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Abstract

The use of carbon dioxide (CO2) as an improved oil recovery (IOR) method has 
been a common practice in petroleum engineering. In this chapter, various techni-
cal aspects of application of CO2 to increase oil recovery are discussed. From the 
required laboratory tests prior to field applications to postinjection monitoring of 
injected plume, the required onshore and offshore facilities, the environmental 
considerations, and challenges concerning the application of CO2 for EOR purposes 
have been covered in this chapter. Moreover, the emerging methods and industry 
trends in applications of CO2 for EOR will be discussed. The second part of this 
chapter is dedicated to CO2 sequestration as a method to mitigate CO2 emitted due 
to the anthropogenic activities. CO2 sequestration is the injection of large quantities 
of CO2 into underground reservoirs (oil and gas, aquifers, and coal deposits) where 
it can be securely and permanently stored.

Keywords: improved oil recovery, enhanced oil recovery, CO2 sequestration, 
CO2-EOR, CO2 miscibility

1. Introduction

Current dilemma faced by the United States in lowering the dependency on 
foreign energy source and curbing emissions of greenhouse gases has brought light 
to carbon dioxide (CO2)-enhanced oil recovery (EOR) method [1]. Oil recoveries 
using natural (primary) mechanisms rarely exceed 20% of the original oil-in-place 
(OOIP) [2]. Secondary methods of recovery often add few percentages to the 
above figure [2]. Hence, companies would welcome any methods that could lead 
to an increase in the production of the postwater/gas injection trapped oil in the 
reservoir. Injecting CO2 into oil reservoirs to improve the recovery of oil on com-
mercial (field) scales has been practiced since nearly half a century ago. The idea 
of CO2 flooding first emerged in 1930s, and more laboratory and field studies were 
conducted between 1950s and 1970s. Most of these implementations have been in 
North America. However, some small-to-large scale CO2 injection projects have 
been reported in other parts of the world [3, 4].

In this method, CO2 is usually injected as a supercritical fluid. When injected 
at or above the critical point of pressure and temperature, supercritical CO2 can 
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maintain the properties of a gas while having the density of a liquid. In this state, 
oil could be more efficiently mobilized from the depleted reservoir due to the 
improved volumetric efficiency. Conventionally, CO2 injection method is usually 
applied to the reservoirs with oil gravity less than 25 [5]. As CO2 is injected into the 
reservoir, the miscible CO2 will blend thoroughly with the oil in a manner that the 
interfacial tension between these two fluids becomes zero. The other mechanisms of 
CO2 by which the oil recovery is improved are the dissolution of CO2 in oil, swelling 
of oil, and eventually reduction of the viscosity of oil.

Since 2002, as a consequence of Kyoto protocol and imposing of the carbon tax, 
CO2 sequestration as a method to mitigate the high concentration of CO2 in the 
atmosphere has received a lot of attention [6, 7]. However, the lack of economic 
incentives has been the biggest hindrance to industrial field-scale application of CO2 
sequestration. Emerging in the last decade, CO2-EOR was proposed as a method to 
add economic benefits of CO2 injection to mature oil fields to the environmental 
merits of CO2 sequestration [6]. Therefore, considering the large amounts of 
research dedicated to CO2-EOR, it is expected that in the near future, more field 
applications of this technology will be implemented globally. In this chapter, the 
phase behavior and hydrocarbon miscibility of CO2 is discussed in detail.

2. Hydrocarbon miscibility

With decline in overall production levels from mature oil fields, oil companies 
have turned to enhanced oil recovery (EOR) techniques as a way of maximizing 
output. The more commonly applied technique is gas injection or miscible flood-
ing. Miscible flooding is a commonly used term used to describe gas injection 
processes. This involves the displacement of oil that aids in maintaining original 
reservoir pressures by reducing the interfacial tension that exists between the oil 
and gas phases. This acts by removing the interphase between the two fluid phases, 
and commonly used gases include CO2, natural gas, and nitrogen, with CO2 being 
the most prominently used gas. Research on the use of CO2 has been ongoing since 
the 1950s, continuing into the 1960s [8–10]. And the advantage that CO2 injection 
brought about was noticed as the increase in reservoir pressure that resulted in 
higher oil production due to the driving force provided by it. In its infancy, research 
on CO2 showed it to be immiscible with oil at reservoir pressures, but it was later 
discovered that under certain conditions of temperature, pressure, and oil composi-
tion, the carbon dioxide becomes enriched and becomes miscible with oil [11]. The 
pressure required for CO2 gas to attain miscibility in oil is also much lower than 
methane gas. The term “miscible flooding” has been adopted as the conventional 
phrase used to describe the process of gas injection.

The main advantages of using CO2 in this process include the following:

• The miscibility of CO2 with oil as highlighted earlier.

• It is a cheaper source of gas than other alternatives.

• By injecting it back, CO2 capture is also achieved.

From review of various literatures, an indication of the suitability of CO2 as an 
excellent solvent for EOR in onshore fields of Canada and the USA can be deduced. 
And from experience garnered worldwide by operators, CO2 flooding increases oil 
extraction by between 7 and 15% of oil initially in place. And also, it reduces the 
amount of CO2 in the atmosphere and greenhouse gases in general [12].
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Challenges associated with CO2-driven EOR include technological, economi-
cal, and supply. For example, a long pipe network is usually required to transmit 
CO2 from source to the field. High-pressure compressors are also another essential 
requirement in the injection process. Therefore, all these factors have to be assessed 
and weighed in relation to the extra oil recovered to determine if it is profitable.

In recent times, newer techniques such as water alternating CO2 injection and 
simultaneous water and CO2 injection have been developed, and they are deter-
mined to increase efficiency of oil recovery at lower costs.

A recent study commissioned by the Congressional Research Service shows that, 
theoretically, carbon-capture technology could remove as much as 80–90% of CO2 
from emissions.

The minimum miscibility pressure (MMP) of CO2 and NGL for conventional 
reservoirs are few hundreds psia higher compared to unconventional reservoir due 
to difference in pore size according to a study by Teklu et al. [13].

2.1 MMP in nanopores, fluid properties, and phase behavior

The deviation between the nanopore phase behavior from bulk (PVT cell) 
properties was studied [14–16]. The bubble point and dew point pressure, interfacial 

Figure 1. 
Pressure composition diagram—gas 1 system for Rangely oil: 95% CO2 and 5% CH4 gas at 160°F [13].
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tension (IFT), and minimum miscibility pressure (MMP) between injection and 
reservoir fluid change in nanopores due to small pore confinement effect [13]. MMP 
was calculated by including capillary pressure and critical property shifts in con-
fined pores using multiple mixing cell (MMC) algorithm of Ahmadi and Johns [17].

Phase behavior is important in the design of a variety of EOR processes, for 
example, surfactant/polymer processes and gas injection processes. The process of 
reducing interfaces between oil and displacing phase and hence removing effect of 
capillary forces between injected fluid and the oil is called miscible displacement. 
During the gas injection process, the required miscible-displacing fluid is gener-
ated by mixing the injected fluid with oil in the reservoir. Phase behavior of gas/oil 
systems is summarized in the pressure-composition (p-x) diagram. A work by Graue 
and Zana [18] summarizes the result for CO2 injection in the Rangely field, Colorado. 
The physical property date was obtained from constant composition expansion 
(CCE) to determine the phase envelope (bubble point and dew point envelope) and 
vapor/liquid equilibrium experiment (VLE) to yield vapor/liquid equilibrium con-
stant (K-values). The phase behavior of Rangely reservoir oil with different gases’ 
composition at reservoir temperature of 160°F showed that critical and saturation 
pressures of the injected gas/reservoir oil system were increased substantially by 10 
mol% N2 in the injected gas. The phase behavior data showed solid phase precipita-
tion that amount for 2–5% of the reservoir oil [18]. Figure 1 illustrates the pressure 
composition diagram of Rangely oil containing considerable amounts of CO2.

3. CO2 miscible injection method

The oil displacement process is classified into two types depending on the 
method on which miscibility is achieved. These are classified as first-contact 
miscible (FCM) and multiple-contact miscible (MCM). In the FCM process, a 
small quantity of a primary slug that is miscible with the oil is initially injected; 
afterwards, a larger quantity of a less expensive slug is injected. The size of the slugs 
injected is determined by the costs. Under ideal conditions, the two injected slugs 
should be miscible; thus, at both the leading and trailing edges of the primary slug, 
the phase behavior has to be monitored. In the case of these slugs being immiscible, 
a residual saturation of the primary material will be trapped in the displacement 
process. While during the MCM displacement process, miscibility in the reservoir is 
generated through in-situ composition changes due to multiple-contacts and mass 
transfer between the injecting fluid and oil present. These MCM processes are clas-
sified as displacements using vaporizing gas (lean gas), condensing and condens-
ing/vaporizing gas (enriched gas), and CO2.

3.1 Vaporizing gas drive mechanism

A relatively lean gas is gas containing a little low molecular weight hydrocarbon 
(or inert gases like nitrogen) and methane making up the rest of the composition. 
The schematic of the CO2 (Figure 2) miscible process shows the transition zone 
between the injection and production well [19].

After injection, its composition gets changed as it moves through the reservoir 
in the process becoming miscible with the original reservoir oil. This means that 
through multiple-contact the composition of the injected fluid is enriched, and 
intermediate components are vaporized into the injected gas. And at some point 
under the appropriate conditions, the enrichment reaches a level where the injected 
gas becomes miscible with oil in the reservoir. It is from this stage of the process, 
under ideal conditions, that displacement is said to occur [20–22].
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When using a condensing or enriched gas as the injecting fluid, the process is more 
expensive because the fluid tends to contain a high concentration of intermediate-
molecular-weight hydrocarbons. This process entails enrichment of the reservoir oil 
that first comes in contact with the injection fluid. Thereafter, hydrocarbon compo-
nents from the fluid are condensed into the oil, giving it the name condensing process. 
Under ideal conditions, this oil is sufficiently changed in composition such that it 
becomes miscible with increased fluid injection and miscible displacement thus occurs. 
This process can be operated at a lower pressure than the vaporizing process [23–26].

It has been a long held notion that the enriched-gas process is operated mechani-
cally, as highlighted in the previous paragraph. However, it has now been discovered 
that it is more often a combination of condensing and vaporizing mechanisms. The 
lighter components of the injected gas (C2 through C4) tend to condense into the 
reservoir oil as previously highlighted. While the middle intermediate components 
(C4+) become vaporized from the oil and absorbed into the gas phase, this prevents 
the development of miscibility between fresh injected gas and enriched oil at the 
entry point of the injection process (the oil becomes heavier). Further into the 
injection process, the light intermediates in the gas condensate into the oil, and this 
leads to the oil becoming saturated. As for the middle intermediate, vaporization 
continues due to the slight enrichment of the injected gas. When the condensation/
vaporization process proceeds further downstream, the gas becomes more enriched 
due to contact with the oil. And the enrichment is said to occur at the point where 
the gas “nearly” becomes miscible with the original reservoir oil, ensuring a more 
efficient displacement process, even though miscibility is never fully developed 
(i.e., the two phases are never fully miscible in all proportions) [20, 27–29].

CO2 is not miscible with most crude oils at first contact under normal reservoir 
conditions. However, at some ideal conditions of temperature, pressure, and 
composition, miscibility is expected to occur through multiple contacts. Overall, 
the process behavior is analogous to the vaporizing process. Under some conditions, 
the phase behavior can be more complex, having two liquid phases, or two liquid 
phases in addition to a vapor phase.

3.2 CO2-EOR injection consideration

There are two main groups of considerations for CO2-EOR, namely technical 
and economical (fiscal) considerations. CO2-EOR injection technical consideration 

Figure 2. 
Mechanisms of CO2 injection for EOR [19].
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involves a complex engineering and differs from reservoir to reservoir. A detailed 
description of reservoir field and prospect of miscibility must be taken into account 
before considering CO2-EOR injection. Usually, the key parameters used in the 
technical consideration are remaining oil in place, minimum miscibility pressure, 
reservoir depth, oil API gravity, and formation dip angle.

In offshore fields, there are more factors that need to be considered. Firstly, the 
separation of CO2 from the produced gas is the ideal choice if the CO2 source is not 
in the vicinity of the field. Next, at high CO2 concentrations, there is a need for the 
facilities and operation to process the gas [21]. This is because CO2 becomes acidic 
as it is injected into the (formation) water and causes corrosion of the equipment 
in the offshore environment. If the fields are using CO2-WAG processes, then the 
facilities need to be compatible with acid that could be generated so that the corro-
sion in the facilities could be prevented [20–22].

Verma et al. [29] studied the parameters that affect the efficiency for increas-
ing the production of methane gas on Marcellus shale and concluded that the gas 
production can be increased by 7% with the optimal spacing between injection and 
production well. It can be concluded that the natural fracture permeability is the 
dominant factor to improve the production of methane. As the fracture half-length 
increases, the methane production increases and the possibility of CO2 break-
through also increases. The down side of this process is the cost as well as a high risk 
of leakage and the field pollution. This is due to the fact that the injecting of CO2 
can degrade the gas production as a result of the mixing initial gas in place with the 
injected CO2 [30]. Due to the miscibility of CO2 and the natural gas, their physical 
properties were potentially ideal for reservoir re-pressurization. For instance, CO2 
has higher density and lower mobility ratio compared to methane. Hence, CO2 
will sink in the reservoir; this can stabilize the displacement process between the 
injected CO2 and the methane initially in place.

Reservoir heterogeneity and solubility of CO2 in formation brine could also 
play a major role in causing early CO2 breakthrough to the production wells. The 
latter could be delayed, by re-pressurizing the reservoir [26, 31]. Generally, due 
to the benefits of CO2 injection to gas reservoir, CO2-EGR could be potentially 
efficient and therefore an attractive option in spite of a bigger investment required 
as compared to CO2 injection into oil reservoirs. Nevertheless, it can extract more 
hydrocarbons as compared to oil reservoirs.

The reservoirs must be subsequently screened for economic consideration based 
on standardized capital costs and operation expenses that are representative of the 
reservoirs under consideration. Wei et al. [27] found that the total crude oil recovery 
potential along with CO2 storage resource and net income for enterprises can be 
increased if the price of crude oil is high and the price of CO2 and tax is low. The 
cumulative cost-effective oil production varied between 0.3 and 1.3 billion tons (2.1 
and 9.1 billion barrels). This is consistent with research reported from Appalachian 
basin region, which suggests that CO2-EOR may be economically feasible in the 
study area when oil prices are $70/STB or higher [28, 32]. However, the economics of 
onshore CO2-EOR will face an undesirable impact due to complex geological proper-
ties, high viscosity of crude oil, high royalty rates, technology limitations, and the lack 
of incentives for CO2-EOR projects. Overall, a miscible CO2-EOR process is preferred 
considering all the technical and economical evaluations as detailed as possible.

4. The CO2 injection and sequestration facilities

In this chapter, the facilities that are required for CO2 injection and CO2 seques-
tration application both in the offshore and onshore environment are discussed.
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4.1 Onshore surface facilities

For CO2-EOR, the facilities required are almost the same with those that are 
required in water-flooding process that includes gas phase (CO2 and natural gases) 
gathering lines, CO2 metering, and distribution lines that are also required in the 
designing of the facilities for the CO2-EOR operations [33, 44]. However, there are 
three basic elements that differentiate the two processes. They are as follows:

1. Extraction: CO2 gas is extracted from the increasingly rich CO2 separator gas 
due to its breakthrough in producing wells.

2. Processing: It is the process of purifying of CO2 down to specification upon 
extraction from the separator gas and CO2 undergoing dehydration prior to 
compression.

3. Compression: CO2 undergoes compression to raise its pressure for injection.

One of the preliminary considerations for CO2 EOR facilities is the incorporation 
of the flue gas CO2 recovery plants, CO2 compression/dehydration unit, CO2 pipe-
lines, CO2 injection wells, and a facility for separating CO2 from associated gas as 
can be seen in Figure 3. Macon extensively discussed the details of Levelland Texas, 
which is one of the earliest projects of CO2 injection, from aspects of the design and 
operation of the facilities [33, 34].

4.1.1 CO2 transport, storage, and refrigeration

CO2 transport is the first operational aspect to take into consideration in a CO2 
injection project. CO2 transportation by trucks or rail cars may be deemed inefficient 
and costly if the supply source is far away from the injection site [34]. Moreover, 
since CO2-EOR requires millions and billions of tons of CO2, such methods of 
transportation are simply impractical. In the later projects, the CO2 is transported 
via pipeline system as a dry gas, separated from any existing water injection system.

The CO2 will be stored in liquid form at approximately −18°C and ~300 psi and 
this can be achieved by utilizing a refrigeration unit that consists of skid mounted 
compressors and refrigerant condensers. The refrigeration system when added with 
heavy insulation will minimize the cost of the product normally lost through relief 
valves as the liquid warms during prolonged storage. The CO2 gas is dehydrated as 
its dew point is lowered to a temperature lower than 0°C and compressed up to its 
critical pressure before being fed to the reservoirs via a CO2 pipeline [35, 36].

4.1.2 CO2 distribution and injection

In most cases, CO2 is distributed throughout the system and facilities as a dry gas 
through a trunkline system [33, 35, 37] using bare carbon steel systems as there is 
no concern for corrosion when the pumping pressure is set at around 1800–2400 psi 
[37]. However, precautions should be taken by moving the flange valve and tying 
the valve above ground to avoid leaks and the dry ice formation if loose. Blowdowns 
consisting of a buried flanged blowdown valve, a blowdown stack, and a line blind 
are installed (refer Figures 3 and 4) to remove excess CO2 impurities in the pipe.

Special consideration should be taken into account for Christmas tree if water 
alternating gas (WAG) method is applied. If water and CO2 are alternately injected, 
the part of the system will be vulnerable to corrosion as high-pressured CO2 will 
come into contact with water and form an acidic solution [36].
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At the CO2 well head, an additional tee is necessary to be installed, which 
allows the high-pressure CO2 stream to be closed off away from the well head, 
which in turn will increase the safety of workovers and similar operations (refer 
Figures 5 and 6). No modifications are required in terms of artificial lift equip-
ment or the well head equipment during the implementation of the CO2 project 
mainly due to economic reasons and uncertainties of design parameters [37].

Injected CO2 eventually recycles back. The recycled stream may contain H2S 
[43]. While this may raise a cause for a higher possibility for stress cracking, unlike 
most systems, the recycle stream will be sufficiently dehydrated, so the need for 
protection can be minimized through mill analysis and inspection.

4.1.3 Field production facilities

Modifications to the well head were implemented in the ADCO’s Wasson ODC 
Unit, which include 80 nipples, 2000 psi-rated ball valves on the tubing head, and 
new elastomers in both the secondary seal and tubing slip seal. For beam pumped 
wells, the blowout preventer elastomers are also changed. For electrical submersible 
pumps, the tubing valve is being replaced with a 2000 psi-rated gate valve. Many 
equipment changes and tests are being conducted with respect to all artificial lift 
equipment. Pre-CO2 injection flowlines are to be replaced with higher pressure 
rated fiberglass pipes to increase line capacity, and not for corrosion resistance [38].

4.1.4 Remote production headers

The remote headers and satellite battery headers are responsible to collect, or 
centralize, production from numerous wells and to provide individual well test 

Figure 3. 
A typical system utilized in CO2-EOR [4].
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facilities for oil, water, hydrocarbon gas, and CO2 gas production. Remote headers 
are operated at pressure range of 30–35 psi, while the satellite batteries’ headers 
operate from 25 to 30 psi, whereas satellite batteries are to remove the majority of 
the hydrocarbon and CO2 gas from the produced fluids and to pump liquids to the 
fluid gathering, and obtain well tests [39]. Each satellite battery includes a header, 
test separator, production separator, and transfer pumps.

The specific design criteria for satellite batteries include the following:

1. Minimum of two phase production separators per satellite

Figure 4. 
CO2 trunkline blowdown station [5].

Figure 5. 
CO2 injection well head [5].
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2. A pump from separator system

3. Three phase test separators per ten wells

4.1.5 Separation process

Surface facilities in CO2-EOR requires recovery of CO2 and reinjecting it back 
to the well, with which CO2 release to the atmosphere can be minimized as well as 
purchasing cost of additional CO2 can be reduced. Typical surface facilities for CO2-
EOR are gas separation. Water treatment of CO2 compression and injection and also 
dehydration can be seen in Figure 7.

Dehydration column removes the moisture content of the gas stream by using 
the contact with lean glycol in the upper part of the 14 tray column and the gas 
must be cooled first by the air cooler. Rich glycol is extracted from the bottom of the 

Figure 7. 
Typical surface facilities for CO2-EOR [21].

Figure 6. 
Modifications on CO2 production well head [5].
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column and directed to the regeneration system, and dry gas passes through from 
the top to the compressor package.

A slug catcher is to catch any water as water will be continuously dropping, 
which may unload in slugs. Then, three-stage reciprocating compressor is used to 
increase the pressure of CO2 from 700 kPa(g) to approximately 10,000 kPa(g). 
At the first stage reciprocating compressor at 3000 kPa the CO2 is dehydrated. 
Afterwards, CO2 liquid is trucked to the site to supplement injection requirement 
and stored in refrigerated bullet. Then, the cryogenic triplex pumps are used to 
pump the CO2 liquid to injection pressure. After that, the liquid and compressed 
gaseous CO2 are commingled in a mixer [40]. A minimum well head temperature 
must be maintained so as not to freeze the inhibited water in the well annulus. 
Should the injection compressor be shut in, liquid CO2 is warmed by a trim heater.

4.2 Offshore CO2-EOR facilities

The majority of CO2-EOR projects are all similar in terms of facilities to those 
in the offshore. The following sections discuss the various equipment and facilities 
required at different phases of a typical offshore CO2 injection project.

4.2.1 Pig launcher and steel pipeline

Depending on the CO2 stream composition, weight, temperature, and pressure, 
the outline of pig launcher ought to be in certain standards and suitable measures 
(e.g., DNV OSF-101). Pigging is usually used for dispatching new or re-appointing 
existing pipelines. A reconditioned or new pipeline needs to be hydrotested to 
guarantee pressure integrity. Frequent inspection for any degradation and verifica-
tion of the effects of dry CO2 stream on the pipeline must be done. In any case, since 
the CO2 will be exceptionally dry, it is likely that future pigging operations will be 
less successive due to subsea situation. Normally, the pig traps are not fitted; thus, 
portable pig traps can be considered in the design [40].

Piping diameters and thickness are the main concern in designing the facilities 
in which for the purpose of CO2-EOR the pipeline could have two diverse design 
requirements. If the storage complex is already pressurized over the required level 
to keep the CO2 as fluid in injection wells, then the project may pick to utilize 
high-pressure liquid pipe. In other cases, for instance, the Hewitt Field model [11], 
the pressure inside the field would bit by bit be expanded using gaseous CO2 in the 
transport system until the field pressure can maintain liquid CO2 in the injection 
wells. During that time, the transport system would be changed over to a higher 
pressure fluid pipeline.

The pipeline system in onshore system is typically below 120 atm (1740.45 psi) 
and logically the pressure in the offshore CO2 pipeline is higher. In offshore frame-
works, the CO2 is being pumped under long distances; thus, there is much pressure 
loss due to friction. With trunkline pressure between 150 and 250 atm, the CO2 may 
be injected into geological formation without further boosting of pressure. The 
pressure will be affected by the distance of onshore facilities and offshore storage 
complexes, which may affect the wall thickness and pipeline diameters [21, 41].

Due to the danger of transporting high-pressure liquid CO2, the transportation 
will be done in liquid and subsupercritical. To diminish the risk in onshore pipe-
lines, it is likely that these will be at pressure lower than the required for offshore 
transport and ought to be expanded at a coastal booster station before going to 
offshore [42–44]. Besides, offshore pressure booster may be required if there is 
excessive pressure drop between onshore booster station and offshore storage 
complexes or if the pressure is inadequate to inject directly into reservoir [45]. 
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To avoid two-phase flow that leads to critical damage and cavitation, the pressure 
downstream of an offshore booster pump should be over bubble point [46].

4.2.2 CO2 injection

CO2 might be injected directly into the reservoir if the pipeline pressure is 
adequate. However, it is likely to bring CO2 onto platform for control pressure or to 
lift its pressure; certain design considerations should be considered. Below are the 
injection facilities’ operation conditions and the process flow diagram of field test 
of CO2 injection in Nagaoka, Japan [43]. Some operation details of injection facili-
ties in Nagaoka are summarized in Table 1.

4.2.3 Risers, emergency shut down valve (ESDV), compressors, and pumps

Risers are the piping that transports the fluid between the offshore platform 
and the seabed. Flexible risers are used especially on floating production installa-
tions. ESDV is placed between the moving pipe infrastructure and the riser to the 
platform as a safeguard gadget to guarantee no leakage of CO2 when there is failure 
in platform. It is likely found on the seabed where there is the possibility of heavy 
things to be dropped on the pipeline underneath during the lifting operation work. 
Moreover, it is designed to counter any structural failure on the platform and any 
upstream failure where it will cause the valve to close.

Pressure issue related to CCS projects may require extra pumping units due to 
higher pressure required over long distance. In the event that the pressure drops 
along offshore pipeline, usually pumps would be placed on an offshore platform [44].

4.2.4 Fluid separation

Due to the nature of CO2-EOR patterns, the water production is high, thus lead-
ing to the need for large separation capacity with inlet separators dominated with 
water rather than oil. Moreover, separation is harder because of scale, emulsion, 
ESP or gas lifting, and asphaltenes. A large CO2 reinjection compressors are needed 
due to high CO2 production that resulted from back produced CO2 in the system.

5. CO2 sequestration

Since the industrial revolution, concentration of CO2 and other greenhouse gases 
increased due to burning of fossil fuels. The measured atmospheric concentrations 
of CO2 are 100 ppm higher than preindustrial levels [46]. According to report pub-
lished by the Global Monitoring Division (formerly CMDL) of the National Oceanic 
and Atmospheric Administration, concentration of CO2 in the atmosphere has 
increased by 26% from less than 320 ppm in 1960 to 405 ppm in 2017 [47]. Fossil 

Injection rate Pressure Temperature CO2 phase

Range: 10–48 t/day Well head 1015.26 to 
1595.42 psi

Well head 32°C Kept to be “supercritical phase” 
(at well bottom)

Ordinary rate: 20 
to 40 t/day

Well bottom max. 
2755.72 psi

Well bottom 
48°C

Table 1. 
Operation conditions of injection facilities in Nagaoka, Japan [42].
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fuels provide 86% of the world’s energy and this amount is responsible for around 
91% of CO2 emissions. There is almost a global agreement about taking responsible 
actions in implementing energy sources in the years to come [48].

Subsurface CO2 sequestration is one of the various options for reducing the 
CO2 concentration in the atmosphere resulting from anthropogenic activities. CO2 
sequestration potentially provides around 25% of the required mitigation to global 
emissions, which can delay global warming to an acceptable extent [48]. Subsurface 
sequestration captures CO2 at the point of its emission and injects large amounts of 
it deep into subsurface formations where it can be stored permanently [49].

5.1 CO2 sequestration repositories

Several types of subsurface repositories may be utilized for sequestration of CO2. 
CO2 could be safely sequestrated in subsurface formations such as deep saline aqui-
fers, coal bed methane (CBM), and depleted hydrocarbon reservoirs. Due to known 
geological formation and existence of seal traps, CO2 may be more safely sequestrated 
in depleted oil and gas reservoirs as compared to saline aquifers and coal bed methane 
reservoirs. On the other hand, the abundance and higher storage capacity are two 
major motivations for sequestration of CO2 in saline aquifers. Figure 8 illustrates CO2 
sequestration in various underground repositories. International Energy Agency (IEA) 
estimated global geological sequestration (storage) potential of 400–10,000 Gt for 
saline formations and 900 Gt for depleted oil/gas fields [50]. CO2 sequestration requires 
comprehensive knowledge of characterization and behavior of CO2, rock and fluid 
interactions, as well as operation conditions in the geological formation of interest.

5.2 Mechanisms of sequestration

There are several mechanisms involved in the sequestration processes. In a 
typical CO2 sequestration, some of the injected gas dissolves in the formation water 
(solubility trapping), some may be trapped as residual gas saturation (nonwet trap-
ping), and some may react with host minerals to precipitate carbonate, i.e., mineral 
trapping.

Figure 8. 
CO2 sequestration in various geological settings [from helpsavenature.com].
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In trapping mechanism, the injected CO2 is trapped in reservoirs in a manner 
similar to natural gas. Further vertical movement of natural gas (similar to CO2) is 
hampered by cap rock, which is impermeable. Although combination of all of the 
sequestration mechanisms render CO2 immobile in the geological repositories, the 
structural/stratigraphic and residual fluid mechanisms have the most dominant 
and imminent effect on trapping or retaining CO2 in aquifers [51]. This mechanism 
is mainly governed by density of injected CO2. The density difference between the 
injected CO2 and brine determines further movement of CO2 plume to rise or sink.

In nonwet trapping, once the supercritical CO2 is injected into the formation, 
it relocates fluid as it passes through the porous rock. As CO2 continues to move, 
some of the CO2 is left as disconnected droplets in the interstices due to interfacial 
forces. This process occurs when relative permeability to nonwet phase, i.e., CO2, 
becomes zero; nonwet phase therefore is rendered immobile assuming the forma-
tion is water-wet. Just like trapping of oil droplets (as nonwetting phase) in the 
pores containing wetting-phase (being brine), CO2 fills the interstices between 
pores and is trapped as discontinuous phase. The phenomenon is largely domi-
nated by interfacial tension between the phases and wetting characteristics of the 
surface [52, 53].

Dissolution of CO2 in water is another important process responsible for 
sequestration of 20–60% injected CO2 in the geological formations. Dissolution 
mechanism occurs during migration of CO2 along its pathway in the injected forma-
tion. Over time, the injected CO2 dissolves into the formation brine, increasing its 
density. As a result, CO2-saturated brine sinks slowly and does not reach the surface. 
Moreover, the dissolution of injected high-pressure CO2 is in the formation brine 
acidifies the indigenous formation water [10]. Estimating capacity of this mecha-
nism requires reservoir simulation and knowledge of CO2 supply ratio and injection 
rate, rock/fluid properties, and reactions [54].

In CO2 mineralization, CO2 reacts with minerals in rock to form stable compo-
nents such as carbonates and aluminosilicate. It occurs along the migration pathway 
of CO2 into reservoir. Both rate and magnitude of reaction are dependent on the 
presence of reactive minerals [52] and formation water chemistry [55, 56]. Effective 
time for mineralization may vary from 500 to 1000 years. However, mineralization 
can give rise to precipitation of certain minerals and it leads to blockage of pore 
throat, thereby reducing permeability leading to loss of injectivity. The process is 
very slow and confined CO2 becomes immobile. The amount of CO2 sequestrated by 
this mechanism can be significant. Knowledge of mineralogy of a rock is the main 
requirement in predicting the behavior of CO2 in this mechanism.

5.3 CO2 sequestration capacity

The estimation capacity can be calculated using:

   G   CO  2     = A × h × Φ × ρ × E   (1)

where G is the volume of CO2, A is the area, h is the thickness, Φ is the porosity, 
and E is the efficiency factor for the CO2 sequestration operation. The abovemen-
tioned parameters are mostly in the following range: mostly within the following 
range in physical parameters:

• Areal extent of worldwide sedimentary basins (A): 70–80 million km2

• Aquifer thickness (h): 50–400 m
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• Porosity (Φ): 0.05–0.30

• CO2 solubility (S): 20–80 kg/m3; efficiency factor (Es): 0.01–0.5 
(*0.0001–0.01)

• CO2 density (ρ): 400–800 kg/m3; efficiency factor (Ef): 0.01–0.03 
(*0.0001–0.0006)

• Eq. (1) can be further modified to account for CO2 sequestration capacity that 
is coming from each trapping mechanism [51].

6. CO2 injection in unconventional reservoirs

Conventional reservoirs are oil and gas reserves that could be found in discrete 
accumulation of pools. Therefore, the hydrocarbon can be easily recovered through 
classic exploration techniques and vertical or deviated wells. Unconventional 
reservoirs on the other hand could be defined as a reservoir that requires out-of-
the-ordinary and hence complicated techniques of recovery as compared to the 
conventional oil and gas reservoirs [57, 58]. The main reasons why such reservoirs 
are getting considerable attention are the depletion of conventional sources and 
huge energy demand. Figure 9 shows the unconventional reservoirs that can be 
potentially produced for recovery of hydrocarbon. Tight-gas sands, gas and oil 
shales, coalbed methane, heavy oil, tar sands, and gas-hydrate deposits are among 
the most anticipated reservoirs. These reservoirs often necessitate complex recovery 

Figure 9. 
Common unconventional hydrocarbon reservoirs.
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solutions such as stimulation treatments or thermal recovery methods and particu-
lar process facilities. Moreover, those requirements should be technically and more 
importantly economically viable [59].

6.1 Shale reservoirs

Shale gas reservoir is referring to unconventional reservoirs that produce natural 
gas. Shale gas reservoir has received a lot of attention due to the potential reservoir 
in supplying clean burning energy and the way it copes with the depletion of 
conventional reservoirs [58]. However, at a certain time, the production of shale gas 
well decreases rapidly; thus, an enhanced gas recovery method has been aiming to 
improve the recovery from shale gas reservoirs.

In shale reservoir, methane (CH4) is adsorbed initially onto the surfaces of 
matrix particles and natural fracture faces and is stored in the matrix limiting 
its effective extraction [59]. Although large amounts of adsorbed gas exist, the 
ultra-low permeability of the shale matrix limits its effective extraction. CO2 
injection is one of the methods that are largely implemented for EOR purposes 
due to the availability of CO2, the economics of operation, specific properties of 
CO2 gas, and positive environmental impact. CO2 can be used for enhanced gas 
recovery as well [60]. The process of EGR (enhanced gas recovery) using CO2 is 
mainly dominated by pressurizing effect. The pressurizing effects can cause CO2 
injection to increase the rock permeability. The amount of CO2 injected into the 
well will be divided into two amounts; about 1% of injected CO2 will be pro-
duced, while 99% of injected CO2 will be stored in the reservoir. Therefore, tight 
shale gas reservoirs potentially make excellent repositories for CO2 sequestration 
purposes as well [60].

Various factors affect the recovery from tight shale reservoirs such as matrix 
porosity and permeability, hydraulic fracture half-length, and well spacing 
[61]. CO2 injection in shales is often conducted using huff and puff method. 
The supercritical carbon dioxide injection repressurizes the reservoir after 
the initial production period. Once the injected gas soaks from the fractures 
into the shale’s organic matrix through diffusion and convection, methane is 
released by the competitive adsorption since the shale has a stronger affinity for 
carbon dioxide than for methane. Then, during the second production period, 
the methane partial pressure is lowered and the shale gas production rate 
increases [62].

One example of such reservoirs is Chattanooga shale in Missouri, USA. The 
main objective of this project was to inject 500 tons of CO2 to survey the injection 
and storage potential of CO2 in a natural shale development while checking for 
enhanced gas recovery. The roads leading up to the wellpad were regraveled and 
graded to facilitate CO2 delivery by truck to the injection site. The wellpad was 
cleared and graveled prior to moving equipment on site. A 70-ton CO2 storage 
vessel was located permanently on site and refilled periodically by 20-ton tank-
ers. The skid pump with all the controls and meters, as well as the propane tank 
and heater to heat the CO2, was also located on site (Figure 10). The well head 
of the injection well was converted to accommodate the CO2 injection by add-
ing a gate valve, an inlet for the CO2 line, as well as a tee for additional tests and 
monitoring [63].

The injection of 510 tons of CO2 during this test exhibits the first success-
ful injection of CO2 in an organic shale formation to monitor for storage and 
enhanced gas recovery potential in Central Appalachia. This productive injection 
and monitoring of a CO2 infusion in an organic shale reservoir are extraordinary 
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achievements and points of reference for CO2-EGR and additionally geologic CO2 
storage in unconventional reservoirs. Once the well was brought back online after 
the soaking period, a significant increase in gas production occurred. During the 
first month of flowback, the average daily production rate was ~124 Mcf/day, 
which is over 8 times the average production for the last month before the well was 
taken offline for injection [64]. After 2 years of flowback, the well was still flowing 
at an increased production rate but is close to the projected historical production 
rate. The similar behavior of the injection well has been reported for modeling CO2 
‘huff-and-puff ’ test in shale-oil reservoirs. The CO2 concentration in the product 
gas has steadily declined during the flowback of the injection well and 41% of the 
injected CO2 had been produced by the end of 2015 (17 months after flowback 
started). If the rate held constant, it would take over 8 years to produce all of the 
CO2 injected [63, 64].

6.2 Tight oil reservoir

The tight oil reservoir is a type of unconventional oil reservoir that is hard to 
produce due to the low permeability. In recent years, the exploitation of tight oil 
reservoir increased due to advanced technologies in the production industry and 
high demand for the energy. Two main technologies that need to be increased are 
horizontal drilling and multi-stage hydraulic fracturing. U.S. Energy Information 
Administration reported that tight oil production will increase from 33% of total 
lower 48 onshore oil production to 51% in 2040 [59, 60]. However, the decline 
curves of primary production are steep due to low permeability [60, 66]. CO2-
EOR is utilized more commonly as compared to water flooding in case of tight oil 
reservoirs due to the poor sweep efficiency of water flooding and low injectivity 
of water in tight oil reservoirs. Moreover, in case of the reservoirs with a higher 
wetting tendency toward oil (oil-wet), water flooding would be less effective. 
CO2-EOR could be implemented as continuous CO2 injection or huff and puff tech-
nique. Hydraulic fracturing is one of the most important mechanisms in recoveries 
from tight oil reservoirs. The geometry, the number, and the spacing of the fracture 
can affect the recovery from the tight oil reservoirs. Bakken reservoir in the US is 
one of the largest unconventional tight oil reservoirs that has been produced since 
early 1950s. Through years of production and study of the reservoir, engineers 
decided that the following strategies are suitable for this field as shown in Table 2.

Figure 10. 
Injection well site layout [63].
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The followings outcomes were observed during the simulation of CO2-EOR for 
the period of 30 years on Bakken Field:

1. Oil recovery factor increases with the increasing number of cycles of CO2 huff 
and puff, and the incremental oil recovery factor at a 30-year period is 2.43% 
corresponding to three cycles in this case study.

2. Lower permeability, longer fracture half-length, and more heterogeneity are 
much favorable for the CO2 huff and puff process.

3. The CO2 diffusion mechanism is more pronounced than the convention 
mechanism for the reservoir with lower permeability during the CO2 huff and 
puff process.

6.3 Heavy oil reservoir

Some of the world’s largest reserves are heavy oil reservoirs. With oil in place 
equal to the largest conventional oil fields in the Middle East, these large reserves 
are found in more than thirty countries around the globe, but few of these deposits 
have been developed extensively. One of the problems in the heavy oil reservoir is 
asphaltenic oil precipitate in the reservoir. Asphaltene is a component in petroleum, 
especially heavy oils. The asphaltene content could be defined by its solubility. 
Basically, any component that dissolves in toluene and precipitates in alkane is 
considered as asphaltene [65]. Various strategies and possible action to oil recover-
ies are summarized in Table 2.

Overall, heavy oil reservoirs are considered not favorable for CO2 flooding com-
pared to light oil reservoir due to lack of sweep efficiency. The considerable viscosity 
difference between heavy oil and the injected CO2 results in poor sweep efficiency 
from heavy oil reservoirs. Moreover, there is a possibility of asphaltene precipitation 
during miscible displacement; therefore, the compatibility of fluids is an important 
parameter to consider when designing EOR process for heavy oil reservoirs.

Strategies Actions

Development of CO2-EOR 
techniques for unlocking resources 
in tight oil formations

• CO2 injection may be the most suitable technique for recovery.

• Develop pragmatic and sustainable techniques in order to unlock 
resources in tight oil formations via this injection.

Tight formation characterization 
and multistage fracturing 
optimization

• For tight formations, the fracture systems are required such 
natural and hydraulic fracture.

• The results can be used to optimize the well spacing and fractur-
ing strategies.

Unlocking Bakken potential 
through CO2 huff and puff

• Efficient in fractured reservoirs.

• Potential to use mixtures such as CO2/field gas, CO2/methane, 
or CO2/propane to improve the oil recovery under different 
conditions.

Optimum CO2 and water-based 
oil recovery processes for Bakken 
formations

• To examine the oil recovery mechanisms and to evaluate the 
overall performance of WAG, GAW, and SWAG processes, in 
comparison to CO2 flooding under miscible conditions.

• Aim to determine the proper timing and also the slug sizes for 
different CO2 and water-based oil recovery processes, including 
their effects on total oil recovery.

Table 2. 
Strategies and action that could efficiently lead to increase in the recovery.
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7. Future horizons of CO2-EOR and sequestration

The potential effect of CO2-EOR is not so much a matter of whether but of 
when. The science of the process is known to the experts, and there are plenty of 
CO2 emitters from different sources available and many oil reservoirs to host these 
CO2 from these emitters. The key point is the economic decision that depends 
primarily on several factors. Oil price, capital cost of infrastructures, tax policies on 
CO2 emission, cost of CO2 capture from CO2 emitters, and the speed of technology 
developments are the key parameters for economic decisions. These parameters 
could be hard to predict; however, developing a platform to facilitate the decision-
making could speed up CO2-EOR and sequestration significantly.
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