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Abstract

The relevance of this study is due to the need to optimize the oil pro-
duction process in the fields of the West Siberian province. At the
moment, the actual oil recovery factor often deviates from the design
values, which leads to inefficient production and loss of resources.
Therefore, the purpose of the study is to develop a methodology for
optimizing the process of monitoring and regulating an oil field de-
velopment facility using block factor analysis and de-signing hydrau-
lic fracturing cracks. The work uses methods such as block factor
analysis, 3D modeling, hydrodynamic modeling, and mathematical
modeling. The result of the study is a developed methodology for op-
timizing the process of monitoring and regulating an oil field devel-
opment facility. The article also discusses the main reasons for the
deviation of actual oil production from calculated values, including
hydraulic fracturing technology. Unsuccessful cases of this proce-
dure and their causes were identified. The features of the block factor
analysis tool and the proactive analysis method are described, as well
as how to use it at the design and modeling stage of hydraulic frac-
turing to improve the efficiency of the well-stimulation operation.
Successful implementation of hydraulic fracturing allows one to ap-
proximate the actual oil recovery factor to design values, which is
important for increasing the efficiency of production at the field and
optimizing the use of resources.
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Introduction

Oil and gas markets around the world are in the midst of a global technological revolution. Large fields where
hydrocarbon production has been carried out for several years are at a late stage of development (Prishchepa,
2011). Hydraulic fracturing is becoming an increasingly important factor in oil field development, and the issue is
widely discussed in scientific papers (Burenina et al., 2019; Guo et al., 2023; Koplos et al., 2014; Li et al., 2023;
Molenaar et al., 2022). Modern oil field development design is based on mathematical, geological and
hydrodynamic modeling of hydraulic fracturing to calculate predictive indicators of hydrocarbon reservoir
development (Dadwani et al., 2023; Hofmann et al., 2022; Li et al., 2018; Pana et al., 2022; Taghipoor et al., 2021).
The resulting mathematical models of oil reservoirs should reflect the actual geological conditions and
technological parameters that affect the development process (Liu et al., 2022; Qu et al., 2022; Wang et al., 2022).

The estimated oil recovery factor is determined based on the obtained mathematical models. Technological
impact on the oil field affects the geological and technical properties of the reservoir.

To monitor development at the present stage of technology progress, various software and hardware systems
are used, in particular, for performing 2D and 3D modeling of reservoirs. To achieve the best result when modeling,
a large amount of information is used, including geological, field development parameters, data from geophysical
and hydrodynamic studies, physical and chemical properties of reservoir fluid, data on geological and technical
activities carried out in the field, etc. A large amount of information is accumulated while the oil deposit is
developed, which makes it possible to clarify the existing characteristics of the developed field (Wang et al., 2021;
Xu etal., 2022).

Based on this, the key trend is the introduction of proactive factor analysis for hydrocarbon deposit
development. The oil recovery factor obtained during field development is lower than the design one. The
discrepancy between the values obtained in the modeling software and real data is the reason since the parameters
of the reservoir and fluids change from the beginning of development. In addition, there are some factors that
cannot be taken into account when modeling.

In practice, there are often cases when reserves calculated at the geological exploration stage differ from
reserves specified on the basis of data obtained during field development. It happened that the discrepancies ranged
from two to two and a half times. This leads to an error in determining the oil recovery factor (Kolevatov, 2013;
Nazarova, 2015).

When developing several paired reservoirs, oil movement between them is possible, which increases the error
in the oil recovery factor due to an increase in coverage and waterflood coefficients (Demidov, 2014):

ORF = Ed X FC X Fff (1)

where: ORF — oil recovery factor;
Eq — displacement efficiency;

F. — coverage factor;

F+« — formation flooding factor.

A certain influence on the deviation of the actual oil coefficient from the calculated one is exerted by the
hydraulic conductivity coefficient, porosity, and permeability of the productive formation and their various
combinations (Nazarova, 2015). An increase in water inflow into wells due to their wear and tear at the final stage
of development also causes a decrease in the actual oil recovery factor, which must be taken into account at the
initial design stage (Ustimov, 2007).

Therefore, we see the need for further study of the impact of various processes on the values of the oil recovery
factor obtained in the field, as well as studying the effectiveness of using methods for regulating production rates,
as well as developing an integrated approach to bringing the current oil recovery factor to the design one.

Materials and methods

Determination of oil recovery factor — calculation error during design

Methods for calculating the oil recovery factor directly affect the correctness of the geological and
hydrodynamic modeling. In the existing mathematical models, a number of authors suggest additional parameters,
the determination of which requires separate calculations. A large number of calculations at the modeling stage
increases the final error in determining the oil recovery factor.

Existing empirical methods for estimating the predicted oil recovery factor make it possible to consider more
factors affecting it. They are based on a statistically averaged approach to determining the oil recovery factor. Due
to the fact that empirical methods use field data, the value of the design oil recovery factor adjusted on their basis
for specific geological and technical conditions has a slight deviation from the current oil recovery factor (Kaarov,
2019).
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The error in determining the estimated oil recovery factor is affected by the number of parameters taken into
account in the calculation. The more there are, the greater the error of the factor since each subsequent coefficient
adds its own error, but the more accurate each of them is, the smaller the discrepancy between the calculated and
actual values of the oil recovery factor. Consequently, material balance as a method for calculating oil reserves
has its limitations and variations (Nazarova, 2015; Makarenkov, 2021):

0, OF, = OR - OF,; - AP - Co + W, — W, - B,, @)

where: Op — cumulative oil production, m?,

OFv — oil volume factor, m¥/ms3;

O — oil reserves, m?;

OFvi — initial oil volume factor;

AP — pressure change, MPa;

Ce — effective rock compressibility, 1/MPa;

We — inflow of water from behind the contour, m?;
Wp — cumulative water production, m?;

Bw — volumetric ratio of water.

The results of the calculations are shown in Fig. 1.
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Fig 1. The influence of reservoir hydraulic conductivity on the recovery factor

Method of increasing the actual oil recovery factor to the design value

In the case when current development indicators lag behind the design ones, various methods of influx inten-
sification are used. One of the most common is hydraulic fracturing. Its effectiveness has been proven in practice
since after it, the well flow rate increases on average from two to six times. This occurs due to an increase in the
drainage radius and the involvement of new interlayers, due to which the coverage factor increases, which leads
to an increase in the current oil recovery factor (Salimov et al., 2013; Astafiev et al., 2022).

Mathematical modeling of the resulting cracks is carried out in multi-dimensional form; these models have
their own assumptions and limitations, which affect the calculation error. The authors have developed a block
diagram for the design of hydraulic fracturing (Fig. 2).
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Fig. 2. Block diagram of the hydraulic fracturing design stage: 1 - one-dimensional model, 2 - two-dimensional model, 3 -
pseudo-three-dimensional, 4 - three-dimensional model

Currently, leading oil companies offer their software products to solve problems related to modeling cracks
during hydraulic fracturing. The most popular programs are: "MFrac" (Baker Hughes), "FRACPRO" (Carbo), etc.

The hydraulic fracturing productivity conditions include the following (Yarkeeva et al., 2018):

e Choosing the low-viscosity fluid to clean the area near the well after hydraulic fracturing;

e Economic efficiency of hydraulic fracturing;

e Skin factor is positive;

e Significant thickness of reservoir formations
e Zones of damage and/or low permeability, stress barriers in the analyzed area;
e Geological oil reserves sufficient for profitable development.

In practice, there are cases when, as a result of hydraulic fracturing, the expected effect of oil flow to the well
due to improved permeability in the bottom-hole zone of the formation is not achieved.

An example of such a situation is the unsatisfactory results obtained at the wells of the X; oil field. The
reservoirs in this field are porous-fractured, and there are also tectonic disturbances. Due to the low level of
knowledge of the geological properties of reservoir rocks, the obtained results of the permeability of the bottom-
hole zone did not provide the results expected after hydraulic fracturing modeling. As a result, production after
stimulation turned out to be less than predicted; in some wells, water broke through to the bottom (Dyk et al.,

2014).

N
[42)
o

194.4 201.7

156
118.4
7.7
- 96
7.4
9.6
0

1216 1706 1703 1220 1217
Well numbers
® Design = Actual

N
o
o

9.3

-
[=
o

oil production rate after hydraulic fracturing, t/day
o
o

(52}
o

Fig. 3. Estimated and actual oil flow rates at the X1 field as a result of hydraulic fracturing
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The reservoir of the X; oil field is represented by the pore type of the supra-coal oil deposit of the X-X-X
formation. The effectiveness of hydraulic fracturing is shown in Table 1. One can note a trend toward a decrease
in additional production due to the deterioration of the condition of the bottom-hole formation zone (Zimin, 2004).

Tab. 1 Additional annual oil production depending on the number of hydraulic fractures in the X2 field

Year Amoun_t of hydrgulic fracturing Number of hydraulic fracturing, Additional oil production, thou-
in operating wells total sand tons

2015 16 37 195.6

2016 2 7 157.5

2017 3 13 117.1

2018 1 2 91.6

2019 1 16 73.6

2020 2 2 62

2021 0 7 46.8

2022 1 12 48.3

To align the actual oil recovery factor with the design one, it is necessary to estimate the described factors
when modeling hydraulic fracturing cracks.

A feature of hydraulic fracturing on injection wells is the risk of breakthroughs of injected water into pro-
duction wells, which causes unpredicted cracks to appear (Baikov et al., 2011). To improve their prediction, the
accuracy of fractures of modeling must be increased. All this will improve the results of inflow stimulation, in-
crease the value of the oil recovery factor, and reduce the discrepancy between its actual and design value.

Block factor analysis of the field

To use the method of block factor analysis, it is necessary to divide the deposit into flooding sections (blocks)
for further separate calculation of the material balance in each section and distribution of sections depending on
the recoverable reserves and the state of the drainage zone. This approach allows you to analyze the current state
of field development make forecasts for further production, and the necessary geological and technical measures
to maintain development indicators at the design level (Saveliev et al., 2015).

The specificity of this method lies in its inherent algorithm, which can vary depending on the task at hand.
Thus, the largest research and technical centers of oil companies use block factor analysis in their practice in the
form of an Excel program with the addition of VBA elements and programming in Python and C++.

In contrast to the basic method of block factor analysis, proactive block factor analysis is endowed with
greater functionality of interconnected components (Ershov, 2021), which can function separately, taking into
account the task at hand. The proactive algorithm includes the following elements:

1. Coordinates of objects.

2. Formation and verification of entered data.

3. Loading well waterflood circuits and selecting PVT characteristics.

4. Selection of injection parameters taking into account reservoir energy and determination of displacement

characteristics.
. Calculation of delay for inter-well response.
. Forecasting operational parameters for the development of oil wells and the effectiveness of measures to
increase production above the base values.
7. Calculation of balance and checking of convergence across blocks, re-adaptation of the model, and con-
ducting factor analysis.
8. Drawing up a report on the block being developed.

o 01

Figure 4 shows a diagram of the block factor analysis of the field.
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Fig. 4. Schematic diagram of block-factor analysis of the oil field
Results

An approach to the use of block factor analysis in the design of hydraulic fracturing
To use of block-factor analysis (Fig. 5), it is necessary to monitor the correctness of geological and filtration
data, as well as development indicators. At the next stage, adaptation mechanisms are applied for material balance,
taking into account the parameters that influence the modeling of hydraulic fracturing. The crack models used are
refined using a block factor analysis algorithm. As a result, the order of hydraulic fracturing with the greatest
efficiency is selected (Kharisov et al., 2018), due to which the selected fracture models are adjusted, which has a
positive effect on the result of hydraulic fracturing.

Initial data for hydraulic fracturing design:
Formation:

-depth H, m

- thickness of the productive part h

Analysis of the physical and mechanical
characteristics of rocks of the field site
(development object)

- permeability D, Darcy; porosity t, %

- pollution degree S

- modulus of elasticity E, MPa

Well selection (according to the iresenvolr, pressureikpl MRS

rating of problem blocks in the - drainage radius Zk, m

field development method) o - drainage area A, m
l - fracture gradient L, MPa/m
Choice of Theoretical Model of 9 well:

casing diameter D, mm

Fracture Formation

1 Block factor analysis of o
Choice of theoretical model the field site

of fracture formation t 9
|

Building a mathematical model of hydraulic
fractures for a field site (development object)

Horizontal
fracture

Fracture
orientation?

Vertical
fracture

Fig. 5. Approach to taking into account block factor analysis of the field when designing hydraulic fracturing
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For this diagram, the following explanations must be given:

1. Waterflood cells are determined and ranked, taking into account the previous stages of oil field develop-
ment using block factor analysis. As a result, we obtain the data that is input for modeling hydraulic
fracturing.

2. To reduce the errors, the hydraulic fracturing model is re-adapted.

3. If a positive result is obtained in predicting hydraulic fracturing and the required level of error is met, we
move to the next stage.

A combined method of modeling hydraulic fracturing and block factor analysis was tested at the X3 oil field.
The natural reservoir of the analyzed area lies at a depth of 2.3-2.4 km. The oil depth is 2361.2, 2363.4, 2368,
2372.5, and 2376.9 m (Sarvarov, 2009). The well selected for hydraulic fracturing penetrates one of these intervals.
Complete information on the geological and physical properties, as well as the physicochemical properties of
reservoir fluids, is presented in Tables 2 and Figure 6.

Tab. 2. Initial data for the X3 field formation

Parameter designation
Saturation pressure atm. 102.6
Gas factor m¥/m?3 75
Effective permeability millidarcy 0.51
Porosity % 19
Effective capacity (oil/water-saturated) m 11.3
Total capasity m 16.2
Qil viscosity cPs 1.06
Qil density g/lcm?® 0.832
Volume ratio mé/m?3 1.178
General compressibility 1/ atm. 0.0003
Formation temperature °C 23
Formation temperature (deep thermometer) °C 53
Feeding radius m 250
Well radius m 0.072

Fig. 6. Geophysical study of a candidate well for hydraulic fracturing of the Xs field
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Using the above data in the RN-GRID software package, modeling of the geometry of hydraulic fracturing
cracks was carried out (Figure 7).
Fracture profile

Qs Length, m
& min, atm. 400 10 20 30 40 50 60 70 80 % 100

Fig. 7. Hydraulic fracture design profile of candidate well of X3 field

The next step was to check the initial data on the geological and physical properties of the reservoir and the
physicochemical properties of reservoir fluids (Perepechkin, 2021). The information obtained was used to adjust
the crack parameters (Mishchenko, 2008). The results are shown in Table 3.

Tab. 3. Results of calculated and actual values of fracture geometry and oil production after
hydraulic fracturing at the Xsfield

Parameter Design Redesign Actual
Dimensionless fracture conductivity 5.4 7.9 7.6
Skin factor (ideal geometric) -5.17 -4.80 -4.80
Fixed fracture half-length, m 90 56.3 57
Fixed fracture height, m 15 24.7 24.7
Fixed fracture width, m 271 2.94 2.92
Hydraulic fracture half-length, m 94.5 57.3 57.7
Hydraulic fracture height, m 19.4 235 235
Hydraulic fracture width, mm 8.81 7.39 7.29
Fracture conductivity, mD*m 954 1428 1421
Fracture permeability, mD 277000 415500 415700
Effective pressure (main hydraulic fracturing), atm. 42 23 23
Fluid efficiency (main hydraulic fracturing), % 67 53 55
Oil production rate, m%day 23 36.1 35.6

The final crack profile obtained after correction is presented in Figure 8. It is worth noting that the actual
profile coincided with the calculated one.
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Fig. 8. Hydraulic fracture profile after redesign

As a result of hydraulic fracturing, after using a combined method of modeling hydraulic fracturing cracks
and block factor analysis, a positive result was obtained. The well's production rate has tripled. After adjusting the
initial data on the geological and physical properties of the reservoir and the physico-chemical properties of reser-
voir fluids, the parameters of the fractures and the expected increase in well production were clarified. The dis-
crepancy between mathematical calculations and actual results was less than one percent. In addition, thanks to
the use of this technique, it was possible to reduce the time spent on selecting the required crack geometry by one
and a half times.

Discussion

The main achievements of this research include the following:

« generalized analysis of the problem of maintaining the oil recovery factor at the level of design calculations;

« creation of recommendations and the development of a methodology for an integrated approach to increas-
ing the oil recovery factor to the required values;

« practical joint application of hydraulic fracture design modeling and block factor analysis of the object
development.

It is proposed that the calculations of geometric parameters of cracks during hydraulic fracturing be improved,
taking into account field data of the oil recovery factor, which is intended to be facilitated by the creation of
simulation models of wells. This requires proactive analysis and monitoring of the main parameters of field devel-
opment, which will allow the identification of priority zones for geological exploration and geophysical studying,
as well as improving the selection of candidate wells for hydraulic fracturing. The use of proactive block factor
analysis plays a leading role in increasing the reliability of the hydraulic fracturing model, reducing the risk of
compromising the integrity of wells, and reducing the oil recovery factor (Figure 9).

The practical application of the block factor analysis module, namely the procedure for verifying the initial
data for fracture modeling, made it possible to reduce the time for correcting and selecting the best fracture design
for the considered candidate well of the X; field. This reduced the difference between the actual results of hydraulic
fracturing and the calculated model, as well as increasing the actual oil recovery factor to values corresponding to
the design values. As a result, the efficiency of the development of oil fields, including unconventional and hard-
to-recover reserves, can be improved.

In the course of the work, we encountered difficulty choosing a program for modeling hydraulic fracturing
and incomplete data for calculation. A comparative analysis of software products, taking into account the limita-
tions in computing, led to the use of the Russian software package "RN-GRID", based on the calculation model
"PLANAR3D". In addition, difficulties arose when combining the work of the software with the code of the data
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verification procedure written in the Python programming language used in the construction of a hydraulic fracture
model. Due to this, it was necessary to rewrite the code and connect Excel macros to simplify the work.

Hydraulic fracturing design Block factor analysis

Fig. 9. Brief scheme of an integrated approach to modeling hydraulic fracturing
with block factor analysis of the field for increasing the oil recovery factor

Further research is planned to expand the range of applications of combined proactive block factor analysis
algorithms for several clusters in order to select candidate wells for hydraulic fracturing and determine the se-
quence of geological and technical measures by creating a fracture model in each candidate well.

Conclusions

This article discusses the issue of improving the modeling of the oil recovery factor, which plays a primary
role in oil field development at the final stage of operation, which is important for most companies engaged in
hydrocarbon production. It has been established that a lack of information about the physical and technical prop-
erties of the reservoir and well fluids leads to failures in hydraulic fracturing caused by errors in fracture modeling.

In order to improve the quality of hydraulic fracturing with a corresponding increase in the oil recovery
factor, ensuring trouble-free operation of wells, block factor analysis acts as a simple tool for modeling individual
wells, during the division of areas into blocks (flooding cells), which allows one to relatively quickly identify
problem areas and select the most promising candidate wells for hydraulic fracturing.

A practical recommendation for determining crack parameters using the block factor analysis method is to
create a block diagram for modeling hydraulic fracturing using the RN-GRID software and the response in the
RN-KIN software, which together leads to the development of an integrated approach to increasing the actual oil
recovery factor and reducing the error in its forecasting.
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