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ABSTRACT

Pursuant to the goals of sustainable development, and in line
with current energy needs, it is increasingly necessary to create
more energy-efficient processes, and reduce their carbon
footprint. New energy-efficient technologies for heavy oil recovery
must be developed, such as hybrid technologies, where some
additives are used for steam injection processes. One of the
hybrid technologies with good potential for energy-efficient heavy
oil recovery is cyclic steam injection with solvents enhanced
with nanocatalysts (HYB-SEN), which could also generate oil
upgrading by pseudo-aquathermolysis reactions. According to
the above, this research focused on evaluating the impact on the
reduction of greenhouse gases of the hybrid steam technology
with naphtha-based nanofluids concerning the conventional cyclic
steam injection (CSS).

For this purpose, a simulation model for conventional cyclic steam
stimulation (CSS) called the CSS baseline was created, including
the pseudo-aquathermolysis reaction and the reaction kinetics
based on experimental tests such as thermogravimetric analysis
(TGA), analysis of gases and fluids after coreflooding tests in
the presence and absence of nanocatalysts, physicochemical
characterization tests of crude oil, naphtha, among others, as
well as fluid properties software. On the other hand, the reduction
in the production of greenhouse gases by hybrid technology
concerning the CSS baseline was calculated. The impact of the
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hybrid technology on the injection scenarios was determined
through the proposed environmental indicators like energy
efficiency, reduction of Basic Sediment and Water (BSW), and
reduction of carbon footprint reflected in lower carbon -intensity,
among others, by numerical simulation.

The results of the hybrid technology with nanocatalysts simulation
showed an increase in oil recovery of an additional 3756.5 Bbl of
crude oil compared to the conventional technique and a reduction
greater than 18% for the CO, production compared to conventional
cyclical steam injection. Further, the environmental impact
analysis of the scenario concerning the baseline was evaluated,
finding a positive impact on energy efficiency improvement,
reduction of BSW, and reduction of carbon footprint reflected
in lower carbon-intensity, among others. Additionally, hybrid
technology results in an additional benefit with the use of raw
materials such as naphtha in crude oil transportation, used at
the field, which implies a reduction in their subsequent use due
to the improvement of crude oil properties.

The foregoing indicates that hybrid steam technology with
naphtha-based nanomaterials not only generates positive impacts
on oil recovery compared to the conventional technique, but also
has a positive effect by enhancing energy efficiency and reducing
carbon footprint.
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RESUMEN

De acuerdo con las metas de desarrollo sostenible y alineado con las
necesidades energéticas actuales cada vez se hace mds necesario
generar procesos mas eficientes energéticamente y reducir la huella
de carbono asociada al proceso. Debido a esta necesidad, se requiere
generar tecnologias mas eficientes para la recuperacion de petréleo
basadas en las ya existentes para crudo pesado como lo es lainyeccion
de vapor, a raiz de esto surgen las denominadas tecnologias hibridas.
Una de las tecnologias hibridas que podria tener un buen potencial
en la recuperacion eficiente de crudos pesados es la inyeccidn ciclica
de vapor con solventes mejorados con nanocatalizadores, el cual
ademéds podria generar mejoramiento de crudos pesados en procesos
de recobro térmico, especificamente en reacciones de acuatermalisis
ocurridas en procesos de inyeccion de vapor.

Debido a lo anterior, este trabajo se centrd en la estimacién del impacto
en la reduccion de gases de efecto invernadero de la tecnologia
hibrida de vapor con nanofluidos base nafta respecto a la tecnologia
convencional de inyeccion ciclica de vapor (CSS). Para este fin se
generd un modelo de simulacién para la inyeccién ciclica de vapor
(CSS) convencional denominada caso base en la que se incluyd la
reaccion de acuatermdlisis y la cinética de la reaccion los cuales se
basan en pruebas experimentales como analisis termogravimeétrico
(TGA), analisis de gases y fluidos posterior al desplazamiento en
presencia y ausencia de nanocatalizadores, pruebas de caracterizacion
fisicoquimica de crudo, nafta entre otros, asi como un software de

INTRODUCTION

Approximately 45% of the current production in Colombia
corresponds to heavy crudes (Bera & Babadagli, 2015), (Franco et
al., 2008). The extraction of this type of crude is carried out mostly
through thermal recovery methods in which catalytic processes
may contribute to the recovery process, such as thermal cracking, (
Montoya et al,, 2016) (Husein & Alkhaldi, 2014), aguathermolysis ( Yi
etal,, 2018), hydrocracking, (Kaminski et al., 2018) oxidation (Franco
et al, 2015), (Tang et al., 2017), pyrolysis (Amrollahi et al., (2018);
(Biyouki et al., 2017), and steam gasification, ( Nassar et al 2015); (
Nassar et al., 2013), translating into oil upgrading (Shah et al., 2010).

One of the most widely used techniques in heavy crude oil
recovery processes is steam injection, which can be improved with
nanotechnology to favor the aquathermolysis process by using
nanocatalysts, thus leading to substantial improvement of crude
oil in the reservaoir, in addition to reducing energy consumption and
generating less impact on the environment, with a higher associated
recovery factor. The most widely used nanoparticles in this process
are metallic and metallic oxides used in asphaltene adsorption
and catalytic activation (Hamedi Shokrlu & Babadagli, 2013). Its
mechanism of action consists in reducing the operating temperature
of asphaltenes reaction, effective activation energy, and operation of
large hydrocarbon chains in lighter fractions with lower molecular
weight, which implies a reduction in viscosity and improvement
of mobility in the production of extra heavy crude, (Iskandar et al.,
2016); (Hashemi et al., 2013).

However, one of the challenges of using nanocatalysts in cyclic
steam stimulation (CSS) is the mechanism to efficiently transport
the nanomaterials to the reservoir and contact the oil. Therefore, in
previous works, a new hybrid technology called Hyb — SEN (Hybrid
Solvent Enhanced Nanoparticles) is proposed (Garcia-Duarte
et al., 2024), which could improve the contact between oil and
nanoparticles and leverage on the use of solvents such as naphtha.

propiedades de los fluidos. Por otro lado, se determinaron los gases
de efecto invernadero de la tecnologia hibrida y se evalud su reduccién
respecto al caso base. De acuerdo con los indicadores ambientales
propuestos se evalud el impacto ambiental de la tecnologia hibrida
con el escenario de inyeccidn propuesto y desarrollado mediante
simulacién numeérica.

Los resultados de la simulacién de la tecnologia hibrida con
nanocatalizadores mostraron un incremento de recobro para este caso
de 3756.5 Bbl adicionales de crudo respecto a la técnica convencional
y una reduccion superior al 18% para la produccion de CO, respecto
a la inyeccidn ciclica de vapor convencional. Por otro lado, se realizé
el anélisis de impacto ambiental del escenario evaluado respecto
al caso base encontrandose un impacto positivo respecto a mejora
de la eficiencia energética, reduccion de BSW, reduccién de huella
de carbono reflejado en una menor carbono-intensidad entre otros.
Adicionalmente, la tecnologia hibrida presenta un beneficio adicional
con el uso de materias primas como la nafta en transporte de crudo,
empleandolas en yacimiento, lo que implica una reduccién en su uso
posterior debido a la mejora de las propiedades del crudo.

Lo anterior, indica que la tecnologia hibrida de vapor con nanofluidos
base nafta no solo genera impactos positivos en productividad, es decir
mayor recobro respecto a la técnica convencional, sino que ademas
impacta positivamente en la mejora de la eficiencia energética y la
reduccion de huella de carbono.

Notably, out of the 11 million tons of CO, produced by the oil industry
in the country, 53% corresponds to oil production, and 47% to oil
refining. Hence, and in addition to the current climate change, the
carbon footprint reduction is an important challenge, which is
expected to be achieved through the use of hybrid technologies that
contribute to improve energy efficiency and reduce the amount of
carbon dioxide emitted to the atmosphere.

Hence, this paper presents an estimation of the impact on the
reduction of greenhouse gases of novel hybrid steam technology
with naphtha-based nanofluids compared to conventional cyclical
steam injection (CSS) and cyclical steam injection with naphtha
technology. This estimation is based on a representative numerical
model of the field under study and the experimental results obtained
on the nanofluid selected for the hybrid technology of steam +
improved solvent as fluid-fluid interaction, static tests in a batch
reactor, kinetic tests using Thermogravimetric Analysis (TGA), and
analysis of effluents from dynamic tests.

Furthermore, the simulation methodology had an innovative
approach in the way the kinetic parameters with the action of the
nanocatalysts are calculated by the Friedman isoconversional
method (Friedman, 1964) from the results of the thermogravimetric
analysis (Becerra Cardenas, 2014), which allowed testing its
application in reactions associated with steam recovery processes
such as aquathermolysis. Likewise, in the reaction model proposed
by the Hyne model (Hyne, 1986), stoichiometry was calculated from
the batch reactor test and the calculation of the reaction enthalpy.
To this end, two scenarios were created, one corresponding to the
base case with gas generation by a pseudo-aquathermolysis reaction
(based on aquathermolysis reaction excluding H,S that was not
detected in the experiments conducted), and the hybrid technology
with a steam injection rate equal to the base case.
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EXPERIMENTAL DEVELOPMENT

For the design of the scheme injection of the hybrid CSS + Naphtha-
based Nanofluids technology that allows estimating the impact on
the production of greenhouse gases, an implicit numerical model
representative of the field under study was developed. Fluid and
kinetic parameters were included to generate a representative
moadel for the hybrid technology of CSS + Solvents Enhanced with
Nanoparticles (Hyb-SEN) with the use of reservoir simulators, based
on experimental results and fluid modelling software to determine
reaction enthalpy and other properties of the fluids involved in the
reaction from the PVT behavior modelling.

The main experimental tests carried out to determine the kinetics of
the reaction are static tests of catalytic decomposition by TGA of the
asphaltene fraction, which were carried out in a TGA Q50 equipment
(TA Instruments, Inc, New Castle, DE), with aramp heating at 10°C/
min from 25°C to 600°C, thermal conductivity performed using a
TEMPOS thermal properties analyzer in accordance with ASTM 5334
and IEEE 442 and gas selectivity tests subsequent to coreflooding
experiments in the presence and absence of nanoparticles at
reservoir conditions. The simulation methodology used is described
below:

SIMULATION MODEL

A single well simulation model was created based on the main
properties from the reservoir candidate to implement the HYB SEN
hybrid technology. Figure 1 shows the 3D representation of the
radial model used in this research. Additionally, table 1 references
the main parameters related to petrophysical properties and grid
size of the numerical model.

Depth (ft)

Injection-Production

1,317
1,270
1,223
1,177
1,130
1,083
1,037
990

943

897

850

Figure 1. Numerical simulation model.

Table 1. Reservoir and grid parameters numerical
simulation model.

Parameter Value
Parosity, % 23
Permeahility. mD 1170
Thickness, ft 467
Depth. Ft 850-1320
Initial pressure. Psi 690
Oil saturation, % 80
Reservair temperature, °F 110
Grid cells r 20
Grid cells 6 5
Grid cells K 94
Total grid blocks 9400

To estimate the greenhouse gases for the baseline, the pseudo-
aquathermolysis reaction and its kinetic parameters were
included, which were determined from experimental tests such
as high-pressure thermogravimetric analysis (TGA), reactor tests
isoconversional, and gas spectrometry of the reaction products,
which were also performed for crude in the presence of the
nanocatalysts selected for the hybrid technology called AINiPd.

The kinetic parameters were estimated from the results of the
thermogravimetric tests using Friedman's isoconversional method,
(Pretell et al., 2020) as observed in previous work reported by
Ruiz-Cafias et al., 2023. The catalytic effect of the nanomaterial's
presence on the reactions that occur in the test evaluation range
(25 -600°C) should be highlighted.

06
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0 . . . . —

0 100 200 300 400 500
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Figure 2. High-pressure TGA for asphaltene in the absence and
presence of the core — shell nanoparticles based on alumina
(76 nm).

The presence of nanocatalysts generated a reduction in the
activation energy concerning the reaction with asphaltenes alone,
which indicates that the selected nanomaterial is indeed able to
catalyze the thermal decomposition reaction of asphaltenes and
reduce the amount of energy required.

In addition, in the presence of steam, aquathermolysis reactions
occur, which mainly form gaseous components such as carbon
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dioxide, carbon monoxide, and hydrogen sulfide, among others.
The reaction that has been modeled by Hyne (Hyne, 1986), shown
in Equation 1, stands out.

k
0il + a H,0 — B CO, +y GHL + & CH,
+€C0+€H25+ T]Hz

Equation 1. Hyne's reaction model.

(1)

Where GHL represents light gaseous hydrocarbons and, H,0: water,
CO,: carbon dioxide, CH,: methane, CO: carbon monoxide, H,S:
hydrogen sulfide and H,: hydrogen.

To estimate the stoichiometry of the reaction, the results of mass
spectrometry of the TGA with steam test of the asphaltene fraction
of crude oil in the presence of nanocatalysts were analyzed (Figure
3), and the fractions obtained according to the molecular weight of
each compound produced allow to determine the molar composition
of the components in the reaction, and thus determine the
stoichiometry of the pseudo-aquathermolysis reaction for this case.
® Asphaltenes + Nanocatalysts

80
58
28
23
0 - || -

co, NOx LHC

Figure 3. Distribution of the selectivity of gases produced by
the reaction for asphaltene in the absence and presence of the

nanocatalysts.

There is a signficant decrease in gases such as COx, NOx, and SOx
compared to the pseudo-aquathermolysis reaction not involving
nanocatalysts. It is worth noting that the Hyne model accounts for
H,S as a by-product of the sulfur compounds in crude oil. However,
since the amount of H,S produced was small and could not be
detected in the chromatography, the reaction was normalized to
exclude H,S as a product. Despite this adjustment, the presence
of nanocatalysts resulted in a reduction in the composition of SOX

and NOX produced. The kinetic parameters for crude oil are shown
in Table 2 based on the results obtained.
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Table 2. Kinetic parameters for the pseudo-
aquathermolysis reaction with asphaltene.

Reaction parameters Value
Activation energy, (Btu/lb mol) 42923.270
Frequency factor 3.735¢ell
Reaction order 1562

In addition, the conventional cyclic steam injection reaction model
(Equation 2) suggests the generation of light compounds.

k
0il + 16.54H,0 — 3.61 C3Hg + 3.61 C,H,
+4.95 CH, + 13.20 CO + 4.00 CO,

Equation 2. Modified pseudo-aquathermolysis reaction model for
conventional CSS.

(2)

In general, there are three phenomena associated to the HYB -
SEN scenario: The first one involves the functionalized metallic
nanoparticles that act as a catalyst for the pseudo-aquathermolysis
reaction, the second one is the co-dilution effect due to the presence
of the carrier solvent (naphtha) in the process, and the third one is
the upgrading of crude, which leads to a compositional change of
the initial crude oil. To model these phenomena, it was necessary
to include activation energy at the temperature at which thermal
decomposition occurs.

Table 3. Kinetic parameters for the pseudo-
aquathermolysis reaction in the presence of

nanocatalysts.

Reaction parameters Value
Activation energy, (Btu/lb mol) 18108.255
Frequency factor 3918ell
Reaction order 1662

Next, a chemical reaction (Table 3) is proposed where the original oil
of the simulation model reacts with water, generating combustion
gases and light hydrocarbons.

k
Oil +16.54 H,0 > 7.79 C3Hy +7.79 CoHs (3
+11.76 CH, + 3.71 CO + 0.51C0,

Equation 3. Modified pseudo-aquathermolysis reaction model in the
presence of nanocatalysts.

The reaction and its kinetics are included in the numerical model.
The mass balance error is 10-5, which is accurate for generating
the reaction.

The base fluid model has three components: dead oil, gas in solution,
and water. Experimental tests carried out on the crude under
study allowed the determination of crude oil average molecular
weight and density of naphtha, among others. Table 4 shows the
physicochemical properties of the components included.

Table 4. Physicochemical properties of the components
included in the model.

Component MW (Ib/1b mol) Density (Ib/ft?)
Dead_Oil 595.700 61.702
AINiPd (Nanofluid) 92170 45110

EVALUATION OF NANOFLUIDS INJECTION SCENARIOS

To determine the impact on the reduction of greenhouse gases of
the hybrid steam technology with naphtha-based nanofluids and the
cyclical injection of conventional steam in the evaluation window
of 10 years (2020 - 2030), the following scenarios were created:

+ CSS base with pseudo-aquathermolysis reaction (12 cycles).
Cyclic injection of steam + solvent (in the second cycle).
Cyclic injection of steam + solvent enhanced with nanofluid
(in the second cycle).

In general, the injection scheme for the base case of cyclic steam
injection is as follows: primary production is carried out for three
months in the well; then, steam is injected at a constant rate
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of 1350 bbl/d for six days, with a steam quality of 60% and an
injection temperature of 520°F, followed by three days of soaking,
and then the well is opened for production until it reaches the
primary production rate, at which time a new production cycle is
started. It should be noted that the model has an injection pressure
restriction of 1500 psi, which is the maximum pressure allowed to
avoid possible fracturing of the reservair.

On the other hand, the nanofluid batch injection rate was calculated
concerning the estimated daily steam injection rate in the base
case, 1350 bbl/day, with a 10% ratio that is, 135 bbl/day. It hould be
mentioned that the amount of steam injected was the same as the
base case, 8100 barrels in each cycle, 60% steam quality, pressure,
and temperature conditions equal to those of the base case, and
the same soaking time. Table 5 shows the injection—production
conditions for the hybrid technology.

Table 5. Injection - Production Properties of the model.

Property Value Unit
Nanofluid injection rate 135 Bbl/day
Steam injection rate 1350 BBL/day
Injection temperature 520 °F
Total volume of nanofluid injected 135 Bbl

1 day of nanofluid slug + 6 days of steam
slug + 3 days of soaking

1500 Psi

Injection scheme

Max Injection Pressure

Furthermore, the simulation of nanofluid injection scenarios included
the keyword “restart” twice: one prior to and the other following
its integration in the second cycle of CCS. The primary influence is
associated with pseudo-aquathermolysis. In the initial cycle of CCS, a

Ecopetrol

pseudo-aquathermolysis reaction occurs without nanofluid, while in
the second cycle, it involves a reaction with nanofluid. Subsequently,
from the third cycle onward, the pseudo-aquathermolysis reaction
without nanofluid is established again (Figure 4).

It should be noted that nanofluid injection scenarios were created
in the second injection cycle as it was the most favorable one
for the hybrid CSS + nanofluid technology. In addition, special
variables were monitored for analyzing the occurrence of the
pseudo-aquathermolysis reaction in the presence of steam and the
production of resulting gases.

ENVIRONMENTAL INDICATORS

The proposed environmental indicators calculations depend on the
production of CO,, which is a function of the origin, and the energy
source of the steam generator used for the process. In general,
process carbon footprint calculation is based on ISO 14040 - 44,
ISO 14064, and IPCC 2006 standards.

Also, CO, capture is mainly performed with amines and can cost
approximately USD 115/ton CO,, (Dziejarski et al., 2023), which could
affect the economics of recovery projects. In addition, steam injection
processes generate a signficant amount of CO,; it is in the order of
100 kg of CO,/bbl, in contrast to methods such as polymer injection,
which generate less than 12 kg of CO,/bbl of oil, (Farajzadeh et al.,
2022) mainly due to the combustion produced in steam generators.
Therefore, and based on the analysis of the process, the following
environmental indicators are proposed:

Reduction of BSW: The water cut is related to energy
efficiency since the lower the BSW in the field, the lower the

Base case - CSS with pseudo-aquathermolysis

CCS with pseudo-

= = === ——- aquathermolysis - = ===
| | | | | I
2020 2022 2024 2026 2028 2030
1t to 12" cycles
Hybrid technology - CSS with pseudo-aquathermolysis + nanosolvent
Simulation restart  Simulation restart
point point
CCS with pseudo- ¢= . CCS with pseudo- t =) CCS with pseudo-
aquathermolysis aquathermolysis aquathermolysis
I +Nanosolvent |
1 1
| I I I | |
2020 2022 2024 2026 2028 2030
1stcycle 2nd cycle 3rd to 12 cycles

Figure 4. Simulation Strategy Hybrid Technology and base case of steam injection.
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energy required by the pump and, therefore, the cost of water
treatment is reduced, as well as energy consumption.

Carbon —intensity index: Given by the amount of CO, produced
(surface + reservoir) divided by oil production, that is:

El = kg CO, Source
- Bbl produced

Reduction of emissions: ton CO,/year.

Reduction of required steam rate/oil production.

RESULTS ANALYSIS

The results of the scenarios created consist of two parts: initially,
evaluations of the pseudo-aquathermolysis reaction are carried
out in the base scenarios, followed later by the forecast of the gas
production with the hybrid technology. The results obtained are
outlined below.

EVALUATION OF THE PSEUDO-AQUATERMOLYSIS REACTION
IN STEAM INJECTION PROCESSES

Figure 5 shows the oil production results and daily oil production
rates for the CSS baseline, CSS + Solvent and CSS + Hyb-SEN
technology.

The incremental recovery obtained by hybrid CSS + Hyb-SEN
technology implementation in the evaluation period (2020 to 2030)
is 3756.46 bbl compared to the conventional CSS base (Figure 6).

Analyzing the 2020 to 2024 period, which includes the second
cycle where the hybrid CSS + Hyb-SEN technology is applied, the
incremental oil recovery compared to the CCS base case is 8256.72
bbl (Figure 7). It is worth noting that the CSS + solvent has a very low
cumulative oil increment (236 bbl), which is not evident in the figure.

The CSS + Hyb-SEN technology showed the most favorable
outcomes, indicating its potential as a highly effective enhanced
oil recovery (EOR) technique. This method showed significant
improvement in oil recovery rates. However, in the CSS + solvent
case, the results were comparable to the baseline CSS case,
suggesting that adding solvent without nanocatalysts did not
significantly enhance the overall recovery performance. The
reduction in viscosity due to the solvent is the only effect related
to this process, in contrast to the hybrid nanocatalyst technology
that involves additional mechanisms as catalysts of the reaction.

Likewise, each of the gases produced by the pseudo-aquathermolysis
reaction for the base case and the implementation of hybrid
technology is analyzed. Figure 8 shows CO, production.

The CO, generated in the hybrid technology is considerably less than
that obtained in the base case by amounts of 311.92 and 383.11 lb
mol, respectively. Also, for the second cycle, the CO, generated
for the CSS + nanofluid was 238.09 b mol, while for CSS, it was
281.96 lb mol. The latter indicates that the implementation of
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Figure 5. Cumulative oil and oil production rate, Hybrid Technology nanocatalyst, base case of steam injection and solvent
(2020 - 2030).
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hybrid technology reduces the production of CO, released into the
atmosphere due to the nanofluid effect until the sixth cycle.

Figure 9 shows the estimation of CO production for the hybrid
technology of CSS + naphtha-based nanofluids and the base case.

The production of CO obtained by the implementation of the Hyb-
SEN for CSS is lower by 52.50 lb mol compared to conventional
CSS, which in turn is equivalent to a reduction of approximately
3.95% due to the catalysis of the pseudo-aquathermolysis reaction
as evidenced in the experimental tests carried out on the crude in
the presence and absence of nanomaterials. For the second cycle,
the reduction was 13.9%, with a CO reduction of 144.70 b mol with
respect to CSS.

On the other hand, the summary of the greenhouse gases produced
by hybrid technology and the conventional cyclical steam injection is
shown in Table 6. The results show a reduction in gases compared

to the base case (greater than 18% for the CO, production); this
indicates that hybrid technology positively impacts on reducing the
carbon footprint.

Table 6. Summary of greenhouse (COx) gas production for
the evaluated scenarios.

Property Co, Cco
Baseline (CSS), lb mol 383110 1315860
2nd cycle, b mol 281.960 927.740
CSS + Hyb-SEN, b mol 311.8920 1263.300
2nd cycle, lb mol 238.090 1072.440
Reduction (%) 18,580 3950
2nd cycle (%) 155 13.490

Additionally, the production of light hydrocarbon gases was
estimated for both cases. The results are shown in Figure 10.
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Figure 10. Light gases production for hybrid technology and conventional CSS.

The light gases produced by conventional CSS + Solvent nanofluid
are considerably higher than those obtained with CSS base. Table
7 shows the summary of gas production.

Table 7. Summary of production of hydrocarbon gases for
the evaluated scenarios

CH, (bmol) C,H, (Ibmol) C.H, (Ibmol)

Baseline (CSS) 471180 345.850 345.850
2nd cycle 348220 253.980 253.980
Hyb-SEN 1967.800 1323.980 1323.980
2nd cycle 1877120 1257.310 1257310

Low molecular weight hydrocarbon gases (methane, C,Hg, C;Hg)

1.4
1.3
1.2
1.1

14

bbl/bbl)

=0.9-

(@]

TR

0.8
0.7

Cum S

2
= 0.6
o

3 0.5

€

S 0.4

)
0.3

0.2

0.1

0

could be a source of energy, that is, as a replacement for natural
gas in processes used in the plant, such as steam generation for
reducing the effect of greenhouse gases. Since low molecular gases
are released directly into the atmosphere, they can be 25 times
more polluting than CO,,.

Additionally, Figure 11 shows the cumulative SOR and the water
cut instantaneity of the two evaluated scenarios. As observed with
the hybrid technology, there is a significant reduction of cumulative
SOR, which means that the nanoparticles contribute to incremental
oil production with the same injected steam compared to the CSS
base scenario. However, the BSW instantaneity compared to the
base case increased due to the change in the fluids' movement and
the catalytic effect of nanoparticles in the second cycle and the
permeability relative curves.
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Figure 11. SOR and water cut for the base case and hybrid technology.
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According to the results obtained in this stage, it is concluded that
there is a high reduction of COx gases with the use of nanocatalysts,
also generating an increase in oil production, achieving a more
energy-efficient process with this hybrid technology.

ENVIRONMENTAL IMPACT CALCULATION

Following the proposed environmental indicators and methodology
reported by Osma et al., 2019, the environmental impact calculation
was performed for the hybrid technology scenario and baseline. The
carbonintensity index results were obtained at this stage considering
the CO, production from steam generation supported by the UPME
emissions calculation tool for the scenario evaluated Hyb-SEN, with
a steam rate equal to the baseline considering the CO, generated in
the reservoir and due to steam generation. Table 8 shows the results
for the CSS baseline and Hyb-SEN for CSS.

Table 8. Environmental indicators for the base case and
hybrid technology.

Hyb-SEN

Indicator (Ba%gﬁne) oL 0SS Units
Incremental recovery - 3756.460 Bbl
Carbon - intensity (generator) ~ 14.700 14.390 kg CO,_eq/Bbl Oil
Nanofluid consumption - 0.424 kg/ Bbl Oil
Steam Oil Ratio (SOR) 0.560 0530 Bbl water eq/Bbl Oil

Improvements on environmental indicators are obtained for hybrid
technology concerning conventional steam technology, reflected
in a lower carbon-intensity index and reduction of SOR, which
indicates better energy efficiency requiring less steam per barrel
of oil produced and a lower water cut.

Likewise, as a complement to the environmental impact analysis,
Figure 12 shows the flow diagram of the relevant unit operations
that occurred in a conventional cyclical steam injection process.
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Figure 12. Analysis of operations carried out in the cyclical
injection of steam.

In contrast, Figure 13 shows the process diagram for hybrid
technology that presents an additional benefit from the use of
naphtha-based nanofluids in the use of raw materials in situ with
the technology used for crude oil transportation. The latter could
imply a subsequent reduction in their use, considering the current
naphtha requirements in the conventional process and comparing
it with that of hybrid technology.
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Figure 13. Analysis of operations carried out in hybrid
technology.

CONCLUSIONS

0 The development of this innovative numerical simulation
methodology for hybrid cyclic steam injection processes enhanced
with solvent and nanocatalysts enabled an accurate representation
of numerical effects observed in each steam injection cycle. This
approach effectively captured the impact of nanocatalyst presence
(or absence) on the production of gases associated with pseudo-
aquathermolysis reactions.

0 The hybrid technology showed a notable reduction
greater than 18% for the CO, production compared to conventional
cyclical steam injection. This is attributable to the presence of
nano-catalysts, which generate an increase in oil production, thus
achieving a more energy-efficient process with this technology.

o} The best environmental indicators were obtained with
the hybrid technology concerning conventional steam technology,
reflected on a lower carbon-intensity index and reduction of SOR.
This indicates better energy efficiency by requiring less steam per
barrel of oil produced in both cases, and a lower water cut.

0 The environmental impact analysis of the scenarios
evaluated concerning the base case aled to determine a positive
impact regarding improvement in energy efficiency and a reduction
of carbon footprint reflected in lower carbon intensity, among others.
The foregoing proves that hybrid steam technology with naphtha-
based nanofluids not only generates positive impacts on productivity,
that is, greater recovery compared to the conventional technique,
but also positively impacts energy efficiency, and reduces the carbon
footprint.

The authors would like to thank Ecopetrol, S.A. specially,
the Vice Presidency of Science, Technology & Innovation and
ICPET for the permission to publish this paper.
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