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Abstract: Worldwide, the known recoverable heavy oil and bitumen reserves make up more than
64% of the total reserves, of which more than 60% are trapped in carbonates. Air injection has
immense potential for hydrocarbon recovery from various reservoirs. While most of the successful
air-based techniques are performed within carbonate reservoirs containing light oil, theoretically,
in situ combustion (ISC) has also shown great potential for recovering heavy oil and bitumen.
Carbonates are complex in terms of geology and are often associated with fractures and vugs that
affect the fluid flow, pressure propagation and progression of the ISC reactions. This paper describes
the first experiment in which the triple-porosity concept was applied to simulate heterogeneity
through artificially induced vugs, core matrix and fractures. This approach was used to study the
feasibility of the ISC recovery technique for heavy oil (14◦ API) within a dolomite reservoir using
a combustion tube (CT) in an experiment performed at 1740 psig. The combustion front advanced
through 78% of the core length prior to the termination of air injection, producing 80% of the initial oil.
To differentiate between the various sources of the CO2 gas (a product of carbonate decomposition vs.
the combustion reaction) the atomic ratios of (CO2 + CO)/CO = 6 and (CO2 + CO)/N2 = 0.21 were
applied. Additionally, partial upgrading of the produced heavy oil was observed.

Keywords: in situ combustion (ISC); vuggy carbonate; dolomite; CO2; CO2 emissions; heavy oil;
combustion tube (CT)

1. Introduction

Carbonate formations contain a significant portion of the known heavy oil and bitumen
reserves worldwide and are often produced using various recovery techniques, such as hot
water flooding, steam-based recovery and polymer, foam and air injections [1–3].

Carbonate rocks are challenging to describe due to the inherent petrophysical het-
erogeneity which they form after the depositional process. Mineral composition, burial
and tectonic history, pore space, diagenetic processes and secondary changes, such as the
formation of fractures, faults and stylolites, define the complexity of carbonate rocks [4–7].
The porosity and permeability of carbonate rocks vary from one reservoir to another and
often within the same reservoir [8]. A variety of rock textures can be observed, even on
the macroscopic level. The extensive study conducted by Lucia [9] highlighted the impor-
tance of understanding the rock fabric in order to realistically describe the engineering
parameters of permeability and porosity that are further used for geological and fluid flow
modelling.

To understand the correlation between rock fabric and petrophysical properties, it is
crucial to identify the pore space based on its petrophysical characteristics. This can be
achieved by separating the pore space into two categories: interparticle porosity, which is
found between grains or crystals, and vuggy porosity, which encompasses all other pore
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space types. Vuggy porosity is then divided into two groups based on the connectivity of
the vugs: separate vugs, where the vugs are only connected through the interparticle pore
network, and touching vugs, where the vugs are in direct contact with each other. Figure 1
presents a schematic visualizing the difference between separate and touching vuggy pore
spaces.
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While the separate-vug pores’ contribution to the fluid flow can be quantified, the
touching-vug pores act more as fracture porosity and cannot be defined using this clas-
sification. It is typical for the separate-vug pore type to be oil-filled. Nevertheless, it is
recommended to ignore this aspect by subtracting this type of porosity from the total
porosity, as it has an insignificant impact on permeability. An effective recovery technique
for the isolated vugs is yet to be proven.

From the viewpoint of oil-bearing carbonate reservoir exploitation, the complexity is
associated with hard-to-control recovery due to unwanted early breakthroughs and mixed
wettability [10]. Most of the laboratory studies conducted using the ISC technique for
carbonates focused on feasibility, understanding the mechanisms of oil recovery (oxygen
diffusion and thermodynamic transfers), and strategies that can be used to control early
breakthrough, especially in naturally fractured reservoirs (NFRs) [11–17]. A field pilot
test was reported by a few other authors, who described the technical implementation of
ISC combustion in a Grossmont formation, which is characterized by severe heterogeneity
with the existence of fractures and vugs. They observed operational challenges related to
the control of fire propagation [18,19]. The feasibility of ISC performance in fractures has
been studied both experimentally and numerically. The performance of the ISC process in
isolated vuggy pore spaces, however, has not been investigated on any scale.

In general, vuggy porous media can be represented through various models, one
of which was introduced by Yuan et al. [20,21] in a study where they represented the
vuggy pore space, which is common in Grossmont formations, with a dual-porosity model
using CMG STARS software for steam-based recovery simulation. Kossack [22] performed
gas injection into vuggy and fractured reservoirs using the commercial simulator Eclipse
Compositional (Schlumberger). In that study, the isolated vugs with multiple fractures
were represented by a triple-porosity system via a modified dual-porosity model. The oil
displacement mechanism was found to be dependent on the viscous and gravity forces,
capillary pressure, gas composition and diffusion coefficient. The fine-grid single-porosity
model was used to evaluate oil recovery from the matrix, fractures and vugs and was
matched to the dual-porosity system to determine the matrix properties. The effect of vugs
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on a reactive fluid flow was studied by Izgec, both experimentally and numerically [23]. The
results demonstrated that the connected vugs do not contribute to the effective permeability
but do affect the path diversion of the fluid flow.

Revising the fundamentals of the dual-porosity concept, a pioneer who introduced
the fundamentals of a dual-porosity model (matrix–fracture) was Barenblatt [24]. His work
was later extended by Warren and Root [25], Kazemi [26] and Swaan [27]. The first triple-
porosity model was developed by Liu [28], followed by Abdassah and Ershaghi [29]. The
model was further studied by Jalali and Ershaghi [30] and Al-Ghamdi and Ershaghi [31].
From a petrophysical evaluation perspective, dual- and triple-porosity models were de-
scribed by Aguilera et al. [32,33]. While dual-porosity models consist of matrix and fracture
networks, a triple-porous system also considers non-connected vugs.

Regardless of the approach adopted for representing a vuggy porous media, the ISC
processes within the complex carbonate reservoirs are still enigmatic and have not been
investigated in the literature. The objective of this part of the study is to provide the first
feasibility evaluation of an air-based recovery method for application in vuggy carbonate
reservoirs containing heavy oil. The novelty of this work and the experimental approach
followed in this study lies in the representation of the carbonate reservoir using core plugs
physically fabricated and assembled to best resemble the actual reservoir conditions in
terms of the complexity of the oil-bearing-formation-containing matrix, fractures and vugs.
The detailed mineralogical analysis and compositional changes will be discussed in a
subsequent publication focusing on an in-depth understanding of the processes taking
place during the ISC reactions, as well as the reservoir rock properties on the macro- and
microscopic levels.

2. Materials and Methods

The target Permian-Carboniferous reservoir, located in the European part of Russia,
is characterized by dolomites, with average permeability and porosity values of approxi-
mately 567 md and 15%, respectively.

The experimental procedure included three stages: (a) the pre-test, (b) test (the burn
itself) and (c) post-test. The steps of these stages were as follows: (a) oil, brine and core
preparation; selection of core samples that are mineralogically close to the original dolomite;
and packing; (b): helium (He) pressurization and heating to achieve the initial reservoir
conditions; air injection; purging using He and depressurization; data collection; and fluid
sampling (temperature, produced gas and liquid volume; and composition); (c): unpacking;
fluid analysis; core analysis; and material balance evaluation.

2.1. Oil

The studied heavy oil had a small amount of water and was thus used “as is”. The
significant content of the dissolved H2S was removed through N2 bubbling. The heavy oil
characteristics are presented in Table 1.

2.2. Core

The heterogeneity of the composite core used for this study is characterized by the
presence of vugs, fractures and a matrix. While the matrix component of the triple-porosity
model acts as a skeleton of the rock that holds the structure together and is the base that
cannot be altered, the other two components, the vugs and fractures, were artificially
induced to ensure a clear representation of the oil extraction scenario with the combustion
front.

The original reservoir core material was cleaned of any remaining residuals and
impurities using a Soxhlet-type extractor flushed with toluene solvent for two weeks. After
evaporating the solvent, the sample was left in the oven overnight at 350 ◦C. The clean core
was later crushed and sieved.
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Table 1. Characteristics of the filtered heavy oil sample.

Property Oil

MW, g/mol 375
Carbon (C), wt% 85.76
Hydrogen (H2), wt% 11.17
Atomic H/C 1.56
Nitrogen (N2), wt% 0.51
Sulphur (S), wt% 1.81
Density @25 ◦C, kg/m3 972
Viscosity @25 ◦C, cP 4091
Saturates, wt% 31.58
Aromatics, wt% 32.29
Resins, wt% 25.00
Asphaltenes, wt% 11.13

2.3. Brine

The brine was synthesized in the laboratory to reflect the conditions of the original
field brine, as presented in Table 2.

Table 2. Brine composition.

Components Molar Mass (g/mol) Concentration (mol/L) Concentration (g/L) Concentration (g/10 L)

MgCl2 • 6H2O 203.30 0.102016 20.740 207.398
CaCl2 • 2H2O 147.01 0.137226 20.174 201.735
FeCl3 • 6H2O 270.30 0.000000 0.000 0.000
KCl 74.55 0.056346 4.201 42.006
NaHCO3 84.01 0.004998 0.420 4.199
Na2SO4 142.04 0.010285 1.461 14.609
NaCl 58.44 0.799164 46.703 467.031

Silurian outcrop dolomite samples, purchased from Kocurek Industries Inc. of Cald-
well, Texas, were used for the test and named, in this study, as core plugs or consolidated
dolomites. The plugs were custom-manufactured to create artificial cylindrical vugs that
had hemispherical ends. Each plug consisted of two parts, a vug and a cap, which fit
together, creating a closed vug. The idea behind this design was to create enough volume
to enable it to be further filled with oil in order to observe its displacement to the reduced
permeability area or to the matrix. The fit between the vug half and the cap was close but
not sealed, representing an approximately 1 mm fracture (Figure 2). The dimensions of the
core plug are presented as a sketch in Figure 3.

To oil-saturate the core plugs, each cap and vug core plug were saturated separately.
First, the core plugs were placed in a pressure vessel under a vacuum, and then CO2 flooded
and were again evacuated in a vacuum to remove the gas. The pressure vessel was filled
with oil to a pressure of 5000 psig (345 bar) at 40 ◦C and left for an extended period to fully
saturate the core plugs. After depressurizing, the core plugs were removed, reweighed and
frozen at −10 ◦C for a week to prevent a potential loss of the light hydrocarbon components
from the original oil.

The sketch of the compositional core representing the triple-porosity model used for
this study is presented in Figure 4.
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2.4. Apparatus

This test was performed using a medium-pressure combustion tube (MPCT) system.
The core holder had a 4-inch (10 cm) outer diameter and was a 1.83 m (6 ft)-long, thin-
walled (1 mm) Type 600 Inconel tube. The tube had 12 heating zones, each being 15 cm
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(6 inches) in length, maintaining near adiabatic conditions in the test. An additional heater
at the tube inlet was used to initiate the ignition process. Each heating zone comprised
two thermocouples, one on the centerline and the outer one on the wall of the Inconel tube,
respectively, acting as a heater and a control system. Thermocouples located on the center-
line were used to provide the central temperature of the heat wave at the thermocouple
location. A temperature difference of 5–10 ◦C was maintained between the centerline and
wall thermocouples by controlling the zone heater and activating it to minimize radial heat
loss to the surroundings.

When the CT was packed, it was vertically oriented to be gravity-stable in terms of the
combustion front propagation. The air was injected from the top, and the produced fluids
were collected at the bottom. The production system was equipped with a high-pressure
production vessel allowing for the separation of gases and liquids. When the flue gas
broke through, the gas stream was directed to the back-pressure regulator (BPR), which
maintained the reservoir pressure in the core pack. Oil and brine were manually withdrawn
from the separator into sample jars and stored for later analyses. To detect the effluent gas
composition, the product gas was passed through gas chromatographs (GCs) and through a
wet test meter (WTM) to measure the composition and volume of the produced gas. Finally,
the produced gas was vented into the atmosphere. Figure 5 demonstrates the schematic of
the MPCT system.
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A regular CT packing procedure was carried out using a 16-mesh silica sand frac
followed by a 20/30-mesh silica sand frac, which was placed at the injection end of the
tube [34]. This measure is required to mitigate fines migration into the injection line. Next,
the crushed core pre-mixed with brine and oil was tamped into a core holder hosting four
core plugs. Each core plug occupied a depth of approximately 84 mm. The core plugs were
placed to fit between two successive thermocouples (Figure 5).

On completion of the packing operation, the tube was sealed, insulated and inserted
into the pressure jacket. Note that the porosity and permeability of the premixed composite
core pack could not be directly measured; thus, the porosity was calculated based on the
core densities.

Table 3 presents the details of the test materials used for the CT and some of the
reservoir properties of the packed core.

The porosity was calculated using the volume of the core holder and the grain densities
of the carbonate material and frac sand. The saturations were calculated based on the
densities of the brine and oil at 25 ◦C under atmospheric conditions. The frac sand and
dolomite were included in this process. A detailed description of the calculation steps can
be found elsewhere [35].
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Table 3. Packing details and reservoir properties.

Material or Property Value Description

Oil, g 2788.4 Including the oil used for the core plug saturation and filling the vugs, as well as
the crushed core premix.

Brine, g 1253.3 Used for the crushed core premix. An additional 342 g was used in the lines and
pressure taps and is not included in this table.

Crushed core and frac sand, g 20,279.0 Dolomite core with 16- and 20/30-mesh frac sand.

Core plugs, g 1732.3 Prior to saturation.

Calculated porosity, % 45.1 Whole composite core.

Average Soil, % 44.3 Core saturation at the start of air injection based on oil and brine densities at 25 ◦C
and atmospheric pressure. They provide an “order of magnitude” estimation of
the core saturation under the actual conditions of 40 ◦C and 1740 psig (120 bar).
Note that these calculations include the combined frac sand, crushed dolomite
core and core plug (including vugs) components of the composite core pack.

Average Sbrine, % 18.4

Average Sgas, % 37.3

Initial temperature, ◦C 40 Represents a reservoir temperature. The ignition temperature was set as 325 ◦C.

Operating back pressure, psig 1740 Maintained throughout the test.

2.5. Combustion Test Procedure

Helium was injected to pressurize the system up to 1740 psig. At the same time,
the heating of the 12 zones of the composite core pack to the reservoir temperature was
initiated. Helium was then injected at a flow rate of 234 L(ST)/h (flux of 30.0 m3(ST)/m2h).
The GC sampling of the produced gas continued throughout the production period. When
the ignition set point of 325 ◦C was achieved, the He injection was switched to air at a flow
rate of 234 L(ST)/h (flux of 30.0 m3(ST)/m2h). Ignition occurred 5 min after the start of air
injection with a rapid temperature increase to 568 ◦C in Zone 1.

Generally, the thermal front advanced steadily through the reservoir. When the leading
edge of the combustion front had passed the thermocouple at Zone 10 or 78 % of the core
pack length, air injection was replaced with He again at the same flow rate of 234 L(ST)/h
(flux of 30.0 m3(ST)/m2h). The burn continued to consume the O2 stored in the swept
zone behind the combustion front. Unfortunately, there was an operator error, where He
cylinders contaminated by N2 were used. This did not affect the quality of the test, as
neither He nor N2 is reactive with hydrocarbons. The impact of this error was evident in
the post-test material balance analysis of the gases.

The disappearance of the N2 from the effluent gas composition detected by the GCs
during the pure He purge was used as an indicator to stop the experiment. After terminat-
ing the He injection, the system was bled down and left to cool. The post-test assessments
included unpacking, liquid and gas production analysis, further calculations of the com-
bustion parameters and core analysis. The main events are listed in Table 4.

Table 4. Main events of the vuggy CT test.

Run Time, (Hour) Activity

−3.43 Started pressurizing of the system to 1740 psig using He injection into the core and annulus.
−3.22 All zones set to 30 ◦C. Started the core preheating to 40 ◦C (reservoir temperature).
−3.07 All zones set to 40 ◦C.
−2.73 Reached the target pressure of 1740 psig (120 bar).

−2.53 Started He injection at 234 L(ST)/h (flux of 30.0 m3(ST)/m2h). Later, we found that the He cylinder was
contaminated with 42% N2.

−2.35 Start of ignition heating by setting Zone 1 to 100 ◦C.
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Table 4. Cont.

Run Time, (Hour) Activity

0.00 Zone 1 at 325 ◦C (wall temperature 370 ◦C); start of air injection at 234 L(ST)/h; flux of 30.0 m3 (ST)/m2h.
0.08 Indication of ignition.
3.57 Produced first liquid (oil).
5.92 Installed flue gas scrubber (caustic) due to H2S/mercaptans in the produced gas.

11.48 Stopped air injection, reaching Zone 10; switched to He purge at 234 L(ST)/h (flux of 30 m3(ST)/m2h).
Same He cylinder with 42% N2.

15.82 Switched to the second He cylinder. Determined that this cylinder contained 27% N2.
21.58 Identified the problem of He cylinder contamination. Changed to the third cylinder containing pure He.
24.98 Completed He purge; started depressurizing the system.
25.58 Test completion.

3. Results

The temperature history of the centerline, wall thermocouples and core plug locations
are presented in Figure 6. Generally, temperature peaks are local maximum values for
each zone and represent the leading edge of the fire front. The temperature profiles were
stable, indicating a successful high-temperature combustion front propagation. Despite the
smooth temperature profiles, the combustion front likely did not traverse the core plugs in
a piston-like fashion, as there is a significant difference in its ability to filter through the
relatively loosely packed crushed carbonate and the consolidated core plugs.
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After the high-temperature front passed through the zones where the oil-filled core
plugs were placed (5–6 and 8–9), the next temperature zone appeared to have a dome-
like curved shape compared to the sharper peaks observed for the other zones. This
phenomenon can probably be explained by the additional oil flow filtering through the
core plugs and joining the mainstream.

As the combustion propagates toward the end of the tube, the accumulated light
hydrocarbon gases react with the O2, causing the temperature rise to be resumed after a
short interruption, as shown in Zones 8, 10 and 11.

The vuggy CT test performed in the current study demonstrated a stable injection
pressure during the He injection period (Figure 7). Based on the ISCRG’s extensive expe-
rience, a low-pressure drop is typical for heavy oils with low oil saturation until the test
is ignited. The first peak in the injection pressure appeared as soon as the gas injection
switched to air. The pressure drop was detected at the maximum temperature in Zone 1
where the ignition occurred. A further pressure rise displayed in Figure 7 was associated
with the advance of the hot mobilized oil into the cooler part of the core. The maximum
pressure observed was after 2.2 h when the leading or downstream edge of the heat wave
passed the thermocouple located in Zone 2. The second significant pressure spike occurred
as the leading edge of the combustion front was very close to the thermocouple in Zone 4.
Production of displaced fluids allowed a gradual pressure reduction towards the end of
the experiment.
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Oil recovery during an ISC recovery process is controlled by the oxidation and dis-
placement history at each location downstream of the leading edge of the combustion zone.
The steam bank and the fire front propagation are two of the most important driving forces
of oil mobilization.

The temperatures of 150 and 350 ◦C require special attention, as they are, respectively,
the temperatures at which oxygen addition (LTO) reactions generate temperature rises that
are visually identifiable and generate well-defined heat waves, in addition to carbon oxides
and water, and bond scission reactions occur in the heavy oils. The temperature of 350 ◦C
is characterized as the transition to the high-temperature range (HTR), in which the highest
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levels of energy generation and O2 uptake occur. The reaction zone temperatures in the
HTR correspond to effective oil mobilization.

Figure 8 shows the heat wave front location versus time for the 150 ◦C location (steam
bank) and 350 ◦C (leading high-temperature edge). Both fronts have similar velocities,
being 0.147 m/h, from the beginning of the experiment to Zone 7. The 150 and 350 ◦C front
velocities slow to 0.098 m/h and 0.104 m/h, respectively, as their fronts advance through
Zones 8 to 10.

  
 
Figure 20. Samples of (a) produced oil and (b) extracted residual from the core samples. 
 

 
Figure 8. Steam and combustion fronts for vuggy CT test. 

 

0

2

4

6

8

10

12

14

60

65

70

75

80

85

90

0 10 20 30

M
as

s,
 (%

) N
, S

, H
, O

an
d 

 H
/C

M
as

s 
(%

) C

Time, h
Carbon Original samples
Air off Hydrogen
Nitrogen Sulfur
Oxygen H/C

O
rig

in
al
sa
m
pl
es

Ai
ro

ff

a

0

2

4

6

8

10

12

14

60

65

70

75

80

85

90

0 2 4 6 8 10

M
as

s,
 (%

) N
, S

, H
, O

 a
nd

  H
/C

M
as

s 
(%

) C

Sample number
Carbon Original samples
Hydrogen Nitrogen
Sulfur Oxygen
H/C

O
rig

in
al
sa
m
pl
es

b

0

1

2

3

4

5

6

7

8

9

10

11

12

0 5 10 15

Zo
ne

Time, h

150°C (steam front zones 2-7)
150°C (steam front zones 8-10)
350°C (combustion front zone 2-7)
350°C (combustion front zones 8-10)
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3.1. Product Gas Composition Analysis

Gas composition identification is a routine type of analysis in CT tests. In this work, a
couple of issues noted during the experiment execution introduced challenges that needed
further assessment. First, due to the operator error, the high-pressure He gas cylinder,
which was used prior to the ignition start-up and during the helium purge period, should
have contained pure He. Instead, it was inadvertently N2-contaminated. Secondly, after
approximately 8 h from the ignition time, a small He leak originating from the pressure
jacket annulus and combining with the effluent gas stream was detected. Finally, a higher-
than-expected level of CO2 production was detected. This was determined to be the result
of the decomposition of the dolomite crushed core and core plugs under high-temperature
and -pressure conditions. The N2 impurities in the cylinders and the detected He leaks
did not affect the quality of the CT tests, because the gases entering the system were non-
reactive. It was necessary to develop a methodology so as to correct the gas composition
data. The separation of the N2 associated with the injected air from the N2 contained in the
contaminated He cylinder was vital, as the N2 was used as a tie component to complete the
material balance of the consumed gases.

Three high-pressure cylinders containing He were utilized during the CT experiment.
Cylinder 1 (He) and Cylinder 2 (He) were N2-contaminated with an insignificant amount
of O2. The compositions of the used He cylinders are presented in Table 5.

Cylinder 3 (He) was used to purge the remaining N2 from the tube. As the O2 content
in the He cylinders was minute, it was excluded from the mass balance calculation. The
behavior of the produced gases and the switching times from one injection cylinder to
another are shown in Figure 9.
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Table 5. Gas cylinders and operation details.

As Measured by the H2/He GC in Mole Percent Injection Rate and Start Time

Temperature He N2 O2 L(ST)/h and (h)
Cylinder 1 (He) 57.48 42.45 0.06 234.80; (−2.53 and 11.48)
Cylinder 2 (He) 72.52 26.71 0.10 250.8; (15.8)
Cylinder 3 (He) 100 0 0 292.6; (21.6)

As measured by the combustion GC * in mole percent

Cylinder 1 (He) - 99.37 0.60
Cylinder 2 (He) - 99.12 0.83
Cylinder 3 (He) - - -

Air Cylinder 78.11 21.89
* The combustion GC uses He as a carrier gas; hence, He was not detected in the gas sample.
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Figure 9. Composition of produced gas, including He for the vuggy CT test.

As expected, for an ISC test using air injection, the combined N2 and He (Cylinder 1)
content in the effluent gas was detected throughout the experiment. Between 14 and 17 h,
the N2 and He concentrations of Cylinder 1 (He) were 42 and 57%. At 15.8 h, when the
gas cylinder was switched to Cylinder 2 (He) and after a 1.7 h delay, the gas composition
changed to 72 and 27% for He and N2, respectively. After 21.6 h, the gas bottle was changed
to Cylinder 3, which comprised pure He, allowing the N2 to be completely purged from the
system. An unexpected increase in the He concentration in the product gas was observed
during the 6.5 to 13 h period. First, a sharp increase from 0 to 3%, followed by a decline to
1.5%, was observed. At approximately 8.5 to 9 h, the He concentration increased to more
than 30%, indicating a leak from the He-filled annulus.

Figure 10 focuses on the produced gas components with a concentration of less than
2 mole % in the produced gas (O2, light hydrocarbons, H2S and H2). The O2 present in this
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plot was associated with the injected air and the contaminated He from Cylinders 1 and 2.
The O2 concentration disappeared after switching the injection gas to Cylinder 3.
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Figure 10. Composition of produced gas, including He (expanded Y-scale).

The rate of the produced gas (see Figure 11) showed an increased product gas flow
associated with a leak from the pressure jacket. It was found near the core pack outlet or
production line. Vertical black colored lines indicate the switch from helium to air and back
to helium injection.

One of the highest percentages of the produced gas stream was associated with the
CO2 concentration. It was apparent from the high CO2 concentration and N2 concentration,
which was lower than 79%, that more CO2 than the combustion reactions could have
produced was generated. This required careful analysis to establish whether the origin
was related to the oil or dolomite core. Normally, when a CT test is performed within a
sandstone reservoir, the CO2 production range is approximately 12–14%. In this study, the
CO2 production was greater than 30%. The decomposition of the dolomite core samples
was confirmed by the loss-on-ignition test.

To introduce corrections to the gas composition, some assumptions were made based
on the extensive experience and observations of the ISCRG:

1. The mixture of helium and nitrogen that was added before the air injection was
treated as pure He, and the N2 component was “removed” using high He dilution ratios.
The term “helium dilution” refers to the proportion of gas that is He. Using this factor, the
gas composition was expressed as if there was no He present.

2. The He dilution factor was also used to correct for the He leak.
3. The CO2 was divided into two parts: (a) oxidation/combustion reactions and

(b) dolomite core decomposition.
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From the CT experiments, two ratios based on the produced combustion gas mole
fraction compositions were calculated and compared to the typically reported values, viz.,

(a) (CO2 + CO)/CO = 6

(b) (CO2 + CO)/N2 = 0.21

It is recognized that, in some cases, these values may vary; however, the above is a
reasonable approximation that can be used for this study. Using these ratios, the excess CO2
was assigned to dolomite decomposition as the difference between the total CO2 detected
by the GCs and the calculated CO2 associated with the oxidation/combustion processes.
The decrease in CO, recorded after 13.58 h, was considered during the computation of CO2
using the (CO2 + CO)/CO molar ratio. CO2 gas is usually accompanied by CO, which,
to some extent, is represented by a constant molar ratio if a stable combustion period is
observed. After the air injection termination, the CO production declined. After 15 h, the
measured COx resulting from the combustion reaction was assumed to be zero, and all the
subsequent CO2 was assigned to dolomite core decomposition.

4. A combination of the He dilution factor and prior knowledge based on past
experiments conducted under similar pressure conditions were used to correct for the N2
contamination effect during the purge. The CO2 gas generated as a result of dolomite
decomposition was not included in this correction practice, as it was treated as a separate
stream.

The modified gas composition of the produced components is presented in Figures 12 and 13,
demonstrating stable burning in the bond scission mode that takes place in the HTR. The
declining He dilution was tracked from the time when the air injection began to 8.5 h,
when a distinctive peak was detected, indicating a leak from the annulus tube. Overall, the
unexpected He stream made up approximately 2% or 160 L(ST) of the total effluent gas
during the air injection period. As with previous figures, the black-colored vertical lines
indicate the switch times between the various gas bottles, labelled on each figure.
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Figure 12. Produced combustion gas composition (recalculated) for the vuggy test.
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Figure 13. Produced light hydrocarbon gas composition for the vuggy test.

The light hydrocarbon gases, as presented in Figure 13, were most likely products of
the thermal cracking reactions and displayed a stable production during the experiment.
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The H2 and CH4 curves showed an increased or continuous stream after the air was shut
down. The H2 disappeared after 13 h once the He dilution factor approached zero.

3.2. Combustion Parameters Based on Product Gas Analysis

When designing an ISC-based project for a field scale, the air and fuel requirements
are the most important parameters. They are often estimated from laboratory experimental
studies mimicking reservoir conditions [2]. Generally, when the ISC is operated using a
dry or normal wet regime, the common air and fuel requirement values for heavy oils are
240 m3(ST)/m3 and 22 kg/m3, respectively.

In the traditional literature, the calculation of the fuel requirements is based on the
C and H2 balance, i.e., on the produced volumes of CO2 and CO, assuming that all the
H2 is consumed to form water. The ISCRG practice aims to obtain the fuel based on the
injected air requirements and estimate the fuel based on the air/fuel ratio (AFR). This
avoids uncertainties related to water formation and fuel oxygenation. Using combustion
stoichiometry, the burnt carbon was computed considering the amount of carbon oxides
produced, while the apparent H2 was estimated assuming that all the reacted O2 was
consumed to form carbon oxides or water. It is known that a portion of the reacted O2 is
consumed by LTO reactions, but an accurate water balance is required to separate the O2
consumed to form water from the O2 consumed by LTO reactions. This is why the H/C
ratio is normally referred to as the apparent H/C ratio. All the equations used to calculate
the apparent H/C ratio, AFR, fuel and air requirements and other parameters mentioned
here can be found in Barzin et al. [36].

The calculated values of the apparent incremental H/C and air/fuel ratios presented
in Figure 14 exhibited stable burning after approximately 3 and 6 h, respectively, from the
beginning of the experiment. The AFR parameter range varies between 10.8 and 15.0 for
heavy oils and bitumen [37,38] and 10.8 to 12.5 m3 (ST)/kg for light oils [39].

 
Figure 14. Reacted AFR and apparent H/C ratio. 
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Figure 14. Reacted AFR and apparent H/C ratio.

Tracking the apparent H/C ratio curve, the values at the start of the experiment were
much greater than 3, indicating that the combustion propagation was operating in the
O2 addition mode [2]. At the same time, an increase in the CO2 concentration following
stabilization was observed (see Figure 14). The stabilized apparent H/C ratio displayed an
average value of 2.1.
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A summary of the air (O2)–fuel parameters, O2 utilization and the volume of gases
produced can be found in Table 6. These values were obtained based on the burned volume
of the composite core of 11.3 × 10−3 m3 or 78% of the CT volume.

Table 6. Summary of ISC parameters.

Total Fuel Consumed (g) 237.9
Mass of Carbon in Combustion Products (g) 200.6
Mass of Hydrogen in Combustion Products (g) 37.4

Total Air Required (liters (ST)) 2690.8
Measured Oxygen Feed (liters (ST)) 589.0
Measured Air Feed (liters (ST)) 2690.8
Total Volume of Produced Gas (inert flood, He-free) (liters (ST)) 2539.4
Total Volume of Produced Gas (He included) (liters (ST)) 7824.8

Overall Oxygen and Fuel Requirement Parameters:

Air to Fuel Ratio (m3(ST)/kg) 11.31
Oxygen to Fuel Ratio (m3(ST)/kg) 2.47
Air Requirement (m3(ST)/m3) 238.7
Fuel Requirement (kg/m3) 21.11

Air and Fuel Requirements Based on a (Burned) Tube Volume of 0.0113 (m3)

Hydrogen to Carbon Ratio 2.22
Overall Oxygen Utilization (percent) 99.3
Overall (CO2 + CO)/CO Ratio 7.21
Overall (CO2 + CO)/N2 Ratio 0.19
Reacted Oxygen Forming COx (percent) 62.7
Total Fuel Gas Production (g) 44.6

Mass of Carbon in Fuel Gas (g) 35.1
Mass of Hydrogen in Fuel Gas (g) 8.6
Mass of Sulfur in Fuel Gas (g) 0.9

Total Mass of Oil Produced as Gas (g) 282.5

Component Production litres (ST)

O2 4.3
N2 2101.7
CO 54.6
CO2 339.0
CH4 17.1
C2H4 1.8
C2H6 5.5
C3H6 3.1
C3H8 4.7
C4+ 3.3
H2 3.6
H2S 0.7

3.3. Post-Test Procedures

After the samples were collected, a sequence of techniques was applied to fulfill a
material balance based on a comparison of the initial and post-combustion weights of all
the components. This included (1) Soxhlet extraction of the remaining oil from the crushed
core; (2) water measurements using the Dean–Stark apparatus; and (3) a loss-on-ignition
test using a 600 ◦C furnace.

During the experiment, periodic samples of the fluids and gases were collected. The
incremental and cumulative water and oil produced are plotted in Figure 15.
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Figure 15. Water and oil production (incremental and cumulative).

The pressure-up stage produced 60.3 g of water free from any oil content. As expected,
due to the additional water volumes generated by the bond scission reactions in the HTR,
the water recovery at the end of the experiment was more than 100% of the initial water
(Figure 16).
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Figure 16. Oil and water recovery.

Following the alignment of the produced oil with the 150 and 350 ◦C front advance-
ments, as shown in Figure 17, the oil recovery began after 25% of the composite core was
swept by the 150 ◦C-level heat wave. The delayed recovery was associated with the satu-
ration procedure, which was different from regular restored-state core flooding. Physical
pre-mixing of the core with oil and water prior to packing in the core holder was performed
to achieve a specific fluid saturation while avoiding any disturbance of the core plugs and
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associated artificial vugs. As a result, the crushed core pack surrounding the core plugs
contained an initial gas saturation.
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As shown in Figure 17, the oil recovery factor was 80% (2231.5 g of the original oil
in place (OOIP)), even though only 78% of the composite core was swept by the high-
temperature combustion front.

3.4. Compositional Analysis

The oil samples were analyzed for changes in viscosity, density, the asphaltene content,
elemental analysis of CHNSO (obtained using LECO CHN-2000 and Antek 9000 analyzers,
with the oxygen calculated as the difference between the measured CHNS components,
assuming CHNS+O made up 100 mass %), cut-point analysis (obtained using ASTM D7500)
and composition of saturates, aromatics, resins and asphaltenes (SARA). Figure 18 reflects
the viscosity change obtained from the produced oil samples. During the air injection
process, the viscosity of the produced oil significantly decreased.

In Figure 19, a continuous upgrade of the API gravity and viscosity (measured at
25 ◦C), along with the asphaltene content reduction, can be observed. The results of the
simulated distillation percent, showing the split between distillate (400 ◦C- fraction) and
residue (400 ◦C+ fraction), confirm the upgrading of the produced oil samples.

The extraction of the core samples started from the production end. Core 1 and Core 2
correspond to the sample located at the production end, representing frac sand with the
meshes of 16 and 20/30, respectively. As expected, the hydrocarbons remaining in the core
exhibited a higher asphaltene content because the original oil-heavy components precipi-
tated onto the surface of the mineral skeleton. The highest accumulation of asphaltenes
was observed in areas beyond the point where the air injection stopped (corresponding to
the collected sample Core 8), where a coke-like wall was evident.

The average oil upgrading values for the samples produced during the run were as
follows: API◦—from 14.2 to 17.4, asphaltenes—from 11.13 to 9.7 wt.% (12.8% decrease),
distillate @ 400 ◦C—from 29 to 44 wt.%, and residue @ 400 ◦C+—from 60 to 45 wt.%. Note
that the viscosity values deviated significantly and started declining after 4.8 h of the ISC



Energies 2023, 16, 2233 19 of 24

operation. Thus, the viscosity varied from 4091 to 59 cP (measured at 25 ◦C), with the trend
decreasing as the produced oil samples corresponding to the combustion front approached
the production outlet.
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Figure 18. Viscosity of the produced oil.
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Figure 19. Properties of (a) the produced oil and (b) the oil extracted from the post-test core.

Due to the insufficient amount of extracted oil, viscosity and API gravity measure-
ments of some of the extracted samples were not possible. The produced oil samples and
the extracted residual oil samples demonstrated a slight change in the values of H and S,
while the rest of the elements (except for O) presented a stable mass fraction throughout
the run (Figure 20). The oxygen mass noticeably reduced between 7.0 and 8.8 h, slowly
increasing towards the end of production.
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Figure 20. Samples of (a) produced oil and (b) extracted residual from the core samples.

Using the simulated distillation results, cut-point analyses were performed from the
initial boiling point to 700 ◦C+ on both types of produced liquid oil samples: the oil
produced as liquid during the test and the toluene-extracted oil from the excavated core.
The data indicate that most of the oil upgrading was associated with an increase in the
light-intermediate components (C4 to C20) and a reduction in the asphaltenes and heavier
ends (C44 to C100). Some discrepancies were observed in the oil property results obtained
from the core extractions. While an increase in C44 to C100 was observed, the concentration
of the lighter components, C4–C20, were underestimated in the oil samples, as they were
exposed to toluene extraction (Figure 21). Thus, the average percentage of the increase in
the concentration of C4 to C44 in the produced oil samples was approximately 30%, 54% of
which was associated with the increase in the C4–C20 fractions.
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Figure 21. Carbon number obtained from (a) produced oil and (b) oil extracted from the core samples.

While in situ oil upgrading obtained through the other thermal methods is mainly a
function of the temperature rise and asphaltene precipitation, in the case of ISC, the up-
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grading occurs due to the bond scission reaction, and the products may have a significantly
lower carbon number content [40].

3.5. Water, Oil and Coke Analysis

The water analysis of the produced samples included the following tests: pH, total
solids and selected cation and anion measurements. The redox environment, a pH of 7.0
to 7.4, was quite stable, demonstrating that the core material likely buffered the aqueous
phase.

Figure 22 shows the location of the fluids and coke saturations along the CT, including
the observed temperature peaks. The legend “Core plug locations” highlights the location
of the core plug sets with artificial vugs that are either empty or oil-filled.

Energies 2023, 16, x FOR PEER REVIEW 23 of 26 
 

 

 
Figure 22. Residual oil, water and coke mass percent in the unpacked core. 

4. Conclusions 
Carbonate reservoirs host most of the heavy oil and bitumen reserves worldwide and 

are often associated with complex heterogeneity. ISC has potential to produce oil from 
these complex reserves. This study provides the first feasibility evaluation of ISC applica-
tion in reservoirs with triple porosity. This was achieved by conducting a CT experiment 
on custom-designed/fabricated core plugs representing a complex combination of vugs, 
fractures and a matrix. The results indicate that a significant recovery of the OOIP from 
such reservoirs is achievable. During the experiment, a recovery factor of 80% was ob-
served. The produced oil was upgraded from 14.2 to 17.4 °API, with a 12.8% reduction in 
the asphaltene content and viscosity improvement from 4091 mPa*s to 59 mPa*s (in some 
of the oil samples). As the temperature reached high values, on average 640 °C in the first 
10 zones, a considerable production of CO2 gas in the production stream was observed. 
This was explained by the dolomite decomposition. To correct for the CO2 concentration 
in the material balance analysis and to distinguish between the sources of the CO2 gas (as 
a product of the carbonate decomposition vs. combustion reaction), the atomic ratios of 
(CO2 + CO)/CO = 6 and (CO2 + CO)/N2 = 0.21 were applied. 

The triple-porosity concept was successfully implemented and tested in the CT test. 
Moreover, the cross-section view of one of the core plugs excavated from the CT after the 
experiment illustrated the possibility of extracting oil from the isolated vugs. These find-
ings will be discussed in the second part of this study. 

The compositional analysis of the effluent gases in this study showed that a signifi-
cant portion of CO2 is produced as a byproduct of dolomite decomposition resulting from 
the establishment of a higher temperature profile. However, this might not necessarily 
take place when ISC is applied on a large field scale. The significant heat losses to the 
overburden and underburden formations (due to a large temperature gradient) would 
hinder the achievement of higher temperature values, therefore reducing the amount of 

0

100

200

300

400

500

600

700

0

3

6

9

12

15

18

21

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Te

m
pe

ra
tu

re
 p

ea
ks

, °
C

M
as

s,
 %

Distance from the injector, m

Oil Water Coke Temperature

Fr
ac

sa
nd

Fr
ac

sa
nd

Initial brine (5.1 mass%) before He

Initial oil (10.9 mass%) before He

Core plugs location

Figure 22. Residual oil, water and coke mass percent in the unpacked core.

The data show that the combustion front was highly effective in mobilizing the OOIP
from the swept region. This is evident, as the majority of the recoverable oil was found
in the downstream part of the core that was not exposed to the high-temperature wave
(154.7 g). The amount of coke found in the post-test core was approximately 64.9 g, and
111.0 g of water remained in the post-test core.

4. Conclusions

Carbonate reservoirs host most of the heavy oil and bitumen reserves worldwide and
are often associated with complex heterogeneity. ISC has potential to produce oil from these
complex reserves. This study provides the first feasibility evaluation of ISC application
in reservoirs with triple porosity. This was achieved by conducting a CT experiment
on custom-designed/fabricated core plugs representing a complex combination of vugs,
fractures and a matrix. The results indicate that a significant recovery of the OOIP from such
reservoirs is achievable. During the experiment, a recovery factor of 80% was observed.
The produced oil was upgraded from 14.2 to 17.4 ◦API, with a 12.8% reduction in the
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asphaltene content and viscosity improvement from 4091 mPa*s to 59 mPa*s (in some of
the oil samples). As the temperature reached high values, on average 640 ◦C in the first
10 zones, a considerable production of CO2 gas in the production stream was observed.
This was explained by the dolomite decomposition. To correct for the CO2 concentration
in the material balance analysis and to distinguish between the sources of the CO2 gas (as
a product of the carbonate decomposition vs. combustion reaction), the atomic ratios of
(CO2 + CO)/CO = 6 and (CO2 + CO)/N2 = 0.21 were applied.

The triple-porosity concept was successfully implemented and tested in the CT test.
Moreover, the cross-section view of one of the core plugs excavated from the CT after
the experiment illustrated the possibility of extracting oil from the isolated vugs. These
findings will be discussed in the second part of this study.

The compositional analysis of the effluent gases in this study showed that a significant
portion of CO2 is produced as a byproduct of dolomite decomposition resulting from the es-
tablishment of a higher temperature profile. However, this might not necessarily take place
when ISC is applied on a large field scale. The significant heat losses to the overburden and
underburden formations (due to a large temperature gradient) would hinder the achieve-
ment of higher temperature values, therefore reducing the amount of dolomite decomposi-
tion and CO2 gas generation. The experimental results of Askarova et al. [41] showed lower
temperature peaks for the combustion reactions within consolidated dolomites, which is
generally the case for reservoirs. Regardless of the magnitude of CO2 generation in a
combustion reaction, the produced CO2 could be captured and repurposed as an injectant
for an EOR application in neighboring reservoirs.
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