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ABSTRACT

Carbonated water injection (CWI) is a promising enhanced oil recovery (EOR) technology that has
received much attention in co-optimizing CO, storage and oil recovery. This study provides a compre-
hensive review of the fluid system properties and the underlying changes in rock—fluid interactions that
drive the CWI-EOR mechanisms. Previous research has indicated that CWI can enhance oil recovery by
shifting reservoir wettability towards a more water-wet state and reducing interfacial tension (IFT).
However, this study reveals that there is still room for discussion in this area. Notably, the potential of
CWI to alter reservoir permeability has not yet been explored. The varying operational conditions of the
CWI process, namely temperature, pressure, injection rate, salinity, and ionic composition, lead to
different levels of oil recovery factors. Herein, we aim to meticulously analyze their impact on oil re-
covery performance and outline the optimal operational conditions. Pressure, for instance, positively
influences oil recovery rate and CWI efficiency. On one hand, higher operating pressures enhance the
effectiveness of CW due to increased CO; solubility. On the other hand, gas exsolution events in depleted
reservoirs provide additional energy for oil movement along gas growth pathways. However, CWI at high
carbonation levels does not offer significant benefits over lower carbonation levels. Additionally, lower
temperatures and injection rates correlate with higher recovery rates. Further optimization of solution
chemistry is necessary to determine the maximum recovery rates under optimal conditions. Moreover,
this review comprehensively covers laboratory experiments, numerical simulations, and field applica-
tions involving the CWI process. However, challenges such as pipeline corrosion, potential reservoir
damage, and produced water treatment impact the further application of CWI in EOR technologies. These
issues can affect the expected oil recovery rates, thereby reducing the economic returns of EOR projects.
Finally, this review introduces current research trends and future development prospects based on
recently published studies in the field of CWI. The conclusions of this study aid readers in better un-
derstanding the latest advancements in CWI technology and the strengths and limitations of the tech-
niques used, providing directions for further development and application of CWIL.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Despite the rapid advancement in the utilization of renewable
energy sources, fossil fuels are projected to remain the predomi-
nant source for the coming decades (Ahmed et al., 2023). The In-
ternational Energy Agency (IEA) forecasts that the global oil
consumption will surge from 90 mb/d in 2020 to 104 mb/d by 2030
(Ritchie et al., 2024). However, anthropogenic CO, emissions are
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recognized as a major contributor to global warming and climate
change (Zhang and Li, 2023). Consequently, the global petroleum
industry faces the dual challenge of expanding oil production while
ensuring long-term environmental stability. Primary energy con-
sumption and CO; emissions from energy production for the period
2012 to 2022 are shown in Fig. 1.

Historically, CO,-enhanced oil recovery (EOR) programs have
not only boosted oil production but also reduced CO, emission
(Zhang et al., 2015). Over the past few decades, CO,-EOR projects
have successfully improved the oil recovery factors (RFs) by
approximately 20%—40% (Yu et al., 2015; Tan et al., 2022; Ren et al.,
2023). The common mechanisms by which CO,-EOR include oil
expansion, wettability alteration, and light component vapor-
ization/extraction (Kumar et al., 2022). However, challenges such as
severe viscous fingering, low sweep efficiency, and premature CO,
breakthrough can arise during CO, flooding. Therefore, gravity
override, mobility control, and channeling are three critical issues
that must be addressed for the successful implementation CO,-EOR
project. To address these issues, several CO,-based EOR technolo-
gies have been proposed, including water-alternating-gas (WAG)
injection, carbonated water injection (CWI), and CO, foam
injection.

The CWI is an EOR technique that involves dissolving CO; in
water under reservoir conditions to form a single-phase fluid,
which is then transported and injected into oilfields (Hasanvand
et al., 2013). Compared to conventional CO, injection, CWI offers
several advantages: (1) It significantly reduces the volume of CO;
required for CWI, thereby lowering the costs associated with CO,
purchase and transportation; (2) CWI is particularly practical for
offshore environments where the only available gas supply might
be CO, separated from gas storage facilities (An et al., 2021); (3)
COy-saturated brine has a higher density than formation brine,
mitigating the risk of CO, buoyancy-driven leakage; (4) The injec-
ted CW readily mixes with resident water, alleviating the adverse
effects of high-water saturation and water shielding (Shu et al.,
2014); (5) The CW can dissolve inorganic minerals, reducing
harmful particle migration and clay swelling in the reservoir; (6)
The injection of CW creates a low pH environment and enhances
the dissolution of carbonate minerals, improving the effective
permeability of the reservoir; (7) The displacement efficiency of
CWI is governed by the mass transfer between water and hydro-
carbon phases, not by the minimum miscibility pressure (Peksa
et al,, 2013). In summary, this technique effectively addresses the
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issue of gas fingering, reduces the oil—-water mobility ratio, and
thereby improves the sweep efficiency and oil production. Despite
the advantages of CWI, there are also some drawbacks to consider:
Firstly, the acidic environment created by carbonic water can
accelerate the corrosion of well equipment and pipelines. Secondly,
reactions between CO, and reservoir minerals can cause mineral
precipitation and plugging of pore throats, which can decrease the
effectiveness of the CWI process. Lastly, the cost of CWI and the
potential safety risks associated with handling and storing large
volumes of CO, may be significant.

The CWI technique was first theorized in the 1930s and later
implemented by the oil industry by the 1940s. Field experience of
CWI in Texas and Oklahoma demonstrated oil recovery rate im-
provements exceeding 40%. Additional economic benefits, such as
increased water injectivity and shortened waterflood lifespans,
have been associated with CWI implementations. Numerous
research indicate that CWI is a promising water-based CO,-EOR
technology (Bergmo and Holt, 2024; Dastjerdi et al., 2024) and a
feasible approach for global warming mitigation strategies
(Marotto and Pires, 2019; Motie and Assareh, 2020; Ji et al., 2023).
The incremental RFs reported in the literature are 6.74% and 9.0%—
40.54% for secondary and tertiary CWI, respectively (Shakiba et al.,
2016; Zou et al., 2019; Salehpour et al., 2020). Moreover, the cor-
responding potential for CO, storage is generally in the range of
40%—54% (Kechut et al., 2011; Sohrabi et al., 2011a). Progress of
current research directions in CWI is illustrated in Fig. 2.

In recent years, a number of review articles have been published
(Esene et al., 2019a; Bisweswar et al., 2020; Talebi et al., 2022), Fig. 3
presents a historical overview of review papers published from
2019 to 2024. This paper analyzes in detail the mechanism of CWI
to improve oil recovery and establishes a database. In addition, it
elucidates the influence of the operating parameters of CWI tech-
nology on oil recovery performance, which provides a reference for
parameter design in practical applications. An important contri-
bution of this paper is to help readers understand the latest
development of CWI technology as well as the advantages and
limitations of the techniques used, and to provide new research
directions for future technological advancements. CWI is an
advanced EOR technology with the potential to harmonize oil re-
covery and environmental management. Despite the challenges,
incorporating this approach into oilfield practice can contribute to
global efforts to mitigate climate change and extend reservoir
production life.

The overall structure of this study is organized as follows: Sec-
tion 2 begins with an introduction to the background knowledge of
EOR in the petroleum sector, elucidating the relevant mechanisms
of EOR during the CWI process. Section 3 then explores the impact
of operational parameters on the performance of CWI. Sections 4
and 5 present the findings from numerical/mathematical
modeling studies and field application results related to practical
issues in CWI. Section 6 discusses the current challenges and
emerging research directions in the application of CWI. Finally,
Section 7 concludes with the main highlights and significant rec-
ommendations of this report.

2. CWI-EOR technology process description: Theory and
mechanisms

2.1. Theory of EOR

Globally, the development of conventional oil fields is catego-
rized into three distinct phases: primary, secondary, and tertiary oil
recovery. During the primary oil recovery stage, crude oil naturally
flows out of the reservoir due to the natural underground pressure.
When the reservoir pressure is insufficient to maintain this flow,
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Fig. 3. A timeline of review papers on EOR using CWI technology.

water is injected into the reservoir to sustain pressure and drive out
additional oil, a process known as secondary oil recovery. However,
this process can be impeded by heterogeneous reservoir charac-
teristics, leading to channeling through high-permeability zones
and underutilization of certain reservoir areas. Additionally, the
surface tension between oil and water contributes to the entrap-
ment of oil within the rock matrix, hindering efficient recovery
(Blunt et al., 1993). The schematic diagram of residual oil distri-
bution following waterflooding is shown in Fig. 4.

Consequently, several classic EOR technologies have been pro-
posed, which are categorized into gas injection methods, chemical
flooding (including polymers, surfactants, nanoparticles, etc.),
thermal methods, and microbial processes (Fig. 5) (Lake et al.,
2014). These approaches aim to further liberate residual oil from
the reservoir. The primary objective of all EOR processes is to
achieve optimal results in terms of economic viability and oil re-
covery rates, that is, to simultaneously enhance both microscopic
displacement efficiency and volumetric sweep efficiency.

Typically, an increase in the capillary number by three orders of

magnitude can result in a 50% reduction in residual oil saturation. It
has been posited that the residual oil saturation is inversely pro-
portional to the capillary number, as depicted by the desaturation
curve (Fig. 6). This implies that increasing the capillary number is a
key objective when attempting to enhance the displacement pro-
cess. The capillary number is defined as the ratio of viscous forces to

capillary forces:

F,  puu
Fc ~ ycosd M

NCa =

where N¢, is the capillary number; u and u are the viscosity and
velocity of the injected fluid, respectively; v is the interfacial ten-
sion (IFT); and @ is the contact angle.

The mobility ratio (M) is defined as the ratio of the mobility of
the displacing fluid to the mobility of the displaced fluid:

CAw kew/be  Rewpg )

M="2_-"%/"0 W0
do  kro/thy  Krofty

where k and ki, denote the relative permeability of water and oil,
respectively; 1, and A,y are the mobility of oil and water, respec-
tively; uo and u,y, refer to oil and water viscosity, respectively. The
effect of M on fluid displacement is illustrated in Fig. 7.

2.1.1. Mechanisms of enhanced oil recovery by CWI

The interaction between CW, oil, and rock is a critical issue in
studying the mechanisms and feasibility of CWI application, which
serves as the foundation for effectively extracting hydrocarbons
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from reservoirs. Fig. 8 illustrates a schematic of the multiscale water shielding effect. The formula for calculating the swelling
investigation approach used for CWL. factor (SF) is as follows:

-V o

2.1.2. 0il swelling and viscosity reduction SF= V; » 100% 3)
The volumetric expansion of oil is influenced by the CO,

dissolution, dispersion, and diffusion (Shu et al, 2017). This where Vi and V¢ are the initial and final volumes of the oil drop,

expansion allows isolated oil droplets to reconnect, overcoming the respectively.
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Fig. 6. Schematic capillary desaturation curve for wetting and non-wetting phases
(modified after Lake, 1989).

The effect of temperature, pressure, and ion type on the dy-
namic swelling behavior of crude oil was investigated. A critical
crossover pressure was observed (Fig. 9), where the swelling factor
decreases with increasing temperature at low pressures, while the
opposite is true at high pressures. This phenomenon suggests that
CO, solubility in the aqueous phase controls the initial region, while
the mobility of CO, molecules and the disruption of hydrogen
bonding between water molecules dominate the latter region. In
addition, it was found that the presence of monovalent cations (i.e.,
Na" and K%) increases the cross-pressure, while divalent cations
(ie., Ca’" and Mg?") tend to decrease the crossover pressure
(Lashkarbolooki et al., 2019). Researchers have consistently re-
ported that oil swelling is dependent on parameters that affect CO;
dissolution, with pressure and salinity considered to be the main
factors affecting the extent of oil swelling (Nowrouzi et al., 2020).
Furthermore, some investigators have explored the influence of oil
type on this process. Oil expansion (for viscous oils) and viscosity
reduction (for heavy oils) represent distinct mechanisms through
which oil production can be improved (Mosavat et al., 2020).
Compared to dead oil, live oil is larger at equilibrium due to higher
CO; solubility (Golkari and Riazi, 2018). A summary of relevant
studies is provided in Table 1.

Petroleum Science 21 (2024) 4100—4118

2.1.3. New gaseous phase formation

Extensive pore-scale observations (Seyyedi et al., 2017a, 2017b;
Seyyedi and Sohrabi, 2017) have consistently demonstrated the
significant role of new gaseous phase formation and growth in CWI
under live oil conditions. The enhancement of oil recovery rates can
be attributed to three primary mechanisms: (I) the reconnection
and redistribution of trapped oil clusters, (II) the creation of
favorable three-phase flow regimes, and (III) the restriction of CW
flow pathways, steering them towards un-swept areas (Fig. 10).

A study conducted by Seyyedi et al. (2019) investigated the ef-
fect of two key parameters—associated gas concentration and oil
composition—on the generation and growth of the new gas phase.
The results of the study showed that the concentration of dissolved
gas had a direct effect on the saturation and growth rate of the new
gaseous phase. In addition, it was found that the presence of heavy
hydrocarbon components initiates the formation of the new
gaseous phase, while light and medium hydrocarbon components
promote the subsequent growth of the new gaseous phase (Seyyedi
et al., 2019). Another study utilized a fluid modeling software tool
to characterize the development of a new gaseous phase. The
simulation results confirmed that the amount of dissolved gas af-
fects the generation of new gaseous phase. Furthermore, the new
gaseous phase exhibits a clear tendency to enlarge the oleic phase
compared to conventional oil expansion (Al Mesmari et al., 2016). It
was also found that the formation of the new gaseous phase
resulted in a significant increase in the differential pressure
response due to the unidirectional mass transfer of CO; during the
CWI process (Castaneda et al., 2022). Current studies of the visu-
alization of the new gaseous phase are mainly focused on micro-
scale models. It is worth noting that the precipitation of
asphaltenes during the interaction of CW with crude oil has not
been documented under real reservoir conditions.

2.14. IFT reduction

IFT is a key parameter that determines the behavior and dis-
tribution of multiphase reservoir fluids in porous media, and is
critical to oil recovery and carbon sequestration strategies. Yang
et al. (2005) firstly investigated the variation of IFT in the
CO,—brine—oil system under reservoir conditions by using the
pendant drop method. Their results showed that the presence of
CO» in brine is favorable to reduce the IFT. On the one hand, the

M>1
(fingering/ch

(b)

Fig. 7. (a) High M yields a poor areal sweep; (b) Piston-like displacement due to a favorable M (modified after Solling et al., 2021).
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increased solubility of CO, in brine and oil is responsible for the
reduction of IFT values. On the other hand, the migration of CO,
molecules towards the oil—water interface reduces the space for
water molecules to move, thus weakening the hydrogen bonding in
the water and leading to a decrease in the IFT value (Dreybrodt
et al,, 1996). Another study found that increased temperature and
pressure had a favorable effect on reducing IFT (Honarvar et al.,
2017). IFT is affected by the solubility of CO,, with higher solubil-
ity resulting in lower IFT values. Another mechanism controlling IFT
involves the total entropy at the interface between the two phases.
When temperature affects IFT, the primary mechanism is the
change in entropy rather than the solubility of CO,. As the kinetic
energy and mobility of molecules increase with increasing tem-
perature, the total entropy at the two-phase interface increases,
which decreases the free energy, leading to a decrease in IFT with
increasing temperature (Riazi and Golkari, 2016).

Ionization and component activity of natural surfactants are the
two main factors affecting IFT in CW—oil systems. Lashkarbolooki
et al. (2017) described the potential reduction of interfacial affin-
ity by surfactants (i.e., asphaltenes and resins). Furthermore, it has
been observed that CO, diffusion not only destroys natural sur-
factants, but also accelerates/slows down their orientation and
accumulation at the interface (Lashkarbolooki et al., 2018a), as
shown in Fig. 11.

4105

In a recent study, Rahimi et al. (2020) investigated the effects of
CO; and salinity on dynamic IFT at 80 °C and 6.89 MPa. The pres-
ence of CO, was reported to reduce the IFT of FB, SW, NaCl and CaCl,
solutions by 48.6%, 34.6%, 24.4%, and 19.9%, respectively. The results
showed that the IFT decreased as the salinity of the solutions
decreased. The proposed mechanism is the migration of organic
matter into the aqueous phase, thus increasing the boiling point of
water and the solubility of CO; in the aqueous phase. Fig. 12 depicts
the dynamic IFT versus time for oil—CB solutions. In addition, pH
may have an antagonistic/synergistic effect on the IFT values of
binary solutions such as acidic or non-acidic crude oils (Zaker et al.,
2021). The studies are summarized in Table 2.

2.1.5. Wettability alteration

Wettability is the affinity of a fluid to spread on a solid surface
against another fluid (Yang and Zhou, 2020). Oil and gas reservoirs
are classified as water-wet, oil-wet, or mixed-wet (Christensen and
Tanino, 2017).

The fluid—solid phase interaction is closely related to the
wettability of the solid reservoir rock surface (Bera et al., 2012). This
is a key parameter in determining oil recovery efficiency. Numerous
experimental and modeling studies have shown that the addition
of CO, to water leads to wettability reversal (Lee and Lee, 2017;
Algam et al., 2019; Chen et al., 2019b). To quantify the extent to
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Fig. 9. Swelling factor of heavy-acidic crude oil in the presence of CB containing monovalent/divalent cation (modified after Lashkarbolooki et al., 2019).

Table 1

Summary of works related to volumetric expansion in CW-crude oil system.
Ref. T,°C p, MPa Aqueous phase Oleic phase SF, %
Golkari and Riazi (2018) 40 4.83—13.79 CB (5000 ppm) Dead oil (24.46 °API); live oil (dead oil + CHa) 8.3-24.7
Golkari et al. (2022) 40-50 3.45-13.79 W Dead oil (24.46 °API) 7-23
Riazi et al. (2011b) 38 13.79 cwW n-decane (0.83 mPa s) 8.23-30.6
Lashkarbolooki et al. (2018b) 30-80 3.45-27.59 cw Dead oil (21.5 °API) 3.6-30.8
Lashkarbolooki et al. (2019) 30-80 3.45-27.59 CW, CB (15,000 ppm) Dead oil (21.5 °API) NA
Nowrouzi et al. (2020) 40-80 3.45-10.34 CFW (74,000 ppm) Dead oil (87 mPa s) 4-14
Mosavat et al. (2020) 25 3.45 CB (20,000 ppm) Viscous oil (13.01 mPa s, 21.31 mPa s); heavy oil (1471 mPa s) 14.2—-16.4
Samara et al. (2022) 60 8-15 CW, CB Model oil 18.8—49.9
Seyyedi et al. (2017a, 2018) 38 17.24 CSW (54,540 ppm) Dead oil (20.87 °API); live oil 4-20
Sohrabi et al. (2011b) 38 13.79 cw Mineral oil (16.5 mPa s; n-decane (0.83 mPa s) 8.29—-30.61
Bagalkot and Hamouda (2017) 25—-45 1-10 cw n-decane 3-21.34
Zaker et al. (2020a) 30-80 3.45-27.59 CB (15,000 ppm) Dead oil (21.49 °API) 17-32
Zaker et al. (2020b) 30—-80 3.45-27.59 CB (15,000 ppm) Heavy-acidic crude oil (21.5 °API) 1.03-1.24

Note: NA indicates not available.

which CW changes wettability, Seyyedi et al. (2015) measured the
contact angle of three different minerals (quartz, mica, and calcite)
using the captured bubble method. They studied both unaged and
aged rock systems with pressures ranging from 0.69 to 24.18 MPa
and 38 °C, as shown in Fig. 13. The results show that the measured
contact angle is directly related to the pressure (CO, concentration).
The effect of the aged material on the change in wettability is more
significant compared to the unaged substrate. In addition, the
change in wettability of aged calcite is greater than that of aged
mica and quartz due to dissolution of calcite and desorption of
adsorbed oil layers at low-pH CW.

Geochemical modeling suggests that additional H' significantly
displaces exchangeable cations present in muscovite, thereby
attenuating electrostatic bridging between oil, brine, and musco-
vite (Chen et al., 2019a). Xie et al. (2017) proposed that excess H"
from dissolved CO, in formation brines competes for ion adsorp-
tion, stripping the polarized ends of the connection from the pore

surface in crude oil. In addition, they measured the contact angles
of two oils with different acid number (AN) and base numbers (BN)
(oil A: AN = 4.0 mg KOH/g and BN = 1.3 mg KOH/g; oil B:
AN = 1.7 mg KOH/g and BN = 1.2 mg KOH/g) using the captured
drop method in the presence of 1 M NapSO4 at pH = 3 or 8. Their
study showed that pH and oil content had a significant effect on the
contact angle of these two oils. In addition, the CO,-assisted EOR
method adsorbs H at the interface formed by CO, dissolution,
making the system more hydrophilic, as shown in Fig. 14. Table 3
lists the available rock/oil/CB measurement data sets.

3. Factors affecting CWI performance during EOR

Before using CWI for EOR, it is important to have a thorough
understanding of the parameters that affect CWI performance.
Subsequent sections will provide an in-depth look at operational
factors that are critical to CWI efficiency, including temperature,
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Fig. 10. The link between residual oil saturation and the creation of the third phase. (a) Early stage of CWI; (b) Oil began to swell (blue circles) and reconnect (black arrow); (c) Oil
saturation became similar to the original residual oil; (d) Further growth of the third phase within the original oil (modified after Mahzari et al., 2018).

\/\/\@ Asphaltene
V\/\O Resin

Fig. 11. The effect of CO, on IFT of CW/oil system.

pressure, injection rate, and solution chemistry (salinity and ionic
composition).

3.1. Temperature

Current research on the effect of temperature on CWI perfor-
mance is limited, and as a result, a comprehensive reservoir-
specific database has not yet been developed. In Mosavat and Tor-
abi's study (Mosavat and Torabi, 2014a, 2014b), sand-pack flooding
experiments were conducted at two different temperatures, 25 and
40 °C, at a constant pressure of 4.1 MPa. Based on the results of
recovery factor (RF) results, it was found that the RF of secondary
carbonated water injection (SCWI) was 68.8% at 25 °C, which
decreased by 1.8% with increased temperature. The RF of tertiary
carbonated water injection (TCWI) was 66.5% at 40 °C. This
reduction is attributed to the fact that the solubility of CO,
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decreases with increasing temperature at constant pressure, i.e.,
from 0.9775 mol/kg (25 °C) to 0.7303 mol/kg (40 °C), resulting in a
relatively lower transfer of CO; to the oleic phase. In another study,
Esene et al. (2020) modeled CWI using the COMSOL® simulator
with a cylindrical porous medium and performed a parameter
sensitivity analysis in order to investigate the effect of temperature
on the performance of CWI. As shown in Fig. 15, SCWI exhibits the
highest RF at 38 °C compared to other higher temperatures.
Considering that the solubility of CO, in water decreases with
increasing temperature, the performance of CWI in high tempera-
ture reservoirs will be significantly lower than in typical reservoirs.

3.2. Pressure

Pressure has a significant impact on the performance of CWI,
and research has focused on two main areas: operating pressure
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Fig. 12. Dynamic IFT of 0il—CB solution versus time. (a) Carbonated NaCl solution; (b) Carbonated CaCl, solution; (¢) CSW and CFB; (d) representative schematic of salinity effect
(modified after Rahimi et al., 2020).

Table 2
Summary of works related to IFT in CW—crude oil system.

Ref. T,°C p,MPa  Aqueous phase Oleic phase Research topics
Honarvar et al. (2017) 40 6.89 CFB (97,645 ppm), Crude oil (24.94 mPa s at 20 °C) Temperature, pressure, aging
—100 —17.24 CSW (35,079 ppm) time
Yang et al. (2005) 27, 023 CFB (4270 ppm) Crude oil (6.83 mPa s at 25 °C) Pressure
58 —31.442
Riazi and Golkari 40, 2.76 CB (10,000 ppm) Stock tank crude oil (24.46 °API) Pressure
(2016) 50 —13.79
Golkari and Riazi 40, 345 CB (5000 ppm) Stock tank crude oil (24.46 °API), live oil (CH4)  Oil type, pressure,
(2018) 50 —-13.79
Golkari et al. (2022) 40, 2.76 cw Asphaltenic crude oil (24.46 °API) Temperature, pressure
50 —13.79
Manshad et al. (2016) 35 0.1 CB (500—80,000 ppm), CW Crude oil Ion type, salinity,
=75 -—-13.79 temperature, pressure
Nowrouzi et al. 75 0.1 CB, CSW (33,194 ppm) Crude oil Salinity
(2018) —-13.79
Nowrouzi et al. 75 13.79 CB (500—80,000 ppm), CW Crude oil (32.02 °API) Ion type
(2019)
Nowrouzi et al. 40 3.45 CFB (74,000 ppm, 10-times dilution, 20-times Crude oil (87 mPa s at 15.5 °C) Temperature, pressure,
(2020) —80 —10.34 dilution) salinity
Lashkarbolooki et al. 30 3.44 cw Acidic and basic crude oil Pressure, oil type
(2017) —27.58
Lashkarbolooki et al. 30 345 cw Heavy acidic crude oil (21.5 °API), light basic Temperature, pressure, crude
(2018a) —80 —27.59 crude oil (35.0 °API) oil type
Zaker et al. (2020a) 30 345 CB (15,000 ppm) Heavy acidic crude oil (21.5 °API) pH, salt, pressure,
—-80 —27.59 temperature
Zaker et al. (2021) 30 3.45 CB (15,000 ppm) Dead crude oil (21 °API) pH, salt, pressure,
-80 —27.59 temperature,
Rahimi et al. (2020) 80 6.89 CB (1000—80,000 ppm), CFB (97,600 ppm), Crude oil (31.56 °API) Salinity, ion type, aging time
CSW (35,009 ppm)
Samara et al. (2022) 60 8 CB (30,000 ppm, 100,000 ppm) Model oil Salinity
cw
Akindipe et al. (2022) 40 8.97 CB (5000 ppm), CSW (5000 ppm) Crude oil (34.3 °API at 15 °C) Salinity
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Fig. 14. Cartoon that explains the physics of CO,-assisted EOR approaches (competitive ion chemisorption, none/electrostatic physisorption) (modified after Xie et al., 2017).

Table 3

For the CW—oil—rock system, experimental contact angles have been reported.
Ref. Rock Operating conditions Method

Temperature, °C Pressure, MPa Salinity, ppm

Yang et al. (2008) Limestone 27,58 0.1-33 30,000 Sessile drop
Jaeger et al. (2010) Calcite, limestone, sandstone, dolomite 50 0.1-21.2 32,000 Captive bubble
Ameri et al. (2013) Water-wet sandstone, oil-wet sandstone 45 0.2—14 35,000 Captive bubble
Al-Mutairi et al. (2014) Carbonate 70 7.0 20,000 Captive bubble
Seyyedi et al. (2015) Quartz, calcite 38 0.7-17 54,597 Captive bubble

and depressurization. Mosavat and Torabi (2014b) conducted a
series of sand-pack flooding experiments to measure the RFs at
different operating pressures. The results of SCWI and TCWI, as
shown in Fig. 16, clearly demonstrate the critical role of operating

pressure in the oil recovery process of CWI. The ultimate RF of CWI
increased by 14.21% and 8.03% when the pressure was increased
from 1.4 to 10.3 MPa, respectively. It was also observed that the
cumulative RF increased significantly at pressures up to 5.6 MPa
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Fig. 15. Effect of temperature on RF at 20.69 MPa and 4 mL3/min (modified after Esene
et al.,, 2020).

and only slightly at pressures above 5.6 MPa. This is due to the fact
that the solubility of CO, in brine increases significantly at a certain
level of pressure and remains almost constant thereafter.

In a study, Perez (1992) proposed a cyclic recovery method that
combines CWI with depressurization to increase oil production by
utilizing the localized gas drive observed after depressurization.
Another study conducted by Shakiba et al. (2020) confirms their
findings, where depressurization tests increased oil recovery by
25.22%, and 18% for SCWI and TCWI tests respectively compared to
5% for original oil in place (OOIP). Subsequently, Riazi et al. (2011b)
investigated the potential advantages of post-CWI pressure release
for oil recovery. The results showed that the dissolution of in-situ
CO, during depressurization led to significant fluid redistribution
and additional oil production. Furthermore, Alizadeh et al. (2014)
investigated the effects of CO, dissolution and in-situ free gas
growth during CWI on oil ganglia activity in the Berea sandstone. As
shown in Fig. 17, the gradual increase in pressure drop resulted in
gas release from the aqueous phase, internal gas drive, oil ganglia
activation, and reduced residual oil saturation. Recently, Qin et al.
(2021) further found that in-situ CO, dissolution during TCWI
significantly reduced the residual oil saturation to 21% at the end of
the subsequent depressurization phase. During in-situ CO, disso-
lution, gas bubbles grew, expanded, and resided in larger pore
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units, which led to the coalescence of isolated oil droplets,
increased the local connectivity of the oil phase, and facilitated oil
flow.

3.3. Injection rate

The effect of injection rate on CWI performance is largely
dependent on the contact time between the CW and the residual
oil. Holm (1959) and Dong et al. (2011) explored the effect of flow
rate on the performance of CWI using packaged sand cores, and
showed that increasing the flow rate can improve oil recovery.
However, there exists a critical injection rate that ensures optimal
contact time between CWI and oil, thus promoting effective inter-
phase mass transfer (Esene et al., 2020). In addition, due to the
relatively high permeability of the porous medium, the injection
rate has a negligible effect on the efficiency of CW conversion, and
lowering the CW injection rate is inefficient in prolonging the
contact time between CO, and oil. In a study, Mahdavi (2016)
investigated the dispersion pattern of CW in a micromodel at two
production rates (0.0008 and 0.004 mL/min). The results of the
study showed that the dispersion of CW in porous media is a
function of the production rate. The higher the productivity, the
faster the initial displacement and the earlier the breakthrough.
However, the oil sweeping effect of CW in porous media is poor and
the distribution in different pore throat directions is not uniform.
Finally, as shown in Fig. 18, RF reduction is less likely when the
production rate is low. In order to assess the effect of injection flow
rate on CWI efficiency, Ahmadi et al. (2016) conducted CWI ex-
periments on water-wet carbonate cores using the ECLIPSE 300
(E300) compositional simulator and field-scale numerical simula-
tions. It was observed that when the injection rate increased from 2
to 4 cm>/h, the ultimate RF increased from 48.75% to 60%. However,
at the field scale, the ultimate RF decreases from 40.6% to 25.9%
when two different injection rates of 3 x 10% and 6 x 10 are used.
This phenomenon explains the water-cone effect in field-scale
production wells, where higher injection rates increase the num-
ber of abandoned wells in a shorter period of time, thus decreasing
the ultimate RF.

3.4. Carbonation level (CL)

CW is an aqueous solution enriched with CO, at a specific
temperature and pressure, and depending on whether or not
dissolution equilibrium has been reached, which can be either
undersaturated or fully saturated with CO,. In a study, Mosavat and
Torabi (2014a) reported that reducing CL from 100% to 50% resulted
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Fig. 16. Cumulative oil RFs for seven SCWI tests (a) and four TCWI tests (b) at constant temperature of 25 °C (modified after Mosavat and Torabi, 2014b).
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(b)

Fig. 17. (a) Schematic representation of three-phase ganglion dynamics. Water, oil, and gas are represented by blue, orange, and white, respectively; (b) An image of a displacement
step taken during clear glass micromodel studies (modified after Alizadeh et al., 2014).
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Fig. 18. ROS in different scenarios as a function of PVI (modified after Mahdavi, 2016).

in a decrease in the ultimate RF from 68.8% to 66.8% in the TCWI
test, which was mainly attributed to the decrease in CO, delivery. In
another study, Zou et al. (2019) conducted a series of core flooding
experiments to examine the impact of CLs (partial and full satura-
tion) on the performance of CWI under actual reservoir conditions
(16.00 MPaq, 80 °C). The results show that at full saturation, the RF is
improved by 7.42% and 4.21% for SCWI and TCWI modes, respec-
tively, compared with 50% CL, as shown in Fig. 19. The lower CL
indicates that there is less dissolved CO; in the injected water,
which leads to oil swelling and lower viscosity, which in turn
makes the injection process more water-driven and reduces the
ultimate RF.

3.5. Salinity and ionic composition

In recent years, optimizing the mineralization and ionic
composition of injected water has emerged as a novel EOR tech-
nique, known as low salinity water injection (LSWI) (Rostami et al.,
2019). Several scholars have conducted studies in conjunction with
CWL. In a study, Sohrabi et al. (2012) investigated the effect of the
injected CW salinity (1% and 3%) on RFs from water-wet rock cores
under realistic reservoir conditions (17.24 MPa and 38 °C). They
found that the RF of LSCW in SCWI was slightly higher compared to
high salinity CW in TCWI. On the contrary, HSCW produced higher
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RF in TCWI. Nowrouzi et al. (2020) investigated the effect of LSCWI
on the RF at 10.34 MPa and 80 °C. As shown in Fig. 20, which shows
the results of spontaneous imbibition of CW at three different sa-
linities. The highest RF was obtained at 20 times dilution of the
initial formation brine, yielding RF of 55.68%, 62.95%, and 68.52%
for the undiluted, 10 times diluted, and 20 times diluted conditions,
respectively. In another study, Akindipe et al. (2022) conducted
pore-scale oil displacement experiments on oil-wet carbonate rock
cores under actual reservoir conditions (8.97 MPa and 40 °C) to
investigate the potential mechanisms of different brine ionic
compositions and salinities in the CWI process. They found that
low-salinity carbonated seawater was significantly more recover-
able with a substantial 79% increase in RF compared to non-
carbonated brines and LSCW. Clearly, low salinity carbonate
seawater is more selective. Supporting this is the hypothesis that
the lower threshold pressure requirement allows the injected brine
to penetrate more extensively into the oil-filled pores (especially
the small and medium-sized pores), thereby displacing the oil more
efficiently. This explains why carbonated low-salinity seawater
performs better in all pore sizes.

4. Numerical simulation and mathematical modeling
investigations of CWI

The published literature on numerical and mathematical studies
of the CWI process focuses primarily on numerical simulations
using commercial simulators such as compositional simulators like
the E300, as well as mathematical studies through theoretical
models. The black oil model and the compositional model are the
two approaches used for the mathematical simulation of CWI. The
black oil model characterizes a two-phase (CW and oil) system and
assumes that free CO, is not present even if there is mass transfer
from CWI to oil. The compositional model considers the case where
CO; dissolves from solution and appears as free gas at a specific
pressure reduction. Both models capture the complexity of the CWI
conversion process well, although the compositional model ap-
pears to be more successful based on numerical and experimental
studies (Esene et al., 2019b). Nevers (1964) developed the first 1D
mathematical model for predicting CWI results in 1964, in which
CO, inputs for both injected water and reservoir solubility in the
injected water and oil as a function of CO, pressure at reservoir
temperature. The model was based on Buckley—Leverett type linear
flow and Welge's method. It was concluded that the main reason
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for the increase in RF was the decrease in viscosity. Subsequently,
Ramesh and Dixon (1973) developed a three-phase black oil
mathematical model for CWI to simulate simultaneous two-
dimensional flow of oil, water, and CO, in porous space.

In addition, Riazi et al. (2011a) recently developed a mathe-
matical model to simulate the dynamic expansion of oil ganglia
under direct (oil/water) and indirect (oil/water/CO; source) contact
scenarios, which was solved using the finite-element method in the
COMSOL® multi-physics mathematical modeling software. It was
found that water has a detrimental effect on the rate of diffusion of
carbon dioxide from the CO, source to the oil, a phenomenon
known as the water blocking effect. Subsequently, Kechut et al.
(2011) conducted CWI displacement tests in a one-dimensional
compositional model using the commercial numerical simulator
E300. The results show that the instantaneous equilibrium and
complete mixing assumptions in the commercial simulators are not
sufficient to accurately model the local non-equilibrium processes
in CWL. The inability of the compositional simulator to account for
molecular diffusion and convective mixing of CO, from CWI to oil
resulted in a poor match between experimental and simulated
recoveries.

It is worth noting that the instantaneous equilibrium assump-
tion may lead to significant errors when the contact time of the
mass transfer process is short (laboratory scale), the diffusion paths
for component diffusion are large (field scale), and the high vis-
cosity of the resident fluid results in slower diffusion rates. There-
fore, Foroozesh et al. (2016) constructed a new non-equilibrium-
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based component mathematical model to replicate the CWI
experiment, relaxing the instantaneous equilibrium assumption by
incorporating a mass transfer term. Simulated CWI trials captured
by the simulator indicate that equilibrium has not been achieved. In
addition, a new dimensionless number called the equilibrium
number was introduced (Foroozesh and Jamiolahmady, 2018)
Meanwhile, Sanaei et al. (2019) integrated the compositional
reservoir simulator UTCOMP with the geochemical program
IPHREEQC to study the CWI process, culminating in the develop-
ment of the reactive migration simulator UTCOMP-IPHREEQC. The
study examined the effect of CO, mass transfer between the
aqueous and hydrocarbon phases, constrained by thermodynamic
conditions at reservoir state. It was demonstrated that the under-
lying mechanism of CWI is oil swelling and consequent viscosity
reduction. In addition, at low pH, calcite undergoes extensive
dissolution, which leads to wormhole formation rather than a
change in wettability.

5. Field applications and practical issues associated with CWI
projects

5.1. Pilot tests of CWI projects

Martin (1950) conducted pioneering CWI injection tests in the
late 1940s aimed at increasing oil productivity. It was documented
that replacing conventional waterflooding with CWI could increase
recovery of residual oil saturated by 12%. Field tests of CWI appli-
cations showed increased oil production rates. From the early 1950s
to the late 1970s, large sums of money were invested in CWI pro-
grams in Oklahoma and Texas in the U.S., reflecting the positive
results of these operations (Christensen, 1961; Scott and Forrester,
1965). The K&S project in Oklahoma during the early 1960s
marked the first commercial field application of CWI (Hickok et al.,
1960), where all injection wells exhibited a significant enhance-
ment in water injectivity and mobility ratio throughout the CWI
operations (Ramsay and Small, 1964). The Slaughter Field in
Hockley County, Texas, witnessed the most recent documented use
of CWI, spanning from July 1985 to March 1986 (Blackford, 1987).
Table 4 lists CWTI's field experience with enhanced reservoir re-
covery, and Fig. 21 depicts CWI's program workflow.

5.2. Practical issues related to CWI

5.2.1. Corrosion, scale formation and asphaltene precipitation

A major operational challenge associated with CW leaks is
extensive corrosion of facilities such as steel pipes, casing, and
ground equipment. This corrosion is often exacerbated by the
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Reported field applications where CWI projects have been used in EOR (Gao, 2015).
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Project name Country Reservoir Reservoir Reservoir Qil gravity, Production Oil production rate before Qil production rate after
depth, m permeability, mD porosity, % °API year CWI, bbl/d CW]I, bbl/d
K&S USA 396.24 56 17.6 33 1958 30 2300
Wirt USA NA 44 16.0 33 1959 15 420
Post oak USA NA 43 17.0 35 1960 300 870
White and USA 5334 24 21.0 31 1960 NA NA
Baker
Dome USA 563.88 22 14.5 32 1960 7-10 448
y
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Fig. 21. Illustration of the project workflow for piloting CWI technology.

formation of carbonic acid from CO, dissolved in water, which
contributes significantly to the corrosion of carbon steel. In addi-
tion, solid particle precipitation from the reaction of carbonate
minerals with carbonic acid can lead to clogging of reservoir pores,
causing infiltration problems. Therefore, corrosion-resistant mate-
rials such as stainless steel must be used to ensure safe operation.

In addition, another challenge associated with CWI in secondary
and tertiary recovery operations is the potential for damage to the
reservoir. High molecular weight aromatic solid deposits known as
asphaltenes, which typically contain heavy metals, nitrogen, sulfur,
and oxygen, are the primary cause of the formation of paraffin,
asphalt, and asphaltene-like deposits in reservoirs and during oil
production. Changes in the thermodynamic state of the system are
the main cause of these deposits, which can lead to an increase in
pore joints and pressure differentials in the reservoir. This, in turn,
reduces the oil production rate and ultimate RF.

When the operating pressure during CWI is lower than the
minimum miscible pressure, CO, can be present as a free phase,
leading to an increased tendency for asphaltene deposition
(Zendehboudi et al., 2014; Doryani et al., 2016). During CWI oper-
ation, asphaltene aggregation can affect oil production by plugging
pores driven by compositional and temperature changes, altering
reservoir wettability, and reducing formation permeability due to
asphaltene particles adsorbed on rock surfaces (Fig. 22). In addition,

4113

deposition or precipitation of asphaltenes in downstream equip-
ment can present significant operational challenges, such as plug-
ging of flow facilities and accumulation of solids in storage tanks.

5.2.2. Carbonated produced water treatment

Produced water is a by-product of fossil fuel extraction and in-
cludes both formation water and injected water. It contains a
complex mixture of dissolved and particulate organic and inorganic
impurities that must be removed for proper management of this
effluent. Typically, the resulting water contains organic pollutants
(e.g., oil and grease, hydrocarbons, natural organics, surfactants),
suspended particles, heavy metals, hardness, and dissolved solids,
resulting in salinities that are much higher than those of seawater
(Coha et al., 2021). Initially, large quantities of low total dissolved
solids (TDS) wastewater are generated, and the TDS content of
these wastewaters gradually increases, typically tens to thousands
of times the agricultural irrigation limit, until the chemistry of the
solution matches that of in-situ stratified brines (Zhu et al., 2022).

In addition, the oil production process generates a large amount
of wastewater on a daily basis, which contains organic and inor-
ganic constituents that can cause potentially harmful impacts on
ecosystems, and this is one of the major challenges facing the en-
ergy industry. Extracted water has always been treated by
gas—liquid—oil separation, sedimentation or cyclone separators,
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Fig. 22. Schematic image of asphaltene precipitation in an oil reservoir.

followed by coarse depth filtration, and finally discharged from
offshore platforms into the ocean or re-injected into onshore soils.
However, due to the high solubility of CO; in carbonated produced
water, a suite of corrosion protection equipment and treatment
technologies are required to address the potential for groundwater
contamination and soil acidification if not managed properly. While
reuse and dilution through discharge to large water bodies may
help to mitigate this problem, proper treatment prior to disposal
remains critical (Ganiyu et al., 2022).

6. Recommendations for future research directions

Based on the review, we have identified and highlighted a
number of knowledge gaps and prospects for future research in the
area of CWI, as detailed in the following sections.

6.1. Enhancement of CO, absorption

Essentially, the solubility of CO; in the aqueous phase depends
on temperature, pressure and ionic strength, which in turn de-
termines the amount of CO, that the CW can carry into the reser-
voir (Ahmadi and Chapoy, 2018). It also ensures that CO; is
transported to the reservoir through the CW at the displacement
front. Therefore, it is crucial to use CO, dissolution enhancers prior
to injection to increase the CO; loading capacity in the water phase.
Nanomaterials can significantly enhance CO, uptake compared to
conventional sorbents. Therefore, there is a great potential to utilize
nanomaterials to enhance the solubility of CO, in CW, thereby
improving oil recovery and CO; sequestration.

In recent decades, there has been a strong interest in the unique
ways in which nanomaterials enhance CO, uptake capacity. Several
studies have shown that the addition of nanomaterials to water can
significantly enhance CO solubility (Sun et al., 2023; Halari et al.,
2024). Brownian motion, shuttle effect mechanisms and hydrody-
namic effect are the mechanisms that regulate and influence the
transportation and diffusion of CO, within the solution, which leads
to an increase in the rate of CO; uptake (Shayan et al., 2021). In
addition to the enhancement of CO; uptake, various studies have
shown that the use of nanoparticles for enhanced oil recovery is
also effective (Olayiwola and Dejam, 2019; Davoodi et al., 2022;
Liang et al., 2022). Given the promising performance of nano-
materials in enhancing CO, uptake and EOR, nanomaterial-
enhanced CW emerges as a new type of injectant with great po-
tential for enhanced oil recovery and CO, sequestration.

4114

6.2. Co-optimization strategy

In recent years, there has been a surge in research on injecting
CWs and combining this approach with other EOR processes. Lab-
oratory experiments have shown that combining CW with poly-
mers, surfactants, or a combination of the two can contribute to
enhanced oil recovery (Chaturvedi et al., 2019). Polymers increase
the viscosity of the aqueous phase and reduce the permeability of
water due to due to mechanical retention, resulting in more
favorable flow ratios. The most commonly used polymers include
synthetic and partially hydrolyzed polyacrylamides, modified nat-
ural polymers, and xanthan gum (Wever et al., 2011).

Furthermore, the residual oil can be mobilized through the
significant reduction in IFT caused by the injection of surfactant
solutions. Surfactant molecules are typically amphiphilic organic
compounds, meaning they possess two functional groups: a hy-
drophilic (water-loving) head and a hydrophobic (water-repelling)
tail. Surfactants are categorized based on the charge of their polar
head groups into anionic, cationic, nonionic, or zwitterionic
(amphoteric) surfactants (Madani et al., 2019). The use of CW and
surfactants as EOR additives is widespread in the petroleum in-
dustry for the addition of chemical and altered WF into reservoirs.
The reduction of IFT facilitates the mobilization and recovery of
trapped oil clusters and can modify flow paths by plugging pore
spaces with oil-in-water (O/W) emulsions.

Additionally, LSWF has been demonstrated to be a useful
method for further improving recovery rates, both in laboratory
observations and field applications (Katende and Sagala, 2019). The
low salinity effect is primarily attributed to rock-fluid interactions,
but can also be explained by fluid-fluid interactions (Tetteh et al.,
2020). In light of the impact of low salinity, the combination of
CW and LSWF yields more oil than LSWF alone or CWI alone.

The enhancement of chemical-based oil recovery methods is
commonly achieved by combining two or more additives, thereby
harnessing their synergistic mechanisms of action within the EOR
process. Consequently, there is a burgeoning interest in research
aimed at improving oil recovery rates through the integration of
diverse polymers and surfactants with low-salinity CWI, stimu-
lating further inquiry and innovation among researchers in the
field.

6.3. Microfluidic visualization

Research on pore-level phenomena and oil recovery mecha-
nisms associated with CWI is scarce. Consequently, a
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comprehensive understanding of the pore-scale interactions and
processes occurring during CWI in reservoirs, and the practical
methods that may recover additional oil, remains elusive. To date,
micromodel studies of CWI have primarily focused on aspects such
as in-situ CO, exsolution during depressurization, gravity effects,
fracture impacts, and new gaseous phase formation.

Microfluidic devices, also known as micromodels, are particu-
larly effective laboratory apparatuses used for direct observation of
fluid flow behavior and the study of oil recovery mechanisms at
microscales relevant to reservoirs. These are simulated porous
media made from transparent materials such as glass, poly-
dimethylsiloxane, polymethyl methacrylate, quartz, and silicon
(Karadimitriou and Hassanizadeh, 2012). As fluids propagate,
several multiphase flow phenomena can be observed, revealing the
pore-scale mechanisms that drive flow and transport phenomena
in natural porous media. Additionally, digital image processing
techniques, employing cameras with or without fluorescence mi-
croscopy, allow for the determination of key parameters such as
fluid saturation, size distribution of captured oil droplets, and
interfacial curvature, leading to a better understanding of the
physical displacement processes at the microscale (Mahmoodi
et al,, 2018).

In summary, micromodels are applicable for qualitative obser-
vation, quantitative analysis, and simulation studies, which are also
utilized to investigate the fundamental and critical aspects of fluid-
fluid and rock-fluid interactions in porous media, such as wetta-
bility alteration, capillary pressure, interfacial phenomenon, and
asphaltene deposition.

6.4. Reservoir simulation

Numerical and mathematical research on the CWI process in
subsurface oil and gas reservoirs, as documented in the published
literature, predominantly relies on numerical simulations utilizing
commercial simulators and mathematical models (Alvarez et al.,
2018). Due to the complex oil recovery mechanisms associated
with CWI, capturing the physics of accurate CWI through numerical
simulations and mathematical models has been a challenging
endeavor. Most models are constructed with impractical and un-
certain assumptions (Derakhshanfar et al., 2012), which has led to
skepticism towards the existing models and a lack of confidence in
their application at larger scales, such as pilot plants. Moreover, due
to the intricate multi-physics involving fluid—fluid and fluid—rock
interactions in the CWI process, the majority of studies have been
conducted at the laboratory scale. There is a dearth of adequately
comprehensive modeling studies on CWI operations in open-
source platforms.

Reservoir simulation is an economical and time-efficient
method for reservoir evaluation. This simulator allows for the ex-
amination of numerous EOR scenarios within the reservoir and the
selection of the optimal approach. It is crucial during the simulation
process that the model created by the simulator is history matched
with the actual reservoir historical data before generating any
predictions. Therefore, there is a need for broader CWI modeling
studies to assess the performance of this EOR technique. Addi-
tionally, the development of accurate and reliable commercial
reservoir simulators that can thoroughly reflect the actual physics
and complex displacement mechanisms in the CWI process is
warranted.
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7. Summary and conclusions

This review synthesizes the latest advancements in CWI
research, with the key findings summarized as follows.

(1) Multiple significant operational parameters have been
investigated, including (a) operational characteristics such as
pressure, temperature, injection rate, and carbonation level,
and (b) ionic composition with monovalent and divalent
cations, as well as salinity. Among these, pressure has a
favorable impact on oil recovery rates and CWI performance.
On one hand, higher operating pressures enhance the
effectiveness of CW due to increased CO; solubility. On the
other hand, gas exsolution events in depleted reservoirs
provide additional energy for oil movement along gas
growth pathways. However, CWI at high carbonation level
does not offer significant benefits over lower carbonation
level. Additionally, lower temperatures and injection rates
correlate with higher recovery rates. Further optimization of
solution chemistry is necessary to determine the maximum
recovery rates under optimal conditions.

(2) A variety of processes, including oil swelling, viscosity
modification, IFT reduction, wettability change, new gaseous
phase generation, and rock wettability reversal, are consid-
ered to be involved in the application of CWI for enhancing
oil recovery. Nevertheless, there is still much to learn about
the interactions between different systems and how to
characterize these effects experimentally.

(3) Discrepancies exist between laboratory-scale data and nu-
merical simulation results. Moreover, fluid—reservoir rock
interactions may reveal differences across multiple scales,
from core to nanoscale. Therefore, understanding these in-
teractions across various scales using a range of relevant
experimental techniques is crucial. Different experimental
methods may be required to characterize the impact of
CW—oil—rock interactions.

(4) In general, reservoir damage, pipeline corrosion, asphaltene
precipitation, and carbonated water treatment are catego-
rized as the main practical technical challenges in most field
applications of CWI. To achieve better performance benefits,
a comprehensive assessment of the technical and economic
viability of CWI is necessary.

(5) Accurate reservoir screening criteria, including temperature,
depth, rock type, crude oil viscosity, connate water satura-
tion, porosity, permeability, and effective thickness, need to
be established as the selection criteria for CWI programs in
matrix reservoirs have not yet been established.

(6) Considering the relevance of CO; concentration in enhancing
oil recovery rate and CO, storage, the idea of using chemical
additives and co-solvents to improve CO, solubility in brine
should be discussed and thoroughly evaluated in future
work.

(7) To optimize oil production and CO; sequestration in reser-
voirs, CWI projects can be synergized with other water-based
EOR processes, such as nanoparticles, surfactants, polymers,
and LSWF. However, there is a lack of research on this topic
both domestically and internationally, and further studies of
injection strategies are recommended.

(8) Static analysis combined with visible pore-scale measure-
ments using microfluidic devices can help to comprehen-
sively understand the CWI process. Additionally,
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computational fluid dynamics methods offer advantages in
cost and computational efficiency compared to experimental
studies for numerical investigations of multiphase flow in
porous media.
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