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Abstract. A variety of methods are examined in this study in order to improve 
oil recovery from low-permeability heterogeneous reservoirs in oil-saturated shale 
deposits. Calculations based on the fluid flow model revealed that water and gas 
injection was effective, and that horizontal and directional wells, including those 
employing hydraulic fracturing are evaluated in this study. Moreover, hydraulic 
fracturing in directional wells with vertical completions was found to be one of the 
most effective methods for water injection in this study. However, when hydraulic 
fracture length is hard to achieve, the gas injection has been found to be a more 
efficient way to enhance oil recovery than water injection. Furthermore, horizontal 
drilling technology was most effective in the central part of the reservoir.
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Introduction
The topic of developing hard-to-recover reserves found in low-permeability res-

ervoirs with geological features such as abnormally high formation pressure, lack 
of bottom waters, and heterogeneity is becoming more and more urgent every day. 
All these features are typical of oil-saturated shale, which are found in many hy-
drocarbon deposits around the globe (Al-Obaidi, Patkin & Guliaeva 2003; Sheng 
2015; Sheng, Li, Yu et al. 2017; Wang, Torres, Xiang et al. 2015). All of these fea-
tures affect different aspects of shale oil recovery, including modelling, simulation, 
and the development of improved recovery methods. In developing such types of 
reservoirs are widely used hydraulic fracturing along with directional and horizon-
tal wells, however, conclusions about the effectiveness of these two technologies 
are ambiguous (Al-Obaidi, Smirnov & Kamensky 2019; Li, Su, Guo et al. 2021; 
Sintsov & Polyakova 2016; Smirnov & Al-Obaidi 2008).

Recent years have seen an increase in the use of water and gas treatment to enhance 
oil recovery from hard-to-recover oil reserves around the world (Al-Obaidi 2007; 
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 Gamadi, Sheng, Soliman et al. 2014; Hofmann, Al-Obaidi & Khalaf 2022; Shahzad 
2014). Furthermore, shale rock formations have recently become an important 
source of natural gas and oil worldwide. There are many locations where shale gas 
and oil can be found, including some places where no oil or gas production has ever 
occurred (Al-Obaidi 2016a; Chang, Al-Obaidi & Patkin 2021; Jia, Tsau & Barati 
2019; Mukhina, Cheremisin, Khakimova et al. 2021).

In order to increase oil recovery from oil-saturated shale deposits, this study ex-
amines a number of techniques, including hydraulic fracturing, drilling type, well 
placements, fluid injection, and combinations of some of these.

Methodology
In this article, a model with no bottom water is presented for a low-permeability 

reservoir. This model was constructed using the stochastic construction method 
which is based on the binomial law algorithm for a discrete random variable distri-
bution (Fig. 1). The initial data for this model was derived from a real-life field in 
Western Siberia.

Figure 1. Stochastic geological model for oil shale extraction

A geological object was divided vertically into many elementary layers in this 
model. In keeping with well logging data, the grid was divided vertically by 0.5 m. 
At the same time, each interval is classified by its lithological type of rocks. The 
total number of model cells is 125200. Based on a stochastic geological model, 
a digital flow model is developed. The geological modelling was performed us-
ing the Irap RMS software package (Afanasyev 2015; Al-Obaidi 2016b; Edwards, 
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Dhanpat, Prasad et al. 2018). Hydrodynamic calculations were performed using the 
Tempest More software package. To calculate oil, gas, and water flow in porous 
mediums (Black Oil), a three-dimensional, three-phase, isothermal hydrodynamic 
model was used, which is the most commonly used model for oil field development 
(Al-Obaidi, Galkin, & Patkin 2006; Al-Obaidi & Khalaf 2019; Qian, Lu, Wang et 
al. 2022; Wang, Torres, Xiang et al. 2015).

The petroleum shale is characterized by low porosity (10 – 15%) and fairly low 
permeability (1 – 20 md). Moreover, oil conditions under reservoir are low viscos-
ity (1.1 mPa*s), low density (820 kg/m3), and bubble point pressure of 10 MPa, 
which is much lower than that of the reservoir.

In Figure 2, a graph depicting water and oil permeability is constructed based 
on reservoir pressure and temperature. As can be seen, the residual oil saturation 
is 0.6 fractions of units (by this point, the relative permeability of the oil becomes 
zero), which makes the process of extracting hydrocarbons more challenging. The 
object selected for modelling is a part of a reservoir with dimensions 1500 by 1500 
meters and a production well positioned in the centre. As part of the reservoir pres-
sure maintenance system (RPMS), four injection wells were added to the model 
according to a five-spot pattern (Davies & Silberberg 1968; Hofmann, Al-Obaidi & 
Kamensky 2021; Sun, Liu, Wang et al. 2020) at equal spacing from the central well, 
with a grid density of 25 ha per well. In the design, the wells were expected to last 
30 years. The following conditions must be met for shutting down wells: at least 
98% water cut and less than 1 ton of oil produced per day. In the considered model, 
there is no anomalously high reservoir pressure (AHRP) and the average reservoir 
top depth is 3000 meters. This reservoir is lithologically shielded. 

Figure 2. Relative phase permeability in the “oil - water” system: 
1 and 2 – saturations of oil and water, respectively
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Recently, a discussion regarding the potential for using certain technol-
ogies for more efficient oil shale development in Western Siberia was held 
(Al-Obaidi, Smirnov & Khalaf 2020; Sintsov 2014). Among the proposed 
technologies for increasing oil recovery, one can highlight the creation of 
reservoir pressure maintenance systems, which involve the injection of wa-
ter or gas, as well as hydraulic fracturing and the use of horizontal wells. In 
practice, some methods are experimental in nature, and so far, no universal 
method has been found to develop reservoirs of this type (Mahzari, Jones & 
Oelkers 2020; Sheng, Li, Yu et al. 2017; Waburoko, Xie, & Ling 2021). In 
order to evaluate the effectiveness of these technologies and compare them 
with each other, both individually and in combination, several development 
options were considered:

1. in natural mode;
2. with formation pressure maintained by injection of water;
3. with formation pressure maintained by injection of gas;

In the gas injection process, carbon dioxide (CO2) was selected as the displacing 
agent. Oil displacement is best performed with this gas, even when comparing it 
to associated gas. Presently, CO2 injections are being introduced commercially at 
certain fields in Western Siberia.

In each of the options, several sub-options of well types with different locations 
in the reservoir were considered:

1. a well with a vertical reservoir opening (hereinafter a directional well, DW);
2. a well with a vertical reservoir opening and hydraulic fracturing (hereinafter 

a directional well (DW) with hydraulic fracturing (HF);
3. a well with a horizontal reservoir opening in the upper part (UP), 300 m long 

(hereinafter a horizontal well (HW) in the upper part, top);
4. a well with a horizontal reservoir opening in the bottom part (BP), 300 m 

long (hereinafter HW in the bottom);
5. a well with a horizontal reservoir opening in the central part (CP), 300 m long 

(hereinafter HW in the centre).

Results and discussions
As a result of developing the deposit in a natural mode, low indicators of cumu-

lative oil production were obtained (Fig. 3). 
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Figure 3. Results of hydrodynamic modelling

All types of modelled wells experience a rapid decline in production rates in the 
course of operation. The oil production rate drops to less than 1 t/day after three to 
four years in all cases. Because the reservoir under consideration has a lenticular 
arrangement, and there is no bottom water to maintain its energy characteristics, the 
object is rapidly losing energy. In directional wells, the longest periods of operation 
are achieved; however, the use of hydraulic fracturing in directional wells results in 
a maximum cumulative production of 29 thousand tons, which is 20% higher than 
in directional wells without hydraulic fracturing. In horizontal drilling, the best 
performance is characterized by a well with a wellbore located at the bottom of the 
formation. However, it should be recognized that the technologies under consider-
ation are characterized by relatively low efficiency.

Oil recovery is significantly increased in all cases when reservoir pressure is 
maintained through water injection. In comparison to the natural regime, cumula-
tive oil production increases by at least seven times. By using hydraulic fracturing 
in the directional wells, oil production can be increased by 33% and it is a more ef-
fective method than horizontal drilling, allowing 230 thousand tons of oil to be pro-
duced cumulatively. Among the horizontal wells considered, the least effective is 
the one located at the bottom of the reservoir since water penetrates it more quickly 
during waterflooding than the wells located in the centre and the top. It is important 
to note, however, that if a horizontal well (HW) is operated in the upper part of the 
reservoir, the reserves below the HW are less productive since the reservoir object 
has a high level of layered heterogeneity.
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Gas injections for maintaining reservoir pressure have shown good results, since 
the reservoir under consideration is characterized by high residual oil saturation. 
The use of carbon dioxide gas can significantly increase oil recovery. Due to the 
higher permeability and mobility of this gas in comparison with the formation flu-
ids, as well as its lower density, the upper part of the reservoir experiences faster 
gas displacement than the lower part. CO2 injection increases total oil production 
in directional wells by 36% when compared to water injection, and by almost ten 
times when compared to natural oil production. At the same time, based on calcula-
tions, the most effective is the use of a horizontal well in the center of the reservoir. 
A cumulative oil production of 306 thousand tons was achieved in this way. This 
is a more efficient technology compared to hydraulic fracturing, since the entire 
oil-saturated interval is opened during hydraulic fracturing, and the probability of 
gas leaking into the fracture is higher than in a horizontal well. Furthermore, this 
would also explain the relatively low oil production of horizontal wells in the top 
when compared to other well configurations. After the breakthrough of gas in the 
upper intervals, the levels of oil production are significantly reduced. Additionally, 
the location of the well within the formation, whether at the top or bottom, has a 
negative impact on the production coverage along the section.

Conclusions
In this study several methods are modelled and evaluated to increase the oil 

recovery from oil-saturated shale deposits. Several conclusions can be drawn from 
the analysis of the results.

The development of hard-to-recover reserves in low-permeability heterogene-
ous reservoirs, typical for oil-saturated shale, is unpromising in the absence of a 
reservoir pressure maintenance system. In terms of injecting water, hydraulic frac-
turing in directional wells with vertical completion has been shown to be one of the 
most promising methods. However, in practice, it is not always possible to achieve 
the design fracture length, which can lead to a deterioration of real-life perfor-
mance. In this type of reservoir, gas injection is a more efficient way to enhance 
oil recovery than water injection. The horizontal drilling technology in the central 
part of the reservoir proved most effective. However, the successful application of 
horizontal wells largely depends on specific geological conditions, which cannot be 
assessed with high reservoir heterogeneity.
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