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Abstract: The development of deposits with a complex geological structures is often accompanied by
a set of problems associated with optimal decision making. The efficiency of the entire development
system depends on the completeness and the quality of the analysis of reservoir parameters. This
paper presents methodological approaches for the study of carbonate deposits, and the development
of further steps to increase the efficiency of reserve recovery. The secondary transformation of
reservoir rocks, resulting in channels of increased conductivity, cracks, and caverns, plays a special
role in the nature of the recovery of hydrocarbon reserves from such deposits. Secondary cavernosity
leads to violations of the linear laws of fluid filtration in a porous medium, and complicates the field

performance prediction based on geological and hydrodynamic modeling. The studied geological
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well studies. Furthermore, the parameters of production wells made it possible to confirm that the
oil saturated and underlying water saturated formations have hydrodynamic connectivity due to

Carbonate Formations and Their the presence of vertical micro cracks. At the same time, the thickness of the bridge between the
Impact on the Efficiency of reservoirs directly affects the initial water cutting of well production, and further growth dynamics
Developing Hydrocarbon Deposits. of the water ratio are associated with the structural factors determining the initial oil content of
Energies 2022, 15,9002. https:// the reservoir. The combination of the obtained dependencies and the distribution model of the
doi.org/10.3390/en15239002 reservoir properties along the area made it possible to build a complex map reflecting the predicted

Academic Editors: Roman V. Klyuev development efficiency in certain areas. The integration of the results of various field studies on the
and Nikita Martyushev injection well stock established that a significant part of the water flows was injected into the water

saturated formation, which reduces the efficiency of formation pressure maintenance in the target
Received: 14 October 2022

Accepted: 21 November 2022
Published: 28 November 2022

formation. As a result, in order to reduce the low efficiency injection volume, switching to a more
rigid waterflooding system, in terms of the ratio of production and injection wells, is proposed with a

further decrease in the injection pressure inside the wells.
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is continuous, and should be constantly updated with new information that allows for
clarifying the distribution of geological parameters of the studied object [9,10].

The key parameters determine the successful development of the reservoirs under
conditions of permeability and net reservoir thickness are the number of reservoir beds,
discontinuity, secondary cavernosity, anisotropy of the properties in various directions,
etc. [11,12]. Each indicator has a certain influence on the movement of hydrocarbon to
the bottomhole of production wells, thus forming a general characteristic of the object’s
development [13-15]. Due to the high variability of properties even within a single reservoir,
the reserve recovery nature is often unique for each field, and requires a targeted approach
to improve oil recovery efficiency. A number of parameters are difficult to measure; they
are determined by indirect indicators including data on the operation of production and
injection wells [16-18], as well as mathematical modeling.

The fact that terrigenous reservoirs, being more productive, are gradually depleted [19-21],
and the contribution to the production and growth of the resource potential due to car-
bonate oil deposits annually increases, attracts great attention to carbonate objects. As a
rule, such objects are developed by taking into account a set of geological and technical
measures [22-24]. Today, the most high-tech are various modifications of acid hydraulic
fracturing and drilling horizontal wells with multistage hydraulic fracturing, including
complex wells such as Fishbone and Birch Leaf. The choice of well completion and stimu-
lation methods should be based on a detailed study of the geological structure [8,25]. An
equally important issue is the selection of optimal operating modes for production and
injection wells, the solution of which is designed to ensure development system balance
and the uniform advancement of the displacement front throughout the formation pore
volume [26,27]. These directions are indicative of the successful development of complex
geological objects, the effective management of which is aimed at increasing the production
degree of hard-to-recover reserves.

Geological features of carbonate formations are the source of an emergence of non-
standard currents when developing oil deposits. The presence of macro- and micro cracks,
cavities, and other changes in the rock matrix, as well as low values of filtration-volumetric
parameters, significantly complicates forecasting the operational performance and prevents
determining the optimal development strategy by common techniques. It is necessary to
introduce additional characteristics and analytical dependencies, based on the features of
the object under study, into the analytical procedure.

The goal of this study was to form a strategy for the effective recovery of reserves of a
carbonate object having a number of complicating factors. A number of tasks were solved
to achieve the set goal:

- Geological factors having a significant influence on the process of developing the
object in question were identified;

- The influence of the formed development system on the reserve recovery efficiency
was established;

- Reasons for the low efficiency of flooding were identified, and the direction to increase
it for maintaining the optimal regime of oil displacement to the faces of producing
wells was elaborated.

As a result, an integrated strategy for developing the object was drawn up, which
considers both geological features of productive formations and technological solutions,
such as a well density grid and waterflooding pattern rigidity.

2. Materials and Methods
The experimental works were carried out in the following order:

1. At the first stage, the geological structure features that may influence the process of
recovering hydrocarbon reserves were analyzed in detail.

2. Then, based on the operating characteristics of the well performance, the influence of
a number of geological properties on the development indicators was confirmed.
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3. Then, based on the complexation of the established influencing parameters, the entire
area of the object under study was divided in terms of the potential efficiency of
the development.

4. At the next stage, the dependence of the predictive oil recovery factor on the well
density grid was determined using the hydrodynamic modeling results. The results
of items 3 and 4 above allow for determining the optimal system of well locations,
taking into account its predictive efficiency.

5. At the final stage, the results of the research and field studies of water-injection
wells were summarized, which allowed the establishment of the pattern efficiency in
general, factors influencing this efficiency, and determining methods for improving
its productivity.

Let us consider the case of the Tournaisian stage deposits in one of the fields in the
Volga-Ural oil and gas province. The Tournaisian stage deposits include three productive
beds: Kizilovsky (Clksl), Cherepetsky (Clcrp) and Upino-Malevsky (Clml-up). The oil
content is confirmed in the Kizelovsky formation; the rest are water saturated. The oil
content distribution in the Tournaisian stage zones is presented in Figure 1.
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Figure 1. Change in the oil content of the Kizilovsky reservoir.

The reservoir has a complex geological structure. The main characteristics of the Clksl
reservoir are shown in Table 1.

Table 1. Comparison of boundary and mean values of the main petrophysical parameters.

Indicator Value
Average net oil thickness, m 6.3
Porosity, unit fraction 0.1
Oil content, unit fraction 0.76
permeability, 103 um? 8.0
Net sand, unit fraction 0.6
Sand-to-shale ratio 2.5

According to Table 1, the Clksl reservoir is low permeable and heterogeneous, with
high-viscosity oil. The pay zones are structurally consistent. The deposits are characterized
by the presence of secondary cavernosity. Figure 2 shows core images with characteristic
signs of secondary cavernosity.
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Figure 2. Images of the core of the Tournaisian stage; (a)-image of cavities and microcracks;
(b)-display of traces of rock leaching and small caverns; (c)-chaotic distribution of small cavities and
horizontal microcracks; (d)-photograph of a large cavity.

Photographs of the core material show disturbances in the structure of the pore space
associated with secondary processes of rock transformation, as a result of which cracks and
caverns are formed The geological features influence the object development indicators.
One of the distinguishing features of the well operation is the presence of water from the
start-up. The average water cut is 35%, while the Clksl reservoir itself has an extensive net
oil pay zone. Several factors influence the initial water cut and its further dynamics.

3. Results

One of the key indicators affecting water cut dynamics during development is the true
vertical depth of the reservoir, i.e., the lower the structural elevation, the lower the initial
oil content and, accordingly, the lower the reserves in the area. The performance indicators
of producing wells, uncovering productive sediments at various absolute depth marks of
the Kizilovsky top occurrence, were analyzed to study the above mentioned issue. Figure 3
shows the impact of the structural factor on the cumulative oil-water ratio (OWR) obtained
from well operation data.

According to Figure 3, the structural factor directly influences the water cut during
the operation.

The presence of water during commissioning is mainly explained by the hydrody-
namic connectivity between the layers of the Tournaisian stage. According to field geophys-
ical studies, there are multiple inter formational cross flows from the water saturated Clcrp
formation to the oil saturated Clksl, obtained over almost the entire area of the object. The
beds are separated from each other by a shale barrier with a thickness of 0.5 to 4.0 m. At the
same time, due to the presence of fracture noted according to core data, the barrier becomes
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permeable in case of a pressure drop. The additional load on the barrier is the man-made
impact taking place during drilling. Figure 4 shows a map of the shale barrier thickness
obtained from the well logging data.
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Figure 3. Impact of the true vertical depth of the reservoir top on the accumulated OWR.

- 0.0

0.7
1.3
— 20
2.7
E BB EEN
0 4500 9000
34 m

Figure 4. Map of the shale barrier thickness of the shale bridge between Kizilovsky and Cherepetsky
horizons.

The obtained map shows several characteristic areas, differing in the absolute size
of the shale bridge between the oil saturated Kizilovsky horizon and water saturated
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Cherepetsky horizon of the Tournaisian stage. To determine the influence of the inter stratal
interface thickness on the development efficiency, there are water cut indicators, obtained
when commissioning production wells, which were subsequently averaged within the
allocated blocks. Figure 5 shows a graph of the mean initial water cut across the area
depending on the water cut thickness to analyze the impact of the barrier thickness on the
water cut.
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Figure 5. Impact of the shale barrier thickness on the initial water cut.

According to Figure 5, the barrier thickness directly affects the mean initial water cut,
which will further characterize the reserve recovery efficiency.

In order to identify the most promising areas from the point of view of reserve devel-
opment efficiency, the mapping considered three factors: shale barrier thickness, structural
factor, and productivity in the form of a conductivity parameter; the product of permeabil-
ity by the reservoir net thickness. This problem was solved using the results of geophysical
studies, obtained during well drilling, correlation of productive sediments, and construc-
tion of petrophysical models based on the results of laboratory studies of the core material.
In this way, the maximum values were normalized according to the following formulas:

B = B’ B3 . B¥M 1)

1—n’
where B lp %! s the coefficient of the area potential efficiency, unit fraction; B lpjf is the standard

shale barrier thickness, unit fraction; Bfi’n is the standard coefficient of the structural

reservoir barrier top, unit fraction; B;‘fn is the standard conductivity factor, unit fraction.

The standard coefficients, in turn, are calculated using the following formulas:

grere
pere _ Pi (2)
A
Bstr — (CS — B?tr) (3)
o (cs—Bsny
1 max
Bl
B = B )
max

where B f “’ is the thickness of the shale barrier at the studied point, m; BEYS is the maximum
thickness of the shale barrier in the reservoir, m; Bft’ is the absolute elevation at the studied
point, m; CS is the conditional planation surface. In this case, it is assumed equal to
1000 m. Bf.‘h is the reservoir conductivity at the studied point, pm?-m; B, is the maximum
reservoir conductivity, pm?-m.
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The calculation of potential efficiency factors according to Formula (1) made it possible
to build a map shown in Figure 6.
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Figure 6. Change in the potential efficiency by areas.

The highest values on the obtained map characterize the potential for high develop-
ment efficiency: low initial water cut and accumulated OWR, as well as high productivity.
These areas are a priority for planning activities, including development drilling.

In order to assess the full potential for reserve development, there is a need to asses
the impact of the well density on the final oil recovery factor to enable further evaluation
of economic profitability. The object is divided into several areas, each differing in devel-
opment systems. A triangular grid with a distance between wells of 400 m is formed on
the drilled part. The formation pressure maintenance (FPM) system is a selective pattern
system. The identified areas differ in density of the formed system. Table 2 shows the key
indicators by areas and forecast results.

According to Table 2, the ORF, determined by the results of predicting reserve recovery
under the conditions of the existing development system using hydrodynamic simulation,
is exponentially dependent on the well density. The dependence is as follows:

In view of this, it is possible to perform a prompt estimate of the final oil recovery
factor by selecting different well densities and substituting them into the equation presented
in Figure 7.

Geology also affects the efficiency of reservoir pressure maintenance. To study this
process, the performance indicators of the injection wells in dynamics are considered in
detail, including changes in operating regimes when adjusting wellhead injection pressures.
In addition, the results of the field studies of wells and numerical methods of analysis are
involved. The connectivity between the Clksl and Clcrp zones has a negative impact on
waterflooding, since some of the water flows are injected into the non target, water saturated
Clcrp formation. Fracture filtration of the injected water is confirmed by the results
of field geophysical studies through inter formational cross flows between formations;
hydrodynamic studies showed the presence of linear flows to the fracture, as well as
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analytical methods: Hall plots [4] and the material balance method [5]. An example of the
analysis of the injection well operation according to the Hall Plot is shown in Figure 8.

Table 2. Development indicators for selected areas.

Parameter Area

1 2 3 4 5 6 Other
Initial oil in place, thousand tons 2078 8349 13,148 7018 7293 4778 7775
Initial recoverable reserves, thousand tons 384 2120 3563 1902 1896 1099 1938
Remaining recoverable reserves, thousand tons 374 963 524 1304 1519 701 1681
Cumulative oil production, thousand tons 10 1157 3039 598 377 398 257
Cumulative fluid production, thousand tons 89 3093 8314 1729 1112 1107 760
Water cut, % 76 72.8 74.9 68.4 76.5 74.8 76.3
Current OREF, unit fraction 0.005 0.139 0.231 0.085 0.052 0.083 0.033
Recovery of initial recoverable reserves (IRR), % 3 55 85 31 20 36 13
Cumulative injection, thousand m3 - 9657 17,973 4256 2383 773.6 852

Exhausted production/injection well stock, number 11/- 205/39  349/63 66/9 93/12 71/6 61/3

of wells
Well density, ha/well 150.9 15.5 12 33.5 35.4 41.6 79
Predicted ORF by HDM, unit fraction 0.007 0.203 0.304 0.156 0.097 0.106 0.048

Well density, ha/well
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Figure 7. Dependence of the oil recovery factor on the well density.
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Figure 8 shows that the curve slope changed when the injection was limited by a bot-
tomhole pressure drawdown, i.e., the flow mode changed, which is typical of the operation
in the fracturing mode. According to the calculations, when using the material balance
method, the proportion of water injected into non target intervals is 60-70%. At the same
time, according to the analysis of the well operation dynamics, there is a positive impact
of the injection established by changing the measurements of fluid yields, bottomhole
pressures, and water cut on the production well stock. Figure 9 shows the statistics on
changes in the performance of production wells after establishing the injection site.

IV. Q_ reduction
’ 29%
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11, Q_reduction
" i _ e
Q, reduction
II. Q_ increase "
. 13%
Q, reduction

1. Q increase

Q, increase
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Figure 9. Distribution of sites by changes in the parameters after injection (Qo, Qw are production
well oil and water flowrates).

According to the statistics presented in Figure 9, 52% of the sites had increased oil
production rates in the first year of FPM. For the main part of the remaining sites, changes
are insignificant; the effect is observed as the stabilization of indicators. Hence, injection
is generally effective, but to maintain its efficiency, a high current compensation must be
maintained; for this object, the compensation should be at a level of 200%, since part of
the injection goes into the underlying water saturated formation. To improve the injection
efficiency, there is a need to reduce the pressure on the barrier, thus reducing the amount
of flow. In this regard, we developed a strategy to improve the injection efficiency for
this target, which included the reduction of injection pressure and average injectivity in
the injection wells. At the same time, an increase in the waterflooding coverage by the
area should be planned at the expense of additional injection sites, i.e., the transition
to a more rigid pressure maintenance system in terms of the ratio of production and
injection wells: the current ratio is 5/1, and the target ratio is 3/1. The injection of blocking
compounds must also be scheduled in order to reduce leaks and redistribute the injection
across the area.

4. Conclusions
The conducted studies made it possible to establish the following:

- The main geological feature of the considered deposits of the Tournaisian stage is the
presence of fracturing, which provides a hydrodynamic connectivity between oil and
water-saturated formations;

- The shale barrier thickness between the beds, determined by logging, affects the initial
water cut;

- The structural factor has a significant impact on the change in the cumulative oil-water ratio;

- In order to determine the most promising areas in planning priority measures to
intensify the development of reserves, it is necessary to build maps that take into
account the barrier thickness, the structural factor and the potential productivity of
the area;
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- Well density significantly affects the oil recovery factor, and the resulting regression
equation can be used to estimate the ORF for the undeveloped areas, as well as for
other fields with similar geological conditions;

- The injection efficiency of the object is also influenced by secondary cavernosity, which
causes the inter formational cross flows confirmed by the data of various studies and
analytical assessment methods;

- In order to improve waterflooding efficiency, it is necessary to reduce the pressure
on the barrier to reduce the leakage of the injected water. Organization of additional
waterflooding sites with a more stringent development system in terms of the ratio of
production and injection wells should be planned.
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