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ABSTRACT

The objective of this work is to determine the CO, storage capacity of the Lower “U” reservoir and identify a sealing formation
that does not compromise the integrity of the PRH field in the Oriente Basin.

Information obtained from drilled wells in the field, such as core analyses, logs, thin sections analyses, and pressure-transient
analyses, were utilized to evaluate the petrophysical properties, the reservoir quality, and the reservoir fluids. Also, petrophysical
properties were determined by different methods to address the uncertainty in the measurements. All these properties were utilized
in the static and dynamic model to understand the behavior of the Lower “U” reservoir under CO, injection as a mechanism to
increase the recovery factor (i.e., enhanced oil recovery (EOR) through CO, injection). The continuity and adequate CO, storage
capacity of the Lower “U” reservoir were demonstrated. The presence of a sealing formation of ultra-low permeability/porosity
(shale, limestone) above the Lower “U” reservoir provides a safe geological storage system for greenhouse gases (GHG). The
central area of PRH field has the best characteristics for CO, injection due to low reservoir pressures. Additionally, the azimuth
providing greater stability for the CO, injection process was determined, preventing the generation of micro-fractures in the
Lower “U” and the communication of the sandstone with other formations.

The study incorporated existing information from the oil exploration of the PRH field, and various methodologies were applied
to determine petrophysical parameters. Characterizing the Lower “U” provided crucial details about the reservoir, fluids, and
lithology. The theoretical storage volume for the Lower “U” reservoir was 9.13 million tons of CO,. This work is one the very
first to assess the carbon capture and storage (CCS) in the Oriente Basin to reduce the environmental impact of GHG emissions.
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RESUMEN

El objetivo de este trabajo es determinar la capacidad de almacenamiento de CO, del yacimiento “U Inferior (LU)” e identificar
una formacion en el tope del reservorio de baja permeabilidad que sea sello para no comprometer la integridad del campo PRH
en la Cuenca Oriente.

La informacién obtenida de pozos perforados, anélisis de nicleos, registros, andlisis de secciones delgadas y anélisis de presiones
transitorias, fue empleada para evaluar las propiedades petrofisicas, la calidad del yacimiento y los fluidos del yacimiento. Ademas,
las propiedades petrofisicas se determinaron por diferentes métodos para disminuir la incertidumbre en las mediciones. Todas
estas propiedades analizadas se utilizaran posteriormente en el modelo estatico y dindmico para comprender el comportamiento
del yacimiento “LU” bajo la inyeccién del CO,, el cual sera utilizado como un mecanismo para aumentar el factor de recobro
(es decir, recuperacion mejorada de petroleo (EOR) a través de la inyeccion de CO,). Se demostro la continuidad y la capacidad
adecuada de almacenamiento de CO, del yacimiento LU, asi como la presencia de una formacién de sellado de permeabilidad/
porosidad ultrabaja (lutita, caliza) sobre el yacimiento LU lo que proporciona un sistema de almacenamiento geolégico seguro
para gases de efecto invernadero (GEI). La zona central del campo PRH presenta las mejores caracteristicas para la inyeccion
de CO, debido a las bajas presiones del yacimiento. Adicionalmente, se determing el azimut que brinda mayor estabilidad al
proceso de inyeccion del gas, evitando la generacién de microfracturas en el reservorio y la comunicacion de la arenisca con
otras formaciones.

El estudio incorporé informacién existente de la exploracién petrolera del campo PRH y se aplicaron diversas metodologias para
determinar parametros petrofisicos. La caracterizacién de LU proporcioné detalles cruciales sobre el yacimiento, los fluidos y la
litologia. El volumen teérico de almacenamiento para el yacimiento LU fue de 9,13 millones de toneladas de CO,. Este trabajo
es uno de los primeros en evaluar la captura y almacenamiento de carbono (CCS) en la Cuenca Oriente para reducir el impacto
ambiental de las emisiones de GEI.

Palabras clave: CCS; Almacenamiento de CO,; Almacenamiento geoldgico; Reservorio; Arenisca; Petrofisica.

1. Introduction.

In Ecuador, GHG emissions for the year 2021 were  Geological data will enable the assessment of whether

37.9 kton of CO, eq (Ministerio de Energia y Minas,
2022). This value presents an environmental challenge
for the national oil and gas industry.

Geological carbon storage has been considered as a
potential technology for slowing down CO, emissions
to mitigate climate change (Bachu, 2000). Production
or depleted hydrocarbon reservoirs are the main option
for CO, storage due to their geological integrity,
physical properties, and adequate structure. EOR
methodologies, such as gas injection to improve the
sweep efficiency, have been used for many decades
(Silva, 2011). The Lower “U” reservoir can be
considered as a future CO, storage formation which
would reduce GHG emissions by utilizing currently
gas flaring as the injectant for EOR.

The analysis included 35 wells which produce 4464
BOPD in total (average 10 % BS&W). PRH field has
a reservoir depletion (from 3000 to 1300 psi) and oil
production decline, trend which makes it a good study
candidate.
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the Lower “U” reservoir meets the criteria for serving
as a CO, storage site. The reservoir evaluation should
consider depth criteria, permeability (K), porosity (9),
salinity of formation water, and geological structure
(Galarza, 2013). Assessing these features in the Lower
“U” reservoir is essential to ascertain its stability and
safety as a storage facility, providing valuable insights
for potential utilization in carbon capture and storage
initiatives.

2. Geological Background.

The PRH field was discovered by Texaco-Gulf through
the drilling of PRH-1 (depth 10,173 ft) in 1968 (Bady et
al., 2014). 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, as shown in Figure 1.
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Figure 1. Structural map of the LU sandstone reservoir.

In the PRH field, three compartments were defined: the
northern zone, PAD H-central zone, and the southern
zone. The analysis focuses on the different behaviors of
the producing reservoirs along the structure, influenced
by structural changes and validated by variations in
fluid salinity, as shown in Figure 1.

The division between the northern zone and PAD H
is marked by a structural change observed in seismic
data of approximately 90 ft, and they are separated to
avoid overestimating the Original Oil in Place (OOIP),
constrained by well PRH-25. The PAD H compartment
is limited to the south by wells with low prospectivity
(e.g., PRH-34) in its main reservoirs and a structural
lineament, controlled by the Water Oil Contact (WOC)
defined in well PRH-34.

The central-southern zone is controlled by the WOC of
the structurally lowest well in the area, well PRH-14
(Loor & Ruiz, 2022), as depicted in Figure 1.

Three hydraulic zones are defined, separated by
changes in lithofacies, giving rise to different water-
oil contacts in the reservoirs of the Napo Formation
(U and T).
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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.

e 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).

3. Geological Structures at the CO, Injection Site.

For Characterization and CO, Storage (CCS), the
reservoir’s continuity and connectivity between
injection and production wells are crucial. The analysis
area is situated on the western flank of the anticline in
the PRH field.

A correlation section was defined to visualize the
continuity of bodies, with a focus on identifying the
consistency in the thickness of the limestones located at
the boundaries of each cycle. While the main reservoirs
appear somewhat compartmentalized, they exhibit
good connectivity, defining minimal accommodation
lows. This connectivity is essential for effective CCS
operations in the PRH field.

In the PRH field, a pronounced thinning trend is
observed in the sands from south to north. The lateral
continuity of the Lower U is also reduced compared
to the T sandstone, with well PRH-3 exhibiting the
thickest sand interval (60 ft).

Applying the concept of sequence stratigraphy,
lithotypes were modeled, and a stratigraphic correlation
was generated. Figure 2 displays the correlation map
of wells PRH-33, 21, 20, 10, 18, 17, 16, 8, 15, 3, and
9, covering the entire field from north to south. This
correlation map provides insights into the distribution
and variations in lithotypes across the PRH field,
aiding in understanding the stratigraphic complexities
and thinning trends.

37



Diego Ayala, Angel Taday, Luis Rivero, José Céndor, Jearson Apaza

Figure 2. U: S-N Stratigraphic cross section.

4. Analysis and Discussion.

4.1. Porosity and Permeability.

The diagenesis of Lower “U” reveals the influence
of cementation and compaction on petrophysical
properties. This study presents the results of
porosity (J) and permeability (K) using different
methodologies. These parameters are necessary for
calculating CO, storage capacity. This analysis is
crucial because petrophysical properties are essential
characteristics in the configuration of reservoir rocks,
enabling the prediction of fluid behavior within the
reservoir (Catziz & Tobon, 2016).

Changes in sedimentation or deposition conditions can
lead to variations in porosity across different sectors
of the reservoir. Sediment heterogeneity is a crucial
consideration in these analyses (Castillo & Ortega,
2016). The reservoir’s quality and the continuity of the
LU sandstone determine the volume of CO, that can
be stored.

The acquisition methods of data provide information
at different scales. Core measurements offer insights
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into a very small sample, while well geophysical logs
provide information on a larger rock volume.

Porosity and permeability were determined using
core analysis from wells and open hole well log
analysis. The integration of information from both
direct and indirect methods was employed to establish
representative values for LU (Figure 3).

The study also incorporates a well test analysis (Build
Up) that provides valuable information, particularly
due to its scale, allowing focused insights into the
productive sandstone (Castillo & Ortega, 2016).

The initial analysis focuses on diagenesis to understand

its influence on petrophysical parameters defining
reservoir quality.
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Figure 3. Methods for estimating petrophysical parameters.

4.2. Diagenesis.

The diagenesis of the rocks has a direct influence
on the properties of the rocks and therefore on the
quality of the reservoir. Cementation, for example, can
significantly alter the quality of a reservoir and intense
compaction can reduce porosity (Wang et al., 2019).

In the petrographic analysis of Lower “U” at well
PRH-8, two main lithologies were identified: quartz
sands and calcareous quartz sands. The mineralogical
composition is predominantly characterized by
monocrystalline quartz, with some sectors displaying
fracturing and secondary growth of quartz grains.
Grain sizes range from lower fine to upper fine and
lower coarse.

The observed contacts exhibit various characteristics,
including point contacts that are concave or convex,
both in specific sectors and throughout the formation.

Table 1. Textural characteristics PRH-8 (Endara, 2015).

Additionally, floating contacts were noted in the
calcareous quartz sands (Endara, 2015).

The diagenetic processes analyzed in the
sedimentological study based on core samples involve
physical, chemical, and biological aspects. The dominant
physical process is mechanical compaction. Among
the chemical processes, primary siliceous cementation
is noted, along with significant secondary calcareous
cementation and minimal pyrite authigenesis. In terms
of biological processes, marginal sandy sediments show
minimal bioturbation. Sorting is moderate to good. The
matrix is composed of clays deposited in intergranular
spaces or resulting from feldspar dissolution.

Siliceous cement is typically quartz deposited
as overgrowth on the grains. A summary of the
characteristics is presented in Table 1.

Depth 9552 9554 9555 9555.5 9556 9560 9561.3
T T it
Rock type Qua? z Quartz arenite Quartz arenite Quartz arenite Quartz arenite Quartz arenite Limestone
arenite calcareous
Grain size Fine Fine Fine Fine Very fine Medium Very fine
Roundness SBA-SBR-R SBA-SBR-R SBA-SBR-R SBA-SBR-R SBA-SBR-R SBA-SBR SBR
Sorting Well Well Well Well Well Well Moderately
Matrix rock Clay Clay Clay Clay Clay - -
Silicious Silicious Silicious Silicious o Silicious Silicious
Cements Silicious
calcareous calcareous calcareous calcareous calcareous clayey
Porosity (%) 15 15 10 10 8 1 Traces
Maturity Mature Mature Mature Mature Mature Mature Mature
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Primary compaction, along with quartz overgrowth
followed by calcite precipitation, are the main causes
of the loss of primary intergranular porosity (Estupifian
et al., 2006), with @ ranging from 15 to 10 %.

4.3. Sedimentological Analysis

In the Core analysis of PRH-8 (13 ft), 43 % consists of
sandstones, 37 % are fine clayey sediments, and certain
intervals are interspersed with laminations of fine
sandstone, while 20 % comprises calcareous sediments
(shell remnants and small bivalves, inoceramus). In
terms of texture, the grain sizes of the sandstones
have a classification ranging from moderate to good,

and sporadically poor. The grains are subangular to
subrounded, locally angular, rounded, with a moderate
to hard consolidation (Table 2).

The grain size is mainly between fine lower to
upper, with a smaller proportion of medium lower
to upper, sporadically coarse lower, and scattered
coarse upper grains. The roundness of the grains
in these sandstones varies from subangular to
subrounded, locally angular, and rounded. The
sandy sediments exhibit a preferentially moderate to
hard consolidation (Table 2).

Table 2. Microscope rock texture characterization PRH-8 field (Montenegro et al., 2015).

Depth (ft) 9552 9553 9554 9555 9555.1 9555.5 9556
Rock type QA QA QA QA QA QA QA
Gain size Fine/ Very  Fine / Very Fine / Very Fine / Very Fine / Very Very fine/  Fine / Very
fine fine / Medium fine / Medium fine / Medium fine Medium fine
Roundness ~ SBA-SBR SBA-SBR SBA-SBR SBA-SBR SBA-SBR SBR SBA-SBR
Sorting Well Moderately Moderately Moderately =~ Moderately = Moderately = Moderately

4.4. Lithological Composition, Texture, and Color
of Sandstones.

The analysis is conducted on the sandy intervals of

the core (each foot or half-foot), with emphasis on

granulometric changes. The sandstones exhibit a

modal lithological composition consisting of:

Quartz (58-97 %, variable), glauconite (Traces (Tr)-
1 %), clay matrix (Tr-3 %, typically 2 %), micas (Tr-1 %,
muscovite and sporadically biotite), framboidal pyrite
(Tr-1 %), organic matter (Tr-1-2 %, in the form of coal
laminations), residual hydrocarbon (Ti-locally 30 9%,
typically 2 %, tar), potassium feldspars (locally kaolinized)
and plagioclase (Tr-1 %), calcareous cement (20-40 %,
middle part of the core) (Montenegro et al., 2015).

Due to hydrocarbon impregnation, the color of the
sandstones ranges from light to very light brown (Figure
4.1), sporadically gray to light gray, exhibiting good
saturation (residual hydrocarbon, Figure 4.2), and white
(considerable residual cement, Figure 4.3) (Montenegro
etal., 2015).

Lower “U” includes some minerals (feldspars, plagioclase,
mica) referenced in the research findings “Evaluation of the
CO, Storage Capacity in Sandstone Formations”. Research
indicates that minerals such as calcite, dolomite, and clay
formed as a result of a reaction between CO, and other
minerals (K-feldspars, plagioclase, epidote, serpentine,
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chlorite, and mica) are environmentally friendly minerals
(Christopoulou et al., 2011).

Figure 4. Core photographs of fine-grained sandstone showing
hydrocarbon accumulation in LU.
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Between the petrographic-diagenesis and
sedimentological analyses, there is anoticeable similarity
in describing the textural characteristics of Lower “U”
and the influence that physical, chemical, and biological
diagenetic processes have on the reservoir.

For Lower “U”, a high content of sandstones is defined,
with a notable presence of fine clayey sediments and,
to a lesser extent, calcareous sediments. In terms of
texture, grain sizes indicate low variability, generally
moderate classification, and roundness ranging from
subangular to subrounded.

Additionally, information from various studies
conducted on Lower “U” is included, focusing
on characterizing petrophysical parameters and
determining their influence on the reservoir:

In the thin section analysis, it was observed that the
porosity is of intergranular type, with elongated shapes,
heterogeneously distributed, and poorly interconnected.
Locally, it is reduced or obstructed by organic matter,
silts, or secondary overgrowth of quartz grains. Porosity
varies from traces to 15 % (good @). Secondary porosity
is observed in clays (Endara, 2015).

Geological core analysis was applied to wells PRH-
8 and PRH-2 to determine the effective porosity
and absolute permeability of Lower “U”. Seven
samples from the interval at 9552 and 9564 ft were
considered, and experimental measurements of
porosity, grain density, and absolute permeability
were determined using the Boyle porosimeter. A
linear regression determined the equation correlating
effective porosity with absolute gas permeability
(Eq. 1). Additionally, absolute permeability
and Klinkemberg permeability (Porosimeter-
Permeameter) were found. Eq.1 Correlation

Qe — Rgps
k = 1.0465 * ¢(0-3659+0)
R% = 0.9984 W

Table 3a shows the results of absolute permeability
and Klinkemberg permeability; in well PRH-2, the two
measurements are similar, indicating a high permeability
of 384 and 371 mD. A value of 285 mD was obtained in
PRH-8, with the estimated porosity being 16 % (good
porosity) (YACIMIENTOS-CIGQ, 2015).

Table 3. Conventional core analysis and average petrophysical parameters interpretation (YACIMIENTOS-CIGQ, 2015).

(a) LU core analysis

Well PRH-8 Well PRH-2

3 (%) K (md) Density (g/cc) K (md) E;ﬁ‘:;gﬁ?:ﬁ D)
16.05 285.53 2.64 384.67 371.91
(b) Average petrophysical interpretation LU

Well Ho (ft) D (%) Sw (%) K (mD)
PRH-9 8.33 11.6 16.62 43.77
PRH-8 12 12.7 18.9 124.2
PRH-2 24 11.3 37.67 71.24
PRH-14 13.77 15.3 34.3 637.13
PRH-25 12 13.86 37.19 111.11
PRH-34 2.42 11.17 43.45 118.77

The petrophysical analysis of PRH-9 (Figure 5), 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

Revista Fuentes, el reventén energético - Vol. 22 Num. 2

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.
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The average porosity is 11.6 % (regular @), water
saturation is 16.6 % (Table 3b), and the oil-water
contact (OWC) is located at approximately 8767 ft True
Vertical Depth (TVD). Table 3b includes petrophysical
parameters from 6 wells in PRH, all of which exhibit
excellent permeability.

The permeability map of Lower “U” was generated
from the petrophysical interpretation of well logs.
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, as shown in Figure 5.

Figure 5. Petrophysical analysis of well log and permeability map LU.

Scanning Electron Microscope (SEM) analysis was
conducted on 8 samples (9552 - 9564 ft). The samples
correspond to grain-increasing strata at the top of very
fine to fine sandstones, which are subangular, with
regular sorting, elongated and tangential contacts,

siliceous cement, somewhat calcareous (Figure 6a).
At depths of 9561.3 and 9564 ft, the strata consist of
shale. Quartz is the predominant mineral and exhibits
secondary overgrowths, influencing the porosity of the
sandstone (Figure 6b) (Toala & Coello, 2008).

Figure 6. (a) Very fine-grained sandstone with regular sorting and subangular grains. Kaolinite (K) is observed. (b) Secondary
overgrowth and erosion of the quartz (Qz) surface (Toala & Coello, 2008).
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The porosity varies from 3 to 5 % (very poor porosity),
being null at depth; the average pore diameter is
40 pm, and clay content is 8 %. The identified clay
is kaolinite, primarily originating from feldspar
alteration. Kaolinite is present in its plate-like structure,

forming discontinuous blocks arranged massively
within the intergranular space. Although kaolinite is a
chemically stable clay, its high percentage can impact
the reservoir’s low permeability (Figure 7), (Toala &
Coello, 2008).

Figure 7. (a) Kaolinite clay (K) found between intergranular spaces. (b) Sandstone with zero porosity. Feldspars (Fd) are

observed between quartz grains (Qz) (Toala & Coello, 2008).

X-Ray Diffraction and Mineral Analysis (XRD) reveal
a high quartz content (84 %), kaolinite (11 %), and low
feldspar content (5 %), as shown in Table 4.

The petrographic microscope was employed to analyze
41 thin-section samples and determine pore size. The
lengths of the pores are mostly between 53.4 and 236
pm, and they have been lightly affected by diagenetic

phenomena. The pore size measurements are classified
as micro and macro pores, granulometrically equivalent
to silt to lower-medium sand sizes (Medina et al, 2011).
The effects of grain size, packing, compaction, and
solution/dissolution processes related to development,
preservation or loss of primary and secondary .
Additionally, all these processes configure various
variations between @ and K (Ma & Morrow, 1996).

Table 4. XRD analysis mineralogical composition total dust (%) PRH-8 (Estupifian & Pacheco, 2019).

Depth Silicate Phyllosilicate Carbanate Tectosilicates Sulfide
(ft) Quartz Kaolinite % Calcite % Fpto-K %  Muscovite% Pyrite/chalcopyrite%
9552.8 84 11 - 5 - -

Revista Fuentes, el reventén energético - Vol. 22 Num. 2
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4.5. Reservoir Rock

Reservoir quality is primarily controlled by
microscopic pore morphology and structural features
(Raeini et al., 2015). The reservoir quality of Lower
“U” is influenced by grain size and matrix content,
parameters controlled by sedimentary and diagenetic
processes, primarily compaction and cementation. The
quality of interconnected (effective) reservoir porosity
is reflected by the estimated and petrographically
observed porosity values (Endara, 2015).

The color of the sandstones results from hydrocarbon
impregnation and displays shades ranging from light
to very light brown, sporadically gray to light gray,
indicating good saturation. The few millimeter-scale
silty and carbonaceous laminations, as well as minimal
bioturbation present, would not significantly affect
the petrophysical conditions of the reservoir (9552
- 9555.5 ft). Considerable calcareous cementation
is observed in sandstones towards the base of the
core (Figure 4). The sedimentary paleoenvironments
identified in this core are marine and transitional or
marginal (Montenegro et al., 2015).

SEM analysis of the core concludes that Lower “U”
does not exhibit excellent reservoir characteristics.
The primary diagenetic process affecting the reservoir

is the secondary overgrowth of quartz, minimizing
permeability, and the presence of clay within the pores
results in minimal porosity.

When clay minerals are predominantly present
along the walls of the pores and throats, clay plays
a crucial role in influencing fluid seepage (Zheng &
Liu, 2015). Additionally, poor physical properties,
small throats, complex pore structures, and strong
heterogeneity in tight sandstone can pose a series of
complex challenges for oil and gas exploration and
development (Olson, 2009).

The clay content in Lower “U” reduces storage
capacity; however, the parameters identified in PRH
are acceptable. Lower “U” produces 223 bopd from
5 wells, indicating that the reservoir has permeability
sufficient for fluid displacement. Furthermore, the
sandstone has good hydrocarbon saturation despite
not having high porosity. These petrophysical
characteristics are favorable for CO, injection and oil
recovery.

The Build Up analysis (PRH-32) involves studying the
derivative curve, the diffusivity equation, and the data
to determine that the pressure restoration curve takes
on the typical shape of a fault (Figure 8), exhibiting
radial flow before the shut-in time.

Figure 8. LU Build Up - pressure curve and derivative curve PRH -32.

The model used is a homogeneous reservoir intersected
by faults and considers oil production. A permeability
(K) of 43 mD, effective porosity of 10 % (regular
porosity), and a formation damage of 4.45 (S>0,
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permeability reduction) were obtained, as shown in
Table 5. Similar results of permeability and porosity
were observed in four other analyzed wells.
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Table 5. Pressure buil Up test analysis, PRH-32- LU.

Pwf (psi) Reservoir Pressure (psi) J (stb/psi)

kh (mD. Ft) k (mD) Skin

1380 3131 0.32

643 42.8 4.45 10.3

4.6. Reservoir Pressure
In the Napo formation (U, LU, Upper T, and Lower

T), the production behavior and reservoir pressures
(Figure 9) confirm that the production mechanisms

Figure 9. LU Reservoir pressure - oil and water production.

The energy of Lower “U” is depleting, influencing
a decrease in production (Figure 9). 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 (Figure 9a).

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, 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.

In fig. 10, it is observed that in the northern and central
zones, pressures exceed 2000 psi due to recent oil
exploration. The southern zone has depleted pressure
values due to reservoir energy depletion from being in
production for more years.

Revista Fuentes, el reventén energético - Vol. 22 Num. 2

involve rock-fluid expansion, gas in solution, and a
partial water drive contribution.

Figure 10. Reservoir pressure distribution in LU.
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Due to the decline in production in recent years
(2015-2020, Figure 9b), there is consideration for
implementing an Enhanced Oil Recovery (EOR) pilot
project to increase the recovery factor by injecting CO,.

The principle of miscible gas injection lies in reducing
interfacial tension between fluids and eliminating
capillary forces. Injecting CO, into the formation
has become one of the preferred methods worldwide
(Ayala & Andrade, 2017). The CO, for injection will
be obtained from flare gas from neighboring wells to
reduce greenhouse gas emissions to the environment.

In CO, injection, pressure and depth directly affect the
CO,/water formation saturation, which is a challenging
parameter to characterize, introducing uncertainty
in estimating CO, storage capacity (Hurtado, 2009).
Additionally, pressure changes and geomechanical
effects caused by hydrocarbon production in the reservoir
can reduce the volume of CO, that could be stored
(Chadwick, 2007). For this reason, this study presents
the current pressure situation in Lower “U”, and based
on the aforementioned, it can be affirmed that PRH field
is a good candidate for CO, storage. It favors conditions
for maintaining CO, in a supercritical state, as indicated
by the methodology for storage in permeable formations
by Hurtado. Lower “U” meets the pressure (1058.7 psi)
and temperature (87.3 °F) values above its critical points,
with the sandstone averaging 208 °F and 1320 psi.

4.7. Seal Rock Integrity for CO, Geological Storage
Designing secure storage is the first step to ensuring
success in a CCS project. The caprock, faults and
fractures are parameters that define safe storage. A rock
with poor petrophysical characteristics is an excellent
seal rock, and the quality of the seal is given by the
geometry and integrity of the seal (Endara, 2015).

Some characteristic of the geology of the reservoir
provide security for the confinement of CO, but present
operational challenges, for example, seal rocks rich in
clay may have a reduced pore size, this combination of
parameters causes high capillary pressures, additionally
drag as a consequence of viscosity increases and the
mobility of fluids in the reservoir is limited (Espinoza
& Santamaria, 2017).

At the top of hydrocarbon reservoirs it is common
to find mud rocks and evaporites, one of the main
components of mud rocks is clay (Guéguen &
Palciauskas, 1994). One of the parameters that define
the quality of areservoir is the size of the pores and this
is influenced by cementation, diagenesis, depth and
compaction wich can reduce the porosity (Nygaard
et al., 2004). Additionally @ decreases exponentially
with effective stress (Chong & Santamaria, 2016).

Figure 11. Generalized stratigraphic column, Oriente Basin-Ecuador (Estupifian et al., 2010).
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Lower “U” (fig. 11, yellow sandstone) 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
(Figure 11, green), and upper limestones (Figure 11,
blue) 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.

In the master log of the last drilled well (PRH-32), it
is observed that LU is confined at the top by limestone
A, limestone M2, and limestone M1, and at the base
by limestone B. These lithologies are impermeable
strata, and indeed, these impermeable lithologies
provided the seal in the petroleum system of the LU

reservoir (Figure 12), Additionally, it is important to
emphasize that in the three fields (LGA — GNT - PRH)
comprising Block 56, there are no outcrops of LU.
Therefore, lateral contact with freshwater reservoirs is
improbable.

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
reservoirs (E.P. PETROECUADOR, 2022), and more
than 11,500 ft (MD) from the surface.

Figure 12. Master log, LU and cap rock section , M-1, M-2, A; PRH-32.
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Regional stress regime, faults and fractures affect
the geomechanical properties of the cap rock. The
magnitude of the pressure on the caprock depends on
its K, the location of the injection well. Analyzing
the geomechanical properties of the rock under
the effects of CO, injection is essential to identify
changes in the integrity of the cap rock. Changes
in stress state with CO, injection, and changes in
material properties are some of the variables that
must be analyzed (Kaldi et al., 2013).

Injection pressure can have secondary effects on the
seal rock such as mechanical deformation or damage
to the seal. Pre-existing faults or fractures can be
activated, this condition can be unsafe and does not
provide guarantees for storing CO, (Kaldi et al., 2013).

Figure 13. Mechanical stability of deviated wellbores.

4.8. Lower U reservoir fluids

The water salinity varies from 5000 to 87,800 ppm,
decreasing from the northern and southern zones
towards the central zone. The light oil ranges from
27.8 to 32.6 API and is uniform throughout the field,
with an average Gas-Oil Ratio (GOR) of 2000 scf/bbl
and a gas production of 1.36 MMscf Figure 14).

Taking into account studies on the influence of connate
fluids salinity on the minimum miscibility pressure
(MMP) of CO,, it is noted that CO, injection can alter
the physico-chemical balance between reservoir rock
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At a depth of 8987 ft, a geomechanical study is
available. The anticlinal structure of the field under
study has a north-south orientation, while the regional
formation stresses have an east-west orientation (Ayala
et al., 2018).

The mechanical stability graph of deviated wellbores
(Figure 13) depicts unstable zones in red and more
stable orientations in blue. In this case, from the PRH
field, the maximum horizontal stress (SHmax) is at an
azimuth of 45 - 225° N. At a depth of 9000 ft, the flanks
of greater stability are found at an approximate azimuth
between 0 - 90° and 190 - 270°. These orientations
provide greater stability and reduce the likelihood of
inducing microfractures when injecting CO, that could
connect Lower “U” with other formations.

and formation water, leading to changes in the physical
properties of the reservoir rock. Nevertheless, there
is a lack of research reporting whether and how these
interactions affect the MMP for formations with varying
water salinity (Pi et al., 2021). Consequently, the salinity
of Lower “U” is not expected to impact the MMP.

The central zone of PRH could store a greater amount
of gas, considering that the solubility of CO, decreases
with increasing water salinity (Galarza, 2013). This
concept is not a limitation for considering the entire
reservoir.
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The PRH field produces the lowest amount of water per
day (bwpd) in the entire Oriente Basin, with 532 bwpd,
of which 77 bwpd correspond to LU. The Basic Sediment
and Water (BSW) does not exceed 2 %. This condition
makes the field the best candidate for increasing the

Figure 14. Water salinity and API oil in LU - PRH field.

4.9. CO, storage estimation in LU sandstone
According to Ringrose, there are two main trapping
mechanisms for CO,: physical and geochemical.
The physical mechanism encompasses (a) regional
structural features at a sedimentary basin scale, (b) the
geometry of structural and stratigraphic traps, and (c)
fluid flow processes, including (i) capillary interfaces
between fluids and (ii) the retention of CO, as a
residual phase. Meanwhile, the geochemical trapping
mechanism involves (1) CO, dissolution in the brine
phase, (2) CO, precipitation, and (3) CO, adsorption
(Ringrose, 2020).

Considering that the Lower U reservoir is a siliciclastic
reservoir, insights into the behavior of CO, within this
type of reservoir were obtained from Baines’s research.
Baines demonstrates that when CO, is introduced
into pure quartz sandstones, it remains as a separate
phase once the formation water is saturated with CO,,.
Some minerals can be diluted by injecting CO2, such
as carbonates present in rock cement., but once the
formation water becomes CO, saturated, the remaining
injected CO, also persists as a separate phase (Baines
& Worden, 2004).

Wikilson’s findings indicate that geochemical reactions
are slow and relatively minor, typically accounting for
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recovery factor through secondary recovery and
Enhanced Oil Recovery (EOR) due to the limited
water potential in the LU sandstone as a result of the
partial water drive in the reservoir.

less than 5 %. The majority of CO, in the free phase
ranges between 80 to 95 %, with only around 2.4 %
stored in the mineral phase, similar to the dissolved
quantity (Wilkinson et al., 2009).

In summary, while geochemical aspects of CO, storage
can occur, the reaction rates are very slow, and the
amount stored is approximately 5 %.

Storage capacity can be estimated using reservoir
simulation or analytical approaches. In the subsequent
paragraphs, an analytical method has been applied to
estimate the amount of CO, that could be stored in the
Lower U sandstone.

With the aforementioned background, the capacity
for the Lower U reservoir in the PRH field has been
estimated using the analytical approach for CO, in
the free phase within a structural trap. Other trapping
mechanisms were not considered in this study.

Additionally, adopting the terms proposed by Bachu,
as shown in Figure 15, the Effective capacity for the
Lower U reservoir in the PRH field has been estimated
(using cut-off criteria).
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Figura 15. Techno-economics capacities pyramid (Bachu et al., 2007).

4.10. The input values were derived from the LU
sandstone

The area corresponds to the structural closure observed
at the top of the Lower U depth structure map, initially
measured in acres, with thickness in feet. However,

these measurements were subsequently converted
to square meters (m?) and meters (m) respectively,
yielding the following:

A: 9987 ac = 40,416.39 m?; thickness: 42.45 ft = 12.92 m,
see in right table of Figure 16.

Figure 16. Left: 3D view of 4 ways structural closure of LU sandstone. Right: Gross and net sand thickness and N/G ratio.

The CO, density at injection depth was read from the
following Density-Pressure cross plot, but extrapolated
to the TVD injection depth of Lower U reservoir,
assuming 10 feet below the structural closure, which
correspond to 8690 ft TVD, which transformed to
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meters is 2649 m TVD, see the dotted square of Figure
17. Additionally, the real conditions of Snohvit CO,
project were taken as reference, since it has been
injected since June 2008 at a depth of 2400m TVD.
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Figure 17. Density-Pressure crossplot showing properties of pioneer CO, storage projects; (A) Sleipner, (B) In Salah, (C)

Snghvit. In red square the proposed conditions used in LU estimations (Ringrose, 2020).

The formula used for the current estimation was as follow Eq. 2.

N
MCOZ=VbX(PXEXpCOZXSX(1_Swirr) )
All the variables values for LU reservoir of PRH field were as follow:
Table 6. Variables, description and values used for LU storage capacity analytic approach estimation.
Expression Variable Description LU- PRH Value
MCO, CO, Storage Capacity (tonnes) 9,138,220.1
Vb Bulk rock volume (m?) 522,179,829.9
) Porosity (dec) 0.119
N/G Net to gross ratio (taking away the shale content)(dec) 0.43
pCO, Density of CO, at injection depth (kg/m?) 760
€ Effective storage capacity of the available pore volume 0.60
Swirr Irreducible water saturation (dec) 0.25
(1 — Swirr) Maximum CO, saturation at the pore-scale (dec) 0.75
51
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4.11. Results of Lower U sandstone CO, Analytical
Approach

Once every variable of expression was obtained, they

were standardised at the same units, then multiplied,

the CO, storage capacity that Lower U Sandstone

Reservoir of PRH field was estimated in 9.13 million
tonnes of CO, (MtCO,), see Figure 18. This value must
be corroborated or contrasted with the 3D static model
analysis in future studies.

Figure 18. Excel spreadsheet with variables of equation and result and Lower U depth structure map clipped on

4-way structural closure.

4.12. Geomechanical risks

When stress magnitudes exceed the strength of the rock,
the reservoir may fail. There is the possibility of re-
activating faults when the maximum sustainable pressure
is exceeded, this phenomenon can create new flow paths
through which CO, can leak (Song et al., 2023).

5. Conclusions

* The Lower U reservoir exhibits continuous presence
across the PRH field. While the net pay and lateral
continuity decrease from north to south, the reservoir
maintains a generally favorable overall continuity

* Petrographic analysis revealed quartz arenites
and calcareous quartz arenites. The mineralogical
composition is primarily composed of monocrystalline
quartz.

* The dominant diagenetic process is mechanical
compaction, while the chemical processes involve
primary siliceous cementation and significant
secondary calcareous cementation. Mineralogically,
the samples exhibit a high quartz content of 84%, 11%
kaolinite, and a low content of feldspars (5 %).
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e Porosity is influenced by the secondary growth
of quartz grains, resulting in absolute and effective
porosity ranging from 3 to 15 %. This range aligns with
the recommended criteria for CO, injection (2>10%).
Permeability varies between 42 to 637 mD, and the
average wellbore skin factor is 4.5. Overall, the reservoir
exhibits favorable fluid storage characteristics.

* The top seal of the Lower “U” reservoir consists of
Limestone “A,” Limestone “M2,” and Limestone “M1”
with shale intercalations, while the base is primarily
composed of Limestone “B.” These formations
collectively create an effective sealing system for the
Lower “U” reservoir.

* The trajectory of injection wells, aimed at stabilizing
LU and avoiding premature microfractures during
CO, injection, is oriented at an azimuth approximately
between 0°-90° and 190°-270°.

¢ Central area of the PRH field is the best candidate
for CO, injection in the Lower “U” reservoir due
to the lower reservoir pressure, water salinity and
temperature. These characteristics allow injected CO,
to stay in a supercritical phase. The theoretical storage
volume for the Lower “U” reservoir in the PRH field is
9.13 million tons of CO,,.
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