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ABSTRACT: In situ combustion (ISC) is one of the oldest
thermal enhanced oil recovery methods to have been applied in
Venezuela to increase the production of highly viscous crude oils,
with a first field application in 1959 in the Tia Juana Field-Lake
Maracaibo Basin. This method, which is characterized by high
energy efficiency, consists of injecting air into the reservoir where
exothermic oxidation reactions initiate to increase the mobility of
the oil. Compared to other thermal enhanced oil recovery methods
such as steam injection, ISC has a lower environmental impact in
terms of water and fuel consumption, and emission of gases as the
produced gases can be reinjected or stored. Several ISC projects
have been carried out in Venezuela in Tia Juana, Morichal, Miga, and Melones fields. Although the technical results have been
satisfactory in terms of viscosity reduction and improved crude oil properties (such as °API), other important aspects of project
evaluations have not been convincing due to the following factors: high temperatures in producing wells, acid gases management,
generation of complex emulsions, corrosion, and high CAPEX and OPEX costs. Nevertheless, additional research work has been
conducted on process optimization, using catalysts and hydrogen donors, to better address these other factors. Due to the great need
to increase hydrocarbon production in Venezuela and to the advantages of ISC as an upgrading technique where low-carbon fuels
and hydrogen as byproducts are generated, this paper presents a revisit of ISC projects in Venezuela from R&D technical aspects to
field applications. It seeks to identify the main insights regarding the success and failure of the evaluated projects and make
substantiated recommendations in the case of future applications of this technology.

1. INTRODUCTION
The application of improved oil recovery (IOR) methods and
new technologies has been a need in Venezuela to produce the
immense highly viscous oil reserves, in both Eastern Venezuela
(the FPO) and Maracaibo basins. Figure 1 shows the main IOR
methods that have been evaluated in both basins for conven-
tional and unconventional reservoirs, either in the fields or in the
laboratory, namely, water injection, thermal processes, miscible
gas injection, water-alternating-gas, chemical EOR (CEOR),
microorganisms, and hybrid methods, among others.1

Thermal2−6 and thermo-chemical IOR (hybrid) have been
the most suitable methods to recover bituminous oils in
Venezuela, in zones without significant risk of water production
from aquifers.1,7

Air injection or in situ combustion (ISC) is one of the oldest
thermal enhanced oil recovery (tEOR) methods evaluated in
highly viscous oil reservoirs worldwide,8−13 and in Venezuela it
has been considered as a highly potential method for increasing
oil production for more than 6 decades,14−21,23 the first
experience being at the end of the 50s in a deposit of the Lake
Maracaibo Basin.15,19,22

ISC is an advantageous technique over steam flooding in
terms of water consumption (for steam generation) and

greenhouse gases emissions. This method has been considered
as a technology with potential application for highly viscous oils,
late stage, or very deep reservoirs.24 Applications in thin bed
heavy oil and water bottom reservoirs have been also reported
for field experiences in China.24 For the case of carbonate
reservoirs, there are few worldwide experiences reported in the
literature.25,26 ISC in Venezuela has been applied in sandstones
and the main criteria for the application of this technology has
been reported in the literature by Hincapie (2011)19 and Amaro
(2013).22

The ISC process is classified as dry or wet.22,27,28 Laboratory
studies and numerical simulations have shown the advantages of
wet combustion over dry combustion from both technical and
economic points of view, due to the lower air requirement in wet
combustion, which considerably reduces the compression costs
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of the process.27 Toe-to-heel air injection (THAI), combustion
override split production horizontal well (COSH), combustion-
assisted gravity drainage (CAGD), and in situ catalytic
upgrading are improved variants of the ISC method.24,29−31 In
THAI, COSH, and CAGD processes a horizontal well is used to
avoid some drawbacks of the conventional ISC process such as
mobility reduction, low sweep efficiency, and low injectivity
related to gravity override of the injected gases.24

The main stages of the ISC process are ignition, combustion,
evaporation, and condensation.32 In the case of highly viscous
oils (heavy and extra-heavy oils, and bitumen) and cooler
reservoirs, the injection wells need to be heated by other
techniques to ignite the reservoir.32−36 Figure 2 shows a
schematic of temperature and phase distribution during ISC
process. 24
Recent studies have reported that due to complex multiple

chemical reactions and multiphase flow physics, the stability of
the displacement front during the ISC processes is not well
understood,37−39 and it is complex to describe and define. The
chemical reactions generated during the ISC process can be
divided into three temperature ranges: low-temperature

oxidation (LTO), middle-temperature oxidation/fuel deposi-
tion (MTO), and high-temperature oxidation/combustion
(HTO).40 LTO enhances the amount of fuel available during
HTO and affects the physical properties of the crude oil.40−47 In
presence of water, aquathermolysis reactions are generated
(hydropyrolysis) with production of acid gases, such as CO2 and
H2S.

40,48−52 Cracking occurs throughout the temperature range,
but generally prevails at high temperatures.40 It is also related to
the API gravity of the crude oil, but the ISC occurs over the LTO
and HTO.
The application of the ISC depends on variables such as initial

fluid saturations,26,53,54 local bodies of water/channels formed
after steam injection,55 heterogeneities,56 and clay and
asphaltene content,57,58 among others. Analytical frontal
stability criterion considering several key factors (e.g., viscous
forces, heat conduction, matrix permeability changes produced
by coke deposition, and gravity) has been presented in the
literature by Zhu (2021).37 At the field scale, themain challenges
in the application of the technology are related to ignition, high
temperature of the wells, oxygen breakthrough, management of
acid gases, corrosion, formation of emulsions, lack of injectivity-
connectivity, sand production,59,60 mobility reduction and low
injectivity,24 etc.
Due to the complexity of the reactions involved in the

combustion process at the combustion front along with multiple
operational problems reported in the application of this
technology in Venezuela (high temperatures in the wells, no
control of the propagation of the combustion front, production
of greenhouse gases, corrosion, etc.),19,22 this method is still
under optimization and research aimed at the applications at
pilot scale and or possible massification in some reservoirs in the
Orinoco Oil Belt or the Faja Petrolifera del Orinoco (the FPO).
In this sense, recent research projects reported by the PDVSA

Research Center, PDVSA-INTEVEP, and the Universidad
Central de Venezuela (UCV), have shown how the ISC process
might be optimized using catalysts and hydrogen do-
nors.22,57,61,62 The use of catalysts has been proposed by
different authors to improve the success rate of ignition and
enhance the stability of the combustion front, transition metals
and their oxide particles being one of the most studied
nanoparticle catalysts64,65 because of their good properties to

Figure 1. IORmethods that have been evaluated in Venezuela either at lab or at field scales:Maracaibo Basin (on the left) and Eastern Venezuela Basin
(on the right). Reprinted with permission from Rodriguez,1 OMAE2021-63529, Copyright ASME 2021.

Figure 2. Schematic of temperature and phase distribution during the
ISC process.24 Reprinted with permission from Yao et al., 2018,24

Copyright Journal of Oil, Gas and Petrochemical Sciences, 2018.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c08059
ACS Omega 2023, 8, 28060−28079

28061

https://pubs.acs.org/doi/10.1021/acsomega.2c08059?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08059?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08059?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08059?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08059?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


adsorb and activate oxygen/oxygen species and improve the
propagation of the combustion front.22,39 A detailed review of
the use of different metal-based nanoparticles to improve the
performance of ISC is also reported by Simao (2022).66 In the
same way, a review of in situ upgrading technologies has been
reported.63,67−71 The use of hydrogen donors with cata-
lysts57,61−63,72 has been proposed in Venezuela to improve the
physicochemical properties of highly viscous crude oils in the
FPO to mitigate acid gases at reservoir conditions and as an
alternative to reduce consumption of diluents and lower lifting
and transportation costs.57

This article presents a detailed review of the ISC projects
performed in Venezuela and the latest research studies
conducted with the purpose of identifying main insights,
determining main technical challenges, and assessing economic
aspects to be taken into consideration in the implementation of
this technology at field scale.72

2. DESCRIPTION OF THE ISC PROJECTS IN
VENEZUELA

The application of the ISC in Venezuela has been focused on the
Tia Juana, Morichal, Miga, and Melones fields. Table 1 shows
the main reservoir properties and the recovery factor obtained
after the application of this tEOR method.

Despite obtaining good results in terms of oil properties’
improvement (viscosity reduction and increase of the API
gravity), technical-operational and economic issues (low
productivity of the wells, a higher than expected air-injected
oil produced ratio, high temperature in the wells, generation of
corrosive fluids/acid gases, sand plugging of the wells, failure of
compression units, low oil prices, and high costs) led to the
suspension of the projects.14,19,22 According to the literature,
currently there are no active ISC projects at field scale in
Venezuela, and efforts have been made on research projects (at
laboratory and simulation scales) with a view of understanding
the key variables of the process and implementing a pilot test
project in the FPO in the future. This section includes a review
of the projects performed in the last 2 decades, as follows.

2.1. Simulation Study for Designing an ISC Pilot in the
Orinoco Oil Belt.16 A numerical simulation study for the
design of a ISC pilot test, based on combustion tube test results
and basic design calculations, was reported in the literature by
Anaya (2010).16 The simulation model was built with the
purpose of having a tool that would allow the selection of an
optimal number of well locations, operating strategies of the
pilot, history matching of the production, and subsequent
optimization.
According to Anaya (2010),16 a kinetic model developed in-

house by PDVSA to simulate the ISC process was incorporated,
using thermo-gravimetric and scanning calorimetry experiments
(performed in both air and nitrogen atmospheres). The
chemical reactions of the kinetic model are summarized in
Table 2, and a detailed description of each reaction (e.g.,
distillation, combustion, and cracking) is reported by the
authors.16

Anaya (2010)16 states that based on the reaction model
presented in Table 2, it was realized that the first two reactions
represent a physical process which could be captured by
characterizing the dead oil in terms of pseudo-components LO
(light oil fraction), MD (medium oil fraction) and RC (heavy
residue), and by modeling the phase behavior using an equation
of state. This characterization reduced the number of reactions
which would lower the simulation run time of the ISC process at
field scale. In this sense, the kinetic model used for the
simulation model was limited to the three reactions illustrated in
Table 3.
The first stage of the numerical simulation model considered

the characterization of the crude oil in the same pseudo-
components used in the kinetic model (LO, MD, and RC
components). Subsequently, an adjustment of the main PVT
data was carried out using the Peng−Robinson equation of state.
Furthermore, a historical comparison was made with this new
proposed fluid model, including the characteristic foaming effect
of the FPO crude oil (Figure 3). Anaya (2010)16 reported that
the best fit with the field data was obtained with a dispersed-gas
foamy oil model with velocity-dependent kinetics of the reaction
that converts the low-mobility dispersed gas into high-mobility
free gas.
Figure 3 illustrates the impact of the foamy oil effect on the

overall field performance. It is reported that the foamy oil
behavior helped inmatching the gas production and in achieving
higher and more realistic bottom hole pressures for the
production wells in the evaluated reservoir zone.16

Additional stages of this simulation work consisted of the
history matching of the combustion test with an assisted history
matching tool, and the results of which were applied to the full
field model.
It is reported that several pilot configurations were considered

combining vertical and horizontal wells with the purpose of

Table 1. Summary of the ISC Projects in Venezuela;22

Adapted with Permission from Amaro, 2013,22 Copyright
Universidad Central de Venezuela�PDVSA INTEVEP,
2013

project
starting
year

depth
(ft)

recovery factor
(%) °API

viscosity
(cP)

Tia Juana 1959 1585 50 12−16 500
Morichal 1960 4000 60 9−12 400−1850
Miga 1964 4050 25 13−14 280−430
Melones 1977 3000 10−12 50

Table 2. Reaction Model Original from Perez and PDVSA-INTEVEP;16 Reprinted with Permission from Anaya et al., 2010,16

CSUG/SPE-137491-MS, Copyright Society of Petroleum Engineers, 2010a

reaction type reaction equation temperature range

distillation I CO → LO + RL 100−260 °C/212−500 °F
distillation II RL → MD + RC 260−360 °C/500−680 °F
combustion I MD + O2 → CO2 + H2O 260−360 °C/500−680 °F
cracking-combustion II RC + O2 → CK + CO2 + H2O 400−500 °C/752−932 °F
combustion III CK + O2 → CO2 + H2O 500+ °C/932+ °F

aCO: original oil (dead oil). LO: light oil fraction. RL: long residue of oil. MD: medium oil fraction. RC: short residue. CK: coke.
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determining the most appropriate well locations for injectors
and producers. Subsequently, a sensitivity analysis was carried
out considering the injection rates and distance between the
producer and injection wells. According to Anaya (2010),16 the
best pattern configuration was selected with the optimum
operational parameters.
2.2. ISC for Bare Field in the FPO.20,21,23A pilot test study

of the ISC process for the Bare Field was presented by PDVSA
INTEVEP in 2011.21 This proposal was based on laboratory
tests, static model, dynamic reservoir simulation, and design of
downhole and surface units. The Bare Field is located in the

Anzoat́egui State, approximately 70 km North of the Orinoco
River. Specifically, the field is in the Ayacucho Block of the
Orinoco Oil Belt.21 The ISC pilot test in the FPO-Bare field
aimed to increase the recovery factor from 8% (cold production)
to 20%.23

For the ISC Project in the Bare field, it was proposed to use
non-conventional drilling techniques and special mechanical
well configurations in order to consider the critical reservoir
conditions during this thermal process (high temperatures and
production of corrosive gases). Vargas (2009)20 reported that
different phases were considered at the Bare ISC project looking

Table 3. Modified Reaction Model for the Numerical Simulation;16 Reprinted with Permission from Anaya et al., 2010,16 CSUG/
SPE-137491-MS, Copyright Society of Petroleum Engineers, 2010

reaction reaction equation temperature range

combustion I MD + O2 → CO2 + H2O 260−360 °C/500−680 °F
cracking-combustion II RC + O2 → CK + CO2 + H2O 400−500 °C/752−932 °F
combustion III CK + O2 → CO2 + H2O 500+ °C/932+ °F

Figure 3. Impact of the foamy oil effect on the field performance.16 Reprinted with permission from Anaya et al., 2010,16 CSUG/SPE-137491-MS,
Copyright Society of Petroleum Engineers, 2010.

Figure 4. Production well completion, ISC Project Bare Field. Reprinted with permission from Perozo et al., 2011,21 SPE-144484-MS, Copyright
Society of Petroleum Engineers, 2011.
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to: minimize formation damage during drilling operations;
maximize pay-zone contact and navigate close to bottom; handle
high fluid production and injections rates; monitor well variables
in real time; reduce well completion equipment corrosion;
prevent sand production; improve cement zonal isolation; and
increase the use life of the wells.
According to Perozo (2011),21 the configuration of the wells

for the ISC project must be appropriate for the high
temperatures of the wells and to control the presence of H2S
and CO2. For the case of the Bare Field, continuous real-time
monitoring of pressure and temperature was planned in the
injecting well, as well as in the producing well and in the
observing well. Figure 4 shows the schematic configuration of
the producer horizontal well considered for the Bare Field ISC
project.
Perozo (2011)21 reported that for the ISC project in the Bare

Field, laboratory tests were carried out in combustion tubes in
the laboratories of PDVSA-INTEVEP and ONGC India. These
analyses were a key aspect in the design and planning of the pilot
project. Perozo (2011)21 states that following important
pertinent data are obtained through these tests: reaction kinetic;
creation, maintenance, and propagation of the combustion
front; evaluation of the design parameters for the laboratory tests
and surface facilities; air requirement; coke accumulation;
combustion analysis; maximum temperature; recovery factor;
crude enhancement; and combustion gases’ analysis. The results
of the tests in combustion tubes using the same samples of fluid
and sand are shown in Table 4. Figure 5 shows the crude’s global
balance of the performed tests.

Perozo (2011) stated that the fuel gases expected to be
generated during the ISC pilot test do not contain hydrocarbons
and have traces of hydrogen and oxygen that are not compatible
with many sweetening technologies at the time of the project
design, whereby these technologies are limited specially when
the H2S content might have variations during the different
phases of the pilot tests. In this regard, the proposed technology
for the treatment of H2S and CO2 consisted of the thermal
oxidation of these gases followed by the neutralization of the
oxidation products (SO2 and CO2) in a basic medium with
calcium carbonate (CaCO3).

The methodology reported by Perozo (2011)21 for the
treatment of H2S and CO that could be present in the gas stream
of the ISC pilot project in the Bare Field comprises the following
stages:

1. The gas current coming from the gas−liquid separation
system enters a furnace at high temperatures (400−600
°C) and is treated through a thermal oxidation process
with air in excess, in which H2S and the CO are
transformed to sulfur dioxide (SO2), sulfur trioxide
(SO3), and CO2. The efficiency of this process is
estimated to be close to 9.9%.

2. After the thermal oxidation, the temperature of the gas is
reduced by a heat exchanger (Figure 6) until reaching a
value of 60 °C.

3. The gas enters a reactor which is bubbled in a CaCO3
solution aiming to neutralize the SO2, obtaining as main
product calcium sulfate (CaSO4), which is innocuous for
the environment. Most of the CO2 is vented to the
atmosphere.

4. The reactions that take place in the device presented by
Perozo (2011)21 are absorption, oxidation, neutralization,
regeneration, and precipitation.

On the other hand, Perozo (2011)21 reported that for the ISC
project in the Bare Field it is essential to implement various
strategies for the control and monitoring of critical variables that
could affect the success of the project such as the production
flow rate, air injection rate, downhole temperature (along the
horizontal and vertical sections of the production wells, and the
temperature of the injection and observation wells), pressure,
and water cuts.

Table 4. Results Obtained in the Combustion Cell by
PDVSA-INTEVEP and ONGC Using the Same Sand and
Fluid Samples; Reprinted with Permission from Perozo et al.,
2011,21 SPE-144484-MS, Copyright Society of Petroleum
Engineers, 2011

PDVSA ONGC IRS (India)

maximum
temperature

570 °C (1058 °F) 613 °C (1135 °F)

air requirement 260−400 m3 air/m3

rock
170−400 m3 air/m3 rock

combustible array 23−34 Kg
combust/m3

15−35 Kg combust/m3

N2 concentration 81% 83%
CO concentration 14−16% 13−15%
CO2 concentration 2% not measured by the

instrument
O2 concentration 0.5−2.7% 0−2%
H2S concentrationa 0−855 ppm 0−200 ppm
molar ratio 0.7−1 1.8−2.7
aDry combustion.

Figure 5. Crude’s global balance of tests performed at INTEVEP and
ONGC.21 Reprinted with permission from Perozo et al., 2011,21 SPE-
144484-MS, Copyright Society of Petroleum Engineers, 2011.

Figure 6. Diagram for the flue gas treatment. ISC pilot test, Bare
Field.21 Reprinted with permission from Perozo et al., 2011,21 SPE-
144484-MS, Copyright Society of Petroleum Engineers, 2011.
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2.3. Evaluation of the Effect of Nanoparticles on ISC
Processes.22 The experimental work presented by Amaro
(2013)22 considers the application of nanoemulsions to improve
the ISC process on a Venezuelan bituminous crude oil reservoir.
The ISC project combined with a chemical additive (a
nanoemulsion containing a catalytic precursor based on a salt
of a transitional metal) seeks to improve the rate of combustion
in the contact area between the oil and the air.22 The base
catalyst was formulated as a reverse nanoemulsion with the
catalytic precursor at its saturation point. This was mixed with
the crude oil to be subsequently introduced into pre-packed
combustion cells with sand and saturated with formation water.
The characteristics of the fluids and sand used for the tests can
be observed as presented in Tables 5−7. The average porosity
and permeability of the combustion cells were 30% and 4.6 D,
respectively; initial oil saturations were in the range of 79−92%.

Five tests were carried out in the combustion cells: three
thermals (conventional combustion process) and two catalytic
(adding the nanoemulsion).
According to Amaro (2013),22 the catalytic nanoemulsion

promoted an improvement in crude oil properties, specifically in
both the original viscosity of the crude oil and its API gravity,
significantly influencing the mobility of the crude oil. Table 8
shows a significant increase in the API gravity of crude oil in the
tests with catalysts (P3 and P4) compared to the tests without
catalysts (PC and P2); namely, 15.1 °API for P3 and an abrupt

increase in P4 with the final flash product of 36.8 °API that
behaves like a light crude oil. These laboratory experiments
showed the positive effect of the ultra-dispersed catalyst in the
form of nanoparticles and encourage a possible application at a
field scale.22

It was observed that as the temperature increases, H/C
decreases. When the front temperature was higher (P1 and P2),
the quality of the gaseous product decreased (lower H/C). In
the presence of a catalyst, the H/C ratio was higher, indicating a
product richer in hydrogen. Following were the other important
results of the evaluated hybrid method: an increase in the
fractions of saturates and aromatics, a decrease in the fractions of
resins and asphaltenes, a high generation of light compounds,
production of H2S, and an increase of up to 93% in recovery
factor of crude oil. The stability of the combustion process was
also observed as evidenced by constant temperature peaks,
stabilized front velocities, and constant concentrations of CO,
CO2, and N2.

22

Amaro (2013)22 indicated that the use of the catalytic
nanoemulsion in the ISC process led to high recoveries due to an
increase in the oil mobility and other possible mechanisms such
as vaporization, condensation, solution gas drive, steam drive,
miscibility, and thermal and catalytic cracking.
2.4. Evaluation of the Effect of Nanoemulsions and a

Hydrogenating Agent to Improve the Physicochemical
Properties of the Crude Oil Produced through ISC.62 The
experimental work presented by Goncalves (2015)62 reports the
influence of an ultra-dispersive catalyst in the form of
nanoemulsion, and of a hydrogenating agent on the
physicochemical properties of a crude oil from the FPO through
the ISC process. According to Goncalves (2015),62 the use of
nanoemulsions as an additive establishes a means of transport to
the transition metal that promotes the breaking of the carbon−
carbon bonds of the compounds present in crude oil, allowing
the formation of molecules with free radicals that will be
stabilized by the hydrogen atoms in the ISC process. On the
other hand, the use of the hydrogen donor aims to avoid the
formation of high molecular weight compounds, which are
generated due to the reactions that are the product of the
thermal effect of the combustion process. The reaction
mechanism between free radicals and the hydrogen donor is
presented in the following reactions62

R R” R R”* * (1)

R DON H R H DON* + + * (2)

Table 5. Properties of the Original Crude Oil and Mixtures;22

Adapted with Permission from Amaro, 2013,22 Copyright
Universidad Central de Venezuela−PDVSA INTEVEP, 2013

property
original
crude oil

crude oil with the
distillate matrix

crude oil with the
nanoemulsion

API gravity (°API) 8.84 9.42 10.37
viscosity at reservoir
temperature (50 °C)
(cP)

49,250 28,740 40,200

saturates’ content
(% w/w)

10 7 5

aromatics’ content
(% w/w)

48 36 51

asphaltenes’ content
(% w/w)

27 47 35

resins’ content (% w/w) 15 10 9
atomic H/C ratio 1.47

Table 6. Reservoir Water Properties;22 Adapted with
Permission from Amaro, 2013,22 Copyright Universidad
Central de Venezuela−PDVSA INTEVEP, 2013

characteristic formation water (synthetic brine)

alkalinity/ppm CaCO3 1400
conductivity (ks), S/cm 17,660
cations’ content (mg/L)
Ca2+ 180
K+ 240
Na2+ 3880
Mg2+ 39
anions’ content (mg/L)
Cl− 5373
SO4

2− 796
HCO3

− 1700
sulfur (S), mg/L 287
pH 6.92

Table 7. Composition of the Selected Reservoir Sand;22

Adapted with Permission from Amaro, 2013,22 Copyright
Universidad Central de Venezuela−PDVSA INTEVEP, 2013

metal reservoir sand sample

calcium (Ca), mg/Kg 4664.1
iron (Fe), mg/Kg 5821.7
barium (Ba), mg/Kg <200
copper (Cu), mg/Kg <200
molybdenum (Mo), mg/Kg <200
sodium (Na), mg/Kg 471.9
nickel (Ni), mg/Kg <200
vanadium (V), mg/Kg <200
aluminum oxide (Al2O3), % <1
silica (SiO2), % 98.2
carbon (C), % 1.05
sulfur (S), % 0.38
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According to Goncalves (2015),62 eq 2 shows how a
hydrocarbon chain can be stabilized by the transfer of hydrogen
atoms from the donor, where polymerization to higher
molecular weight compounds is avoided. Similarly, Goncalves
(2015)62 indicates that the quality of the crude produced
depends on the quantity and type of the donor. In this sense, the
use of additives is intended to obtain a lighter crude oil, with a
decrease in viscosity and an increase in its API gravity.
Goncalves (2015)62 reported that five experimental tests were

carried out: a blank (the reference case) to establish
comparisons and two tests for each additive separately. The
effluents obtained from the combustion process (liquid, solid,
and gaseous) were characterized to know the chemical
transformations of the crude oil for which density; viscosity;
saturates, aromatics, resins, and asphaltenes (SARA); and gas
chromatography analyses were carried out.
The results presented by the author62 showed that with the

use of additives (nanoemulsion and hydrogen donor), the speed
of the combustion front increased (21% for the nanoemulsion
and 11% for the hydrogenating agent). On the other hand, when
using additives in the process, Goncalves (2015)62 indicated
that there was a significant improvement in the physicochemical
properties of the crude oil produced where a significant increase
in API gravity was achieved (8 °API for the hydrogen donor test
as an additive, and 5.5. °API with the nanoemulsion additive for
flash 5, this being one of the most important cuts due to its
proximity to the combustion front). Also, a decrease in viscosity
was achieved (Figure 7) which is related to the transformation of
asphaltenes into compounds of lower molecular weight
(corroborated with the SARA analysis). Furthermore, with the

use of hydrogenating agent, the formation of coke was reduced
and consequently the generation of gases in the system,
specifically carbon dioxide (CO2) and carbon monoxide (CO).
The analyses performed on the crude oil cuts obtained from

the ISC process62 showed that there were significant improve-
ments in viscosity (a decrease of 60,900 cP for the blank, 61,700
cP for the nanoemulsion, and 62,300 cP for the hydrogenating
agent tests, corresponding to flash 5) and API gravity (an
increase of 3.5 °API for the blank, 5.5 °API for the nanoemulsion
and 8 °API for the hydrogen donor tests), being the
hydrogenating agent, the additive that had the greatest relevance
in the mentioned parameters. Such improvements translate into
obtaining lighter crude oils that facilitate their mobility in the
reservoir.
Figures 8−10 show the temperature profiles for each test, and

Tables 9 and 10 list the average speeds of the combustion fronts.

Table 9 shows the average speeds of the combustion front in
the stable period by the method of the maximum temperatures
reached. For a separation between the thermocouples of 5 cm,
this is the point where the highest value of the temperature is
obtained, corresponding to the passage of combustion front.
With the use of additives, the average speed of the combustion
front is higher than the reference case, reaching speeds that
oscillate between 14.9 and 16 cm/h, which correspond to an
increase of 11 and 21%.
On the other hand, Table 10 shows that with the use of

additives in the ISC process, the air requirement decreases. This
shows that the use of ultra-dispersed catalysts and hydrogen
donors in highly viscous crude oils might allow optimization of

Table 8. Variation of the API Gravity throughout the ISC Tests Performed by Amaro (2013);22 Adapted with Permission from
Amaro, 2013,22 Copyright Universidad Central de Venezuela−PDVSA INTEVEP, 2013

steps sample PC (°API) P1 (°API) P2 (°API) P3 (°API) P4 (°API)
1 original crude oil 8.84 8.84 8.84 8.84 8.84
2 dehydrated crude (PC)/distilled crude (P1 and P2)/crude with nanoemulsion (P3 and P4) 8.46 9.42 9.42 10.37 10.37
3 drive 9.08 9.84 10.26
4 flash 1 8.09 9.59 9.38 9.71 10.77
5 flash 2 8.35 9.85 9.74 10.37 9.90
6 flash 3 10.57 10.57 11.05 11.03
7 flash 4 10.74 10.79 11.01 10.25
8 flash 5 9.52 11.69 11.69 13.06 12.80
9 flash 6 12.26 15.10 36.86
10 flash 7 13.90 12.13

Figure 7. Variation of the oil viscosity for each test as a function of the
cuts of the combustion process at reservoir temperature (T).62 Adapted
with permission from Goncalves, 2015,62 Copyright Universidad
Central de Venezuela−PDVSA INTEVEP, 2015.

Figure 8. Temperature profiles for the blank test�reference case.62

Adapted with permission from Goncalves, 2015,62 Copyright
Universidad Central de Venezuela−PDVSA INTEVEP, 2015.
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the air injection. The lowest air requirement was for the
nanoemulsion case, attributed to the fact that this parameter was
determined from the relationship between the amount of air
injected and the front speed, where an increase in speed leads to
a lower air requirement.62

Regarding the temperature profiles, it can be seen in Table 9
that the stable zone for the reference case is maintained from the
thermocouples 3−5 as reflected in Figure 8, where the
temperatures remain stable. Then, for the nanoemulsion test,
the stability is observed from thermocouples 5−6 (Figure 9) and
for the donor test from thermocouples 2−4 (Figure 10).
According to Goncalves (2015),62 the stability of the
combustion front depends mainly on the amount of deposited
fuel (coke) and on the air injection rate, which when reacting,
produces an increase in temperature.62 The average temperature
in the stable zone for the blank reference test was kept at 500 °C,
while for the nanoemulsion test it was kept at 560 °C, and finally
540 °C for the hydrogen donor.62

2.5. Comparative Study of Ignition Methods for the
Enhanced Thermal Recovery Process of ISC−Bare
Field.32 One of the key stages for the success of the ISC
process is the ignition, which occurs when the heat emitted
becomes sufficient to originate the different chemical reactions
and improve the physicochemical characteristics of the crude oil.
Ignition and generation of a stable combustion front depend on
the type of crude oil and characteristics of the reservoir
(pressure, temperature, geological properties, etc.).
An experimental study on the ignition stage and the feasibility

of its application under different methods in the Bare Field of the
FPO was reported. According to Quijada (2015),32 the ignition
can be generated spontaneously through the injection of air into
the reservoir for a prolonged period or in an induced manner,
where an external agent is introduced into the reservoir to serve
as a bridge in the emission of heat required to initiate the
combustion.
This work consisted of a thermogravimetric analysis to

identify the temperature range of the pseudo-reactions that
occurred in the ISC process. It was done with tests in tubes
packed with sand and saturated with formation water and crude
oil from the Bare Field (9 °API and 49,250 cP; prospective area
for an ISC pilot test), where the ignition method with which the
process is started was modified through electric heating,
injection of a hot fluid, and introduction of a pyrophoric
agent. In order to simulate a section of the reservoir, the
combustion cells were packed and saturated with formation
water and crude oil to achieve a permeability of around 4 darcy
and a crude oil saturation of 80%. Results of the thermal analysis
carried out by Quijada (2015)32 are presented in Table 11,
indicating the events produced during the analysis.
Among the results obtained, what stands out is that the greater

the energy delivered to generate the ignition, the more efficient
the process is. In this sense, the electric heating method proved
to be more feasible when applied under the given reservoir
conditions. Figure 11 shows the temperature profile achieved

Figure 9. Temperature profiles for nanoemulsion testing.62 Adapted
with permission from Goncalves, 2015,62 Copyright Universidad
Central de Venezuela−PDVSA INTEVEP, 2015.

Figure 10.Temperature profiles for hydrogen donor testing.62 Adapted
with permission from Goncalves, 2015,62 Copyright Universidad
Central de Venezuela−PDVSA INTEVEP, 2015.

Table 9. Speed of the Combustion Front as a Function of the
Maximum Temperatures Reached;62 Adapted with
Permission from Goncalves, 2015,62 Copyright Universidad
Central de Venezuela−PDVSA INTEVEP, 2015

test
stable zone by
thermocouples

maximum
temperatures

method
(VTM ± 0.1 cm/h)

air requirement
(m3 standard
air/m3packed

sand)

reference T3, T4, T5 13.2 315
nanoemulsion T5, T6 16.0 263
hydrogen donor T2, T3, T4 14.9 282

Table 10. Speed of the Combustion Front as a Function of the
Maximum Temperature Reached and Air Requirement;62

Adapted with Permission from Goncalves, 2015,62 Copyright
Universidad Central de Venezuela−PDVSA INTEVEP, 2015

test
stable zone by
thermocouples

increased velocity with
respect to the reference
test (VTM ± 0.1 cm/h)

decrease in
air

requirement
(%)

reference T3, T4, T5
nanoemulsion T5, T6 21 19.7
hydrogen donor T2, T3, T4 11 11.1

Table 11. Summary of Events that Occurred during the
Thermogravimetric Analysis.32 Adapted with Permission
from Quijada, 2015,32 Copyright Universidad Central de
Venezuela−PDVSA INTEVEP, 2015

event reference
temperature

(°C)
distillation evaporation of light

compounds
31−240

intermediate fraction
combustioń

LTO reactions 240−380

cracking-combustion MT-HTO reactions 380−500
combustion HTO reactions +500
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with the electric ignition method, recorded by each of the
thermocouples throughout the cell.32

Quijada (2015)32 indicates that one of the advantages of the
electric heating method is that by having a controlled heating
ramp, ignition temperatures can be reached above the minimum
temperature, thus avoiding excessive oxidation at low temper-
atures (LTO), reducing the formation of more viscous products,
and giving greater weight to HTO reactions, which form more
gaseous products capable of increasing the displacement of the
oil.
2.6. Evaluation of the Effect of a Solid Additive for the

Mitigation of Acid Gases in Improved Recovery through
ISC.73 The main objective of the work presented by Mora
(2015)73 was to investigate the influence of a solid additive
composed of a transition metal for the mitigation of acid gases
(H2S and CO2) resulting from the application of an ISC process
at laboratory scale, using an extra-heavy crude from the FPO.
This study was part of a research and development project for
the implementation of a field pilot in a Venezuelan extra-heavy
oil reservoir.
Three combustion tests were carried out: one control test for

comparison purposes, and two additional tests with additive, in
which the solid additive is mixed with the sand. The effluents
from the cell (gas, liquid, and solid) were analyzed using the
following techniques: chromatographic and calorimetric anal-
ysis for the emitted gases, SARA analysis, percentage of sulfur
and water for oil cuts and finally diffraction X-ray, and total sulfur
analyses for the sand samples.
Within the results obtained byMora (2015),73 it can be noted

that the H2S adsorption process is strongly related to the
increase in temperature (Figure 12).
It is reported that a reduction of 88.33% in the content of H2S

and an increase of 3.7% in the concentration of CO2 in the

analyzed effluents were observed after using the solid additive.
Similarly, a 2.56% decrease in the sulfur content in the produced
crude oil was reported, as well as the formation of metallic sulfide
in the matrix rock (an increase between 0.14 and 0.38% for the
tests with a solid additive compared to the reference case).
2.7. Evaluation of the Effect of Mineralogy on the

Mechanism of Ignition with Steam and Generation of
Acid Gases in the ISC Process in the FPO.74One of the first
experimental studies on the effect of the mineralogy on the ISC
process using recombined crude oil and reservoir rock samples
from the FPO and its comparison with inert sand was presented
by Hernańdez (2003).75 Results of this study indicated that the
oil recovery factors of the experiments by using reservoir sand
and inert sand samples were similar, with 90% for both cases
under ideal laboratory conditions. Nevertheless, Hernańdez
(2003)75 indicated that the results obtained with the reservoir

Figure 11. Temperature profile achieved by the electric ignition method.32 Adapted with permission from Quijada, 2015,32 Copyright Universidad
Central de Venezuela−PDVSA INTEVEP, 2015.

Figure 12.Temperature profiles andH2S concentrations because of the
thermal effect.73 Adapted with permission from Mora, 2015,73

Copyright Universidad Central de Venezuela−PDVSA INTEVEP,
2015.
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sand samples showed an increase in the temperature of the
combustion front and a decrease in the advance speed of the
front; in the same way, it was pointed out that the high viscosity
of the crude oil generated operational problems when starting
the heating for ignition; a final fraction of the recovered crude oil
showed an improvement of the oil properties, related to an
increase in its API gravity and a reduction in viscosity.75

Another experimental work was subsequently presented by
Torres and Flores (2017).74 This research work consisted of
evaluating the effect of mineralogy on the ISC for La FPO, for
which five experimental tests were carried out in tubular cells
with samples of cores, water, and oil from a reservoir of the FPO,
using electric heating (three lab tests) and steam injection (two
lab tests) as the ignition methods. The characteristics of the
crude oil and the rock from the FPO considered in this study are
listed in Tables 12−14.

The results of the Torres and Flores’ work74 were compared
with studies previously performed at PDVSA-INTEVEP using
gravel. The results obtained showed concentrations of hydrogen
sulfide (H2S) significantly higher than those obtained using
drilling cuttings (gravel), with values higher than 5000 ppm,
which was attributed to a higher clay content in the core.
Additionally, the feasibility of using steam injection as an
ignition method for the ISC in the reservoir under study was
confirmed.
Figure 13 shows an example of the results of hydrogen sulfide

(H2S) in the flue gas for the PC test, observing values of up to

5000 ppm H2S. According to Torres and Flores (2017),74 the
generation of H2S depends on the sulfur content in the original
crude oil (for this case, 3.69% w/w of sulfur), in the synthetic
brine and in the reservoir sand.
Additional results showed that the H/C ratio obtained from

the combustion tests were higher than the H/C of the original
crude oil (see Table 15), which suggests the occurrence of LTO

reactions.74 Regarding the air requirements of the tests carried
out, these were between 356 and 396 m3/m3, typical results for
heavy crude oils.74

3. DISCUSSION
The ISC process has been one of the first tEORmethods applied
in Venezuela, where despite having a history of more than 6
decades of studies in highly viscous crude oil reservoirs in the
country, it is still a research subject due to the significant
technical and operational complexity of the process. The no
convincing results of the process at field scale have led to efforts
for a better understanding of the critical variables in the process
at the laboratory scale and numerical simulation studies, with a
view of implementing a pilot field project in the FPO.

Table 12. Characterization of the Extra-Heavy Oil from the
FPO Used for the ISC Tests Performed by Torres and Flores
(2017);74 Adapted with Permission from Torres and Flores,
2017,74 Copyright Universidad Central de Venezuela−
PDVSA INTEVEP, 2017

property value

API gravity 7.9
viscosity at reservoir T = 52°C (cP) 20,053
molecular weight (g/mol) 490
micro carbon residue (% w/w) 16.6
H/C ratio 1.38
metal vanadium (mg/L) 395
metal nickel (mg/L) 97
metal iron (mg/L) 24
sulfur (% w/w) 3.69
saturated content (% w/w) 13
aromatic content (% w/w) 50
resin content (% w/w) 28
asphaltene content (% w/w) 7
asphaltene content (% w/w) IP-143 14.96
density at 25 °C (g/cc) 1.0091
density at 52 °C (g/cc) 0.9916

Table 13. Mineralogical Characterization of the Reservoir
Rock (Samples 1 and 2) Used for the ISC Tests of Torres and
Flores (2017);74 Adapted with Permission from Torres and
Flores, 2017,74 Copyright Universidad Central de
Venezuela−PDVSA INTEVEP, 2017

value

component sample 1 sample 2

quartz (SiO2), % w/w 89 86
clay, % w/w 6 10
calcite, % w/w 4 1
feldspar_K, % w/w 1 2
pyrite, % w/w 1

Table 14. Mineralogical Content of Clay;74 Adapted with
Permission from Torres and Flores, 2017,74 Copyright
Universidad Central de Venezuela−PDVSA INTEVEP, 2017

clay mineral content (% w/w)

kaolinite 97
illite 3

Figure 13.Hydrogen sulfide (H2S) concentration versus time, test PC-
2.74 Adapted with permission from Torres and Flores, 2017,74

Copyright Universidad Central de Venezuela−PDVSA INTEVEP,
2017.

Table 15. Parameters from Combustion Tests Performed by
Torres and Flores (2017);74 Adapted with Permission from
Torres and Flores, 2017,74 Copyright Universidad Central de
Venezuela−PDVSA INTEVEP, 2017

parameter test PC-1 test PC-2 test PC-5

hydrogen/carbon ratio (H/C) 1.60 1.75 1.73
oxygen/fuel ratio (OFR), m3/kg 2.32 2.46 2.42
air/fuel ratio (AFR),m3/kg 11.03 11.70 12.09
air excess, % 0.025 0.030 0
total fuel requirement (FR), kg/m3 35.87 33.46 32.05
air requirement (AR), m3/m3 396 391 387
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Based on the results of research work in Section 2, it has been
observed that due to the high viscosities of crude oil samples
(high asphaltene content) the ignition step is one of the main
ISC issues. Thus, the application of an external agent to start
combustion is necessary, being electric heating and steam
injection the methods that have shown the best results at the
laboratory scale. Other issues regarding the characteristics/
composition of fluids and rock are related to the generation of
acidic gases (i.e., carbon dioxide and hydrogen sulfide) that are
of big concern from health, safety, and operational and flow
assurance (corrosion, emulsions, scales, etc.) points of view.
One of the encouraging experimental results discussed in

Section 2 is related to the use of chemical additives (catalysts and
hydrogen donors) that have shown to render improvement of
combustion front velocities (higher than reference cases without
additives) and decrease of air injection requirements. Being one
of the biggest challenges, the selection of the most appropriate
additive (catalyst and hydrogen donor) is a prominent factor
from both technical and economic points of view. The
implementation of these techniques at field conditions is also
a challenge, mostly for the control of the temperature and the
combustion front in the reservoir.
Each one of the previous aspects, together with the in situ

upgrading characteristics of the ISC process and other critical
parameters that must be considered for the implementation of
the pilot project in the field will be discussed in the next section,
along with some descriptions on technical, operational, and
economic aspects.
3.1. Technical-Operational Challenges. 3.1.1. In Situ

Upgrading. Venezuela has focused on making efforts in the last
2 decades to optimize the ISC processes using solid and liquid
catalysts. Similarly, the use of catalysts has been envisaged to
produce clean fuels (hydrogen and low-carbon fossil fuels) that
allow compliance with strict international environmental
standards, in addition to providing an alternative to fossil
fuels.76−80

ISC with chemical additives (catalysts and/or hydrogen
donors) offers advantages to produce hydrocarbons with high
hydrogen content, to reduce costs of lifting and transporting
highly viscous crude oil from the reservoir to the refining
centers,61 and decrease expenses of diluents in the FPO. In the
FPO projects, naphtha-type diluents are typically used,81 which
considerably increases production costs.

3.1.2. High Temperatures in the ISC Process. High
temperatures in the wells have been reported as an operational
problem in ISC projects in the Venezuelan highly viscous oil
reservoirs.19,22 The use of chemical additives and/or catalysts
(i.e., copper stearate), despite accelerating crude oil oxidation by
shifting both the LTO and HTO to lower temperatures39 at the
laboratory scale, does not solve the issue of high temperatures.
This issue could induce sand movement (high temperatures
impact cementing materials82−86), as well as mechanical failure
of tubing and casing. For these reasons, well failure due to
thermal stress is considered a key challenge in the ISC
operations.60 High temperatures in the wells also affect
downhole equipment and increase the risks of air injection
system explosion59,60,83 and corrosion, representing a big
challenge from a safety and technical-economic point of view.
Monitoring flow line temperatures and casing pressure along
with running temperature logs in injector wells60 is critical to
maintaining an efficient ISC process. Recent studies have shown
the acceleration of research and development of materials
together with technology for high-temperature conditions in the

oil and gas, as well as geothermal fields,50,82−85,87,88 which would
make it possible to develop materials and techniques better
adapted to this type of complex environments.

3.1.3. Initial Water Saturation. Another important aspect to
consider for the implementation of the ISC method in the FPO
is the variation of water saturation, which can vary between 7 and
100% due to the presence of aquifers and/or flushed zones. It is
important to mention that thermal methods in areas with high
water risks (adverse mobility ratio), both in the Eastern
Venezuela and LakeMaracaibo basins, have not been technically
and economically feasible.7,89−92 In these reservoirs, methods
such as chemical injection or water injection have been
envisaged.1,7,81

In the same way, it is reported that water-saturated channels
formed in the later stage of steam injection contribute to and aid
the propagation speed enhancement of combustion front.55

Similarly, it has been reported that as the combustion front
propagates in the water-saturated channel, a fast decrease in
temperature is observed along with an unstable propagation of
the process, with marked reduction of O2 availability. On the
other hand, Zhao et al., 202255 reported that oversized water-
saturated channels would lead to a worse combustion process
with a much lower COx concentration and O2 availability or
even lead to the extinction of the process.

3.1.4. Effect of Heterogeneities. Laboratory studies and field
applications have shown that ISC is sensitive to reservoir
heterogeneities.19,56 The effect of reservoir heterogeneities must
be considered in the selected area of the ISC pilot test in
Venezuela. Figure 14 shows an example of a rock sample from
the FPO, showing massive sands and reservoir rock with vertical
heterogeneities.81,89,90

An experimental study of ISC through one-dimensional
combustion tubes, considering fractures oriented perpendicular

Figure 14. Reservoir samples from La FPO: massive unconsolidated oil
sands with vertical heterogeneities.81 Reprinted with permission from
Rodriguez, 2016,81 Copyright Universite ́ Sorbonne Paris Cite,́ 2016.
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and parallel to the air injection direction, performed at the same
experimental conditions, was reported in the literature.56 It is
reported that the fractured formation was visualized by X-ray
tomography and the results indicated that both fracture types
affected the stable propagation of the combustion front and the
oxygen utilization rate was detected to be lower for the case of
parallel fractures.56

Air injection channeling due to reservoir heterogeneities has a
direct impact on the costs of the process. As an example, in the
ISC Miga Field project in Venezuela,19 the air injected-oil
produced ratio (AOR) was much higher than the estimated
value in the original study, which translated into high costs and
making the project not economically feasible.19

3.1.5. Asphaltenes and Clays. The FPO crude oils are
characterized by a high content of asphaltenes,81,93 whose
stability might be affected by the temperature variation during
the ISC process. Figure 15 shows a microscopic image of a crude

oil sample from the FPO where a system composed of oil
(continuous phase), water, and asphaltenes can be described.
Figure 16 shows the formation of an emulsion and solids due to
temperature and composition changes by diluent.
Authors have reported the impact of the presence of

asphaltenes and clays in the ISC process.58,61 Typical clays in
the FPO are reported to be kaolinite, illite, and smectite.7

The effect of asphaltenes and clay content (catalytic impact of
clays) based on laboratory studies through one-dimensional

combustion tube experiments and different crude oil samples
has been reported in the literature by Ismail and Hascakir
(2020).58 Compositional variations in the SARA fractions were
determined by the authors using the Fourier transform infrared
technique. Alternatively, the surface of asphaltenes was
visualized using scanning electron microscopy and the energy-
dispersive spectroscopy techniques.58 Results of this study
indicated that the amount of asphaltenes in the produced crude
oil decreased due to fuel formation reactions. Ismail and
Hascakir (2020)58 also reported that under laboratory study
conditions, cribriform structures or numerous porous features
were formed on asphaltene surfaces in the presence of clays,
increasing the surface area of asphaltenes (deformation on the
asphaltene’s surface).

3.1.6. Modeling of the ISC. The modeling of reaction
mechanisms in the ISC process16,94−98 is one of the most
complex tasks that could have an impact on the evaluation of the
technology. The results reported by Amaro (2013)22 and
Goncalves (2015)62 indicate that the addition of additives,
nanoemulsions (based on surfactant and nanoparticles of a
transition metal), or hydrogen donors improve the stability of
the combustion front and the properties of the crude oil. In this
regard, kinetic models and numerical simulations are required to
reproduce the complex chemical reactions that occur in the
process. As also reported in Section 2, ISC modeling in the FPO
should consider the foamy oil effect on the overall field
performance.16

Anderson and Kovscek (2022)38 reported that one of the
continuous challenges in an ISC process is to determine the
most representative chemical reaction model, and in this regard,
they propose a workflow optimization to calibrate different ISC
reaction models to experimental data for the combustion of two
different oil samples. The authors state that both stoichiometry
and kinetic parameters for a given model can vary between oil
samples.38 Additional reported observations are that a larger
number of parameters and reactions of pseudo-components do
not necessarily improve the reaction model; however, a higher
number of pseudo-components for intermediate coking stages
affect the accuracy of results38 with an impact on computation
time.
Anbari et al., 202397 presented a field performance and

numerical simulation study on the THAI process in a heavy oil
reservoir with bottom water. The work focused on the
operational aspects of the THAI process. This work for the
first time, presents a field-scale THAI model that was validated
against data from the Kerrobert THAI project.
Regarding the simulation of the ISC process with the presence

of catalysts, Lopeman et al., 202398 recently presented a method
for the modeling of the THAI-CAPRI method using a
commercial numerical simulator, based on an in situ hydrogen
production reaction scheme where the models were run under
three conditions: dry, pre-steam, and constant steam. According
to the authors, the evaluatedmodels were validated andmatched
against experimental data taken from the literature with machine
learning. Results reported by Lopeman et al., 202398 showed a
more accurate oil upgrading behavior of in situ heavy oil.

3.1.7. Sand Production. Sand production19,99−105 and low
productivity is one of the biggest drawbacks in field ISC projects
in Venezuela (Miga and Melones fields).19 Sand production is
attributed to high temperatures that affect the matrix cement
and mineralogical composition, as well as flux velocities that
promote the migration of particles to the production wells.
Figure 17 shows a microscopic image of grains of a rock sample

Figure 15. Qualitative description of an extra-heavy dead oil sample
from the FPO: image from microscopy.81 Reprinted with permission
from Rodriguez, 2016,81 Copyright Universite ́ Sorbonne Paris Cite,́
2016.

Figure 16. Precipitation of solids in an oil-in-water emulsion after
changes of composition (addition of diluent) and temperature.81

Reprinted with permission from Rodriguez, 2016,81 Copyright
Universite ́ Sorbonne Paris Cite,́ 2016.
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(unconsolidated sandstone) from the FPO where the degree of
rock consolidation can be observed, in which the grains are
united thanks to the high viscosity of the crude oil.
A study to evaluate the response to mechanical stress

produced by high temperatures in the ISC process for
Chichimene Field in Colombia has been reported based on
geomechanical, mineralogical, and morphological studies with
the purpose of determining the following parameters: Young’s
modulus, Poisson relationships, internal friction angle, minera-

logical and morphological compositions, porosity, permeability,
and rock grain density.59

For the case of the FPO, additional geomechanical
studies106−108 should be carried out taking into consideration
the possible effects of subsidence such as those observed in the
Maracaibo Basin where a direct relationship was detected
between the thermal recovery process (steam injection in this
case) and subsidence.99,101,102 Figure 18 shows the relationship
between production and subsidence after the application of a
thermal recovery process in the Maracaibo Lake Basin. The
subsidence in conjunction with the injection of steam allowed
recovery in the order of 25%.102 It is important to mention that
the oil viscosities of Lake Maracaibo Basin are much lower than
the oil viscosities of the FPO.

3.1.8. Scale/Incrustations. Garcia (2016)59 reports that
scaling/incrustations is an operational challenge in the ISC
process, which could be linked to factors: (1) compatibility
between the injection and the formation waters when a wet
combustion process is carried out; (2) sedimentation due to
variation of the composition of the fluid with pressure and
temperature, and as a consequence, of the limiting solubility of
certain minerals causing their precipitation in the form of scales;
and (3) release of combustion gases (CO2) that might alter pH
of solution and generate carbonate precipitates with potentially
adverse impact on the productivity of the wells.
In the case of the Orinoco Oil Belt or the FPO, compositional

variations of static and dynamic waters109−112 might generate
calcium carbonate precipitates/scales81 and consequently cause
complexity in the phase production process. Chemical additives

Figure 17. Microscopic image of a rock sample from the FPO.81

Adapted with permission from Rodriguez, 2016,81 Copyright
Universite ́ Sorbonne Paris Cite,́ 2016.

Figure 18. Subsidence effect on oil production,Maracaibo Oil Basin.102 Reprinted with permission from Layrisse, 1999,102 SPE-53464-MS, Copyright
Society of Petroleum Engineers, 1999.
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to control H2S production alsomight generate scales (i.e., sulfide
scales) and cause formation damage and/or obstruction of
tubing and surface facilities.113−116

3.1.9. Formation of Emulsions and Separation of Produced
Fluids. Fluid production should be constantly monitored to
detect compositional changes related to the ISC process at field
conditions.86,117 The separation of produced fluids (water, oil,
gas, and sand) in highly viscous oil reservoirs in the FPO is a
frequent operational challenge, both in cold production and
after the application of EOR processes, such as ISC tEOR.
The generation of emulsions118−126 is commonly observed

during the application of EOR methods119 as shown in Figure
16. Figure 19 shows an example of a microscopic image of a

stable water-in-oil emulsion of a dead oil sample (cold
production) with 6% wt of water from the FPO.118 Operational
problems associated with the formation of emulsions have also
been reported for projects in Colombia (Figure 20)117 and in the
USA.60

A Colombian study of water-in-oil (W/O) emulsions during
an ISC project for three different crudes has been reported by
Álvarez-Martińez (2021).126 This study considered the
characterization of emulsions through their gravimetric
behavior, droplet size distribution, rheology, and viscosity.
After the study of critical variables of emulsion generation (shear
rate, water content, oxidation level, and the addition of silica
nanoparticles), it was determined that the inclusion of silica
nanoparticles (1000 mg/L) had a slightly positive impact in the
emulsion formation process due to an increase in the rate of
evaporation of the water in the emulsion, a reduction in the

viscosity of the emulsion, and a reduction in the size of the
droplets.
Conversely, in the case of a field project in Louisiana-USA

(Bellevue Field), chemical treatments to break emulsions based
on a mixture of polyglycerol fumarate ester, heavy aromatic
naphtha, and electrical heaters have been successfully applied.60

3.1.10. Oxygen Breakthrough. The oxygen (O2) break-
through in producing wells is one of themost critical problems in
ISC operations,59,60,97,127−129 which could affect the areal sweep
efficiency, the proper functioning of the artificial lift methods,
and combustion performance at field conditions. O2 break-
through can be attributed to incomplete combustion,59

heterogeneities, and channeling in areas of the reservoir with
high permeability,59,129 location of the injector and producer
wells in the reservoir, etc.
Methods to control O2 breakthrough consist of monitoring

the temperature, composition of the produced fluids and fluid
saturations at reservoir conditions, and analysis of injectivity and
connectivity to identify heterogeneities and flow patterns. This
allows for the optimization of the design and configuration of the
pilot wells (nitrogen connectivity tests).59,117 It is reported that
optimization of the distance between the injection and
horizontal production wells together with optimization of the
air injection rates are the key parameters in reducing the risks of
O2 breakthrough.97,128 The air injection rate is an important
parameter to provide the heat necessary for thermal cracking
reactions (i.e., deposited coke). Exceeding air injection could
affect the general performance of the ISC technology, as high gas
production is difficult to handle at surface conditions (high
temperatures in wells, impact on artificial lift systems, etc.).

3.1.11. H2S Production. The application of thermal EOR
methods promotes the generation of H2S due to the trans-
formation of sulfide at high temperatures (aquathermolysis)
and/or the rock−fluid interaction (oil and clay content effects).
Scavengers have traditionally been applied in the oil industry to
remove H2S (i.e., amines and triazines).130−136 Due to their high
ability to reduce sulfide concentration, monoethanolamine
(MEA)- and monomethylamine (MMA)-based triazines are
regularly used to remove H2S during hydrocarbon processes.136

In Venezuela, one of the traditionally appliedmethods for H2S
mitigation consists of the injection of liquid scavengers and
corrosion inhibitors into flow lines. Gonzaĺez (2004)135

reported that the injection of scavengers can generate the
deposition of amorphous yellowish polymeric solids as by-
products in multiphase fluid lines, producing a reduction in the
internal diameter of pipes and affecting transmission systems
(Figure 21). The effect of H2S scavengers on the formation of
scales and/or impact in production facilities has likewise been
reported by Wylde et al., 2020;132 Taylor et al.; 2021;133

Manrique et al., 2022;117 and Rafferty et al., 2022.137

Due to the multiple issues observed with the application of
H2S scavengers related to the correct dosage of these chemicals
and the formation of emulsions, scales, and fouling at surface
conditions (downstream refining process) related to reaction
products, efforts have been made by PDVSA-INTEVEP to
control H2S underground at reservoir conditions using
additives/catalysts.136 However, so far, it is on a research scale
activity.

3.1.12. CO2 Sequestration and Utilization. Likewise, efforts
should be made to sequester and manage the produced
CO2.

138−163 Perez et al., 2010138 proposed a mineral
carbonation approach for the ISC pilot project in the FPO,
based on caustic byproducts (liquor and red mud) from alumina

Figure 19. Water-in-oil emulsion of a Venezuelan dead extra-heavy oil
sample.118 Reprinted with permission from Rodriguez, 2016,118 SPE-
179624-MS, Copyright Society of Petroleum Engineers, 2016.

Figure 20. Evaluation of the pH effects on oil emulsions at different
water−oil ratios from microfluidic experiments: Chichimene Field-
Colombia In Situ Combustion Pilot.117 Reprinted with permission
from Manrique et al., 2022,117 SPE-209390-MS, Copyright Society of
Petroleum Engineers, 2022.
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production. Additionally, EOR projects could be focused on
other deposits where previous studies have indicated the
technical feasibility of application, but because they did not
have enough source of CO2 they were not applied (e.g.,
reservoirs in the NorthMonagas area).149−151 CO2 could also be
injected into aquifers, in this sense feasibility studies have been
carried out in deposits of the gas area of Anaco -Venezuela.160,161

Regarding the selection of candidate aquifers for storage, this
study should be based on geological analyses, static and dynamic
reservoir parameters, laboratory studies (geomechanics, cap-
rock integrity), and socio-cultural and economic factors.162 A
characterization study of aquifers in the FPO for use as water
disposal reports that there are shallow aquifers that are not
considered to be confined, this is the case of LaMesa Formation.
Rodriǵuez (2018)162 indicated that the use of this aquifer for
fluid injection might have an environmental impact on
agriculture, human consumption activities (some aquifers are
used for human consumption after treatment), and the fauna
present in the rivers.

3.1.13. Corrosion. The corrosion of underground and surface
equipment due to high temperatures, the presence of acidic gas
(CO2 and H2S) dissolved in water and other products of
oxidation reactions87,164−170 has been one of the greatest
drawbacks of the application of the ISC process in
Venezuela.19,22 It is reported that based on field experiences in
the USA, chemical treatments to reduce the rate of corrosion
have been based on amixture (blend) of acetic acid, imidazoline,
and quaternary ammonium.60

3.1.14. Air Compression. Air compression systems represent
a critical point in the success of an ISC project and represent one
of the largest operating expenses (OPEX) of the process.60 One
of the main issues reported in one of the ISC projects of the FPO
Fields (Melones Field) was a failure in the compression units
and high temperatures in the injection well causing operational
problems that resulted in the suspension of the pilot project.19

3.2. Economic Challenges. Economic evaluations to assess
the feasibility and development strategies of the Bare Field ISC
project in the FPO and future ISC projects in Venezuela should
consider electricity costs for compressors, surface and treatment
equipment, maintenance, chemical treatments, and overhead.
Capital costs in the FPO are related to drilling and completion of
new wells, surface facilities, and equipment.
Sharma (2021)60 reported a distribution of cost estimates per

barrel of oil produced between 2014 and 2019 for Bellevue ISC
operation (Figure 22). Production costs for the evaluated period

were generally higher than production costs reported for other
thermal EOR operations.

4. CONCLUSIONS
The extent of success in ISC applications has depended on the
degree of implementation of experimentally supported
information, the advancement of material integrity technologies,
the monitoring and follow-up of critical project variables, and
the economic aspects. Furthermore, and from a different
perspective, the application of the ISC (field) process in
Venezuela represents multiple advantages for in situ crude oil
upgrading and reduction of cost related to lifting and
transportation. The positive effect has been observed on the
mitigation of acidic gases (CO2 and H2S) at reservoir conditions
as well as on the increase in the H/C ratio, which represents an
alternative to produce hydrocarbons having lower carbon
content with low environmental impact. Being a combination
of nanoparticle catalysts and hydrogen donors, this hybrid ISC is
one of the most encouraging schemes, based on laboratory trials.
The study and evaluation for optimizing the critical variables of
the process (e.g., ignition, combustion front, oxygen break-
through, kinetic models, high temperature in the wellbore,
corrosion, emulsions, etc.) and the management of undesirable
gases, together with technical-economic studies, will be the
decisive factors for the application of the ISC EOR method in
Venezuela.
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■ NOMENCLATURE
ISC in situ combustion
tEOR thermal enhanced oil recovery
THAI toe-to-heel air injection
COSH combustion override split production horizontal well
CAGD combustion-assisted gravity drainage
CO2 carbon dioxide
CO carbon monoxide
N2 nitrogen
H2S hydrogen sulfide
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Campo de la FPO. Thesis Dissertation for the Degree in Petroleum
Engineering, Univ. Cent. Venez. (UCV), 2017.
(75) Hernández, N. Evaluacio ́n Experimental del Proceso de
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