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Abstract

A universal and multifunctional method for developing problematic oil and gas fields with low-permeability reservoirs is 
presented in this paper. The method is based on maintaining reservoir pressure and identifying the hydrogen formation 
mechanism. According to the analysis of previous laboratory experiments, the article summarizes the results of a computer 
simulation of a method for developing oil and gas fields with low permeable reservoirs using the commercial software product 
tNavigator from Rock Flow Dynamics. The proposed method results in multiple times more oil production per each studied 
well than its production using the depletion mode. Using CO2 in this manner results in additional, useful utilization, and 
laboratory experiments have indicated that saturated, unsaturated, and aromatic hydrogen are produced as by-products of 
CO2 injection. Moreover, the proposed method offers similar technological and technical solutions as those that have long 
been used in the oil and gas industry.
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Introduction

Globally, hard-to-recover oil reserves keep increasing 
every year, while the active part of light oil reserves is growing 
rapidly [1,2]. At the same time, the reserves of, for example, 
high-viscosity oils are an order of magnitude larger than 
conventional ones. Due to the growth in the share of hard-
to-recover reserves, it becomes necessary to increase the 
efficiency of their extraction, and improve the technologies 
for their extraction. Moreover, the oil recovery factor (RF) by 
traditional methods in fields with hard-to-recover reserves 
rarely exceeds 30%, and in fields with high-viscosity oil, it is 
even lower [3,4].

For oil and gas fields with low-permeability reservoirs, 
the most realistic way to develop them is through reservoir 

energy depletion. However, it is known that the depletion 
regime is usually characterized by the minimum values of 
oil, gas, and condensate recovery factors. Often, additional 
production is facilitated by the implementation of multi-
stage hydraulic fracturing with various modifications in 
production wells [5,6].

It is known that the most significant property of 
productive formations is the permeability coefficient. 
Namely, well flow rates for oil, gas, condensate, and other 
development indicators depend on the values of the 
formation permeability coefficient.

Until recently, reservoirs with a permeability of 1 
millidarcy (md) or more were not considered to be profitable 
development targets. Today, however, the situation has 

https://medwinpublishers.com/PPEJ/
https://portal.issn.org/resource/ISSN/2578-4846#
https://medwinpublishers.com/
https://doi.org/10.23880/ppej-16000343


Petroleum & Petrochemical Engineering Journal 
2

AL-Obaidi SH and Khalaf FH. A New Approach for Enhancing Oil and Gas Recovery of the 
Hydrocarbon Fields with Low Permeability Reservoirs. Pet Petro Chem Eng J 2023, 7(2): 000343.

Copyright© AL-Obaidi SH and Khalaf FH.

changed. In the United States, oil and gas fields with low-
permeability shale formations have begun to be successfully 
developed. In such formations, the permeability is about or 
well below 1 md. The production of shale oil and shale gas is 
also beginning to be developed in other regions [7-9].

The concept of “fields with low-permeability reservoirs” 
is very vague. Typically, a field consists of all its deposits or 
layers. From this perspective, it is better to talk about layers or 
deposits with low-permeability reservoirs. Since apparently 
there are no fields in which all the layers are represented by 
low-permeability reservoirs, except in cases where the field 
is represented by a single deposit.

The concept of low-permeability reservoirs is also vague. 
Until recently, deposits or formations with low-permeability 
reservoirs were considered unprofitable and their reserves 
were not evaluated, thus not being put on the balance sheet 
[10,11].

In order to determine the unprofitability of reservoir 
development, the following factors were taken into account. 
Firstly, according to the collected data from sampling and 
research conducted on exploratory wells. The criterion for 
the unprofitability of reserves around a certain exploratory 
well was considered if its maximum flow rate did not exceed 
1–5 tons per day [12,13]. Similar data for other exploratory 
wells made it possible to classify reserves for deposits 
as a whole as unprofitable (off-balance). Secondly, low-
permeability formations with off-balance reserves were 
established according to well-logging data. Accordingly, the 
permeability of the studied reservoir, as well as the lack of 
or low oil inflow from the reservoir during the productivity 
interval testing of the section, became important factors.

This approach to assessing the significance of formations 
and deposits with low-permeability reservoirs was incorrect 
for the following reasons:
•	 Such formations and deposits were not subsequently 

subjected to any additional studies;
•	 As a result, there were practically no studies aimed at 

creating and substantiating technological solutions to 
extract off-balance oil reserves.

The new era of 3D computer modelling has necessitated 
a shift in attitude towards low-permeability formations, 
which was the result of the justification, for example, of the 
concept of effective pore space, described in several articles 
[14,15].

Therefore, it was justified to include low-permeability 
formations with their own porosity and permeability values 
in 3D geological and 3D hydrodynamic models of the deposit 
or field as a whole, rather than resetting their porosity and 

permeability values. Moreover, such an attitude towards 
low-permeability reservoirs began to stimulate research 
on the extraction of off-balance oil reserves. This led to the 
following fundamental axiom [16,17]. The highest recovery 
factor, the least negative consequences of flooding will occur 
if oil from low-permeability reservoirs is displaced by a 
working agent into high-permeability reservoirs, and oil 
from high-permeability reservoirs is displaced to production 
wells by oil that has flowed from low-permeability reservoirs 
(Figure 1).

Figure 1: The development of hard-to-recover oil fields.

This principle has found its application, in particular, 
in substantiating the technology for developing oil deposits 
with lenticular reservoirs [18,19]. In this context, lenticular 
reservoirs can be envisioned as a type of sandy lens 
surrounded by low-permeability sandstones. The balance 
sheet shows only oil reserves within the lens. 

AL-Obaidi, et al. works [20,21] show that the development 
of lenticular reservoirs in the mode of reservoir energy 
depletion or based on its waterflooding will be characterized 
by traditional, not very large values of recovery factor, with 
a significant water cut of the produced product. However, if 
several horizontal injection wells are drilled behind the lens 
contour in low-permeability reservoirs, and water is injected 
into them, then a 100% oil recovery factor can be achieved. 
This is possible provided that the cumulative oil production 
is divided only by the approved oil reserves in the lens.

With the introduction of oil deposits with ultra-low 
permeability values into development in the USA and other 
countries over the past decade, the situation with low-
permeability reservoirs has changed drastically [22,23]. It is 
well known that this achievement was credited to the drilling 
of horizontal wells and the use of multi-stage, reusable 
hydraulic fracturing in them (MRHF). This technology is 
widely used in the development of both conventional and 
unconventional fields.

As an example, Figure 2 shows the layout of planned 
wells in the largest shale oil field in the United States, Barnett 
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Shale Play.

Figure 2: Horizontal wells grid design at Barnett Shale 
Play field (with shale reservoirs) in United States.

The peculiarity of the development of this and other 
similar oil fields is as follows: most of them are developed in 
the mode of reservoir energy depletion. It is known that in 
such cases, well flow rates decrease rather quickly with time. 
Therefore, in order to maintain a constant level of production 
at the field, more and more wells are drilled when multi-
stage hydraulic fracturing with various modifications is 
implemented in production wells. Based on the publications, 
this development technology is cost-effective [24,25].

Hydraulic fracturing may need to be repeated many 
times in some wells in order to maintain a steady flow rate. 
Even though horizontal drilling and hydraulic fracturing are 
being used, the productivity of operating wells is declining 
much faster than in traditional oil fields. So, if the average 
“lifetime” of gas wells in traditional US fields is 30–40 years, 
then about 15% of shale wells drilled in 2003 completely 
exhausted their resources after 5 years [26-28].

It should be noted that at present, some experts agree 
that oil and gas production based on hydraulic fracturing 
technology can be combined in the very near future with 
another technology that is gaining popularity – the geological 
storage of carbon dioxide [29]. Therefore, in addition to 
serving as a new hydrocarbon source, shale rocks can also 
be used as underground carbon dioxide storage traps in the 
framework of international projects. The main goal and task 
of such projects for the geological storage of CO2 are to reduce 
its concentration and stabilize its content in the atmosphere 
as part of the fight against global climate warming on the 
planet, as well as environmental pollution [30,31].

Such projects can supply each other with missing 
data and bring mutual benefits. Promising geological 
storage projects for CO2 and traditional fracturing-based 
development can combine both the appropriate choice of 
the location of the relevant receptors and joint efforts to 
solve many common problems (groundwater pollution risks, 
water resource management, seismic risks, public approval 
or rejection) [32-34].

Researchers have shown that organic, shale-rich 
core samples are suitable for storing carbon dioxide in an 
experimental study Kang, et al. [35-37]. According to the 
authors of the study, despite the wide prominence of low-
permeability sedimentary rocks with low porosity, organic 
shale has the ability to retain a significant amount of gas for a 
long time due to the ability to capture the gas in an adsorbed 
state through finely dispersed organic matter (i.e. kerogen). 
Thus, the suitability of shale for CO2 storage is also attractive 
because the spatial and thermodynamic effects are similar 
to those of coals, which are considered in coal bed methane 
extraction operations.

So far, there are no proven technologies to develop 
such deposits in Russian fields. At the moment, thermo-gas-
chemical development technology, which is in pilot testing, is 
considered the most promising [38-40].

We refer to low-permeability fields as those where 
oil reserves are recognized as unprofitable based on the 
boundary values of porosity, permeability, and oil saturation. 
In shale oil fields, reservoir permeability is much lower than 
the traditional boundary value of permeability of 1 md.

Nevertheless, such fields are being developed in the 
mode of reservoir energy depletion, which predetermines 
low values of the expected recovery factor. Consequently, 
maintaining reservoir pressure would be possible if oil 
continued to flow to production wells.

To maintain reservoir pressure, many oil fields are 
developed by injecting water into the reservoir [41-44]. 
Gases are less commonly injected into reservoirs, mainly 
simultaneously with water [45-48]. High viscous oils can be 
extracted from reservoirs using different thermal methods. 
However, these methods are not relevant to the type of 
deposits under consideration. This is due to the presence 
of clay inclusions in such formations, which can swell upon 
contact with injected water.

It is currently beyond doubt that various technologies 
used in the development of traditional oil fields, based on 
the injection of carbon dioxide, are feasible and effective. 
Moreover, carbon dioxide is emitted into the atmosphere by 
many anthropogenic sources. Therefore, injecting carbon 
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dioxide into oil reservoirs in various states and forms 
(for example, in the form of carbonized water) seemed 
reasonable, logical, and at the same time requiring specific 
laboratory studies and mathematical models.

Due to the low permeability of reservoirs, gaseous 
agents should be primarily considered as working agents. 
Our research focuses on the experience of the hydraulic 
fracturing method using carbon dioxide, among the world 
practice of different methods for producing gas and oil from 
unconventional reservoirs. This method is performed by 
forming a CO2 fracturing fluid and injecting supercritical CO2 
to treat the formation through the wellbore at a pressure 
above the fracturing pressure [49,50]. The formation being 
treated may have a permeability of less than 1 md. By 
injecting CO2 fluid into the formation at a pressure in excess 
of the formation’s fracture pressure, the integrity of the 
formation can be effectively compromised, which stimulates 
the influx of methane and other hydrocarbon gases into the 
well. Hydraulic fracturing (HF) relieves stress in the rock 
mass, releases gases from the dense matrix, and creates 
fractures and channels for gas flow from the formation to 
the wellbore. In addition, due to the predominant activity of 
the processes of methane displacement by carbon dioxide, 
the technology of such developed hydraulic fracturing 
becomes preferable compared to other methods of reservoir 
stimulation or using other gases. Thus, using CO2 in hydraulic 
fracturing is promising for increasing total gas production 
due to its ability to displace methane.

As part of the search for an effective displacement 
agent, a series of specialized laboratory experiments were 
conducted, revealing previously unknown physicochemical 
mechanisms associated with the generation of hydrogen, 
methane, and their homologs [51-53]. The results obtained 
from laboratory experiments formed the basis for the 
proposed development method in this work and were the 
basis for several patents.

It is important to note that the idea of injecting CO2 
into oil-saturated reservoirs depends on the permeability 
coefficient boundary values. Therefore, it is no coincidence 
that the majority of shale deposits are developed in the mode 
of reservoir energy depletion. Unfortunately, the recovery 
factor in such cases usually does not exceed 10%. Therefore, 
a computer simulation was performed for an oil-bearing 
formation with a boundary value of effective permeability of 
1 md.

Methodology

It should be noted that the idea of CO2 injection into 
oil-saturated reservoirs rests on the boundary values of the 
permeability coefficients. Therefore, it is no coincidence 

that most shale fields are developed in reservoir energy 
depletion. Unfortunately, the recovery factor in such cases 
usually does not exceed ten percent. Therefore, a computer 
simulation was performed for an oil-bearing formation with 
a boundary value of effective permeability of 1 md.

When setting the task, a multidimensional multiphase 
flow model was used, and tNavigator from Rock Flow 
Dynamics was used as a commercial software product 
[54,55]. This simulator implements an extended non-volatile 
oil model, and the calculation results themselves are as close 
as possible to the results of the industry standard multiphase 
flow simulation - the Eclipse simulator from Schlumberger.

In this model, the reservoir is low-permeable (1 md), 
unprofitable, and refers to “non-reservoir” (substandard 
reservoir). Other initial data are as follows: initial reservoir 
pressure - 23.3 MPa, saturation pressure - 0.5 MPa, oil 
viscosity - 1 mPa s, volume formation factor - 1.6 , reservoir 
thickness - 20 m. With a decrease in bottom-hole pressure 
in production wells to 3 MPa, it is then left unchanged. The 
bottom-hole pressure in the injection well is constant and 
equal to 30.3 MPa. Oil production wells are stopped when 
their production rate drops to 1 m3/day (for the whole well). 
Relative phase permeabilities are taken as diagonal due to 
the high solubility of carbon dioxide in oil. The model of non-
volatile oil (black oil) was taken as the calculation model. 
Accordingly, the following alternative calculations-scenarios 
were performed using such initial data.

The five-spot development element has dimensions 
of 500 × 500 m. It is drilled with horizontal wells with a 
wellbore length of 200 m. During multistage hydraulic 
fracturing, the mesh around the horizontal wells is refined 
into one layer, and this layer has permeability ten times 
greater than the permeability of the formation itself. The 
scheme of calculation elements is shown in (Figure 3).

Figure 3: Schema of the five-spot development element.
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Neither the effect of the interfacial exchange of CO2 
with dissolution in formation water and oil nor the change 
in volumetric properties of phases according to the amount 
of dissolved CO2 was accounted for. The miscibility of CO2 
dissolved in water with oil was approximately taken into 
account due to the diagonal relative phase permeabilities in 
the oil–water system.

The computational grid had a dimension of 43×43×10 
elementary grid cells. The grid is uneven in the horizontal 
plane, with fineness up to 1 m × 1 m in the area of each well. 
Then the size of the grid cells increased exponentially while 
maintaining the specified total distance between the wells. 
The grid is vertically uniform.

Results and Discussions 

In the study, simulations are conducted under a variety 
of conditions. In option I, all wells in the development 
element are producing, i.e., the development is implemented 
using reservoir energy depletion, with the wells operating at 
3 MPa bottom-hole pressure. In option II, one of the wells 
(the central one in the development element) becomes an 
injection well. This well is used to inject carbonated water 
with a viscosity of 1 mPa s at a bottom-hole pressure of 
30.3 MPa. The results of calculations for the options under 
consideration are shown in graphical form in (Figures 4 & 5).

Figure 4: Dependences of oil recovery factor on time.

Figure 4 shows a comparison of the dependences of 
oil recovery factor on time in the options with depletion 
mode and reservoir pressure maintenance. This implies 
the idea of expediency in maintaining reservoir pressure 
in the considered low-permeability reservoir. True, here 
the dependence of the oil recovery factor on time in the 
option of maintaining pressure is overestimated since in 
the calculations a model of a reservoir homogeneous in 
permeability was adopted, and some other assumptions 
were also made. However, several technological methods 

can be used to take into account the layered heterogeneity 
of the reservoir and reduce its negativity. It is possible to 
uncover additional reserves, for example, if horizontal 
wells are drilled for 1000 or 2000 meters, etc. The reserves 
also increase when taking into account the results of the 
described laboratory studies.

In Figure 5, oil production rates are compared for various 
modes within the same development element, revealing 
a clearer picture of the results in Figure 4. One fact worth 
noting is that in the depletion mode, the recovery of oil from 
the development element initially turns out to be somewhat 
greater than in the case of maintaining reservoir pressure 
due to a larger number of production wells involved in the 
depletion mode. The pressure maintenance mode, however, 
enables each well to produce multiple times more oil.

Figure 5: Dependences of oil production rate on time.

It is important to note that the calculation results given 
are based on a particular example and are not absolute. It 
is obvious that here it is possible to study a large number 
of variants, but this was not included in the goals of this 
work. Moreover, it is obvious that unpredictable effects will 
occur since reservoir heterogeneity often negatively impacts 
oil fields’ performance in real conditions. However, the 
results of the modelling at a qualitative level show that the 
proposed approach to the development of oil fields with low-
permeability reservoirs can lead to increased oil recovery.

Not only is the proposed development approach realistic 
for oil deposits, but it may also be appropriate for gas 
condensate deposits, and in some cases, for gas deposits with 
low-permeability reservoirs.

Conclusions

In the study, the performed Laboratory studies and 
numerical experiments on the proposed model confirm 
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the high efficiency of maintaining reservoir pressure by 
carbon dioxide injection in various modifications in low-
permeability reservoirs. The described development method 
and technological solutions have a number of important 
features and additional positive factors. To begin with, 
pressure maintenance enables each well to produce multiple 
times more oil. Further, the injection of CO2 in this manner 
increases the usefulness of CO2, and laboratory experiments 
have shown that saturated, unsaturated, and aromatic 
hydrogen are produced as by-products. Lastly, the proposed 
method offers similar technical and technological solutions 
to those that have long been implemented in the oil and gas 
industry. In addition, global experience in the application of 
carbon dioxide in the development of oil fields confirms the 
multi-functionality, versatility, and prevalence of its use.
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