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Abstract: In this paper, an innovative multi-phase strategy is developed and numerically tested to
optimize CO2 utilization and storage in an oil reservoir to support low carbon transition. In the
first phase, the water-alternating-gas (WAG) injection is conducted to simultaneously store CO2 and
produce crude oil in the reservoir from the respective injection and production wells. In the second
phase, the injection and production wells are both shut in for some time to allow CO2 and water to
be stratigraphically separated. In the third phase, CO2 is injected from the upper part of the reservoir
above the separated water layer to displace water downwards, while fluids continue to be produced
in the water-dominated zone from the lower part of the production well. Lastly, the production well
is finally shut in when the produced gas–water ratio (GWR) reaches 95%, but CO2 injection is kept
until the reservoir pressure is close to the fracture pressure of its caprocks. The numerical simulations
show that implementing the proposed multi-phase strategy doubles CO2 storage in comparison to
applying the WAG injection alone. In particular, 80% of the increased CO2 is stored in the third
phase due to the optimized perforation. In addition, the CO2 injection rate in the last phase does
not appear to affect the amount of CO2 storage, while a higher CO2 injection rate can reduce the
CO2 injection time and accelerate the CO2 storage process. In the proposed strategy, we assume
that the geothermal energy resources from the produced fluids can be utilized to offset some energy
needs for the operation. The analysis of energy gain and consumption from the simulation found
that at the early stage of the CO2-WAG phase, the energy gain mostly comes from the produced oil.
At the late stage of the CO2-WAG phase and the subsequent phases, there is very little or even no
energy gain from the produced oil. However, the geothermal energy of the produced water and
CO2 substantially compensate for the energy loss due to decreasing oil production. As a result, a
net energy gain can be achieved from the proposed multi-phase strategy when geothermal energy
extraction is incorporated. The new multi-phase strategy and numerical simulation provide insights
for practical energy transition and CO2 storage by converting a “to be depleted” oil reservoir to a
CO2 storage site and a geothermal energy producer while enhancing oil recovery.

Keywords: CCUS; WAG; multi-phase strategy; geothermal energy integration; energy sustainability

1. Introduction

The use of carbon capture, utilization, and storage (CCUS) technology is crucial in
mitigating climate change by reducing greenhouse gas emissions. In order to achieve the
Government of Canada’s target of net-zero emissions by 2050, the CCUS technique must
offset 395 Mt of CO2 per year [1]. Alberta, being the province with the highest oil and gas
production in Canada, emitted 273 Mt of greenhouse gases into the atmosphere in 2020,
which accounted for over one-third of the country’s total emissions [2]. Therefore, it is
essential to decarbonize Alberta to achieve the Canadian Government’s carbon reduction
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goal. The oil and gas sector must reduce its CO2 emissions from 182 Mt/year in 2021 to
110 Mt/year in 2030 to stay on Canada’s greenhouse gas emissions pathway to 2030 [3].
This will require a significant portion of the reduction to come from the implementation of
the CCUS technology. Currently, a meager 5 Mt of CO2 is sequestrated annually in Canada,
a considerable disparity from the decarbonization ambition outlined by the Government [3].
To remove CO2 emissions from the atmosphere, there is an urgent need to develop a CCUS
technology that is technically effective and economically viable.

Several researchers have conducted extensive studies on the integration of CO2-based
enhanced oil recovery (CO2-EOR) with CO2 storage [4]. Kamali et al. experimentally and
numerically studied the co-optimizing of CO2 storage and CO2-EOR. It has been found that
near-miscible displacement yields the highest CO2 storage efficiency and the gravity effects
in the near-miscible and miscible displacement cannot be neglected [5]. It has been claimed
by Ahmadi et al. that there exists an optimum injection rate for the CO2 injection process
based on the numerical studies [6]. Bello et al. investigated the role of CO2 foam EOR in the
reduction in carbon emissions and suggested that the approach of generating CO2 foams
can boost financial incentives, help to lower carbon emissions, and produce the crude oil
in a more sustainable way [7]. Depleted oil reservoirs offer significant advantages over
other CO2 storage sites, such as aquifers and deep oceans, due to lower capital costs and
more economic incentives from oil production [8–11]. Furthermore, CO2-EOR techniques
have been utilized for approximately half a century in the oil industry [12,13], resulting
in more comprehensive investigations of the processes of using CO2-EOR techniques for
CO2 storage in depleted oil reservoirs than those in other sites [14,15]. Among the CO2-
EOR techniques, CO2-based water-alternating-gas (CO2-WAG) has been one of the most
successfully practiced techniques, as it improves the sweep efficiency and delays CO2
breakthrough [16,17].

Numerous studies have been carried out in recent years to explore the use of supercrit-
ical CO2 as an alternative to water in enhanced geothermal systems (EGS), which enable
the combination of CO2 storage and geothermal energy extraction [18]. The advantages
of geothermal energy, including continuous exploitation and independence from weather
conditions, make it a promising renewable energy source to supplement fossil fuels [19–21].
Supercritical CO2 has several advantages over water for geothermal energy exploitation,
such as extremely low viscosity and high heat capacity, which lead to a high injectivity and
heat mining rate [22–24]. Additionally, it has a larger compressibility and expansivity than
water, which can reduce the parasitic power consumption in the fluid circulation system
due to an increased buoyancy force and thermosiphon effect [18,25]. Most importantly,
after geothermal exploitation is completed, a significant amount of CO2 can be stored in
the reservoir [26]. Brown (2000) was the first to propose the concept of CO2-EGS using
supercritical CO2, suggesting that it could be used as a heat transmission fluid for geother-
mal energy extraction in hot dry rocks [18]. However, the potential risks associated with
induced earthquakes and CO2 leakage must be carefully considered. Hsieh et al. discussed
the heat transfer between supercritical CO2 and the surrounding heat in an upward flow
vertical tube with silica-based porous media [27]. Randolph et al. (2011) proposed the
use of supercritical CO2 as a work fluid in geothermal energy extraction in high porosity
and high permeability formations, which is referred to as CO2-based plume geothermal
(CPG) technology [28]. More studies have since been conducted on CPG systems, and
some researchers agree that they can be more efficient than water-based systems due to
the lower viscosity and higher flow rate of supercritical CO2 [18,29]. Garapati et al. found
that the heterogeneity of the reservoir can significantly affect the performance of CO2-CPG
systems [30], while Benjamin et al. concluded that CO2 is an ideal fluid for CPG systems in
shallow reservoirs [31].

The preceding statements indicate that employing CO2 for EOR processes and geother-
mal energy extraction is an effective approach for mitigating greenhouse gas emissions
by sequestering CO2 in underground reservoirs on a permanent basis. However, it is
essential to acknowledge their limitations. Specifically, when CO2-EOR procedures are
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completed, oil reservoirs still have significant potential for CO2 storage [6]. Nonetheless,
the lack of economic incentives in the oil industry could impede the use of existing wells
for converting depleted oil reservoirs into CO2 storage sites. Furthermore, the high capital
costs of drilling new wells and constructing expensive facilities for geothermal energy
exploitation are major obstacles to the development of CO2 applications in geothermal
energy extraction [27]. The novelty of this study lies in the innovative multi-phase strat-
egy it proposes that integrates CO2-EOR and geothermal energy extraction processes to
overcome the above-mentioned obstacles and maximize CO2 storage capacity in an oil
reservoir. This proposed strategy can be applied to a “to be depleted” oil reservoir for CO2
storage and geothermal production, while achieving EOR, which can help motivate the
oil industry to conduct CCUS projects with reduced economic burdens by making use of
the existing infrastructure and receiving carbon credits. By comparing the amount of CO2
storage achieved by applying the multi-phase strategy with that of CO2-EOR alone, the
effectiveness and efficiency of the multi-phase strategy in CO2 storage have been validated.
Additionally, an energy analysis has been conducted, concluding that positive energy
gains can be achieved, and energy sustainability can be attained when implementing the
multi-phase strategy.

2. Methods
2.1. The Multi-Phase Strategy

Figure 1 shows the schematic diagram of the multi-phase strategy proposed in this
paper. In the first phase, both injection and production wells are fully opened. The
water-alternating-gas (WAG) injection is conducted, during which the water and CO2 are
alternatingly injected from an injection well and the crude oil is produced from a production
well, while part of the injected CO2 remains in the reservoir. In the second phase, both the
injection and production wells are shut in for approximately one year once the water cut is
larger than 95% so that the injected CO2 and water can be stratigraphically separated by
buoyance force. In the third phase, an optimized and well thought out perforation plan is
applied, i.e., only one-tenth on the top of the injection well and one-tenth on the bottom of
the production well are reopened. Then CO2 is injected from the top of the injection well
to push the water in the reservoir downward to be produced from the production well.
The production well is shut in again when the volume ratio of produced CO2 to the total
volume of the produced fluids under reservoir conditions is larger than 95%. Meanwhile,
the injection well is kept open. CO2 is continuously injected and stored in the reservoir until
the reservoir pressure is close to the fracture pressure of its caprock, which is described in
Section 2.2. By doing so, CO2 is utilized to recover oil and then stored in the oil reservoir
by using the existing wells. As a result, the oil reservoir is converted into CO2 storage site
at a minimum cost in addition to geothermal heat energy extraction that could potentially
be used to offset the greenhouse gas (GHG) emissions from the operation site.

2.2. Description of Geological Model

A homogeneous 3-D geological model is constructed to evaluate the effects on CO2
storage capacity when the multi-phase strategy is applied. The porosity and permeability
of the geological model are 10% and 1 Darcy, respectively, which are close to the values in
Nisku carbonate formation in Pembina Oilfield, Alberta, Canada [32]. The respective length,
width, and thickness of the geological model are 1200 m, 1200 m, and 100 m. The depth of
the top of the geological model is 2800 m. The geological model is discretized to 9000 grids
and the size of each grid is 40 m in length, 40 m in width, and 1 m in thickness. By checking
the data of Nisku carbonate formation reported by Chevron Standard Limited [32], the
initial water saturation (Siw) and irreducible oil saturation (Soi) of the geological model
are set to be 30% and 25%, respectively. The initial reservoir temperature and pressure are
90 ◦C and 25 MPa, respectively. The reservoir fracture pressure is set to be 30 MPa, which
is 5 MPa higher than the initial reservoir pressure. More detailed data of the geological
model are listed in Table 1.
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Figure 1. The schematic diagram of the multi-phase strategy for CO2 utilization and storage. Phase 1:
both the injector and producer are fully opened; Phase 2: both the injector and producer are closed;
Phase 3: only the top of the injector and bottom of producer are opened; Phase 4: the top of the
injector is kept open, while the producer is closed.

Table 1. The properties of the homogenous geological model.

Size 1200 m × 1200 m × 100 m

Depth 2800 m

Pressure 25 MPa

Temperature 95 ◦C

Wettability oil wet

Porosity 10%

Permeability 1.5 D

Initial oil saturation 70%

Irreducible oil saturation 25%

Pore volume 1.44 × 107 m3

OOIP 1.01 × 107 m3

2.3. Numerical Simulations

The compositions and properties of the crude oil used in this numerical simulation
study are listed in Table 2a,b, respectively. The data are referred from Yao’s work in
2022 [33]. A total of fifteen scenarios, which are listed in Table 3, were simulated by
using the GEM and STARS modules of the CMG software. More specifically, the GEM
module is used as the simulator to investigate CO2 utilization and storage efficiencies in
all scenarios. The STARS module is used to simulate Scenarios #2 and #11 to obtain the
temperatures of the produced fluids for energy analysis. A five-spot well pattern is applied
in all numerical simulations. The only injection well is in the centre of the oil reservoir,
and four production wells are in the four corners of the geological model. The production
pressures in all scenarios are set the same as 25 MPa in order to make sure the injected
CO2 can be miscible with the crude oil in place for a better performance of CO2-WAG
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injection process since the minimum miscibility pressure between CO2 and the crude oil is
15 MPa. In Scenarios #1, 2, and 3, only the CO2-WAG injection is conducted and simulated.
In these scenarios, the water and CO2 are alternatingly injected into the reservoir year by
year; however, the water–CO2 slug size ratio are different. In Scenario #1, the water and
CO2 injection rates are 15,000 m3/year and 5000 m3/year under the reservoir conditions,
respectively. In Scenarios #2 and #3, the water injection rates are the same as that in Scenario
#1, while the respective CO2 injection rates at the reservoir conditions are 15,000 m3/year
and 45,000 m3/year. Thus, the water–CO2 slug size ratios in Scenarios #1, 2, and 3 under
the reservoir conditions are 3:1, 1:1, and 1:3, respectively. Scenarios #4–15 simulate the
entire four phases of the multi-phase strategy to study the effects of CO2 injection rate in
Phase 3 and Phase 4 on CO2 utilization and storage. More specifically, the water slug sizes,
CO2 slug sizes, and water–CO2 slug ratios of the WAG injection phase in Scenarios #4–7
remain the same, which are 15,000 m3/year, 5000 m3/year, and 3:1 under the reservoir
conditions, respectively. The differences of these scenarios are CO2 injection rates in Phases
3 and 4, which are 5000 m3/year, 10,000 m3/year, 15,000 m3/year, and 20,000 m3/year
under reservoir conditions in Scenarios #4, 5, 6, and 7, respectively. Scenarios #8–11 and
#12–15 have the same CO2 injection rates in Phases 3 and 4 as Scenarios #4–7. However,
the water–CO2 slug ratios in the series of Scenarios #8–11 and #12–15 are different, which
are 1:1 and 1:3 under the reservoir conditions, respectively.

Table 2. (a). The compositions of the crude oil used in the numerical simulation [33]. (b). The crude
oil properties at the atmospheric pressure and the temperature of 20 ◦C [33].

(a)

Carbon No. mol.% Carbon No. mol.%

C1 0.00 C31 0.88

C2 0.00 C32 0.77

C3 0.00 C33 0.70

C4 0.09 C34 0.66

C5 1.66 C35 0.64

C6 3.30 C36 0.55

C7 8.37 C37 0.48

C8 7.46 C38 0.46

C9 10.05 C39 0.44

C10 5.33 C40 0.40

C11 5.22 C41 0.35

C12 5.51 C42 0.33

C13 4.12 C43 0.30

C14 4.08 C44 0.29

C15 3.80 C45 0.28

C16 3.38 C46 0.26

C17 3.38 C47 0.25

C18 3.04 C48 0.23

C19 2.70 C49 0.20

C20 2.32 C50 0.20

C21 2.06 C51 0.20

C22 1.80 C52 0.17

C23 1.64 C53 0.15
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Table 2. Cont.

C24 1.53 C54 0.15

C25 1.49 C55 0.16

C26 1.38 C56 0.14

C27 1.27 C57 0.13

C28 1.18 C58 0.12

C29 1.07 C59 0.11

C30 0.96 C60+ 1.81

Total 100.00

(b)

Molecular weight 256.0 g/mol

Density 0.829 g/cm3

Specific gravity (SG) 0.829

Viscosity 8.7 cP

Minimal miscibility pressure with CO2 15 MPa

Table 3. The design of each scenario that is numerically simulated in this study, in which volume
measures are in reservoir condition.

Scenario
No.

WAG Injection Phase Phases 3 and 4

Simulator Note
CO2

Injection
Rate

Water–CO2
Slug Size

Ratio

CO2 Injection
Rate

(m3/d) (m3/m3) (m3/d)

1 5000 3:1 N/A GEM
Only the WAG

injection phase is
simulated

2 15,000 1:1 N/A GEM and
STARS

3 45,000 1:3 N/A GEM

4 5000

3:1

5000 GEM

All phases of the
multi-phase
strategy are
simulated

5 5000 10,000 GEM

6 5000 15,000 GEM

7 5000 20,000 GEM

8 15,000

1:1

5000 GEM

9 15,000 10,000 GEM

10 15,000 15,000 GEM

11 15,000 20,000 GEM and
STARS

12 45,000

1:3

5000 GEM

13 45,000 10,000 GEM

14 45,000 15,000 GEM

15 45,000 20,000 GEM

2.4. Integrated CO2-EOR Process with Geothermal Energy Extraction

The schematic diagram of CO2-EOR process with integration of geothermal energy
extraction is depicted in Figure 2. First, we assume that CO2 is captured in a powerplant.
Then the captured CO2 at a known pressure P1 and temperature T1 is compressed by
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Compressor #1 to an elevated pressure P2 and temperature T2 then transported in a 200 km
long pipeline to the oilfield. On the oilfield site, the transported CO2 at a pressure P3 and
temperature T3 is re-compressed to the injection pressure P4 by Compressor #2. On the
other hand, water at the original pressure P5 and temperature T5 is also transported and
compressed to the pressure P6. Then the water and CO2 are injected into the reservoir
based on the scheduled water and CO2 slug sizes and the water–CO2 slug size ratio. It is
assumed that the water source is close to the oilfield; therefore, the water transportation is
neglected in this analysis. On the production end, the produced oil, CO2, and water at the
pressures and temperatures of Poil, PCO2, Pwater and Toil, TCO2, Twater go through a heat
exchanger and all leave at the ambient pressure and temperature so that the geothermal
energies carried by the production fluids are extracted by the heat exchanger. Then the
produced oil, CO2, and water at the ambient pressure and temperature are separated
in a surface separator. Afterwards, the produced oil is pumped to a refinery for further
processing, the produced CO2 and water is compressed by Compressor #3 and the water
pump, respectively, and reinjected into the reservoir to produce oil. All the pressures and
temperatures mentioned in this process are given in Table 4.
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Figure 2. The schematic diagram of CO2-EOR system integrated with geothermal energy extraction.

Table 4. The pressures and temperatures in different parts of CO2-EOR system integrated with
geothermal energy extraction.

Pressure Temperature

bar ◦C

Pressure and temperature of captured
CO2 (P1, T1) 1 20

CO2 pressure and temperature after
Compressor #1 (P2, T2) 80 20

CO2 pressure and temperature before
Compressor #2 (P3, T3) 50 20

CO2 pressure and temperature after
Compressor #2 (P4, T4)

Obtained from
simulation 20
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Table 4. Cont.

Pressure Temperature

bar ◦C

Water pressure and temperature before water
pump (P5, T5) 1 20

Water pressure and temperature after water
pump (P6, T6)

Obtained from
simulation 20

Pressure and temperature of produced fluids
(Poil, PCO2 , Pwater and Toil, TCO2 and Twater) 180 Obtained from

simulation

CO2 pressure and temperature before
Compressor #3 1 20

CO2 pressure and temperature after
Compressor #3 Same as P4 20

water pressure and temperature
before reinjection 1 20

water pressure and temperature
after reinjection Same as P6 20

In the entire process, the energy gains are from two sources, which are the energy of the
produced oil and geothermal energies from the produced oil, CO2, and water. Accordingly,
the major energy consumption parts are the powerplant for CO2 capture, the compressors
and water pump, and the surface separator. The energy consumption for oil transport to
the refinery is not accounted for in this study. The methods to calculate the energy gains
and consumptions are described in the following section of Results and Discussions.

3. Results and Discussions
3.1. Comparison of the WAG Injection Processes with Different Water–CO2 Slug Size Ratios

Scenarios #1–3 are simulated to show and compare the performances of the WAG
injection processes with different water–CO2 slug ratios of 3:1, 1:1, and 1:3. The cumulative
oil production and final oil recovery factor (ORF) are displayed in Figure 3a,b, respectively.
It can be seen from these figures that Scenario #2 with the medium water–CO2 slug ratio of
1:1 has the maximum oil recovery in comparison to Scenarios #1 and #3, which have the
highest and lowest water–CO2 slug ratios of 3:1 and 1:3, respectively. This indicates that
there is an optimum water–CO2 slug ratio. This is because the injected CO2 is much less
viscous than the injected water and the reservoir oil. Too much injected CO2 can cause a
severe viscous fingering, thus reducing the sweep efficiency of CO2 and leading to low oil
recovery. On the other hand, if the amount of injected CO2 is too little, there would not be
enough CO2 to be used to replace the crude oil from the reservoir by swelling and diluting
the crude oil [34]. It can also be found from Figure 3a that most of the oil in the reservoir is
produced during the first two cycles of the WAG injection in all the three Scenarios, and
very little oil can be recovered in the following cycles. This means that the existing wells
that have been used for the WAG injection process can be converted into CO2 injection
wells for CO2 storage after the first few cycles of the WAG injection. Figure 4 shows the
comparison of the CO2 utilization ratios of the three scenarios in the years of CO2 injection.
In this paper, the CO2 utilization ratio is defined as the volume of oil in standard conditions
recovered by the unit mass of injected CO2 and the unit of this quantity is m3/t. It can be
seen from Figure 4 that Scenario #2, which has the water–CO2 slug size ratio of 1:1, has the
highest CO2 utilization ratio, which means that the injected CO2 has a higher efficiency in
oil recovery as compared to those in Scenarios #1 and #3. In other words, more oil can be
produced from the WAG injection process if the water–CO2 slug size ratio of 1:1 is used in
CO2-EOR practice for the reservoir condition in this study.
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Figure 4. The comparison of CO2 utilization ratio in different WAG injection processes with different
water–CO2 slug ratios of 3:1, 1:1, and 1:3.

From the results of the simulation, it seems that there is an optimum water–CO2
slug size ratio for CO2 utilization in the WAG injection process. Either a too large or too
small water–CO2 slug size ratio could lead to a low CO2 utilization efficiency in the WAG
injection process.

3.2. CO2 Storage Efficiency

The comparison of the amount of CO2 stored in Scenarios #2 and #11 is shown in
Figure 5a. Scenarios #2 and #11 have the same water and CO2 injection rates, water–CO2
slug size ratio, and production pressure in the WAG injection phase. Scenario #11 simulates
the entire multi-phase strategy, while Scenario #2 only simulates the WAG injection phase.
It can be seen from Figure 5a that the amount of CO2 stored in Scenario #2 is about a half of
that in Scenario #11. Scenarios #7, #11, and #15 were selected as examples to demonstrate
the amount of CO2 storage in and after the WAG injection phase, which is shown in
Figure 5b. It can quickly be found from this figure that there is a large amount of CO2 that
can be stored after the WAG injection phase no matter what the water–CO2 slug size ratio is.
This suggests that the wells can still be applied to store and sequestrate CO2 by employing
the proposed multi-phase strategy when the WAG injection process is finished. By doing
so, on the one hand, the life expectancy of the wells used in the WAG injection process are
extended. On the other hand, the depleted oil reservoir after the WAG injection process can
be converted to a CO2 storage site by using existing wells to offset GHG emission, which
can largely save the cost to realize the CO2 storage potential of the depleted oil reservoir.

Figure 6 demonstrates the proportion of CO2 stored in each phase. It can be found
from this figure that half the amount of CO2 storage is attributed to the first phase. The third
and last phases in total contribute to the other half of CO2 storage. In particular, 37% of
CO2 is stored in the third phase, in which an optimized well perforation and CO2 injection
are performed. In other words, the amount of CO2 storage can be doubled by applying the
multi-phase strategy in comparison to the WAG process alone. More specifically, almost
80% of the increased CO2 storage is from Phase 3. These findings imply two views, first, the
proposed multi-phase strategy is proven to be an effective way to store CO2 by converting
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a depleted oil reservoir into a CO2 storage site. Second, the optimized well perforation is
the key element of the multi-phase strategy for the increase in CO2 storage.
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Figure 5. The comparisons of the total CO2 storage (a) between Scenario #11 in which the entire
multi-phase strategy is simulated and Scenario #2 in which only the WAG phase is simulated; and
(b) between Scenarios #11, 15, and 7, which have different water–CO2 slug ratios of 1:1, 1:3, and 3:1.
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3.3. The Effects of CO2 Injection Rate

Figure 7 shows the CO2 storage efficiency vs. the CO2 injection rate in Phase 3 and 4
at different water–CO2 slug size ratios. In this paper, CO2 storage efficiency is defined as
the ratio of the total volume of CO2 stored in the reservoir conditions to the volume of the
pore space occupied by original hydrocarbons. It can be seen from this figure that the CO2
storage efficiencies of the scenarios with the water–CO2 injection rate of 1:1 are higher than
those of the scenarios with the water–CO2 slug size ratio of 3:1 and 1:3. This is because the
scenario with the water–CO2 slug size ratio of 1:1 has a higher oil recovery in the WAG
injection phase than those from applying other slug size ratios examined, which has been
explained in Section 3.1. As a result, more pore spaces that are originally occupied by oil
are available for CO2 storage in the scenario with the water–CO2 slug size ratio of 1:1 than
those in the scenarios with the water–CO2 slug size ratios of 3:1 and 1:3, which leads to a
higher CO2 storage efficiency.
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Figure 7. The comparison of CO2 storage efficiency between the scenarios with different water–CO2

slug size ratios at different CO2 injection rates in Phase 3 and 4.

It is shown in Figure 7 that CO2 storage efficiency is not affected by CO2 injection
pressure in Phase 3 and 4 for all scenarios, no matter what the water–CO2 slug ratios are.
This indicates that the CO2 injection rate does not appreciably affect the final CO2 storage
efficiency in the range of this simulation study. However, a higher injection rate can lead
to a short injection time. This finding denotes that the implementation of the multi-phase
strategy for CO2 storage can be accelerated by applying a high injection rate since it will not
sacrifice the CO2 storage efficiency, which is significantly useful to reach the zero emissions
goal in 2050 set by the Government of Canada.

3.4. Energy Analysis
3.4.1. Calculations of Energy Gains

As stated in Section 2.4, the energy gain comes from the produced oil and the geother-
mal energy extracted from the produced fluids. The energy gain from the produced oil is
obtained by calculating its lower heating value (LHV), which is generally assumed to be
the chemical exergy of the crude oil [35,36]. The following correlation is used to calculate
the LHV of the produced oil in this study [35].

LHV = 55.5 − 14.4 SG (1)
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where LHV is the lower heating value of the produced oil, MJ/kg; and SG is the specific
gravity of the produced oil, which is given in Table 2b. The geothermal energies extracted
from the produced fluids (oil, CO2, and water) are their enthalpy differences before and after
the heat exchanger times the efficiency of the heat exchanger, which can be expressed as:

ECO2
H = ηHE∆HCO2 = ηHE

(
HCO2

(
PCO2 , TCO2

)
− HCO2(Pa, Ta)

)
(2)

Eoil
H = ηHE∆Hoil = ηHE(Hoil(Poil, Toil)− Hoil(Pa, Ta)) (3)

Ewater
H = ηHE∆Hwater = ηHE(Hwater(Pwater, Twater)− Hwater(Pa, Ta)) (4)

where ECO2
H , Eoil

H , and Ewater
H are the geothermal energies recovered from the produced CO2,

oil, and water, respectively, MJ; ηHE is the efficiency of the heat exchanger; ∆HCO2 , ∆Hoil,
and ∆Hwater are the enthalpy differences of the respective produced CO2, oil, and water
before and after the heat exchanger, MJ; HCO2 , Hoil, and Hwater are the enthalpies of CO2,
oil, and water at a known pressure and temperature, MJ, which can be obtained by using
the Winprop module of the CMG software. TCO2 , Toil, and Twater are the temperatures of
the produced fluids, K; and Pa is the atmospheric pressure, Pa.

3.4.2. Calculations of Energy Consumptions

CO2 capture consumes large amounts of energy [37]. The average energy consump-
tion for separating CO2 from flue gas by using the current predominant carbon capture
technology of the monoethanolamine (MEA) method is equal to Ecap = 4000 kJ/kg [36],
which is used in this study.

The method to calculate the energy consumptions of the transport of CO2, the injection
and reinjection of CO2, and water is to calculate the enthalpy differences before and after
the compressors or water pump. For example, as for CO2 transport, the amount of energy
consumed in Compressor #1 can be expressed as:

Wcomp1 =
HCO2(P2, T2)− HCO2(P1, T1)

ηcomp1
(5)

Similarly, the energies consumed in Compressors #2 and #3 for CO2 injection and
reinjection can be expressed as:

Wcomp2 =
HCO2(P4, T4)− HCO2(P3, T3)

ηcomp2
(6)

and

Wcomp3 =
HCO2(P4, T4)− HCO2(Pa, Ta)

ηcomp3
(7)

The energies consumed in the water pump for water injection and reinjection can be
expressed as:

Wpump =
Hwater(P6, T6)− Hwater(Pa, Ta)

ηpump
(8)

where Wcomp1, Wcomp2, Wcomp3, and Wpump are the energies consumed in Compressors
#1, 2, and 3 and the water pump, respectively; ηcomp1, ηcomp2, ηcomp3, and ηpump are the
respective work efficiencies of Compressors #1, 2, 3, and the water pump. In this study,
the efficiency of the compressors is 0.7, which is referred from Farajzadeh’s work [36]. The
enthalpies of CO2, oil, and water at different temperatures and pressures can be calculated
by using the Winprop module of the CMG software. The energy consumption of the
separation of CO2, oil, and water is neglected since the separation process is assumed to
take place in a gravity separator vessel.
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3.4.3. Results of Energy Analysis

Figure 8 shows the proportion of energy consumed in four major streams, i.e., CO2
capture in the powerplant, CO2 transportation, CO2 and water injection, and CO2 and
water reinjection, in Scenario #11. The results show that the respective streams of CO2
capture, CO2 transportation, fluids injection, and fluids reinjection consume 89.1%, 3.1%,
6.3%, and 1.5% of the total energy consumption. In particular, nearly 90% of the energy is
consumed in the process of CO2 capture, which means that the most effective way to save
energy in the CCUS project is to reduce the energy consumption in CO2 capture.
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Figure 9a,b depict the comparison of the net energy gain in Scenario #3 with and
without the geothermal energy extraction each year. In this scenario, only the CO2-WAG
injection is simulated. It can be seen from Figure 9a that the energy gain is always larger
in this scenario with the integration of geothermal energy extraction than that without
the integration of the geothermal energy extraction. It can also be found from this figure
that without geothermal extraction, a negative energy gain occurs after the seventh year,
which means the energy gain from the produced oil is less than the energy consumption
in the operation of oil production. This is because the oil production rate declines rapidly
with time in the late period of the WAG injection process, which means the only source
of energy gain is significantly reduced after the early stage of the WAG injection phase if
the geothermal energy extraction is not integrated. Meanwhile, the energy consumptions
for oil production including CO2 capture and transportation, CO2 and water injection and
reinjection are almost kept the same. As a result, the energy gain cannot cover the energy
consumption after the first seven years of oil production. Conversely, a positive energy
gain can be achieved in this scenario with geothermal energy extraction (Figure 9a) as
geothermal energy extracted from produced CO2, oil, and water compensate the energy
loss due to reduced oil production. Figure 9b shows the proportion of respective energy
gain from production oil and geothermal energy extraction. At the beginning, the energy
gain is mostly entirely from the produced oil. Then the contribution from the geothermal
energy increases sharply and surpasses that from the produced oil in the fifth year. From the
seventh year, all the energy gains are from geothermal energy. Figure 10 demonstrates the
cumulative energy gain in Scenario #11 with and without the integration of the geothermal
energy extraction. In this scenario, the entire multi-phase strategy is simulated. It can be
seen from this figure that the cumulative net energy gain starts to decrease from the late
period of the WAG injection phase and becomes negative in Phase 3. This trend continues
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until the end of the application of the multi-phase strategy. This is because the energy
gain from the produced oil cannot cover the energy consumption for the operation of the
CO2-EOR and storage process, which has been stated above. After that, the oil production
becomes less and less, and there is even no oil production starting from Phase 2. Thus,
the gap between the energy gain and energy consumption becomes larger and larger with
time. However, the cumulative net energy gain is always increasing in Phases 1 and 3,
and then starts to decrease in Phase 4. It is worth noting that the cumulative net energy
gain remains positive during the entire application of the multi-phase strategy. The reason
is that the extracted geothermal energy can largely compensate for the reduced energy
gain from the produced oil. Thus, there is always a positive net energy gain each year
in Phases 1 and 3, which make the cumulative net energy gain keep increasing in these
two phases. Phase 4 is the continuing CO2 injection phase, in which there is no energy
gain either from the produced oil or the geothermal energy extraction. As a result, the
cumulative net energy gain starts to decrease in this phase. However, there is sufficient
net energy gain accumulated in Phases 1 and 3 so the cumulative net energy gain stays
positive throughout the entire application of the multi-phase strategy.
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Figure 10. The energy analysis result of the cumulative net energy gain throughout the entire
application of multi-phase strategy in Scenario #11.

These findings imply that an energy sustainability can be realized by integrating the
geothermal energy extraction to counterbalance the insufficient energy gain in the late
period of oil production, which could be an attractive incentive for industries to conduct
CCUS projects.

3.5. Limitation and Future Work

This paper emphasizes the multi-phase strategy and tests the proposed strategy
through numerical simulation, which allows extending the utilization life of wells, and
using existing wells to convert depleted oil reservoirs into CO2 storage sites as well as
producing geothermal energy. We hope that the novel multi-phase strategy together with
the idea of converting existing oil and gas reservoir to CO2 storage could accelerate the
removal of greenhouse gases in the energy transition by the participation of many small
petroleum producers.

Laboratory experiments of real physical models could improve the model and further
validate the performance. Although we have planned to conduct experimental work to test
some of the performances in the proposed multi-phase strategy on EOR and CO2 storage,
there are no physical experimental results available currently to validate the simulation
results. However, by numerical simulation, one can first gain insights for optimizing the
laboratory experiment or to practically demonstrate a project design in a timely and cost-
effective manner for testing new ideas. In addition, the commercial software of CMG has
been widely used by industry for various studies to predict or improve the understanding
of production performance. The authors believe that the results simulated using CMG in
this study should be reliable.

The proposed multi-phase strategy for EOR, CO2 storage, and geothermal production
was tested numerically under a small and homogeneous reservoir model in this study.
Thus, some of the optimal operational parameters obtained from this model may not be
directly applicable to a real reservoir complex in practice. For example, in real situations,
the best water–CO2 slug ratio may not be 1:1 and the shut in period may not be exactly one
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year. However, the qualitative conclusions, such as the existence of an optimum water–CO2
slug ratio and the multi-phase strategy can definitely increase the amount of CO2 storage.

In this study, we assumed that the geothermal energy resources from the produced
fluids can be utilized to offset some energy needs in the operation site and use the net
energy values of the products, such as oil and heat, while in the energy balance calculation,
we did not consider the extra energy needed or energy lost in the energy conversion before
the utilization. This needs to be addressed in a future study.

4. Conclusions

In this paper, a multi-phase strategy is proposed to utilize CO2 to enhance the oil
recovery, store CO2 to reduce the greenhouse gas emissions, and use the by-product of
geothermal energy from produced fluids to offset GHG emissions at the operation site. A
series of scenarios are simulated to validate the effectiveness and efficiency of the newly
proposed multi-phase strategy.

The following conclusions can be drawn from this study.

• The water-alternating-gas (WAG) injection, as the first phase of the multi-phase strat-
egy, is implemented to recover oil and store CO2 at the same time. It is found that the
scenario with the water–CO2 slug ratio of 1:1 has the highest oil recovery rate and
CO2 utilization ratio in comparison with those with the water–CO2 slug ratios of 3:1
and 1:3.

• The amount of CO2 storage is doubled by applying the new multi-phase strategy in
comparison to that by the WAG injection process alone. This indicates, on the one
hand, the new multi-phase strategy is effective and efficient in CO2 storage. On the
other hand, the existing wells after the WAG injection process can be used for the
purpose of CO2 storage, which can save significant capital investment in well drilling.

• The CO2 injection rate in the third and fourth phases does not appreciably affect the
CO2 storage amount when the multi-phase strategy is applied, which means that the
CO2 storage process can be accelerated by increasing the CO2 injection rate without
impairing the ultimate amount of CO2 storage.

• Lastly, from the results of energy analysis, a net energy gain can be achieved when
the geothermal energy extraction is integrated with the newly proposed multi-phase
strategy. Thus, the multi-phase strategy is sustainable from the energy aspect, though
its economic feasibility remains to be studied.
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