial neural network (ANN), least square support vector
machine (LSSVM), response surface method (RSM), and gene expression programming (GEP)
have proven to be reliable for prediction of target parameter(s) based on pattern recognition. The
deterministic tools help to develop fast, simple, and accurate models by making connections
between the input and output parameters without the involvement of governing equations [36].
The deterministic methods have been successfully applied in the oil and gas industry particularly
in the prediction of oil recovery factor attained from EOR techniques. Ansari et al.[37] developed
an ANN model to obtain the recovery performance of steam assisted gravity drainage (SAGD) as
an EOR approach. It was reported that the model is able to accurately forecast the oil recovery

factor of selected EOR projects with less than 10% error. Panja et al.[38] employed three smart
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predictive techniques (ANN, RSM, and LSSVM) to estimate the hydrocarbon production from
shales. Their model networks were constructed by using 80 % of the collected data for training
and 20 % for testing. Their models were evaluated by determining the coefficient of determination
and the normalized root mean square error. Based on the statistical analysis, there was a very good
match between the modeling outputs and real data. Thus, the connectionist (smart) tools can serve
as a proxy model to predict RF. It has been also proven that the ANN has strong potential to
accurately estimate the recovery factor of CO>-foam as an EOR technique where the recovery
factor was measured from the laboratory CO.-foam flooding tests [39]. Si and Bo [40] introduced
a three-layer ANN model to obtain the magnitude of recovery factor during CO-WAG. Their
model yielded a determination coefficient (R?) of 98 % and a root mean square error of 3.2 %.
Based on their research results, it was concluded that ANN is a proper predictive tool for the
recovery assessment of most EOR projects for the purposes of project management and
optimization. In addition, Zendehboudi et al. [41] employed a hybridized connectionist model,
artificial neural network (ANN) combined with particle swarm optimization (PSO), to calculate
RF and cumulative steam-to-oil ratio (CSOR) of SAGD in homogeneous and fracture reservoirs.
Their model was validated through statistical parameters including mean squared error, coefficient
of correlation, and average absolute deviation. It was concluded that ANN-PSO offers a reliable
and accurate method to forecast recovery performance during SAGD with limited or unavailable
experimental data. There are several studies in the open sources that discuss about conventional
and hybrid smart models and their use for prediction of various important variables in chemical
and petroleum engineering [42-51]. However, there are no adequate research works in the literature
that utilize a variety of deterministic tools to investigate the recovery performance and

optimization during CWI. Hence, the current research work aims to bridge this gap.

The main objective of this paper is to present efficient predictive methods to accurately estimate
RF over CWI where data driven techniques are employed. The models are presented to build a
network for pattern recognition based on significant relevant input parameters contributing to CWI
to assess the recovery performance. Artificial neural network (ANN), least square support vector
machine (LSSVM), and gene expression programming (GEP) approaches are selected where
several experimental and numerical modelling data are used for the model construction. The
effectiveness of the models is evaluated on the basis of statistical criteria such as mean squared

error (MSE), goodness of fit (R?), minimum absolute percentage error (MIAPE), and maximum
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absolute percentage error (MAAPE). This current research will provide a forecasting tool for the
RF over CWI without the need of the governing equations and complex multi-physics involved in
CWI. The developed deterministic tools work based on the direct link between the inputs and

output.

This paper is structured as follows. After the introductory section, the fundamentals/theory of
deterministic tools (ANN, LSSVM, and GEP) are presented in section 6.2. The methodology and
structure of the smart models are described in section 6.3. Section 6.4 lists the advantages and
limitations of each method. The results and discussion are provided in section 6.5. The summary

and research conclusions are given in the last section.

6.2 Theory of Deterministic Tools
In this section, a brief theory on ANN, LSSVM, and GEP as deterministic models is presented.

Avrtificial neural network. Artificial neural network (ANN) is a smart tool, which is used for a
non-linear multivariate regression and pattern recognition between the inputs and output without
considering governing equations. During the network construction, the training is achieved
through a set of given input data and known outputs [36, 52]. Typically, the training phase can be
supervised or unsupervised for pattern adaptation to the structured features of the input parameters
[42-45, 53-55]. ANN was first demonstrated in 1950s for pattern recognition and since then, ANN
has been implemented in several science and engineering fields such as transportation,
telecommunication, aerospace, military, medical, and manufacturing [36, 47-55]. The schematic
network of ANN is depicted in Figure 6.1. According to Figure 6.1, generally, the neural network

architecture consists of an input layer, a hidden layer(s), and an output layer.
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Hidden Layers
Input Layers

Output Layer

Figure 6.1: A schematic of a neural network architecture.

The hidden layer is characterized by several number of computation units called neurons and the
selection of number of neurons and hidden layers depend on the non linearity of the problem [36].
As seen in Figure 6.1, the input layer is linked to the hidden layer by a certain weight, which is
constantly being adjusted by an algorithm based on the real data. The hidden layer and the output

layer are all connected/linked together in a forward direction.

Least squares support vector machine. least squares support vector machine (LSSVM) is a
modified version of support vector machine (SVM) developed by Suykens and Vandewalle [56],
which has considerably reduced the complexity, run time, and computational effort associated with
the former version [36]. Figure 6.2 illustrates a simple architecture of the LSSVM strategy. In the
modified LSSVM algorithm, the hyperplanes are optimized by using equality constraint instead of
inequality constraint as well as the use of slack variables and a minimizing command [36, 47, 57]

as shown in Equations (6.1) and (6.2).
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where o, &, ¢, and b represent the weight, slack variable, non-linearity function, and bias,

respectively. vy is the constant that determines the trade-off between the minimum error and

maximum margin [36, 47,48,57]. In this work, due to strong mapping ability and wide convergence

domain, we adopt the radial basis kernel function (RBF) where the convergence speed is strongly

dependent on the regularization parameter (y) and RBF kernel width (c2). The kernel function, K

(Xi,xj), is determined by the following equation [47, 57]:

(RN

Bias b

K (xl-,xj) =exp (—

Input vector x

(6.3)

Output y

K(X,Xm)

Figure 6.2: Simple structure of the least square support vector machine (modified after Neeraj)

[58].

Unlike the ANN approach, a large amount of data is not required in the LSSVM method. This

useful technique is not associated with a complex design structure and it exhibits a higher

prediction accuracy based on data type.
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Gene expression programming. As an artificial intelligence-based technique, gene expression
programming (GEP) method was developed in 2001 by Ferreria [59]. The structure of GEP is
based on the Darwin’s theory of reproduction, mutation, and crossover [36, 60]. Similar to the
Darwin’s theory, the chromosomes become genes, which are characterised by tail terminals; and
head functions aid in coding of any program necessary for effective solutions. As demonstrated in
Figure 6.3, there is a schematic representation of a typical structure of chromosomes, head

functions, and terminals such as (Q, -,x and /) and (x, y and z), respectively.

Figure 6.3: A simple configuration of an expression tree in GEP (modified after Hamideh et al.)
[36].

Based on Figure 6.3, the mathematical expression is written from top to bottom and from left to
right in the following form:

(Vx/z) — (xx y) (6.4)

Unlike the ANN models, the outputs of GEP appear in simple or complex mathematical functions
without the influence of weight matrices, topology, and iteration choices [36].
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6.3 Methodology

The objective of this research is to employ three different models such as ANN, LSSVM, and GEP
to examine the performance of secondary CWI. The modeling results and real data are then
compared for the validation purpose. The general workflow of developing ANN, LSSVM, and
GEP models is mainly classified into data screening, selection of modeling tool, and statistical

evaluation.

Data screening. To introduce proper deterministic models, an extensive amount of literature data
and/or experimental results are collected from the open sources. Esene et al.[1] published a
comprehensive review on CWI that discusses about the effects of various operational parameters,
rock characteristics, and oil properties on the recovery performance of CWI based on several
research studies in the literature. In their work, it was found that the CWI recovery performance is
strongly dependent on injection pressure (p), injection rate (q), oil viscosity (), and rock
characteristics such as permeability (K) and wettability [7, 16, 23, 24, 26-29, 31-33, 61-66]. The
input and output data are normalized between 1 and -1 to attain convergence and to avoid

numerical overflow [36], by the following equation:

N z(xi - xmin) (65)
X = -1
(xmax - xmin)

In Equation (6.5), x is the normalized value of x;; and x,,,;, and x,,,,, are the minimum and

maximum magnitudes of x;, respectively.

Selection of modeling tool. The tool box available in the MATLAB version of R2017a was
utilized to implement the ANN modeling. It is recommended that a multi layered perceptron
(MLP) back propagation training approach is used to achieve a proper ANN algorithm [36, 43,
57]. Appropriate MATLAB codes are also run to conduct LSSVM and GEP methods as the second

and third deterministic tools in this research work.

Model statistical evaluation. After developing the ANN, LSSVM, and GEP models, the
reliability and accuracy of the models are evaluated with statistical standards. The statistical

parameters used for the assessment include the mean squared error (MSE), goodness of fit (R?),
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minimum absolute percentage error (MIAPE), and maximum absolute percentage error (MAAPE).

The mathematical representations of these statistical evaluation parameters are given below:

in which, y®,y?,g,

n
1 ; 2 (6.6)
_1 OIING)
MSE —nZ(yt Vp )
ONINO) (6.7)
a2 (v = y)
2?:1(%(1) - )5)
@.,@® (6.8)
MIIPE =Max|yt_(yi)p | x100
Ve
@, 0 (6.9)
MAAPE=Min|yt_(yi)p | x100
Ve

outputs, and number of data points, respectively.

and n resemble the predictive value, real value, average of predicted

Data ranges. The required data are collected from the previous research studies available in the

open sources [7, 16, 23, 24, 26-29, 31-33, 61-66]. The minimum and maximum values of the

vital input parameters are listed in Table 6.1.

Table 6.1: Ranges of input data for predictive tools.

Parameter Minimum value Maximum value
Pressure 104.7 psia 6900 psia
Injection rate 0.01 cm?/h 30 cm¥h
Temperature 25°C 142°C
Viscosity 0.83cP 289 cP
Permeability 500 mD 5700 mD

Before performing modeling approaches, the collected data are randomly divided into three
subcategories so that we consider 70 % for training, 20 % for testing, and 10 % for validation steps.
The training process is terminated when the statistical errors (MSE, MAAPE, and MIAPE) are
minimal and the R? value is close to 1. The testing/validation datasets are used to check the

reliability and accuracy of the models developed in the training phase. The precision and
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appropriateness of introduced deterministic strategies are strongly dependent on the quantity and

quality of dataset used to simulate system behaviors and pattern recognition.

6.4 Pros and Cons of Deterministic Tools

The smart models are simple, fast, and effective ways for prediction of an output variable(s). They

generally offer a high computational speed and efficiency in pattern recognition and variable

estimation without adequate knowledge of complex process physics and governing relationships.

The main advantages and drawbacks of the ANN, LSSVM, and GEP techniques are presented in

Table 6.2.

Table 6.2: Advantages and disadvantages of predictive models.

Deterministic approach | Advantages Limitations
ANN v" ANN models generally provide a v" With a small databank,
high prediction accuracy in most ANN models offer less
cases. accurate results.
v" ANN presents an efficient black v" ANN has slow convergence
box model for modelling of non- speed.
linear processes without defining v It might be trapped at local
certain link between inputs and minima with overfitting
output(s). problems.
v ltis flexible and highly v The sensitivity or
adaptable. importance of input
v' It can efficiently model randomly parameters cannot be
changing variables with a non- analysed.
constant variance. v" ANN models provide a less
v" ANN offers a more convenient generalization performance.
modeling approach, compared to
analytical, numerical, and hybrid
strategies.
LSSVM v' LSSVM generally offers a good v" LSSVM uses sum square
generalization performance. errors that may lead to less
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It exhibits a good prediction
accuracy.

LSSVM does not require a high
data range for estimation
purpose.

Complex structural design is not
needed.

There are no over fitting or under
fitting issues with LSSVM.

No local minima are experienced
in LSSVM.

robust prediction without
regularization.

There is a lack of sparsity,
which might limit LSSVM
application for large-scale

problems.

GEP

Sensitivity analysis is possible
using GEP to determine variable
importance.

A proper data visualization can
be provided by GEP.

GEP has a good iteration speed.
GEP is able to generate a general
mathematical formula based on

gene expressions.

The GEP method needs a
considerable amount of data
points to build a reliable and
precise model.

6.5 Results and Discussion

In this research study, three powerful models; namely, ANN, LSSVM, and GEP are employed for

prediction of oil recovery factor (RF) during carbonated water injection (CWI). The statistical

analysis is performed to examine the effectiveness of the developed models. Additionally, a

parametric sensitivity analysis is carried out to determine the importance of each input variable.

The performance of the models in forecasting RF is also compared in this section.
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ANN model performance. To investigate the appropriateness of ANN multilayer perceptron
(MLP), the Levenberg -Marquardt back propagation algorithm is selected to train the network
using the ANN tool box available in MATLAB 2017a. The collected data samples are split into
training, testing, and validation parts. In this research, 70 % of the data is used for training, 20 %
for testing, and 10 % for validation. One hidden layer with 10 neurons is enough for the case with
4 input parameters. According to Figure 6.4 and Table 6.1, the values of R-squared (R?) for the
training and testing phases are 0.9988 and 0.9937, respectively, while using the ANN-MLP. As
clear from Figure 6.5, the predicted and target values (real data) follow an identical pattern. It
implies that the developed model is able to simulate the real behaviour of the process. Conducting
statistical evaluation, the magnitudes of MSE, MAAPE, and MIAPE for the training and testing
phases are reported to be (1.10, 5.66, 2.91) and (0.35, 2.47, 0.001), respectively, as listed in Table

6.3
(@) Training (b) Testing
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Figure 6.4: Performance of ANN model: (a) Training and (b) Testing.
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Figure 6.5: Predictions versus real data: (a) Training and (b) Testing.

Table 6.3: Statistical evaluation of the ANN deterministic model.

ANN-MLP
Parameter Training Testing
R? 0.9988 0.9937
MSE 1.10 0.35
MAAPE 5.66 2.47
MIAPE 2.91 0.001

Based on the statistical analysis of the ANN-MLP model, there is very good agreement between
the modeling results and literature data. Hence, the ANN-MLP can be used to determine the RF

of CWI with a high accuracy in the absence of complicated and comprehensive numerical
modeling strategies.

LSSVM model performance. The radial kernel function is used in the LSSVM model. The
optimum values of ¢ 2 and y are needed for the accurate prediction of RF. To obtain the optimum
values, an R-squared value close to unity and a very small extent of MSE are the selection criteria.
In this study, the optimum values of RBF kernel width (c?) and regularization parameter (y) are

1.56 x 10 *and 254.47, respectively. The outcomes of training and testing phases in the LSSVM
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technique are depicted in Figure 6.6 (panels a and b). Table 6.4 also reports the values of statistical

parameters obtained from the training and testing stages.

(a) Training

R? = 0.9807 Lk

Predicted Recovery Factor
(%)
3
[

Target Recovery Factor (%)

Predicted Recovery Factor
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F R2=0.9792 N
: e
o.“‘.
.‘A-‘.
e
30 40 50 60 70

Target Recovery Factor (%)

Figure 6.6: Performance of LSSVM method: (a) Training and (b) Testing.

Table 6.4: Statistical assessment of LSSVM for estimation of RF.

LSSVM
Parameter Training Testing
R? 0.9807 0.9792
MSE 1.964 2.303
MAAPE 7.00 7.00
MIAPE 0.0011 0.0048

As it is clear from Figure 6.6 and Table 6.4, the values of R? are high (close to one) and all error

percentages hold small values in both training and testing, indicating suitability and accuracy of

the LSSVM method.

Figure 6.7 shows the estimated RF values versus the targeted values for both training and testing

stages. Again, a good match is noticed between the predicted and real values. It also confirms that

LSSVM is a proper deterministic model to simulate the CWI process in terms of

recovery/production behaviour.
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Figure 6.7: Comparison between the predicted RF and literature data: (a) Training and (b)
Testing.

GEP performance. The performance of gene expression programming (GEP) is also evaluated
using statistical parameters such as R?, MSE, MAAPE, and MIAPE for both training and testing
stages. According to Figure 6.8 (a) and Figure 6.8 (b), the R? values for training and testing are
0.82 and 0.51, respectively. Figure 6.9 shows the relationship/closeness degree of predicted values
and real data. It can be concluded based on Figures 6.8 and 6.9 that GEP is not able to accurately
predict RF of CWI at some points due to the limited number of data and complex nature of CWI
process. Figure 6.10 illustrates the gene expression of the developed model and an overall
predictive equation, which is deduced from the expression tree moving from bottom to top and
from left to right, as introduced by Equations (6.9) — (6.12).

180



90 -

80
70
60
50
40
30
20
10

0

90

85

55

Predicted Recovery Factor ( %)

50

80 +
75 4
70 +
65
60

(a) Training

{  Re=0.8206

50 60 70 80
Target Recovery Factor (%)

90

(b) Testing

90 1
85 + R2=05193 A
80 1
75 1

70 § A
E ‘A.A'A' )

65 + A

.
.
.

o
o
.o
.o

Eo..
Eooe

55 +

Predicted Recovery Factor (%)
>

50:""i""i""i""
50 60 70 80 90

Target Recovery Factor (%)

Figure 6.8: Performance of GEP model: (a) Training and (b) Testing.
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Figure 6.9: Predicted versus target RF data based on GEP approach: (a) Training and (b) Testing.
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Figure 6.10: Expression trees of the developed GEP model.
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The RF expression for the CWI process is given as follows:

Recovery factor = f(pressure (P), oil viscosity (u), injection rate (Inj), permeability (K),

Temperature (T))

y=a+b+c

a = 3Rt((min(d(Inj)((d(T)-d(w)) + (d(Inj)*G1C9))) + d(T)));

b = a+ (max((atan(d(Inj)) + G2C8),(G2C3 —d(K))) + ((G2C9"2) + (G2C1

+ G2C6)));

¢ =b + (atan(((d(K) — d(Inj)) — ((d(P) + d(T))/2.0))) — (3Rt(G3C9) = 3Rt(d(P))));

where the constants of the above expressions are listed below:

G1C9 = —1.32185644093142; G2C8 = 4.28788415173803; G2C3 =

9.00551741080966;

G2C9 = 8.17865535447249; G2C1 = 8.68805238863194; G2C6 =
—8.78716914975432; and G3C9 = 0.396876643392133

The GEP model shows a low performance in estimating RF during CWI at some conditions as
reflected in the low R? value associated with the testing phase as well as the high values of MSE,

MAAPE, and MIAPE, as reported in Table 6.5.

Table 6.5: Statistical evaluation of the GEP model while determining RF.

GEP
Parameter Training Testing
R? 0.8206 0.5193
MSE 8.425 25.967
MAAPE 12.85 74.14
MIAPE 0.33 0.33

Parametric sensitivity analysis. Although the GEP model is not as effective as other methods in
this study to predict RF, it is a useful approach to identify the importance of input variables related
to CWI through a systematic parametric sensitivity analysis (see Figure 6.11 and Table 6.6). The
significance of each input variable toward predicting the RF during CWI is evaluated in this

subsection, as presented in Table 6.6
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Figure 6.11: Significance of input variables for predicting RF of CWI while utilizing the GEP model:
(a) Pressure, (b) Injection rate, (c) Oil viscosity, (d) Permeability, and (¢) Temperature.

Table 6.6: Importance of input variables contributing to RF of CWI.

Input Variable R?

Pressure 0.3095
Injection rate 0.0377
QOil viscosity 0.1392
Permeability 0.033
Temperature 0.028

Based on Table 6.6, a high value of R? for an input parameter is an indicator of high importance
of that input variable. Pressure with an R? value of 0.3095 has the highest level of importance,
while the temperature has the least significance among the parameters (see Table 6.6). This is also
confirmed by previous research works where the effects of operational parameters on CWI
recovery factor were studied [1, 8]. The higher the pressure the more the solubility of COz in water
and consequently the overall performance of CWI is improved. The sensitivity analysis performed
to determine the importance of input variables is useful to design proper experiments, model the

process, and optimize the recovery operation. Also, the GEP provides several functions/equations
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to determine the RF of CWI based on each input variable as seen in Figures 6.10 and 6.11.
However, considering only one input parameter to obtain the target variable causes significant
errors if other input variables have different values at various magnitudes of that included input
parameter that seems logical. In general, the GEP model provides fair estimation of the objective

function.

Comparison of models performance. Table 6.7 reports the values of statistical parameters such
as R%, MSE, MAAPE, and MIAPE to assess the overall performance of all deterministic tools
introduced in this study. According to Table 6.7, the ANN model exhibits the best performance in
terms of RF prediction, compared to LSSVM and GEP models, since the ANN has the highest
value of R? and the minimum values of MSE, MAAPE, and MIAPE. However, the GEP model

exhibits the lowest accuracy while forecasting RF of the CWI process.

Table 6.7: Prediction performance of smart models in the testing phase while obtaining RF.

Model R? MSE MAAPE MIAPE
ANN 0.99 0.35 2.47 0.001
LSSVM 0.97 2.303 7.00 0.0048
GEP 0.51 25.96 74.14 0.33

This research introduces smart, easy, fast, and efficient methods to estimate RF during CWI
without the need of complex theoretical governing equations. The reliability and quality check of

the deterministic models are evaluated based on a statistical analysis.

Although CWI has been proven to be an effective EOR strategy, no pilot and field scales of this
recovery approach have been reported in the recent years. This is due to the practical and
theoretical limitations associated with model formulations and implication of CWI. With the use
of developed deterministic tools, a quick prediction can be made on the amount of recoverable oil
percentage based on the input operational parameters. This is possible without building
sophisticated models or running complex reservoir simulation runs. The utilization of deterministic
tools (ANN, LSSVM, and GEP) will help save resources, make fast and appropriate economic

decisions, and optimize various stages of CWI projects.
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6.6 Summary and Conclusions

Although CWI is an efficient and a promising EOR technique, accurate models that capture the
complicated physics and recovery mechanisms of this recovery method are rare. In this research
work, three different types of data driven models including ANN-MLP, LSSVM, and GEP are
developed to predict the RF of CWI process. A considerable amount of data available in the open
sources are collected and the input and output parameters are identified based on previous related
experimental and modeling investigations. The effectiveness of the developed models is examined
using the statistical parameters of R2, MSE, MIAPE, and MAAPE. On the basis of the research

results, the following conclusions can be drawn;

e The ANN-MLP model exhibits a better performance to obtain the RF during CWI with the
limited available data, compared to the LSSVM and GEP models. For instance, the mean
square error (MSE) of the ANN-MLP is considerably lower than that for LSSVM and GEP
techniques.

e The optimum values of the RBF kernel width and regularization parameter to predict RF
using the LSSVM model are 1.54 x 10 # and 254.47, respectively.

e One hidden layer that includes 10 neurons can well estimate the objective function while
employing the ANN-MLP model.

e Deterministic tools such as ANN-MLP and LSSVM are efficient and powerful to offer a
good prediction of the recovery factor attained from CWI as an EOR process. This is solely
based on pattern recognition without the need of mathematical equations representing the
physics and transport phenomenon of CWI.

e The GEP model is not able to precisely obtain RF with pattern recognition but this method
can fairly categorize the importance of operational input variables. For example, it is found
based on the GEP that the injection pressure is the most important parameter among the
input parameters.

e The reliability and performance of the developed models will be greatly enhanced with the
availability of more sample data related to the CWI process.

The limitation of the smart models is mainly resulted from unavailability of large dataset. As the

interest in CWI in terms of research and practical implication prospects continues to grow, further
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experimental, modelling, and reported field data will become available. Thus, more generalized

and reliable deterministic tools for RF prediction can be developed in the near future.
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NOMENCLATURES

Acronyms
ANN Artificial Neural Network
CO, Carbon dioxide

Cwi Carbonated Water Injection

CwW Carbonated Water

EOR Enhanced Oil Recovery

GEP Gene Expression Programming
LSSVM Least Square Support Vector Machine
mD milli Darcy

MSE Mean Square Error

MAAPE Maximum Absolute Percentage Error
MIAPE  Minimum Absolute Percentage Error
MLP Multi Layered Peceptron

RBF Radial Basis Kernel Function

RSM Root Square Mean

R? Coefficient of Determination

SAGD  Steam Assisted Gravity Drainage
SVM Support Vector Machine

WF Water Flooding

Variables and Parameters

b bias

p Injection pressure

K Permeability

q Injection rate

X Normalized value
Xmin Minimum magnitude
Xmax Maximum Magnitude
Yp Predicted value
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Yt

Real value
Average number of predicted
Data points

Greek Letters

H Viscosity (cP)
y Trade off

13 Slack variable
® weight

dX Non-linearity function
c Kernel width
Subscripts

min Minimum
max Maximum

p Predicted

t Target
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Chapter 7 Summary Conclusion and Recommendation

Carbonated water injection is an effective means to recovery oil as already been investigated in
several research experimental studies. Modelling approaches of CWI found in open sources have
so many limitations and this thesis addresses those limitations and presents a novel method for
developing CWI models. This thesis in chapter 2, presents a comprehensive overview of CWI, in
the pore scale, core scale and field scale. Fluid-fluid, Fluid-rock interactions, the effects of
important variables on CWI performance (fluid properties, reservoir properties, and operating
conditions) are also extensively studied and summarized for the field, experimental, and modelling
approaches of CWI. In chapter 3, this thesis presents an investigation of how to determine a critical
salinity necessary for EOR and optimum for the solubility of CO2 which will enhance the
performance of CWI models. A unique modelling strategy that captures most of the physics during
CWI and relaxing past assumptions is presented in chapter 4. The effect of reaction term as a
constitutive physics during CWI was considered in a core scale investigation which is presented
in chapter 5. Chapter 6 presents the use of artificial intelligence and other deterministic tools to
predict the R.F during carbonated water injection which solely relies on a black box model without

the need of equations governing the physical/chemical system.

7.1 Conclusion

The major conclusions of this manuscript-based thesis are presented below in this section

e Although CWI is assumed to be a single-phase injection of completely dissolved CO> in water,
the effect of gas exsolution can occur as the pressure drops. This phenomenon will provide an
additional energy for the displacement of oil along the gas growth path, leading to an additional

oil recovery.

e Thereservoir heterogeneity does not reduce the performance of CWI as CW was able to sustain

a stable front even along the fractured channels or zones.

194



CO. storage capacity appears to be an additional benefit during the implementation of CWI.
There are many research and industrial projects ongoing in the area of carbon management

where CWI is proposed for EOR and CO; sequestration purposes.

A decrease in salinity content for a sandstone reservoir offers a considerable increase in the oil
recovery factor until a critical salinity below which no significant change occurs in the recovery
factor.

Analyzing the recovery data of carbonate reservoirs, there is an optimum salinity which gives

the maximum oil recovery; further decrease behind this salinity lowers the recovery factor.

There is a stable and piston-like displacement of oil by CWI because of similarities of fluid
densities and low mobility ratio. Therefore, there are no problems such as gravity override and
viscous fingering with CWI, which are associated with pure gas injection and conventional
water flooding.
A higher recovery factor is achieved with CWI when compared to WF because of the changes
in the oil properties associated with the mass transfer of CO; into oil.

More CO: is dissolved in water during high injection pressure according to the Henry’s law,
which improves the overall performance of CWI.

There is a critical injection rate to ensure a maximum contact time between the fluids (CW and
oil) for effective mass transfer across phases.

A secondary benefit associated with implementing CWI is its high potential for anthropogenic
carbon dioxide storage. The amount of CO. stored is strongly dependent on the operational

injection pressure

In the core scale a recovery factor (60 % - 78 %) is achieved with CWI when compared to WF
(30 % - 45 %) because of the changes in the oil properties associated with the mass transfer of
COzinto oil. This R.F of CWI is expected in a full reservoir after upscaling although is largely
dependent of the reservoir petro-physical properties, oil properties and operational parameters
The increase in pressure leads to an improvement in the overall performance of CWI. More
COz is dissolved in water during high injection pressure according to the Henry’s law.

The performance of CWI in light oil is much better when applied to a more viscous heavy oil

due to variations in solubility gradient.
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The performance of CWI in a high temperature reservoir is lower comparatively to medium
temperature reservoir. This is because at high temperatures the CO, gas possesses a high
kinetic energy which reduces its solubility in water.

ANN-MLP model exhibits a better performance to predict the R.F during CWI1 with the limited
data that was used when compared to the LSSVM and GEP models. The mean square error of
ANN-MLP is considerably lower than that obtained from the LSSVM and GEP models
specifically to this research.

The optimum values to predict R.F using the LSSVM model are obtained based on 1.54 x 10
4 and 254.47 for the RBF kernel width and regularization parameter respectively.

Ten neurons with one hidden layer is adequate to develop a predictive ANN-MLP model
Deterministic tool such as ANN-MLP and LSSVM models are exceptional tools to give a good
prediction of the obtainable recovery factor of CWI during an EOR process. This is solely
based on pattern recognition without the need of mathematical equations representing the
physical phenomenon of CWI.

The GEP model was not able to accurately predict R.F with pattern recognition but was able
to fairly categorize the importance of operational input variable and identifies pressure to be
the most important parameter.

The reliability and performance of the developed model will be greatly enhanced with the
availability of more sample data relating to CWI necessary for modelling of deterministic tools.

7.2 Recommendations

Although considerable effort has been made in this thesis to develop model that can be used to

investigate CWI, future recommendations are presented in this section to aid in consistent and

progressive improvement of CWI as an oil recovery technique.

e Advanced laboratory experiments are recommended to generate the relative permeability
of oil as function of carbonated water will help to improve the understanding of phase
movement (CW and oil) during the displacement process and improve other modelling
works.

e The occurrence of asphaltene precipitation during CWI operations has not been highlighted

in several research works, while it is expected to occur during the CO. exsolution resulted
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from the pressure drop. Advanced experimental studies are needed to investigate
asphaltene occurrence.

Further modelling and experimental investigations are recommended to systematically
study the influence of mineral reactions as this may be a dominant factor affecting oil
recovery in the presence of bicarbonates and other catalytic ions in the formation water
The development of a field scale model is recommended using COMSOL Multiphysics to
investigate CWI following the procedure/approach highlighted in this paper. This will
account for reservoir heterogeneities for a more robust model to predict R.F during CWI
As the interest in CWI studies continues to grow, the availability of more experimental,
modelling and reported field data will increase and become available. When more data
becomes readily available, it is recommended that deterministic tools for R.F prediction

should be re-developed to enhance model accuracy during CWI.
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