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Abstract: Global estimates for our remaining capacity to exploit developed oil fields indicate that
the currently recoverable oil (light oil) will last for approximately 50 years. This necessitates the
development of viscous and superviscous oil fields, which will further compensate for the loss of
easily produced oil. In situ combustion is the most promising production method, which allows
for increased oil recovery from a reservoir. This being the case, this study provides an overview
of global trends regarding the research and implementation of the method under consideration,
in order to promote understanding of its applicability and effectiveness. The background to the
development of the method is discussed in detail, illustrating the growing interest of researchers in
its study. Cases of both successful as well as inefficient implementations of this method in real oil
fields are considered. The main focus of the article is to investigate the influence of the parent rock
and catalysts on the combustion process, as this is a new and actively developing area in the study
of enhanced oil recovery using in situ combustion. Geological surveys, in addition to experimental
and numerical studies, are considered to be the main methods that are used to investigate processes
during in situ combustion. The analysis that we carried out led us to understand that the processes
which occur during the combustion of heavy oil are practically unpredictable and, therefore, poorly
understood. The specificity of the oil composition under consideration depends on the field, which
can lead to a change in the required temperature regimes for its production. This indicates that there
exists multiple specific applications for the method under consideration, each requiring additional
full studies into both the fractional composition of oil and its reservoirs. The article also considers
various technologies for implementing the in situ combustion method, such as ND-ISC, THAITM,
COSH, CAGD, and SAGD. However, the literature review has shown that none of the technologies
presented is widely used, due to the lack of an evidence base for their successful application in the
field. Moreover, it should be noted that this method has no limits associated with the oil occurrence
depth. This technology can be implemented in thin reservoirs, as well as in flooded, clayey, sandy,
and carbonate reservoirs. The review we have presented can be considered as a guide for further
research into the development of global solutions for using the proposed method.
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1. Introduction

It is impossible to imagine modern society without using oil, the most widely used
natural resource. One of the definitive properties of oil is that it is a powerful source of
energy. However, the more advanced our civilization becomes, the more energy is required
for further progress. At the same time, the development of oil refining technologies has
allowed us to move away from the classic use of hydrocarbons as raw materials. The
components, obtained from oil refining, can be used as the primary and basic materials to
produce various items that are used in everyday life. This is one of the reasons why more
than 16% of the extracted hydrocarbons are channeled into such industries each year. Based
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on these estimates, the leading international analytical centers have concluded that, in the
future, our global economy will not be able to exist without oil. While there is a problem of
increasing “easily accessible” oil production, such production is becoming insufficient to
meet the demand of society. The fact is that in the past 20-30 years there has been a steady
tendency to reduce carbon stocks, which aggravates the situation.

According to PRMS (Petroleum Resource Management System) classifications, there
are now such concepts as proven reserves and recoverable resources. The emergence of
these terms is due to the fact that the definitions of “reserves” and “resources” in different
countries have different interpretations and different meanings. Most of the extracted
hydrocarbons belong to the concept of “proven reserves”, which means that they are
extractable at the current level of technological development, and that their extraction can
be economically viable and environmentally safe. In general, such reserves belong to the
industrial categories A + B + C1. Category A includes developed reserves. Category B
includes reserves which have been developed and explored, though not drilled (B1), as
well as those which are developed and undrilled, but rather estimated (B2). Category C1
likewise only includes proven oil reserves [1]. According to the reports, “proven reserves”
of the producing oil fields will last for years, at most [2].

In this regard, “recoverable resources”, such as the prospective and forecasted re-
sources of categories C2, C3, D1 (promising oil resources), and D2 (projected oil resources),
are of particular interest. Their extraction is associated with several difficulties, one of
which is insufficient knowledge of the geological evidence for them. Recoverable resources
may include both conventional reserves, which can be effectively developed using existing
technologies, and nonconventional reserves (oil sands, extra-heavy oil (EHO), oil shales,
etc.), which require different technological solutions and modern approaches, and may
differ from conventional technologies. It should be noted that, although production tech-
nologies are available for some categories of unconventional reserves, they have a number
of drawbacks due to this poor level of understanding [3].

It Is the extra-heavy oil which makes up the world’s major unconventional reserves.
According to exploration data, the largest viscous and high-viscosity oil reserves are
concentrated in Canada, Venezuela, Russia, the United States of America, and China.
Considerable interest in the efficient extraction of these raw materials is limited by some of
the difficulties associated with the operational costs of extraction [4].

There are several definitions of heavy crude oil and bituminous sands, and of the
type of hydrocarbons they belong to. According to the UN Information Center, this class
includes every natural hydrocarbon with viscosities above 10,000 mPas, which includes
oil-shale kerogen, natural bitumoids (rock oil), crude oil, natural gas, and condensate. The
US Geological Survey gives a more detailed definition: heavy oil is characterized by asphalt-
base oil with high density (low API gravity) and high viscosity; it contains asphaltenes,
consisting of very large molecules, including sulfur, and up to 90% of heavy metals in
its chemical structure. Another definition of heavy oil is used by National Petroleum.
Nevertheless, there are various definitions for heavy oil; the upper limit for it is set at 22°
API, and a viscosity of 100 cP. At that level, EHO is usually a portion of heavy oil with
14-10° API (972-1000 kg/m?), and rock oil has less than 10° API (1000 kg/m?3) [5-7].

There are several theories regarding the origin of heavy oil and rock oil (native bitu-
men), one of which states that oil can be recovered from the source rock as immature oil
that includes a low rate of heavy oil. It is also hypothesizes that mostly high-viscosity oil is
recovered from the source rock as light and middle oil, followed by a shift into a natural
reservoir (trap). Due to structural dislocations, stratigraphic and lithological screening for
oxidation conditions formed in the trap can turn light oil into heavy oil through various
processes, such as water flushing, bacterial degradation, and evaporation. In this case,
biodegradation has an aerobic nature. As a third approach, biodegradation is considered
at a depth of 1.5-6 km and at a low temperature of 70-80 °C in underground reservoirs.
Heavy oil is considered to be those remnants of light oil that have lost its original properties,
and are located at the end of geological basins [8,9].
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Compared with the extraction of light oil, heavy oil has specific properties and requires
other methods of oil reservoir development that differ technologically and economically.
Using a particular technology depends on several conditions, such as the geological struc-
ture and formation conditions, the physical and chemical properties of the reservoir fluid,
as well as the state and level of reserves of raw hydrocarbon deposits. There are three
groups of mining methods depending on scope of their application: open-pit and mine
development; cold mining; and thermal mining [10].

Among the presented groups, it is the thermal mining method that does not have strict
restrictions on the maximum levels of oil viscosity, and therefore is the most promising for
research and implementation.

Among the thermal mining methods of increasing oil recovery, in situ combustion
holds a specific status. In this regard, this study provides a comprehensive analysis of
global trends in the research and application of the above noted method for the extraction
of hard-to-recover hydrocarbon reserves.

2. Prior History of the In Situ Combustion Method

The extraction of viscous and superviscous oil using in situ combustion is the most
promising approach because it allows for an increased level of oil recovery in severe
geological and physical conditions. This method is based on the fact that the heat for the
oil bed is generated inside it through the combustion of the fuel and flue gases formed
during the combustion process [11,12]. Having such a significant advantage, the in situ
combustion method ranks second among other methods [13].

In 1932, A.B. Sheinman [14,15], the main proponent of thermal technologies in the
development of oil fields, was the first to propose in situ coal gasification method. In
1934, he tested this method at the Sharkan underground oil field (Kuban, Russia) [16]. In
addition, the in situ combustion method had been actively developed and implemented in
US oil fields as early as in 1916. The first practices were patented in the United States in
1923, and in 1948, ten field experiments were carried out in different parts of the United
States, Canada, and South America, including the Colorado oil shale [17]. About 230 pilot
projects of in situ combustion were fulfilled in the US from 1950 to the end of the 20th
century, of which 37 of them were technically and economically successful; however, more
than 130 projects failed [18].

In 1991, the Oil and Natural Gas Corporation (ONGC), the largest Indian oil company,
had successfully implemented the in situ combustion method as a pilot project at the Balol
oil field, and by 1997 it had already been launched industrially at both the Balol and the
Santal oil fields. It breathed new life into these oil fields, and increased the oil recovery
index from 6-12 to 39-45% [19]. Starting from 1963, both pilot and semicommercial tests
were carried out at the Suplacu de Barcau oil field in Romania. At the initial extraction, the
recovery index was 9.2%, while by the final extraction it had increased to 50%. This method
was then used at the Balaria (1975), East Videle (1979), and West Videle (1980) oil fields,
where the recovery index was at least 35% [20]. Since 1957, various methods of thermal
mining effects have been tested in the Venezuelan oil fields located on the eastern coast of
Lake Maracaibo (specifically, the Bolivar coastal oil fields near Tia Juana, Lagunillas, and
Bachaquero), and the in situ combustion method proved to be the most successful [21].

However, since the 1970s, with the large number of failed projects, the interest to this
technology has been reduced, as well as the number of tested oil reservoirs. As a result, just
eight such projects were launched in the United States in 1997-1998, and about 20 projects
in other countries and different oil producing areas (Canada, Albania, Azerbaijan, China,
Hungary, Romania, Russia, India, Kazakhstan, etc.) [15,17-23].

In the 20th and 21st centuries, the in situ combustion method has undergone many
fundamental changes, having been implemented in many oil fields and modified to suit
the characteristics of the feedstock. Thus, in 2012, 11 heavy-oil-extraction projects were
implemented in the United States, and most of them were successful [24]. In Canada,
this method ranks second in commercial technology, whose implementation allows the
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production of about 23 million tons of rock oil. It is these Canadian experiences in the
development of heavy oil and rock oil fields that show us that the successful organization
of large-scale production is possible only after reasoned conclusions, based on scientific
and laboratory studies [16,25]. China faces a number of production problems, because
most of the heavy oil reservoirs have already passed the middle or the last stage of steam
stimulation, and their throughput capacity has significantly diminished. Steam stimulation
and water-flooding methods in oil recovery were tested at the oil fields of the Shengli,
Liaohe, and Xinjiang regions, but unfortunately their implementation had no effect. The in
situ combustion method is reported to have gained some advantages over other methods
in multiple studies and has thus begun to be actively used in heavy oil production in
China [20,22,26,27].

The historical survey we conducted clearly showed that the production of viscous
and superviscous oil using the in situ combustion method is associated with a certain
problem. First of all, this is due to the fact that, until now, light oil reserves were plentiful
and production technologies had been developed and successfully applied, and therefore
there was no need to study the production of viscous and extraviscous oil. On the other
hand, geotechnical and geodesic surveys were not sufficient to determine the geological
and physical characteristics of the oil bed for the subsequent implementation of the in situ
combustion method. Lastly, in situ combustion processes are poorly predictive and difficult
to study (Figure 1). These circumstances underline the need for further research to improve
the method.

D001\ px 8 There were 11 projects in the US; as well as in Shengli, Liaohe, and Xinjiang oil fields in
China
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Figure 1. Chronology of in situ combustion application.

3. Scientometric Analysis of Research Activities

Using the Web of Science (WOS) and Scopus bibliographic databases for the last five
years, the scientific research on the in situ combustion method was analyzed to understand
the efficiency of scientific contributions.

We have used the term ‘in situ combustion” to explore a broader range of scientific
research. About 554 research works were found, published within a timeframe from 2015 to
now. Most of them were reviews and papers presented at scientific conferences (Figure 2).
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Figure 2. Percentage of in situ combustion studies, and the number of published scientific papers for
each year of the period under review.

Figures 3 and 4 show the leading research universities and organizations that have
made the most considerable contributions to the study of this method. Southwest Petroleum
University of China, Kazan (Volga Region) Federal University, and the National China
Petroleum Corporation are at the top of this list (Figure 4).
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Figure 3. Percentage of the total research contributed by universities and organizations to the study
of in situ combustion.
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Figure 4. Number of research materials published by various universities and research centers.

Number of published materials (2015-2021)
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The analysis of the research area shows that the main purpose of research is to gain
new knowledge in the field of energy (34%). It also shows that the in situ combustion
method is necessary for oil extraction, which is the paramount for developing world energy.
Receiving actual data on the geological study of heavy and extra-heavy oil field locations
and into the effects of parent rock on the in situ combustion processes (as well as the basic
characteristics of crude hydrocarbons) would allow us to identify the possibilities of using
this method most effectively. Based on this fact, the sciences related to geology, planets,
and the environment, are still in a challenging scientific search (Figure 5).

Physics and Environmental
Astronomy Science
3% \ 3%
) . N ° Engincering
7 4%
— Othet
5%

__Chemistry
13%
~_Earth and
Planetary
. :
Chemical _/ Scncx:ccs
Engineering 19%

19%
Figure 5. Percentage contribution by scientific field, based on Scopus bibliographic data.

4. The Main Processes of the In Situ Combustion Method

The basic principle of the in situ combustion method is that when using a bottom-hole
zone or injection well, the conditions necessary for initiating and forming a stable combus-
tion front are created. At the same time, an oxidizer, which allows for the maintenance of a
stable combustion process, is injected through the injection well into the reservoir [27,28].
Depending on the movement of the combustion front and the air flow, the process can
proceed both in the forward and a reverse direction.

The forward combustion is the commonly used one; the combustion front is initiated
by igniting the oil in the reservoir near the bottom-hole of one of the injection wells. After
this, air (which supports movement of the combustion zone through the reservoir) is
pumped into the reservoir. When the front moves towards the air flow, reverse combustion
occurs, which is fraught with some difficulties; in fact, it leads to increasing operating costs
because maintaining the stable combustion process requires more oxygen-containing gas
than is needed during the forward combustion. However, the main drawback is that heavy
fractions (i.e., cokes) are formed during this process. They begin to burn and, as a result,
the process returns to a forward combustion characterized by an overheating, which greatly
reduces the oil recovery of the reservoir [25,29]. However, the reverse combustion may
have some advantages over the forward combustion for heavy oil reservoirs with lower
permeability, or may be used as a method of preheating the reservoir [30].

During the numerous tests, it was found that in situ combustion can be made more
efficient by supplying water with the oxidizer, which affects the temperature distribution
in the reservoir and changes the intensity of chemical reactions. These changes are caused
by the fact that the greater the amount of water, the more significantly does the velocity
of the heat wave in the convective front increase. That is, the more water is supplied, the
higher the wave velocity, which becomes equal to the combustion front propagation rate,
i.e., the heat wave inversion occurs [31-34]. As noted in the study by Jacques et al. [35],
three basic types of the processes (corresponding to increasing the water—air ratio) can
be distinguished: normal wet combustion, incomplete wet combustion, and superwet
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combustion, as shown in the diagram below, along with the main temperature parameters
of these types (Figure 6).

. anhﬂ' - p - 0
air
LK normal 'r.i'et
combustion
800
500 B*<B<p?
pr=p<p’
incomplete wet -
combustion super-wet
combustion

300 ~
200

L

Figure 6. The temperature profiles for different water-air ratios [35].

It should be noted that to describe the ignition process, critical saturation during
on-site combustion was studied, which depends on the maximum saturation with water at
which ignition is possible. Therefore, a saturation above or below this criterion indicates
the possibility of ignition. The comparison of critical ignition with actual reservoir water
saturation can be used to understand the possibility of in situ combustion at a given
oilfield [36,37].

The main point is that successful ignition depends directly on the content of a light
oil fraction with the lowest activation energy. Under some conditions, this fraction can be
saturated, while under other conditions it can be in the form of aromatic compounds. To
understand whether there is enough energy to initiate an effective combustion process, it is
necessary to accurately determine the characteristics of this fraction. The chemical reactivity
and thermodynamics of partial-fraction-oxidation products with the lowest activation
energy are the secondary factors determining the quality of ignition. The enrichment of the
injected air with oxygen greatly affects the combustion process, while the injection of hot
air has little or no effect. The reservoir pressure and temperature are also not important
parameters [26,38].

The initial ignition can be either spontaneous or artificial, by supplying extra heat with
gas-burners and bottom-hole electric heaters, or by introducing chemical substances into
the bottom-hole zone in the form of oxidizers, etc. [39,40]. Table 1 presents the advantages
and disadvantages, as well as the limitations, of implementing a specific initiation of
artificial ignition [41]. It should be noted that the determining criteria for choosing an
artificial ignition method depends on the nature of the oil-field, as well as the necessary
logistical support available.

In general, the extraction of viscous and superviscous oil using the in situ combustion
method depends on the interaction between the hydrocarbons in the oil reservoir and
oxygen in the air, which produces a large amount of heat. This heat accumulates in the
vicinity of the moving combustion front. At the same time, the combustion is sustained by
a part of the oil in the reservoir, which accumulates due to its displacement by combustion
gases, water vapor, vaporized oil fractions in front of the combustion front, and changes
because of distillation, cracking, and other complex chemical processes [42—47]. Some
processes are characterized by their complex nature, which makes obtaining relevant
scientific knowledge quite challenging.
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Table 1. Advantages, disadvantages, and limitations of artificial ignition methods of in situ combus-

tion [39,41].

Artificial Ignition Method

Advantages

Disadvantages

Gas burners

Catalytic heaters

Chemical ignition

Steam injection

Provide good control of
the oxidizing gas
temperature during
injection into reservoir;
Can operate deeper than
electric heaters.

Operate at lower
temperatures than gas
burners;

Safer to use and easier to
ignite than burners

Almost no restrictions
on the depth of use.
Chemical ignition can be
used alone or together
with electric heaters and
gas burners for initial
ignition.

Steam is more
conveniently injected
into the well before the
oxidizing gas than the
hot liquid.

The need to burn
dangerous gases and put
down pump-compressor
pipes into wells;

If the gases don not burn
they can be taken
further into the reservoir
as combustion products
that will decrease the
permeability of the
reservoir.

The large number of
catalysts required makes
them often too
expensive.

Requires the special use
and storage of
hazardous materials.

It is necessary to control
the steam so that it does
not displace the oil too
far from the ignition
point;

It is inappropriate to use
it in deep wells because
of the heat loss.

5. Basic In Situ Combustion Technologies

There are several technologies for implementing the in situ combustion method, which
differ from each other structurally and by their main approaches to forming the combustion
front area. A diagram of the main existing technologies is shown in Figure 7.

in-situ combustion

[Caso |

| | | ]

Top-Dow Combustion .
P .0 Wi Toe-to-Heel Air Override Split- Combustion
In-Situ Injection production Assisted

Combustion Horizontal-well Gravity

Drainage
M
TD-ISC THAI™ COSH CAGD

Figure 7. Basic technologies based on implementing the in situ combustion method.

TD-ISC (top-down in situ combustion) involves the stable propagation of a high
temperature combustion front from the top to the bottom of the well, where heavy oil is
accumulated. The combustion process is initialized and maintained with the injection of an
oxygen-containing gas at the top of the reservoir, with mobilized oil draining to a lower
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horizontal producer well. Most of the injected oxygen is consumed in high temperature
combustion reactions at the combustion front. Oxygen that passes unreacted through the
front, reacts in lower temperature reactions to produce a layer of coke which is subsequently
burned as the combustion front moves through. Hot combustion gases and thermally
cracked light ends mix with the oil ahead of the high temperature front, heating, upgrading,
and driving the oil using a top-down gas drive.

As the top-down process holds great promise, existing potential problems must be
solved before it can be considered for application in field conditions. The main problem
is that it is necessary to overcome high viscosity in the primary layers of heavy oil. It
is necessary to evaluate the methods of obtaining injectivity, as well as the ability to
successfully apply this process to reservoirs that have already been partially depleted by a
previous recovery operation. Both the stable advancement of the combustion front through
the reservoir and the efficient drainage of the mobilized oil into the producing wells need
to be proven.

Latterly, Petrobank Energy and Resources Ltd. have patented the THAI technology,
which facilitate the formation of an inclined (horizontal) combustion front using a complex
system of well arrangement. Injection wells must be positioned so that the combustion front
advances from top downward to the producing well, due to gravitational and capillary
forces required to stabilize it [42,43]. This technology was implemented in the context of the
Whitesands project. According to the data, the oil recovery factor was 70-80%, but in fact it
was much less, amounting to about 55%. The laboratory studies have shown that THAI
increases the oil API by 10°, and during the combustion process the quality of the extracted
oil gets partially better. It should be noted that there are some limits for the reservoir depth
(which should be at least 100 m and no more than 500 m), and the thickness of the reservoir
should vary from 12 to 45 m [44,45].

In the above discussed processes, the main problem of the early breakthrough of
oxygen has remained unsolved. Finding a solution to this problem served an impetus
for developing and implementing the COSH (Combustion Override Split-production
Horizontal-well) process. The main idea was again to combine well locations, but in this
case, it was proposed in order to divert gas flows from the collector using side wells, using
the horizontal well as a production well. The horizontal production well performs the
same function as it does in THAI, providing a large contact area between the formation
and the flame front. Gravity drainage stabilized the development of the combustion front
along the producer well. The oxygen gas was then injected through vertical injection wells;
this can be air, oxygen, or recycled oxygen gas. As a rule, the gas is injected into the top
of the producer reservoir. Maintaining continuous gas injection into the reservoir and
cold-water circulation in the wells will prevent damage from combustion. The wells can
also be used to determine the chemical composition of the soil, and accurately determine
the location of the productive zone before drilling a horizontal producer well; it can also
be used to control the temperature profiles at the bottom part of the gas chamber using
cemented thermocouples. Before using the horizontal injection well, it should be protected
from combustion damage that may arise due to differences in injection capacity along the
well [46].

The comparison between COSH and classic in situ combustion shows that it is the
distance between the combustion front and the producer well being smaller that provides a
higher heat transfer efficiency. The COSH process leads to the gravity separation of gas
and water that blocks combustion. However, synchronous production (of gas and liquid)
reduces the production problems, thus providing better conditions. Similar studies have
been carried out in the United States on West Hackberry, where the COSH process was also
tested.

Despite attempts to improve the technological process of in situ combustion, none of
the processes under consideration provide a comprehensive satisfactory solution. Issues
related to the emergence of obvious problems still remain open. Certain difficulties are
associated with the correct choice of the oil location, which leads to instability of the
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combustion front. The main operational difficulties associated with gravity segregation
and the emergence of air channels remain unresolved; likewise, approaches to regulating
the ratio of air supply to the amount of oil produced have not yet been worked out.

The use of gravity drainage is considered an alternative to the classical approach.
CAGD (Combustion Assisted Gravity Drainage) improves the traditional approach by
using a horizontal injector at the top of the reservoir in conjunction with a horizontal
extraction device located at the bottom. Due to the horizontal position of the injector, the
combustion front moves towards the rear end of the injector and expands laterally after the
start of combustion along the injector. Then, the heated oil flows down, being directed to
the underlying horizontal production well with the effect of gravity drainage. One of the
important features of this method is that properly oriented double horizontal wells promote
the propagation of the combustion zone and stabilize the combustion front growth.

Numerical studies aimed at evaluating the performance of the CAGD process com-
pared to THAI technology show that, when using gravity drainage, a lower ratio of total
energy input to oil output is observed; this reduces operating costs, but at the same time
significantly increases oil recovery.

Recently, special attention has been paid to the technology of the thermogravitational
drainage of oil reservoirs, a process called Steam Assisted Gravity Drainage (SAGD),
which is also used in fields with very viscous oil, helping to “warm up” the reservoir
and cause the oil to come out faster. Depending on the relative position of the injection
and production wells, SAGD can be one of two types: ‘classic” and counter SAGD. In the
classic method, both wells are drilled from the same well pad, and the injection well is
located approximately 5 m higher than the production well. Steam is then supplied to the
injection well under pressure, and the heated oil with light fractions under the effect of
gravity descends into the horizon of the production wellbore. A schematic diagram of the
implementation of SAGD technology is shown in Figure 8 [48,49].

Oil production

ﬂ Parainjection well m—
(2)

Reservoir tire|l | e AR 2
- ¢ © 3
\ 74
I | > D0« €
| I Steam | )
injection
Sandstone I \ T 9T 1t
S e
\ Heated oil
s flowsdown W ¥ ¥ W ¥

Clay reservoir

Figure 8. Schematic diagram of SAGD technology implementation.

Counter SAGD involves drilling out blocks from two well pads, which are separated
from each other by an average of 1 km depending on the location of the horizontal sections
of the wells. Production wells are drilled from one point, followed by steam injection wells,
so that the horizontal ends of the steam injection wells are located above the horizontal
ends of the production wells. SAGD requires huge amounts of steam (hundreds of tons
per hour) to be injected into the reservoir. At the same time, the optimum temperature
sufficient to heat the oil must be observed inside the steam well (Figure 8).

In recent years, several SAGD modifications have been developed, such as Vapor
Extraction (VAPEX), Expanding Solvent SAGD (ES-SAGD), Solvent Aided Process (SAP),
and Steam Alternating Solvent (SAS). The need for SAGD modifications is due to the desire
to improve the economic performance of projects, as well as to take into account the specific
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geological and geophysical conditions of the field, and meet stringent environmental
protection requirements. SAGD projects are the largest consumers of fresh water in the oil
production regions, and payments for greenhouse gas emissions of steam production could
become a significant cost in the foreseeable future.

The widespread implementation of these technologies is limited by the insufficiency
of the evidence base for their successful application in the fields. A small number of test
works cannot provide enough information and knowledge to allow an assessment of the
overall effectiveness of each particular technology.

6. Recent Advances in the Study of In Situ Combustion Methods

As noted above, extensive descriptions of reaction zones and the main processes
involved are available in the literature [27,29,34]. However, this information is not sufficient
since it lacks enough data on the effect of the heterogeneous natural structure of the deposit,
because it is the latter that can significantly or even radically change the development course
of processes, as well as lead to an unpredictable scenario [31-34]. It should be noted that
the initial ignition strongly depends on the properties of crude oil, and, accordingly, each
oilfield will have its own low-temperature and high-temperature oxidation (oil cracking)
zones, not to mention the required amount of supplied air that will be needed to maintain
effective combustion [50-52].

To define the range of key parameter values and eliminate errors, it is necessary
to conduct a series of numerical and experimental studies before launching the projects.
Particular attention should be paid to the experimental part since the primary data that will
allow for understanding the specifics of both the deposit and the initial raw hydrocarbon
are produced in the course of laboratory studies. This will facilitate the evaluation of the
possibility for an effective practical application of the in situ combustion method in the
field. Ultimately, the knowledge gained can be backed up using numerical simulation,
and only then will one be able to proceed to the development of a field for producing
viscous and ultraviscous oil, considering all the individual characteristics of both the
very method and the heterogeneous structure of the formation. Based on the above,
a typical diagram illustrating the research involved in designing in situ combustion is
shown in Figure 9, comprising the following main blocks: geological surveys, experimental
laboratory research, and numerical simulation.

Geological Experimental

Numerical

surveys laboratory simulation

research

¢ Lithology and b N 1
mineralogical ¢ Petrophysical properties .
compositiox% of the (pofosity, satlzlrart)ion, * Heatftransf-.er in the
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* Mineral and organic * Analysis of the original * Ignition delay ﬁfne;
geochemistry; oil (density, viscosity, * Flame propagation
o Matrix geochemical analysis); profile;
inhomogeneities and ¢ Study of combustion ¢ Heat wave
cracks. processes in an propagation.
experimental cell.
/

Figure 9. Basic concept of the in situ combustion studies.

6.1. Review of Experimental Approaches into the Study of the In Situ Combustion Method

The fundamental research areas are considered to be the experimental work on kinetic
cells through ramped temperature oxidation (RTO), as well as into combustion pipes
designed to study the one-dimensional method of in situ combustion. These approaches
allow for the determination of the amount of fuel needed for cracking, as well as estimating
the velocity of the combustion front movement [53-55].

As a rule, experimental installations have the same type of structural design. They
usually consist of five main elements, namely, the gas injection system, combustion



Energies 2023, 16, 4266

12 of 26

pipe/chamber, a liquid extraction system, a gas chromatograph, and a measurement
system for moist tests, as well as a data recording system [56].

The combustion pipe is a horizontally arranged pipe into which air is blown from
one side and liquid is supplied from the other side. The temperature along the pipe is
constantly monitored using thermocouples, which are located along the entire length of the
pipe. Initially, the supplied gas is heated using electric heaters, and when the temperature at
the first control point reaches 290-310 °C, air is supplied at a rate of 2.5-3.5 L /min to initiate
the combustion process. As a rule, in order to ensure successful ignition at a measured
temperature of 400 °C, additional heating is turned on using an electric heater. Peak
temperature values are recorded with thermocouples, which indicate the location of the
combustion front. The analysis of exhaust gases is carried out using a gas analyzer [57,58].
A typical schematic diagram of the combustion chamber is shown in Figure 10.
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Figure 10. Schematic diagram of the combustion pipe with nipples for temperature measurements
(T1-T5) [58].

Processing of the data obtained allowed the determination of the average temperature
of the combustion front, while the ratio between the carbon and hydrogen atoms (H/C)
allows the indication of the predominance of either the LTO (Low temperature oxidation) or
the HTO (high temperature oxidation) reactions. As a rule, the value H/C > 3.8 indicates
the predominance of LTO, whereas H/C ranging from 1.0 to 2.1 indicates the predominance
of HTO reactions.

Research relating to the study of crude oil combustion in a porous medium, with an air
flow using a porous medium thermo-effect cell (PMTEC), is of particular interest [59]. The
uniqueness of this development lies in the ability to quickly determine the characteristics
of crude oil, since it is exactly these parameters which are crucial for implementing the
methods aimed at increasing oil recovery by means of air injection. An illustrative diagram
of this process is shown in Figure 11.
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Figure 11. The diagram of PMTEC [59].

The combustion of seven types of crude oil, including two types of light, medium,
and heavy oil, as well as one type of extraheavy oil, was investigated using PMTEC. Low-
temperature combustion (LTC) occurs already at temperatures of about 270-280 °C with a
further increase in temperature to 700 °C, accompanied by the release of CO, and CO for
medium, heavy, and extra-heavy oils, with the exception of two light oils. The occurrence
of LTC depends on the properties of crude oil. Besides, this process can propagate in a
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porous medium with an air flow controlled using a fiber-optic system. It is this point that
deserves further study since the occurrence of LTC and the propagation of its front can
play an important role in the displacement of oil during the in situ combustion process.

A series of experiments on combustion in the pipe were carried out to study the
characteristics of combustion process during the in situ combustion of heavy oil on the
shelf [60]. Then, simulation studies were conducted to evaluate the efficiency of the
combustion process in a typical offshore heavy oil reservoir.

The experimental setup consisted of a one-dimensional combustion pipe, an igniter,
an injection system, a fluid analysis system, and a data collection system. The length
and diameter of the combustion pipe were 72 and 7.5 cm, respectively. To register the
temperature, 16 thermocouples were installed along the pipe (Figure 12).
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Figure 12. Experimental unit with a one-dimensional combustion pipe [60].

The results showed that higher heating rates led to a shift in thermogravimetric curves
towards an increase in the rate of weight loss. Oil production amounted to 547.78 m3/t,
and oxygen input and the air/oil ratio in the combustion experiment were 95.1 and 97.27%,
respectively. This study aimed provide technical support for the application of in situ
combustion in offshore heavy oil reservoirs.

In [54], the researchers turned away from using the classical cylindrical combustion
cell, and instead used the conical one, which allowed for the conduction of combustion
studies at low air flow levels (Figure 13a). Particular attention should be paid to the design
features; Figure 13b shows the radial arrangement of the thermocouple elements. ARi
metal heaters with a power of 2 kW were mounted on the outer wall to prevent heat loss
during operation. Figure 13 shows the radial arrangement of thermocouple elements; 2 kW
metal heaters were installed on the outer wall to prevent damage during operation. The
heaters were activated in 1D mode at a distance of 2.5 cm from the injection bottom, and the
rest were mounted on a conical section at a distance of 14.0 and 40.6 cm from the injection
bottom, respectively.

The results obtained from this revealed that after ignition, the combustion zone propa-
gated evenly throughout the experimental cell; however, there was a certain change in the
oxygen absorption kinetics as the combustion zone moved through the transition between
the cylindrical and conical parts of the cell. It is supposed that such behavior is associated
with the enrichment of the vapor phase with fuel in the near-wall area. Employing this
type of chamber allows for the maintenance of the combustion process at an air flow of
3 m3/m?h, and operating pressure of 3550 kPa, which in turn leads to the successful oil
displacement.

The main difficulties when conducting experimental studies are related to the lack
of suitable scaling criteria when planning experiments [61,62]. In addition, conducting
experiments is associated with large labor and financial costs. Based on the above, M.R.
Islam and S.M. Farouq Ali were among the first to present in their work useful recommen-
dations for developing such experiments, and also made a fairly complete description of
the applicable laboratory methods used both previously and currently (Table 2) [63,64].
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Figure 13. The diagram of the conical combustion cell unit (a), radial position of internal and wall
thermocouple elements, pressure taps, and zone heaters (b) [54].

Table 2. Advantages, disadvantages, and limitations of artificial ignition methods for in situ combus-
tion [63,64].

Approaches
Name
*1 *2 3(-3 *4 3(-5 *6
Capillary forces v - - -
v + v v v v
Diffusion forces v . /. v v v v
(one direction only)
Oreact.m > Ureact.m >
Ureact.p Ureact.p
Mass transfer to Ureact.m = v 0 Creact.m = Vreact.m = Vreact.m = Ureact.m =
viscosity ratio Vreact.p react.m = Ureact.p v react.p Vreact.p Vreact.p U react. p
+ +
catalyst catalyst
Reaction rate - - v v - v
Gravity forces - v v v v v
Dispersion forces - v v v - v
G.raV1to forces to ) ) } v v v
viscosity
three- one-dimensional
Dispersed effect . . for the combustion scattering effect
dimensional

Ureact.n—mModel reaction rate

Ureact p—prototype speed

pipe

*1—proposed by Garon et al. (1982, 1986) [65,66] and Kumar and Garon (1988) [67], identical: porous medium,
liquid, pressure drop, temperature; geometric similarity; *2—identical: porous medium, liquid, pressure drop,
temperature; *3—proposed by Lozada and Farouq Ali (1989) [68], identical: porous medium, liquid, temperature;
differences: pressure drop; *4—identical: porous medium, liquid, pressure drop, temperature; geometric scaling;
*5—proposed by Lin et al., 1984 [69], identical: porous medium, liquid, pressure drop, temperature, geometric
similarity, accelerated reaction rates; *6—identical: liquid, temperature; differences: porous medium, pressure
drop; geometric similarity, accelerated reaction rates.

Analysis of laboratory work has shown that currently the majority of research is aimed
at studying the effect of oil-bearing rocks on the in situ combustion processes, as well as
identifying promising catalysts to improve the ignition and combustion processes.
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To begin with, when scientists started investigated the origin of oil, they focused on
the study of clay minerals, since they are the main constituent elements of oil-producing
rock refuse that can generate and store oil. The presence of these minerals has an important
influence on the properties of the deposit, namely, on its parameters, such as porosity and
permeability [52,70]. In addition, clay minerals in oil-bearing rocks are very important,
not only for assessing the quality of formation, but also for assessing the hydrocarbons’
displacement and movement, which is extremely important when oil is displaced in the
reservoir [71].

It was logical to assume that the clay components of the rocks could well form the
basis of a new series of catalysts to mitigate the conditions of the in situ combustion process.
There are many theories stating that the clay content can increase the catalytic activity of
the rock and, accordingly, intensify the in situ combustion process by reducing the LTO
onset temperature, while significantly affecting HTO by lowering the temperature of this
stage’s quality [72-75].

A team of scientists made a great contribution to the study of the effect of clay on
various types of crude oil by conducting a series of experimental works with oil taken
from the fields of Mexico and Alberta (Canada). Carrying out this study, it was revealed
that reservoir rock consisting of a mixture of 3 wt% of clay and 97 wt% of the sand
allows for the control of the combustion front propagation, which was not observed in the
reservoir rock, which consisted only of sand. However, interaction of clay with crude oil at
high temperatures results in its thermal decomposition, which, when visually analyzed,
is manifested in the form of the lumps. This effect results from the level of saturated
substances and asphaltenes in the feedstock [76].

Undoubtedly, the presence of clay greatly affects the in situ combustion performance,
however it is difficult to speak to the unambiguity of this influence, since different samples
of crude oil reacted differently. Some samples manifested quite a positive effect and led to
an increase in oil production, while other samples showed the opposite effect.

Based on the above, it became clear that the catalytic effect of clay rocks depends not
only on the composition of the initial crude oil, but also on the mineralogical composition
of the very rocks. Thus, four types of clays, different in mineralogical composition, were
considered in studies [59,77,78]. It was revealed that good catalytic activity was shown in
clays containing quartz and mica. This effect is achieved due to the high levels of the second
of these components, since mica leads to a decrease in the activation energy. The opposite
effect was observed in clay rocks consisting of clinochlore and talc, as they demonstrated a
strong inhibitory effect, starting from the later stage of LTO to the end of HTO stage. The
combination of such trace elements greatly delays the isomerization and decomposition
reactions, as well as the oxidative cracking reactions, which unexpectedly leads to forming a
large amount of coke, which, in turn, significantly reduces the efficiency of the combustion
process. The combination of minerals, such as kaolinite, montmorillonite, mica, clinochlore
(as well as a mixed layer consisting of orthoclase and albite) also demonstrate a similar
catalytic effect, as does a sample with a high mica content, but this effect is less pronounced,
especially at the HTO stage.

The analysis of the literature allowed for the understanding that the presence of rocks
or minerals really has both beneficial and negative effects on the crude oil oxidation. As
already noted above, the majority of research has dealt with studying the effect of clay
rocks, while studies aimed at studying the effect of carbonate minerals are quite scarce.
This is due to the fact that clays are the main mineral of sandstone, and the carbonate rock
differs greatly from it in its structure, mainly consisting of calcite and dolomite minerals,
while including an insignificant number of impurities in the form of anhydrides, quartzites,
and clay minerals. At the same time, the presence of calcite or dolomite has a significant
effect on the combustion of crude oil [78]. In general, the presence of calcite or dolomite
leads to easier ignition and a less intermittent combustion process. A good catalytic effect
of the minerals in question is achieved by significantly reducing the activation energy;
however, since for the maximum value for calcite is already reached at 175 k] /mol, and for
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dolomite, at 225 k] /mol, the catalytic effect of calcite is much stronger than that of dolomite.
It follows from this that the level of these elements, especially calcite, leads to an increase
in the combustion efficiency of crude oil in the in situ combustion process [59].

A low-soluble metal-based catalyst has been developed to improve the characteristics
of in situ combustion by stabilizing the combustion front. Copper stearate is used to
improve the oxidation of the heavy oil. Its catalytic effect in the presence and absence
of additional elements, such as aluminum oxide or silica6, was studied in [79]. The
oxidative behavior of heavy oil has been greatly improved in all cases where combinations
of crude oil + alumina + copper stearate, and crude oil + silicon dioxide + copper stearate
were used. With the addition of copper stearate, the reaction intervals were shifted to
a lower temperature range. This especially concerns HTO, which was completed in a
narrower temperature range with higher heat dissipation per unit weight. In the HTO
range, coke combustion was the main reaction. This means that the presence of copper
stearate significantly enhances the combustion efficiency of coke, which, thus, can improve
the stability of the combustion front. In addition, it was revealed that copper stearate can
also lower the initial temperature. Table 3 presents the generalized data on promising
catalysts used to mitigate in situ combustion, with a description of their scope, zones, and
accompanying effects.

Table 3. The main promising catalysts for mitigating the temperature oxidation processes [59,76-79].

Composition of the Catalyst Effect Results
1. Clay mixtures of 3 wt% Catalytic Controls the combustion front
2. Quartz and mica containing clay Catalytic Mica leads to a decrease in activation energy

3. Clinochlor and talc containing clay Inhibitory

4. Kaolinite, montmorillonite, mica, and

clinochlor containing clay

Leads to a delay in the reaction of isomerization and decomposition,
as well as in the reaction of oxidative cracking
Controls the combustion front, but does not lead to a shift at the stage

Catalytic of high-temperature oxidation

5. The level of calcite and dolomite Catalytic Provides light ignition and significantly reduces the activation energy

6. Copper stearate

Shifts the combustion reactions to a lower temperature range,
Catalytic especially during high-temperature oxidation. Increases the efficiency
of coke combustion.

It is also worth noting that various emulsifiers are being actively studied, increasing
the oil recovery using viscosity reducers, which are formed in the reservoir during steam
injection. Anionic-nonionic surfactant was considered to be such a reducer in the work of
Zhengbin Wu et al. Special studies have been carried out that have proven the feasibility of
using oil reducing agents for reservoir restoration [80].

Nitrogen foam can be used to enhance oil recovery from oil to oil. A two-dimensional
visualized model, revealing pore-scale sensors and foam generation effects at oil recovery
in steam injection processes, was used in [81]. Experimental images visually showed that
small bubbles gather together to form bigger foams, thus blocking the small pores and
throats, and leading to fluid diversion in porous media. As a result, after foam injection,
coverage efficiency increased from 46.18 to 77.93%. Foams could effectively improve the
mobility ratio between oil and water, while decreasing the amount of water cut after foam
injection, which was significant for decaying the decline in o0il production.

As for pores, after injection of the foam and in accordance with the rendered model,
the residual oil entered the main flow under the effect of the foam level, caused by steam
flooding, and was carrying out by the released liquid.

The heavy oil was emulsified into O/W emulsions that had lower viscosity under the
action of foams; hence, more trapped oil was mobilized and displaced. As a result, the
efficiency of oil microseparation increased from 72.76 to 84.01%.

The above results of these scientific works can be considered to be a kind of guideline
for implementing in situ combustion in various types of rocks. They give an opportu-
nity to increase the future potential for developing research in this area in order to gain
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fundamental knowledge in the field of the catalytic effect and the mechanisms influenc-
ing oil-producing rocks; ultimately, this will facilitate the development of well-posed
recommendations for the application of the in situ combustion method in certain fields.

6.2. Review of Numerical Studies of In Situ Fuel Combustion Implementation Technologies

To simulate the in situ combustion process, it is necessary to consider a multiphase
flow in a porous medium employing a combined model of heat and mass transfer [82].

A significant contribution to the mathematical description of this process was made by
Gottfrido, who proposed a thermodynamic model that took the kinetics of oil oxidation in
reservoir, as well as the multiphase multicomponent nature of filtration, into account [83].

Mathematical simulations of the in situ combustion process is reaching the level of
modern technologies. Despite the complexity of the description, it is already possible
to reproduce the ongoing processes, both at the one-dimensional level, as well as two-
dimensional and three-dimensional formulation. Developments in numerical simulation
allow for the consideration of not only a three-phase system (gas/oil/water), but also more
complex media involving a solid phase [50,84-88].

As already noted, to simulate the in situ combustion process, it is necessary to consider
a multiphase flow in a porous medium employing a combined model of heat and mass
transfer, such as that presented schematically in Figure 14.
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Figure 14. Basic equations of multiphase flow in a porous medium (combined model of heat and
mass transfer) [84-86].

It is worth paying attention to the fact that in most cases, in laboratory experiments,
the gravitational effect is not taken into account due to the small size of the vertical cross-
section, and therefore, the second term in the first part of the equation is often ignored. The
experience described in the research considered shows that usually a solid and a liquid are
in local thermal equilibrium and thus have the same temperature.
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The main problems of numerical simulation are caused by the fact that the in situ com-
bustion processes are characterized by frequent changes in chemical reactions and phase
stages, whose description requires a significant number of equations to be defined [89].

Different combinations of chemical reactions lead to a variety of numerical models.
One of the most common is the reaction scheme, which includes pyrolysis and combustion:

Kerogen + oil + gas + coke

This process is interesting because the combustion of coke is an exothermic reac-
tion releasing a large amount of heat, which allows the pyrolysis of kerogen to occur
spontaneously and does not require additional heat sources.

The process of inorganic decomposition is unpopular because it requires high temper-
atures. In order to be able to perform numerical simulations and compare the experimental
results, complex oxidation reactions are simplified.

Simplified reactions have the following form:

e  Coke formation
HO — nLo/noLO + Ncoke/HOCOKE 1

e  Combustion of heavy oil fraction
HO +n0,,/H002 = Nco,/H0CO2 +Nco/HoCO + Nh,0,/H0H20 )
e  Combustion of light oil fraction
LO + Mo, /1002 = Nco,/10CO02 +Nco,/1.0CO +Np,0/10H20 3)
e  Combustion of coke

Coke + Mo, /cokeO2 = Nco, /cokeCO2 +Nco/Coke CO + MH,0/ coke 120 4)

where carbon is considered as coke, which serves as fuel for the combustion process
(n is the corresponding stoichiometric coefficient) [50].

Depending on the parameters of the problem, different scenarios of wave propagation
in the combustion zone are implemented, namely, displacement, combustion, or thermal
scenarios [90]. As already mentioned, forward combustion is mainly implemented, which
can be of two types. The first one is the reaction-trailing front (RTF), where the reaction
zone falls behind the heat wave that carries the heat downstream. The second one is the
reaction-leading front (RLF), where the heat wave is ahead of the reaction zone (Figure 15).
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Figure 15. The temperature distribution diagram for different modes of heat wave propaga-
tion [78-80]. (a) reaction-trailing front (RTF), (b) reaction-leading front (RLF).

A numerical study of heat and reaction wave interaction at oil recovery using in
situ combustion allows for the determination of the ignition delay time, the propagation
profile, and the final and effective flame recovery. Defining Damkohler numbers (Da) for
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superviscous and viscous oil allows us to distinguish three working areas of ignition delay,
where the first is limited by thermal diffusion; the second, by the chemical composition of
raw hydrocarbon deposits; and the third, by the oxygen supply. At the same time, defining
the Da number for coke allows us to find the threshold values for either the combustion
wave propagation or damping. As a rule, numerical studies are based on the self-similar
“traveling wave” solution.

As a result of numerical study, important facts were revealed. For example, the ignition
delay indicated a high possibility of spontaneous ignition. Moreover, it is possible to change
the ignition location by changing the air injection rate [84]. It is important to mention that
the experimental studies into numerical simulations revealed that the displacement of oil is
usually driven by gravitational forces [91].

Based on experimental studies, Zhao Yang, et al. reproduced the entire process of
converting heavy oil into lighter oil, as well as its improved movement in wells, using
numerical simulation. Special attention was paid to the analysis of changes in the temper-
ature and composition of the crude oil at various stages. The regularities of production
parameters have shown that changing the agent supply intensity formed an effective fire
front, which led to a significant decrease in the viscosity of crude oil, i.e., increasing its
fluidity. This results in increased oil recovery compared to the effect of injected air tem-
perature, as it has virtually no effect on the process quality. The results of the studies
implementing the numerical solution of the mathematical model of crude oil combustion
in kinetic cells revealed that the activation energy and mass density of oil components
significantly affect the predictability of the model. These parameters require optimization
using gradient-based methods (Newton’s method) and an evolutionary algorithm. It is
necessary to mention that the latter requirement has promising functions for finding min-
imal errors. However, there is a significant problem; this effect is achieved using a slow
convergence. The gradient-based method does not allow for the minimization of errors
and thus is noteworthy for further research [92].

Some works present studies on the virtual kinetic cell (VKC) and virtual combustion
tube (VCT) models. Under the ideal mixing conditions, multiple reactions take place
simultaneously in three phases: water, oil, and gas. The cells exchange heat and mass
with the environment. A one-dimensional chain of virtual combustion cells forms a virtual
combustion pipe. The mass transfer functions between the cells in the VCT are proportional
to the three-phase relative permeability, so that the entire VCT is a numerical sampling
scheme for a model of a one-dimensional multicomponent multiphase reactive flow in a
porous medium. This scheme is relatively simple, numerically efficient, and allows for the
simulation of a large number of reactions and phase equilibria within a relatively short
time [93]. The considered numerical model was modified and improved by revising the
set of basic reactions by supplementing them with a high-temperature oxidation reaction
of secondary light fractions of light oil. Then, as an example, the model was used for the
high-viscosity oil to determine the quantitative characteristics responsible for the successful
application of the in situ combustion method.

The research team of the University of Calgary [94] conducted a series of experimental
studies combined with a subsequent simulation of the obtained outcomes using CMG
STARSTM. The choice of such a numerical tool is quite interesting because it allows the
study of oil production and temperature profiles using three chemical models: Kapadia
et al., Young and Gates (Y-G model), and Belgrave et al. The studies were conducted
employing different models. A one-dimensional model was employed to obtain the results
of a one-dimensional temperature profile in a pipe. Using 3D models allowed the authors
to take into account the temperature distribution in the radial direction of the pipe. It is
necessary to mention that the 3D model of the pipe facilitated the consideration of the
central cylindrical zone, having a lower permeability (about 80%) relative to other models;
this has led to an improvement of the drainage flow of oil. The three block models that
were tested had visibly different simulation results; overall, the Y-G model showed a better
quantitative compliance with the experiment than the other two models. The Y-G model
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has the advantage of simulating the combustion of oil, especially the propagation of the
combustion front, by means of conducting the test with a combustion tube.

Studies [95,96] presented the results of in situ combustion modeling in a horizontal
combustion pipe with reactions referenced to the THAI (Toe-to-heel air injection) technol-
ogy. The authors considered the effect of basic parameters, namely, the gas injection rate,
permeability, initial oil level, and the injected oxygen level. The results serve as the basis
for future research because they showed that the numerical study was acceptable for simu-
lating in situ combustion. An important point is that these revelations lead us to consider
the combustion reactions as two distinct oxidation reactions; this is because the simulation
results, based on simplified oxidation reactions, correlate well with the experimental results.
The oil production rate can be increased by increasing the gas injection rate and the oxygen
content of the injected gas. It was revealed that high permeability and initial oil content
play a key role in the in situ combustion process.

Of particular interest to us is the comparison between THAI, THAF, and SAGD
(Steam-Assisted Gravity Drainage) technologies. The THAF process is essentially similar
to THAI though the former uses steam instead of air. Existing studies usually deal with
the modeling of heavy oil production processes in a homogeneous reservoir, involving one
vertical injection well and one horizontal production well.

Three-dimensional numerical simulations (using three variations of implementing
the in situ combustion method for a typical oil field) accurately reproduces the ongoing
processes, while also revealing that a zone with a high concentration of coke is formed
before the combustion zone. Likewise, a zone with a higher oil saturation is formed before
the coke zone, being formed as a result of oil runoff from the top part of the formation.
Employing THAI technology for six years has shown that the average oil production rate
and oil recovery rate were 28 m3/day and 24.5%, respectively. Besides, the presented results
of the numerical simulation of the oil production and oil recovery rates using the THAI
process are about 30% worse than those obtained when using SAGD process (Figure 16).
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Figure 16. The comparison of the numerical calculation results from using THAI, THAF, and SAGD
technologies for oil production [93].

When analyzing the literature and dealing with numerical models, the parameters of
the geological and physical characteristics are very important. Based on the studies, and
considering various variations of parameters, such as the oil formation depth, the initial
reservoir pressure and temperature, and the oil viscosity, it was shown that numerical
simulation can quickly carry out a range of calculations with different initial conditions,
ultimately solving one of the main problems associated with the initiation of in situ com-
bustion, namely, determining the need for using electric heaters and, if necessary, their
power level.
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The characteristics of in situ combustion depend on the arrangement of the air injec-
tion points. For example, the study [71] considered an inverted injection scheme, which
consisted of nine wells. This combustion scheme could control the combustion zone, and
thereby achieve a good oil flow rate. The oil recovery rate of the reservoir was 75%, while
the formation of oil saturation in the cracking zone was 5-15%. In addition, the authors
tried to determine the incidence angle of the geological layers and the thickness of their
formation, because the location of bottom-hole wells depends on the correct consideration
of these parameters. These parameters determine the effectiveness of the implemented
method. However, during the project development, the thickness of the reservoir and the
slope of the structure should be considered as well, since they play a key role in the oil
production efficiency.

7. Conclusions

Our comprehensive review of enhanced oil recovery technologies using in situ com-
bustion led us to draw the following conclusions:

1.  The development of the classic in situ combustion method has led to its new modifi-
cations that differ from each other both structurally and in their basic approaches to
forming the combustion front. Unfortunately, none of four implemented technologies
(ND-ISC, THAI™, COSH, and CAGD) has seen widespread use due to the lack of an
evidence base for their successful application in the field.

2. The main studies of the in situ combustion method are associated with laboratory and
experimental works, as well as numerical simulation. The laboratory works mainly
determine the effects of the oil-source rock on the combustion processes, because
clay components of the rocks can form the basis of new series of catalysts to mitigate
the conditions of in situ combustion. It was proven that clays containing quartz and
kaolinite, montmorillonite, mica, and clinochlore, as well as the presence of calcite
and dolomite, exhibit a good catalytic effect. The development of soluble catalysts is
currently under active consideration. For example, copper stearate demonstrates a
good catalytic effect, shifting the combustion reaction to a lower temperature range.

3. Experimental studies have thus far been aimed at obtaining data on oil reactivity,
determining the ignition conditions by revealing the nature of raw hydrocarbons,
and most importantly, determining its combustion characteristics. As a rule, these
obtained kinetic parameters have been used as basic data for numerical simulation.
It is the experimental combustion in a cell that allows us to determine the amount
of fuel needed for cracking, as well as estimate the combustion front propagation
rate. The main difficulties in conducting experimental studies are associated with the
lack of acceptable criteria for planning experiments; therefore, a numerical simulation
of the process is used as an alternative method. Different combinations of chemical
reactions lead to a variety of numerical models. One of the most common is a scheme
of reactions, which includes pyrolysis and combustion; at the same time, the inorganic
decomposition process is unpopular since its activation requires high temperatures.

4. Toimplement the method, it is necessary to solve the problems of initiating the exother-
mic reaction center, as well as for maintaining the optimal temperature, stability, and
integrity of temperature and chemical fronts in the reservoir. However, the main prob-
lem is the unstable combustion propagation, especially if the reservoir structure is
heterogeneous. A difference between the viscosity of the injected air and the reservoir
saturating fluids leads to air filtration in the most permeable areas. This results in
a decrease in the efficiency of in situ combustion, making its implementation quite
dangerous. In addition, during the implementation of in situ combustion in the oil
fields containing heavy high-viscosity oil, an excessive amount of coke is often formed,
which is necessary to maintain combustion. This increases specific air consumption
and decreases the combustion front propagation rate. Another problem is the reduced
coke-forming ability of oils in fields containing light low-viscosity oil, which leads to
a loss of the combustion front as it moves deeper into the formation. These problems
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should be solved using detailed numerical simulation with experimental verification
of the main elements of the model.

Despite certain problems, the extraction of viscous and superviscous oil using the in
situ combustion method has a great potential for further development compared with other
methods of increasing oil recovery. First of all, during the extraction, oil is heat-treated and
further purified, so it does not need the application the solvents at the stage of oil trans-
portation, which leads to a significant cost reduction. Secondly, the consumption of natural
gas and fresh water is reduced, and thus production costs are also reduced. Moreover, it
should be noted that this method has no limits associated with the oil occurrence depth.
This technology can also be implemented in thin reservoirs and in waterlogged, clayey,
sandy, and carbonate reservoirs.
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Nomenclature

CAGD Combustion assisted gravity drainage
COsH Combustion override split-production horizontal-well
Da Damkohler number

ES-SAGD Expanding Solvent SAGD

EHO Extra heavy oil

H/C Ratio between the carbon and hydrogen atoms
HTO High temperature oxidation

HO Heavy oil

IsC In situ combustion

LO Light oil

LTC Low-temperature combustion

LTO Low temperature oxidation

ONGC Oil and Natural Corporation

PMTEC Porous medium thermo-effect cell
PRMS Petroleum resource management system
RLF Reaction-leading front

RTF Reaction-trailing front

SAP Solvent aided process

SAGD Steam-assisted gravity drainage

SAS Steam alternating solvent

TD-ISC Top-down in situ combustion

THAI Toe-to-heel air injection

VAPEX Vapor extraction

VKC Virtual kinetic cell

WOS Web of Science

Quater/air Water /air consumption, m3/s

Ureact.m Model reaction rate

Ureact.p Prototype speed

o} Medium porosity

My, Mass source term in, kg/ m3

Om, Um Density and velocity of the gas mixture
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PR Oil density

kefs Effective heat conductivity

Cr,C; Specific heat capacity of oil shale and i gas phase, respectively
Q Heat source term in equation due to chemical reactions
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