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Abstract

Reducing greenhouse gas (GHG) emissions remains a significant challenge for both nations and the industrial sector. One promising
approach is to leverage advances in oil reservoir exploration technology to store GHGs in geological formations while simultaneously
using the injected CO: for enhanced oil recovery (EOR). This study builds upon previous research that identified the Lower U
(LU) sandstone as a suitable candidate for large-scale geological GHG storage. Initially, a thorough reservoir characterization was
conducted, and geological data were analyzed to construct both static and dynamic models of the LU formation. Additionally, a fluid
model was developed to match historical production data. The study emphasizes determining the minimum miscibility pressure
(MMP) to estimate production potential and assess the increase in recovery factor through CO.-based EOR. The field’s partial water
drive presents two key characteristics: a significant decline in reservoir pressure and a low water cut, making the PRH field a strong
candidate for this technology. Numerical simulation was employed to examine the interactions between the reservoir, crude oil, and
CO:.. This analysis aims to understand the behavior of COz-enriched oil and evaluate improvements in fluid mobility once MMP is
achieved. The selection of injection wells was based on strategic parameters such as proximity, sand continuity, production rate, well
completion, and permeability distribution. Reservoirs in the Oriente Basin are currently in the mid-depletion stage, making them
ideal for CO: EOR implementation. Supported by updated geostatistical models, this study refined the porosity and permeability
distributions and determined the MMP to be 2,935 psi. History matching was performed through multiple adjustments to improve
the agreement between simulated and observed production. Furthermore, oil recovery efficiency from CO: injection was compared
to water-alternating-gas (WAG) injection scenarios.

Results indicate that CO: injection alone increases the recovery factor by 25%, while WAG injection yields a 14% increase.
However, WAG results in lower CO: production, allowing a larger volume of GHGs to be stored in the formation.

Proposing this EOR approach for the sandstones of the Oriente Basin presents both a technical challenge and a valuable
opportunity. It contributes meaningfully to emissions reduction while also enhancing the recovery of residual oil.
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Resumen

Reducir las emisiones de gases de efecto invernadero (GEI) sigue siendo un desafio importante tanto para las naciones como para
el sector industrial. Un enfoque prometedor consiste en aprovechar los avances en la tecnologia de exploracién de yacimientos
petroliferos para almacenar GEI en formaciones geoldgicas y, al mismo tiempo, utilizar el CO: inyectado para la recuperacion
mejorada de petréleo (EOR).

Este estudio se basa en investigaciones previas que identificaron la arenisca Lower U (LU) como una candidata idénea para el
almacenamiento geoldgico de GEI a gran escala. Inicialmente, se realiz6 una caracterizacion exhaustiva del yacimiento y se
analizaron los datos geolégicos para construir modelos estaticos y dindmicos de la formacion LU. Ademas, se desarrollé un
modelo de fluidos para comparar los datos histéricos de produccién. El estudio hace hincapié en la determinacién de la presion
minima de miscibilidad (MMP) para estimar el potencial de produccién y evaluar el aumento del factor de recuperacién mediante
la EOR basada en CO..

El empuje parcial de agua del yacimiento presenta dos caracteristicas clave: una disminucién significativa de la presién del
yacimiento y un bajo corte de agua, lo que convierte al yacimiento PRH en un sélido candidato para esta tecnologia. Se
empled simulacion numérica para examinar las interacciones entre el yacimiento, el petréleo crudo y el CO.. Este andlisis
busca comprender el comportamiento del petréleo enriquecido con CO: y evaluar las mejoras en la movilidad de fluidos una
vez alcanzado el MMP. La seleccién de los pozos de inyeccion se bas6 en parametros estratégicos como la proximidad, la
continuidad de la arena, la tasa de produccion, la terminacion del pozo y la distribucién de la permeabilidad.

Los yacimientos de la Cuenca Oriente se encuentran actualmente en la etapa de agotamiento medio, lo que los hace ideales
para la implementacién de la recuperacion mejorada de petréleo (EOR) con CO.. Con el apoyo de modelos geoestadisticos
actualizados, este estudio refiné las distribuciones de porosidad y permeabilidad y determiné un MMP de 2935 psi. Se realiz6 un
cotejo histérico mediante multiples ajustes para mejorar la concordancia entre la produccién simulada y la observada. Ademas,
se compard la eficiencia de recuperaciéon de petréleo mediante la inyeccién de CO: con escenarios de inyeccion de agua-gas
alternado (WAG). Los resultados indican que la inyeccién de CO: por si sola aumenta el factor de recuperacién en un 25%,
mientras que la inyeccion de WAG produce un aumento del 14%. Sin embargo, el WAG resulta en una menor produccion de COz,
lo que permite almacenar un mayor volumen de GEI en la formacién.

Proponer este enfoque de recuperacion mejorada de petréleo (EOR) para las areniscas de la Cuenca Oriente presenta tanto un
desafio técnico como una valiosa oportunidad.

Palabra clave: Captura y almacenamiento de carbono, recuperacién mejorada de petréleo, simulacién numérica.

1. Introduction. Carbon dioxide capture and geological storage is a
technology that could be used to reduce carbon dioxide
emissions to the atmosphere from large industrial
installations such as fossil fuel-fired power stations
by 80-90%. It involves the capture of carbon dioxide
at a large industrial plant, its transport to a geological
storage site and its long-term isolation in a geological
storage reservoir (Holloway, 2007).

Industrial activity is directly linked to CO, emissions,
and the oil & gas industry faces real challenges in
identifying opportunities for improvement to reduce
these emissions. Currently, both society and governments
are incorporating the fight against climate change into
their policies. Energy companies must develop plans to
mitigate these climate effects, and one of the strategies

is the capture of CO, in geological formations. Geological CO, storage projects have already been

established; the Sleipner project (North Sea), which
stores approximately 1 million tons of CO, annually,
has been in operation since 1996. Geological CO,
storage may take place either in reservoirs where
the sole purpose is CO, storage, e.g. in saline water-

— ) . bearing reservoir rocks, sometimes known as saline
change and ocean acidification are to be avoided. As  {,mations or saline aquifers, or in oil and gas fields

well as having the potential to reduce emissions from . 4] seams, where it may contribute to enhanced oil

large stationary point sources, in the longer-term CCS recovery (Klusman, 2003) (Wilson & Monea, 2004).
may be able to contribute to CO, emission reductions

in the transport sector by providing a low-carbon route
to hydrogen production from fossil fuels .

CCS has become the focus of significant interest
because fossil fuels are likely to remain a major source
of primary energy for decades to come (IAE, 2005);
decades in which it will be necessary to reduce carbon
emissions to the Earth’s atmosphere if serious climate

Geological structures for sequestration of CO, do not
really need any important technological development,

8 Revista Fuentes, el reventén energético - Vol. 23 Num. 1



CCS and Enhance Oil Recovery in LU Sandstone in Oriente Basin

because the technology has been developed and applied
by the energy industry for hydrocarbons exploration
and production (Marifio & Moreno, 2018) fig. 1.

Geological storage of CO, is considered a viable option
due to its abundant and secure storage capacity,
and several geological storage options have been
identified, including depleted oil and gas reservoirs,
deep saline aquifers, coal seams, basaltic formations,
and clastic formations. Depleted oil and gas reservoirs
are geological formations that have been depleted of
their hydrocarbon reserves. A study by the International
Energy Agency (IEA) estimates that depleted oil and
gas reservoirs have the potential to store up to 2,500
billion tons of CO, globally (Haratian, 2023).

The storage of CO, in geological formations
requires a thorough understanding of the subsurface
geology and the potential risks associated with CO,
injection, such as subsurface pressure buildup and
potential leakage. Additionally, the development of
monitoring and verification techniques is essential
to ensure the long-term integrity of the storage site
(Matter et al., 2016).

There are many natural underground CO, fields around
the world (Stevens, 2005). These are identical to
natural gas fields in every respect apart from their gas
composition. Furthermore, many oil and natural gas
fields contain varying quantities of CO, mixed with the
hydrocarbon gases (Baines & Worden, 2004). Many of
these fields of both pure CO, and CO,-hydrocarbon
mixtures have existed for hundreds of thousands to tens
of millions of years. This proves that under favorable
circumstances large quantities of CO, can be retained
underground for appropriate timescales: the aim of
CO, storage is to identify places where such favorable
geological circumstances are present, and imitate
nature by storing CO, in them (Holloway, 2007).

Rocks suitable for CO, storage commonly occur in
major accumulations of sedimentary rocks known as
sedimentary basins that may be up to a few kilometers
thick and cover thousands of square kilometers.
However, although very common, sedimentary basins
do not occur in every country in the world. Nor are all
sedimentary basins suitable for CO, storage (Holloway,
2007), two factors have made carbon dioxide (CO,) an
attractive resource target in some areas. First, research
has shown that the injection of CO, into some “watered-
out” reservoirs can substantially increase oil recovery.
Second, the increase in the price of oil in the 1970s
has made some of these enhanced recovery operations
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economically viable (Studlick, Shew, Basye, & Ray,
1990).

The research assumes a constant CO, injection rate,
even though in real-world conditions, the availability
of gas can vary over time or change due to operational
reasons. This study does not focus on determining the
sources of CO,; however, it does consider the storage
and utilization of this gas for Enhanced Oil Recovery
(EOR) once injected. Therefore, strategies for selecting
injector wells are analyzed with the objective of
influencing the production of nearby wells to increase
the recovery factor, improve field productivity and
profitability, and assess fluid production behavior
following CO, injection.

In CCS-EOR projects, however, there is a need to
receive and inject a constant CO, flow as captured at
the emitter points (Yafiez, Ramirez, Nuflez, Castillo,
& André, 2020). A constant CO, flow can be managed
by staggering the drilling and injecting operations in
phases, as necessary to approximate continuous CO,
delivery (King, Gulen, Cohen, & Nuifiez, 2013).

Fig. 1. PRH field Lower U reservoir static model.

2. Materials and methods.

The PRH field was discovered by Texaco-Gulf through
the drilling of PRH-1 (depth 10,173 ft) in 1968 (Fakher
& Imgam, 2010).

The research focused on gathering geological data to
characterize the PRH field. Information on rock and
fluid properties served as the foundation for creating a
static model that allows for the analysis of parameters
and their influence on CO, storage and fluid movement
within the LU sandstone. The development of the
dynamic model will help determine the best strategy
when selecting CO, injector wells, aiming to achieve
the dual objectives of increasing the recovery factor and
storing the gas. For this reason, various possibilities
will be evaluated, considering well location, sand
thickness, production history, preferential flow paths,
and communication between wells (injector-producer).
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The field was selected due to its low water cut and
the steep decline in reservoir pressure, a result of the
presence of a partial aquifer that leads to an early
pressure and production decline. The workflow for
developing the research is illustrated in fig. 2.

1. Well
and
sei_smic
2.
-5' FIOW Structural
simulation
model
4, 3.
Reservoir Geological
grid model: 9.k

Fig. 2. Reservoir characterization and modelling workflow.

3. Location of the study area, land use and
geological structure.

PRH is an oil field located in the Oriente Basin of
Ecuador. The field has been under oil production for
55 years, with the explored area situated to the west
of the main fault. The LU sandstone has undergone
geological studies and has production data available.
As of April 2024, the total field production was 4,556
BOPD, with the LU sandstone contributing 830 BOPD
and 96 BWPD (fig. 3a). The reservoir’s annual decline
rate is approximately 22%, and it has 1,229 MBBL
of reserves (fig. 3b). LU production is higher in the
central and southern areas of the field compared to the
northern area, where it is less exploited (fig. 3c).

The field is equipped with 2D and 3D seismic
processing (1,473.4 km?) acquired in 2013. Several
seismic reflectors or markers with strong and stable
acoustic impedance responses across the field were
identified, including: Napo Top (TNP), B Limestone
Top (TCB), and C Limestone Top (TCL).
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The Napo Top (TNP) represents the unconformity
between Napo and Tena formations. The Limestone
Top (TCA) is the most stable and continuous marker,
representing the interface between a high-velocity
limestone (50-60 ft thick) and the overlying and
underlying lower-velocity rocks (shales and sands),
identified as a maximum positive “Onset.” The B
Limestone Top (TCB) marks the interface between the
U shale and the entry into the T sand, interpreted as
a maximum positive “Onset.” The C Limestone Top
(TCL) corresponds to the C limestone, which is the
least stable as the entry into the Hollin sandstone is
highly variable and does not represent a strong velocity
contrast.

PRH has three hydraulic zones separated by changes
in lithofacies, leading to different oil-water contacts in
the reservoirs of the Napo formation (U and T).

Seismic interpretation defined the structure as an
anticline (oriented N-S, 20 km long with an average
width of 4.5 km) with an eastward-dipping reverse
fault, having a NNS-SSO direction. In 2020 in PRH
field, three compartments were defined: the northern
zone, PAD H-central zone, and the southern zone.

The sedimentation environment of the “U” sandstone
belongs to fluvial channels and delta bars, with these
bars being linked to channels and regressions. The
sedimentation direction is almost parallel to the trend
of the structure; for this reason, the reservoir varies
from one well to another and is divided into:

« Upper U Formation: Friable quartz sandstone,
light gray, very fine to fine grain, subangular to
subrounded, with calcareous cement, showing
good presence of hydrocarbons and exhibiting a
whitish-yellowish fluorescence.

« Lower U Formation: Firm, light brown,
monocrystalline quartz sandstone; hyaline, firm,
medium-coarse grain, subangular, poor sorting,
slightly siliceous cement, with traces of glauconite,
saturated with hydrocarbons. It exhibits a quick
cut and whitish-yellow fluorescence (Loor &
Ruiz, 2022) (Ruiz, 2019).

Revista Fuentes, el reventén energético - Vol. 23 Num. 1



CCS and Enhance Oil Recovery in LU Sandstone in Oriente Basin

o - - - — - e ———
CAFC: FRROHLPCL RESERVORICG U TIPO, FORD PTG,
PPRO CRARA, PETRCLED: bblid
1 (a) - PRI CWARAACLR beiid)

400 —

800 —

303045 313045
WC.OILCUR_DIARIO { Mbbl 3
oF § TEE T
0 932 1368
hoo20021 +— 10020021
(c)
hoo1s031 10018031
0016031 10016031
10014031 10014031
hoo1zo21 10012031
0040031 40010031
EREREEN SR 1R 10008031
—  ijoooeoz1 7 10008031
* ho0odoz 10004034
0002031 10002031
202945 208045 207045 3200045 211045 212045

Fig. 3. PRH oil field data, decline curve and oil bubble map.

Historically, 13 wells have produced from the LU
reservoir in the field; currently, only 4 wells are
actively producing. The following table presents the
current status of the wells.

Well Reservoir Status
P-2/P-3/P-3B/P-9/P-11/P-13/P-
21/P-18/P-22/P-25 LU Closed
P-10/P-20/P-17/P-6 LU Producing

Table 1. Wells status PRH field.

4. Description of simulation model.

To study the PRH field using numerical simulation,
a static model of the LU sandstone was constructed.
The simulation grid was scaled from the geostatistical
model’s grid, and the structural model of the sandstone
enabled the numerical simulation of CO, injection and
oil production in the LU formation.

The scaling was performed along the vertical axis,
with careful consideration to ensure that the scaled
petrophysical properties retained their vertical
distribution. The dynamic model consists of 16 layers.
The simulation model grid is composed of 93x324x419
cells in the X, Y, and Z directions. The distribution of
the layers per unit and the thicknesses in the dynamic
model are presented in Table 2.
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Reservoir Thickness ft N° of z layers Unit
LU 59.51 15-1 Oil sands
Shale 34.1 16 Seal rock
Sandstone 41.66

Table 2. Simulation model information.

The areal grid was not scaled to maintain the properties
of the geostatistical model.

The lateral dimensions of the blocks are approximately
50 x 50 meters.

The petrophysical analysis of PRH-9 indicates a
formation with relatively clayey developments, featuring
variable thicknesses ranging from 4 ft to approximately
30 ft, predominantly composed of clays, mudstones,
and fine to medium-grained clayey sandstones, with
sporadic intercalations of medium to coarse-grained
quartz sandstones and calcareous sandstones. The latter
correspond to the oil-bearing thicknesses in wells PRH-
3 and PRH-8 (Ayala, Taday, Rivero, & Céndor, 2024).

The average porosity is 11.6% (regular &), water saturation
is 16.6%, and the oil-water contact (OWC) is located at
approximately 8767 ft True Vertical Depth (TVD).

The permeability map of “LU” was generated from
the petrophysical interpretation of well logs, fig. 4.
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To the east of the fault, permeability exhibits better
characteristics, decreasing from south (300-600 mD)
to north (25-200 mD), and the central zone has a
permeability ranging between 25-200 mD (Ayala,
Taday, Rivero, & Céndor, 2024).

[ ———
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ss653586

-
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Fig. 4. Permeability, porosity and saturation PRH field.

In the Napo formation (U, LU, Upper T, and Lower
T), the production behavior and reservoir pressures
confirm that the production mechanisms involve rock-
fluid expansion, gas in solution, and a partial water
drive contribution.

The energy of Lower “U” is depleting, influencing a
decrease in production. The average pressure approaches
the bubble point pressure (1485 psi), forming a gas cap
around the wells and causing a production decline (Loor
& Ruiz, 2022). The estimated initial reservoir pressure
for December 2022 was determined to be 1300 psi.

The Build Up analysis of PRH-13 (860 psi) and PRH-
18 (1740 psi) located in the southern part confirms that
pressures are approaching the bubble point. On the
other hand, PRH-32 has a high reservoir pressure of
3131 psi as it is a new well drilled in 2022; however,
its reservoir pressure will decline rapidly because
PRH has a partial aquifer reservoir pressure, leading
to a decrease in production, which is typical for the
PRH field. The analysis considered pressure data since
1983, and at that time, the initial reservoir pressure
was 3782 psi at a reference datum of 8570 ft (Ayala,
Taday, Rivero, & Céndor, 2024).

Lower “U” is at an average depth of 11,500 ft Measured
Depth (MD), isolated from the surface and freshwater-
bearing formations by significant impermeable
formations within the Tertiary formations deposited
over the Tiyuyacu formation. These include the clays
of the Tena formation, shales, and upper limestones
of the Napo formation. All these features, along
with a limited extent of the existing main fault that
does not reach the surface, create different zones of
low permeability, preventing the injected CO, from
ascending to shallow aquifers and the surface (Ayala,
Taday, Rivero, & Céndor, 2024).
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The structures responsible for oil accumulation in PRH
field, and generally throughout the Sacha-Shushufindi
structure, exclusively affect pre-Cretaceous formations
and the basal terms of the Cretaceous, without any
influence on the sedimentary sequence from the
Tertiary to the present.

The potential freshwater reservoirs (shallow aquifers)
are entirely disconnected from the productive oil
zones. Over 8000 ft of rock column separates the
hydrocarbon-producing sandstone from the shallow
Ieservoirs (PETROPRODUCCION, 2022), and more
than 11,500 ft (MD) from the surface.

The research focuses on identifying the area and
establishing wells that meet all parameters necessary
for a CO, injection process, while also improving the
recovery factor and storing the gas in the reservoir LU.
The sandstone is part of the anticline located in the
PRH field. Numerical simulation is part of this study
and will allow for the exploration of various scenarios
to optimize the process.

4.1. PRH field model.

The geological model is constructed from the structural
and stratigraphic model; for the grid, a cell size of 50 x
50 meters was considered. By analyzing the well logs,
lithology and the thickness of the LU in each well are
observed, allowing the establishment of the number of
layers based on the average thickness of LU obtained
from all wells (45 ft). In this case, there will be 18
layers for the sandstone LU.

After scaling the porosity log (J), population was
carried out according to the variogram. @ varies
between 0 — 22%, as shown in fig. 5. The permeability
model considered information from conventional
core analysis, with population based on the equation
obtained from linear regression correlating effective
porosity with absolute gas permeability, Eq.1.
k=1.0465*e/(0.3659*Q) Eq.1

After scaling the water saturation log, water saturation
population was performed. The WOC (Water Oil
Contact) was determined for the northern, central,
and southern regions at -8767 ft, -8686 ft, and -8600
ft, respectively, with the lower limit of the oil at
-8797 ft. Considering the LKO (Lowest Known
Oil), the structural map of LU, and the PRH fault,
the polygon that estimates the OOIP (Original Oil in
Place) is determined, resulting in 145 MMSTB for the
developed model.
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B

Fig. 5. (a) Porosity model, (b) numerical model LU sandstone.

Wi Paranuacy GEM SIMGALISS POROPERM. dar1 = | 5] & || Wivaranuacs cem suacaiss pORCSERM dar s = SO B
Pormeability | (md) 2027-08-01 K layer: 1 Porosty 1978-11-01 K layer: 1
- o x 1,010,000 | ,F':’:“““ ! 1,010,000 1,020,000 1,090,000
: 2307/
Normal Scores Variogram Match g ggg‘:ﬁ",ﬁ%‘, 8 g-
3 -~ 2 wax 10010 z g
\ o4 | s Linits: ft 2 ol
. & 8 8
26, J y !
o R,
82004 k= § - 0218
EX L = 8 g
2 | 5 =
s/ ed 2 2 ., g9
: o 5
L8 ol
8 w1 ‘0.179
§, 1 0,159
g b ‘B
4278 8551 12827 7102 21378 e i\t & g 0.139
Lag Distance (1) = -2 E
Actusl Horizontal Vanogram Pnnceal Axis il = 21 ong
Maded, Herizental Vasegram Prncipal Axis Hi:8 ]
+ = 30 pairs, Horizontal Variogram Principal Axis g iffe 1 Mo
» < 30 pairs, Horizontal Variogsam Principal Axs 3 E 3
- Actual, Horizontal Vanogram Minor Axs g (|| 1
— Moded, Harizontal Vasicgram Minor Axis = [ | Po.0s0
+ = 30 pairs, Harizontd Variogeam Minar Axis o -8 g:
= 2 20 pirs, Horzontal Variogram Minor Axis @™ 3 0.080
— Athus, Vertical Variogram ] E
Maded, Vertical Vatogram § o 0.040
+ = 30 gairs, Vertical Variogram 8 [ il | ’
+ < 30 pairs, Vertical Variogram s r
Variance, z 0.020
o
Fig. 6. Variogram porosity and permeability.
PP aau G 1A SIMGAUSS POROPLRM dat 1 el R | WL Prahuacti GEM_ SIMGAUSS POROPERM dat 3
CMGLCustom_PORO_MOD 2027-06-01 K layer: 1 Porosity 1978-11-01 K layer: 1
890,000 1,000,000 1.010.000 1.020.000 g E';r p:’:“"“ 1,000,000 1010000 1,020,000 1,030,000 1,040,000 :—,'L'u:lp‘:::"“"
| Date; 23/07/2¢ Date: 23/0772(
2 Scale: 1:1258] @ g Scale: 1:1373
o | 1.00:1 : S 1 vixX: 1,000
| xis Units: ft § § Axis Units: ft
-8 )
g g ' i
E ) g 0219 8 8 0219
2 o PR HG.027 o <] &1
1 0.196 i = 0,199
g g S
B 2 0173 E 1 0179
8 B e g
P 2 0.140 2 1
g o 2 g
o ]
0.126 g o
] g 0.103 @ g
fid g 5 ]
g 3 0.080 ] 2
B g S
0.057
e g 0.034 ] g
g g £ 3
§ s
a 0.011
g B4 g B
L0012
B ]
=
a2 b5}
g 8
| 990,000 1,000,000 1,020,000 f 1000000 1010000 1,020000 1030000 1,040,000

Fig. 7. Reinterpretation of porosity and permeability.
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4.1.1. Geomodel.

Initially, realizations were created using Gaussian
Geostatistics to develop several geomodel cases
(right) for the population of porosity and permeability,
employing well log information from DPHI and a
mathematical correlation for permeability, fig. 6.

However, a geological interpretation by a geophysicist
in the Rescue file, named PORO_MOD (left), was
reviewed. This interpretation revealed the presence of
a channel and numerous blue blocks representing low
porosity zones in the northern part of the model. For
this reason, it was decided to use the geological model
provided in the original Rescue file, fig. 7.

4.2. Models of reservoir fluids and boundary
conditions.

CMG-GEM version 2019 is the software used for
simulating CO, injection into the LU sandstone. The
static model was developed in Petrel.

The PVT data from well P-2 was used to validate
the reservoir oil characteristics of LU (9477 ft). To
validate the PVT analysis data, material balance tests,
Y-function linearity, and density tests were employed.

Having  up-to-date PVT (Pressure-Volume-
Temperature, table 3) analysis is crucial for accurately
defining the Minimum Miscibility Pressure (MMP) of

the fluid with CO,. Only with this pressure value is it
possible to accurately assess the performance of CO,
injection in the reservoir. Detailed PVT analysis allows
for the determination of thermodynamic and flow
properties of oil and gas under varying pressure and
temperature conditions, ensuring that CO, injection
is performed under optimal conditions. This not only
maximizes Enhanced Oil Recovery (EOR) efficiency
but also minimizes associated risks and ensures better
project planning and execution, contributing to long-
term economic and technical feasibility.

PVT data is required for analyzing oil behavior once
it interacts with the injected CO, and for establishing
an equation of state in the fluid model developed in
WinProp, which must match laboratory analysis results.

PVT provides basic information such as the bubble
point pressure (1485 psi). The GOR (Gas-to-Qil
Ratio) is obtained from the separator experiment, and
the differential pressure test measures the change in
gas released by an oil fluid when pressure decreases.
This information is used to understand gas release
and adjust production parameters. The Constant
Composition Expansion (CCE) experiment assesses
changes in fluid properties as the composition of oil
varies. Finally, MMP is obtained from the slim-tube
test; swelling determines the relationship between
saturation pressure, swelling factor, and the volume of
injected CO,,.

Well Sand Top ft Bottom ft Pb psia uoi cp uob cp Boi by/bn
2 U 9448 9462 1485 1.301 1.05 -
b E-6 G ity Oil densit
Bobbybn O GOR Sci/ppl 03 gravity Oildemsiy@ T °F Pi psia
psi-6 (Aire=1) Pb gr/cc
1.348 11.72 463 1.186 0.7481 28.2 202 3639
Gas chromatography LU reservoir
. carbon .
nitrogen methane .. ethane water propane i-butane n-butane
dioxide
26.04 31.52 3.76 15.27 0.74 15.54 4.6 1.01
G
. ro.s S Net Heating Molecular Compresibility
i-pentane n-pentane+ n-hexane + n-heptane+ Heating .
Value Weight Factor
Value
1233.5 BT 1127.9 BT .1 1b/lb-
0.82 0.53 0.15 0.02 33.5 BTU/ 9 BTU/ 30.11b/1b 0.9921
ft3 ft3 mol
Density S.G. Density Sand Well P (psi) T °F Date
0.0799 1b/
f3 1.0462 1.2804 Kg/m3 Ul 32 160 80 7/5/2021

Table 2. LU - Oil PVT and gas chromatography.
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4.3. CO, Injection.

The injection of carbon dioxide into oil fields is one
method of enhancing oil recovery that has been used
commercially for more than 40 years (Whittaker &
Perkins, 2013).

Displacement of reservoir crude oil by CO, is
a complex process that includes mass transfer,
capillary forces, and gravitational effects. Partial or
complete miscibility of CO, with oil entails a change
in its rheological properties and contributes to its
ability to flush previously immoveable oil from the
reservoir. Fluid saturation conditions in the reservoir
and prior moveable oil displacement and recovery
have significant impacts on the process of displacing
additional oil with the aid of CO, (Al-Shargabi,
Davooid, Wood, Rukavishnikov, & Minaev, 2022).

CO,-EOR (Enhanced Oil Recovery) is a technology
aimed at recovering residual oil in medium depletion
reservoirs through CO, injection under miscible
conditions (fig. 8, left). CO, injection can also be
used to maintain pressure as an immiscible process.
Miscibility conditions are achieved above the
Minimum Miscibility Pressure (MMP).

Among the benefits of CO, injection compared to
other methods are: extracting light to intermediate
components from the oil, having lower gravitational
segregation compared to CH4 and N2 (Rogers &
Grigg, 2001), and improving oil recovery (Alston,
Kokolis, & James, 1985) while reducing greenhouse
gas emissions to the atmosphere (Holt, Linddeberg, &
Wessel-Berg, 2009).

CO, is a highly versatile and efficient oil recovery
agent in low permeability, carbonate, and dipping
reservoirs. Its advantages include:

* Replacement or improvement of water flooding
(Jarrell, Fox, Stein, & Webb, 2002).

» Tertiary oil displacer (Stevens, Fox, & Melzer,
2001).

*  Miscible and immiscible modes.

* Increasing popularity of CO, injections (Moritis ,
2000).

*  Lower gravitational segregation compared to CH4
and N2 (fig. 8, right).

Qil Viscostty - Cenfipoise at Reservoir Condifions
01 1 10 100 1000 10000 100000 1000000 09
EOR Method ; ; ; ; i —=CH4
Hydrocarbon- | Very Good | More I 08 1 o2
Miscible Good Difficutt i
Nitrogen and More 0.7
Good :
Flue Gas Difficult 0
- Very More '
CO, Flooding Good Good Diffcult 8 g |
20
Surfactant/ ‘ , | Very : | ae
Polymer Good Fair Diffcuit Not Feasible .E 04 4
=
Polymer ‘ Good  Fair | Difficut Not Feasible | 2 034
Alkaline ‘ Good  Fair | i Not Feasible | 02
. May Mot Be - 0.1
Fire Flood ‘ i I Good | Not Feasible | ,/
: (Can Be | | | | 0 T T : 1
SteamDrive | \rertooged) Good 0 S00 1000 1500 2000 2500 3000
Source: Larry Lakg Pressure, psi
Fig. 8. Screening criteria for EOR. Gravity segregational (Rogers & Grigg, 2001).
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Fig. 9. Swelling text, experiment design, PRH field.

4.4. Minimum Miscibility Pressure (MMP).

The Minimum Miscibility Pressure (MMP) is the
lowest pressure at which oil and CO, are completely
miscible. The MMP depends on the crude oil
composition and reservoir conditions and is specific
to individual oil compositions. It must be determined
through laboratory analysis, such as using a slim-
tube apparatus or conducting an upward bubble-point
experiment.

These experiments provide the pressure values
required for optimal mixing between the two fluids.
It is important to note that the MMP is dynamic, and
these changes must be analyzed to understand their
impact on oil recovery. Therefore, MMP is a crucial
parameter for effective CO, injection and optimizing
residual oil recovery.

Miscibility refers to the ability of two fluids to dissolve
in all proportions, forming a homogeneous mixture.
Miscibility conditions create a reduction in interfacial
tension (IFT). By injecting CO,, the goal is to ensure
that the gas and oil in the reservoir form a mixture that
enhances mobility and recovery of the residual oil,
thanks to the reduction in interfacial tension, which
improves fluid mixing and increases displacement
efficiency.

Once the fluid model, including PVT, differential
liberation experiment, constant composition expansion,
and swelling test (CO,), was completed, the MMP
(Minimum Miscibility Pressure) was obtained with the
help of CMG’s WinProp. In this case, it was assumed
that the multiple contact miscibility pressure value is
2935 psi.

16

4.5. Swelling test.

The simulation model applied the analogy criterion,
using Swelling Test data from a case study in Canada to
determine the Minimum Miscibility Pressure (MMP).

This was feasible due to the observed similarity in
crude composition and reservoir conditions compared
to the original study field. This approach allowed for
the extrapolation of swelling test results, facilitating
a precise and efficient evaluation of the optimal
conditions for CO, injection in the PRH field, as
described in the following experiment, fig. 9.

*  Gas Mole Fraction.

This column indicates the molar fraction of injected
CO, in the mixture. It represents the proportion of CO,
in the mixture with the oil.

»  Sat. Pres. Estimate (psia).

In the “Estimate” subcolumn, the estimated saturation
pressure is shown in pounds per square inch absolute
(psia) for each gas mole fraction.

» Exp. Sat. Pressure (psia).

Indicates the experimentally measured saturation
pressure in psia for each gas mole fraction. This is the
pressure at which the CO,-oil mixture is in equilibrium.
+  Exp. Swelling Factor.

Includes the experimental swelling factor for each gas
mole fraction. The swelling factor is the ratio between
the volume of the mixture after CO, injection and the
initial oil volume. A swelling factor greater than 1
indicates that the mixture volume has increased due to
CO, injection.
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4.6. Model study design.

The dynamic model of the PRH field considers a
hydraulic unit consisting of a geological unit, which
is the LU sandstone, fig. 5. The field is bounded by a
sealing fault located to the east of the field. The LU
unit behaves as a volumetric reservoir without an
active aquifer, as verified by historical adjustments.

For PRH, the study incorporated conventional core
analysis data from well P-8 for LU. fig. 5. shows the
permeability population (spatial distribution) based on
Eq. 1 obtained from the linear regression correlating
effective porosity with absolute gas permeability.

Relative permeability curves generally contain a high
degree of uncertainty, as laboratory measurement
conditions differ from in-situ reservoir conditions. The
endpoints of the relative permeability curves determine
the amount of Oil Originally in Place (1-Swi) and
the recoverable movable oil (1-Swi-Sor) within
the reservoir. Shifting these points to lower values
increases the oil available for production, delays water
breakthrough in wells, and reduces pressure drop.

Due to the lack of precise laboratory data, these
extreme points have a high degree of uncertainty, which
would justify their modification (within a physically
reasonable range) during calibration, fig. 10.
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Fig. 11. (a) Regional porosity modifiers, (b) Regional permeability modifier.

4.6.1. Quality Control of Porosity Distribution in
the Reservoir.

These regional modifications to the grid
allowed for a better match in oil production for
well P-6. Preferred flow directions were im-
proved, and the aquifer drive mechanism was
optimized, contributing to a more accurate fit.

The changes are supported by the fact that part of
this grid was defined using geostatistics, which
provided more conservative results for the geo-
logical model. Low porosity and permeability
restricted flow to well P-6, as shown in fig. 11.

4.6.2. Equations of State - Fluid Model.

Using CMG’s WinProp, the fluid data were entered,
as shown in fig. 12a. The design of the equation of
state for the reservoir fluid was based on the following
parameters:

*  Crude composition up to C7+

*  Saturation pressure

*  Constant composition expansion
» Differential liberation test

*  Separator test

*  Swelling test

18
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Fig. 12. a) Equation of state modeling, (b) First contact and
multiple contact miscibility calculations and PRH field.

Based on this information and the corresponding
regressions for each test, the fluid equation of state
model was adjusted with laboratory data. It was
observed that the composition did not include heavy
fractions, which introduces uncertainty in the behavior
of these fractions. Additionally, the laboratory
analyses date back 10 to 20 years, which may not be
an adequate indicator for representing the current state
of our reservoir fluid.
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The adjusted equation of state model (fig. 12a) will allow
for the estimation of the Minimum Miscibility Pressure
using the available multiple contact experiments in
CMG’s WinProp. The Minimum Miscibility Pressure
for this fluid is 2935 psia (fig. 12b).

4.6.3. History matching a full PRH field LU
reservoir simulation model.

The history matching of the PRH dynamic model was
developed after implementing several modifications
aimed at reproducing the historical field behavior
and explaining the current conditions of the flow
units before proceeding to the prediction stage. These
modifications initially included adjusting the model
pressure, in which historical observed pressures were
compared with simulated historical pressures. The
next step was the adjustment of the model saturations,
i.e., adjusting the total field production of water and
oil, and individual well production (water cut).

Finally, bottom-hole flowing pressures (BHP) of each
well and production indices were reviewed. During the
history matching, parameters with the highest degree
of uncertainty were adjusted but always in accordance
with the geological model and within the physical
ranges of each parameter.

Forthe general history matching, the model was initially
changed from a black oil model to a compositional
model, incorporating the composition previously
adjusted with laboratory data into a Rescue model that
considered the previously defined static data.

Endpoints of the relative permeability curves (Fig.
10) were modified to increase oil mobility. A bottom
aquifer was considered using the Carter-Tracy model
with a radius ratio of 10.

Modifications were also made in the ‘Numerical’
section to avoid convergence errors in material
balance calculations for compositional modeling
(GEM). Additionally, aqueous phase solubility was
not included; Henry’s constants and Vinfinity were
removed to prevent convergence errors. A water
viscosity of 0.35 was considered.

The model achieves an 85 to 90% match with historical
data, with a more conservative result, providing
a safety margin to represent future optimization
scenarios (fig. 13)

Oil Prod Rate SCTR - Default-Field-PRO,FIELD

2,400
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2,000

1,800

(bbl/day)

Oil Prod Rate SCTR
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— FIELD, Oil Prod Rate SCTR, Parahuacu_GEM_MOD01_AQ_FULLFIELD.sr3
- FIELD, Oil Prod Rate SCTR, Parahuacu_GEM_MOD01_AQ_SUBMODELO.sr3
o Default-Field-PRO, Oil Rate SC, ProduccionHistorica.fhf

Fig. 13. Oil production history matching a full field reservoir simulation model.
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Fig. 14. Streamlines simulation PRH field submodel.

Oil Prod Rate SCTR - FIELD

1,600
1,500 FARS
1,400 = o ! i .
570 | ... |- e : e
1,200 '
1,100
1,000
900 lu
800

| |
700 §
o0 | R
500 ‘

400 |
300
200

Oil Prod Rate SCTR (bbl/day)

100 :
|
1983 1988 1993 1998 2003 2008 2013 2018 2023 2028 2033

- FIELD, Oil Prod Rate SCTR, Parahuacu_SUBMODEL02034.sr3

- FIELD, Oil Prod Rate SCTR, Parahuacu_SUBMODELO2034_CO2_FLOOD.sr3

— FIELD, Oil Prod Rate SCTR, Parahuacu_SUBMODEL02034_CO2WAG.sr3

- FIELD, Qil Prod Rate SCTR, Parahuacu_SUBMODELO2034_WATER.sr3

Fig.15. Forecasting oil production in waterflooded, WAG and CO, injection.

20 Revista Fuentes, el revent6n energético - Vol. 23 Num. 1



CCS and Enhance Oil Recovery in LU Sandstone in Oriente Basin

4.7. Injection and production well selection.

The wells were selected based on: location, current
production, distance, reservoir continuity, and
streamline analysis. Historically, 13 wells have
produced from the LU in the PRH field, of which
only 4 are currently in production, as detailed in Table
1. The wells’ locations are detailed in fig. 14, which
represents the sub-model developed for a more specific
study of the relationship between injectors (P-7 / P-40)
and influenced producing wells. Additionally, the sub-
model aims to optimize simulation times.

4.8. Sub model and streamlines.

The streamlines were meticulously calibrated to
accurately represent the material balance exchanges
at the edges of the sub-model, as shown in fig. 14.
This calibration ensures that the production history
obtained aligns consistently with both the full
field model and the sub-model. This congruence
guarantees that the sub-model accurately reflects the
reservoir’s real conditions, allowing for much faster
calculations in future advanced simulations and
providing opportunities for production optimization
development.

4.9. Results and forecasts.

The simulation conducted in the PRH field, in the LU
formation, demonstrated that the EOR technique using
CO, injection represents an excellent development
opportunity. The results showed a significant
improvement in production, which was sustained for
approximately 10 years. Recovery increased by 25%
with CO, injection, by 14% when simulating Water

Revista Fuentes, el reventén energético - Vol. 23 Num. 1

Alternating Gas (WAG) cycles, and by 8% with water
injection, fig 15.

The WAG (Water Alternating Gas) technique proved
to be the most recommended among the evaluated
techniques. This method is effective in preventing
CO, from rapidly reaching the production wells, thus
avoiding operational issues and reducing the potential
for corrosion. Additionally, the alternating injection of
water and gas significantly improves oil displacement,
optimizing hydrocarbon extraction from the reservoir.
As a result, more efficient and prolonged recovery is
achieved, extending the field’s life and enhancing the
project’s profitability.

49.1. CO, Flood.

In the CO, injection graphs (fig. 16), it can be observed
that the injector well P-7, due to its limited connectivity
with the upper formations, was unable

to adequately contribute energy to the system. As a
result, wells P-6 and P-17 did not receive sufficient
drive to exhibit preferential flow. However, thanks to
the natural influx energy primarily provided by the
aquifer (previously modeled during the full field model
history matching stage) and the low-pressure support
from the injector, production was maintained.

In contrast, the proposed injector well P-40 shows
better connectivity with the formation due to the
surrounding static properties and characteristics.
It provided more energy, resulting in a significant
increase in oil production for the neighboring wells.
The process is described in table 4.
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Fig. 16. Location of the injection wells (P-7 / P-40) in PRH field, sub model, CO, injection.

Well Fig. Observations
P2 17a Well experiences a production reactivation with a peak of 330 bbl/d due to the drive mechanism of the
aquifer and CO, injection influenced by injector well P-40
Well shows a production increase with a peak of 500 bbl/d due to the drive mechanism of the aquifer
P-10 17b and CO, injection influenced by both injector wells P-40 and P-7 (with P-7 having a greater influence
according to the streamlines)
P20 17c Well has a production increase with a peak of 300 bbl/d due to the drive mechanism of the aquifer and CO,
injection influenced by injector well P-40
P11 17d Well P-11 reactivates its production with a peak of 80 bbl/d due to the drive mechanism of the aquifer and
CO, injection influenced by injector well P-7
P6 176 Well P-6 shows an increase in its current production with a peak of 75 bbl/d due to the drive mechanism of
the aquifer (largely) and CO, injection influenced by injector well P-7
Well P-17 experiences an increase in its current production with a peak of 700 bbl/d due to the drive
P-17 17f mechanism of the aquifer (largely) and CO2 injection influenced by injector well P-7. This well could be
optimized to better utilize the energy by employing operational constraints to maintain a production plateau
Table 4. LU - CO, flood injection prosses.
Effect WAG
injetion on Pressure
Well Fig. . J drop year of Observations
improve well aDDearance
productivity (bls/d) PP
P-2 experienced a production reactivation with a peak of 175 bbl/d
P-2 19a 175 2033 due to the aquifer drive mechanism and WAG injection influenced by
Injector Well P-40
Production increase with a peak of 188 bbl/d primarily due to WAG
P-20 19b 188 2033
injection influenced by Injector Well P-40
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P-10

19¢c

365

Well experienced a production increase with a peak of 365 bbl/d due
to the aquifer drive mechanism and WAG injection influenced by
2033 Injector Wells P-40 and P-7. However, by 2033, there is a production
decline compared to the base case, indicating that operational
constraints may need to be adjusted to maximize performance

P-17

19d

570

Well initially had a production increase with a peak of 570 bbl/d
due to the aquifer drive mechanism (primarily) and WAG injection
influenced by Injector Well P-7. This well exhibits a very steep
production decline and, by 2026, shows lower production than the
base case. Optimization could be achieved by adjusting operational
constraints to maintain a production plateau

2026

19e

96

Well reactivated production with a peak of 96 bbl/d due to the aquifer
- drive mechanism and WAG injection influenced by Injector Well P-7.
There is no observed decline in production

P-6

19 f

47

Well initially experienced a production increase with a peak of 47
bbl/d due to the aquifer drive mechanism (primarily). However, it
2026 shows a sharp decline to 7 bbl/d by 2026, with WAG effects being felt
later, maintaining a flow rate of 12 bbl/d in subsequent years. This
production is lower than forecasted

Table 5. LU — WAG flood injection prosses.

Regarding the observed streamlines, it can be seen that a significant portion of these flow lines originate from areas
external to the sub-model, indicating that the reservoir energy is being assisted by the aquifer drive mechanism.

Modifying the oil properties with CO, injection allows for a larger zone of mobile oil, which directly impacts the
increase in oil production, approximately a 25% global increase compared to the base case.
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Fig. 17 (a) EOR oil production for CO, injection. Streamlines simulation - CO, injection
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Fig. 17. (b-d) EOR oil production for CO, injection. Streamlines simulation - CO, injection
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Fig. 17 (e-f). EOR oil production for CO, injection. Streamlines simulation - CO, injection.

4.9.2. Water Alternating Gas WAG.

Fig. 18, illustrates the alternating flow of CO,and water
from the injector wells to the neighboring production
wells. Fig.15, shows a reduction in oil production,
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which corresponds to a decrease in the energy
delivered to the system and the available mobile oil.
This reduction is due to the hybrid injection strategy
(Water Alternating Gas, WAG).

Fig. 18 Location of the injection wells (P-7 / P-40) in PRH field, sub model, WAG injection.
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Fig. 19.(a-c) EOR oil production for WAG, Streamlines simulation - WAG injection.
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Fig. 19 (d-f). EOR oil production for WAG, Streamlines simulation - WAG injection.
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The WAG strategy is based on the need to reduce the
flow of CO, to the wells, as this action helps to prevent
potential corrosion damage to surface equipment.

The flow behavior from the injector wells to the
producers is similar to that observed in the case of
direct CO, injection. This similarity arises because the
petrophysical properties of the original grid were not
modified. The process is described in table 5.

4.9.3. CO, Saturation.

For CO, injection, simulations indicate a pore volume
storage of 20.8 million ft3 of CO, in the reservoir
(1164-ton of CO,), as shown in fig. 20a (3D plot with
statistics on the right). However, the pink dotted line
in the gas production graph (bbl/d) shows that the
surface flow can reach up to 12 million ft3/d of CO,,
as illustrated in fig. 20b. This could potentially lead to
future issues for surface facilities.
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Fig. 20. CO, injection (a) Gas mole fraction, (b) Gas production Sub model PRH field.

WAG (Water Alternating Gas). In alternating water
and CO, injection, a reduction in the CO, volume in
the reservoir to 7.18 million ft3 (436-ton of CO,) is
observed, as shown in fig. 21a. However, this strategy
also resulted in a decrease in the CO, flow rate,

reaching a maximum value of 1.76 million ft3/d, as
depicted in fig. 21b. This suggests that WAG presents
an advantage by allowing for the optimization of
operational variables and practical implementation of
injection.
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Fig. 21. WAG injection (a) Gas mole fraction, (b) Gas production Sub model PRH field.
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Fig. 22. Water saturation (a) CO, injection, (b) WAG injection.

4.9.4. Water Front Movement.

Water front movement was advanced according to the
aquifer drive assigned in the Full Field model. For the
case of CO, injection, the pore volume occupied in the
cells is 15.9 million ft3 (fig. 22a). In the case of WAG-
CO, injection, the water saturation increased relative
to the volume of the injector wells, with a pore volume
of 29.9 million {3 (fig. 22b).

5. Conclusions.

The simulation conducted on the LU formation
demonstrated that Enhanced Oil Recovery (EOR)
through CO, injection represents a significant
development opportunity. The results showed a notable
improvement in production, which was maintained for
approximately 10 years. Recovery increased by 25%
with CO, injection, by 14% with water-alternating-gas
(WAG) simulation, and by 8% with water injection.

WAG proved to be the most recommended technique
among those evaluated, as it is the most effective in
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preventing CO, from reaching the surface quickly.
Additionally, the alternating injection of water
and gas significantly improves oil displacement,
optimizing hydrocarbon extraction from the reservoir.
Consequently, this results in more efficient and
prolonged recovery, extending the field’s lifespan.

The study demonstrated that geological storage of
CO, can be accomplished in the LU formation. This
sandstone is part of the structure responsible for oil
accumulation in the Sacha—Shushufindi corridor and is
a reservoir that can accommodate CO, in the injector
wells P-40 and P-7. The CO, storage volume, based on
the formation’s properties, is 2.08E+7 ft3 with direct
CO, injection, and 7.18E+6 ft® using the WAG method.
It was shown that the WAG method results in lower
gas production compared to direct CO, injection, thus
providing more efficient CO, storage by reducing
the surface return volume. This confirms that the LU
formation can safely confine the gas.
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6. Recommendations.

It is recommended to conduct an optimization study
using artificial intelligence (AI) for the project’s
operational parameters. This advanced technology can
analyze large volumes of data and identify patterns to
continuously adjust and improve operations. Applying
Al would not only optimize production and efficiency
but also identify opportunities to reduce costs and
minimize risks. Ultimately, this would make the project
more profitable and sustainable in the long term,
ensuring maximum utilization of available resources
and enhancing strategic decision-making.

Some studies propose alternatives to reduce the amount
of injected CO,. This study only presents WAG as an
alternative.

Controlling CO, mobility makes it possible to increase
oil recovery more cheaply and efficiently, with
associated positive effects that mitigate CO, entering
the atmosphere (Fakher & Imgam, 2010). There are
several ways to adjust the CO, phase when injecting it
into the reservoir to increase oil recovery: CO,~water
alternating gas (WAG) injection, Polymer additives for
direct thickening of CO,, In situ polymer gels for CO,
conformance control, preformed polymer gels for CO,
conformance control, surfactant-assisted CO, mobility
control, NP-enhanced CO, flooding (Massarweh &
Abushaikha, 2021) .
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