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 Development of oil, gas and gas-condensate fields, with commingled fluid extraction at some of them, is the specifics of
hydrocarbons production in Perm Region. Reserves of free gas and gas caps occur at every fifth field under development in
Perm Region. 
There are conditions for implementing combined multifunctional technologies at the interface of liquid and gaseous fluid
development. At the same time, transformation of a pseudo-negative factor - gas presence - into a positive vector can 
significantly enhance the efficiency of hydrocarbon resources development. 
An integrated approach to effective development of oil and gas deposits is considered in the article. Geological and technological 
features of oil and gas deposits, such as the type of oil and gas deposit, the ratio of gas and oil reserves, the type of reservoir, the 
mobility of oil reserves, the permeability anisotropy ratio and the water drive strength, were taken into account. Considerable
attention was paid to working agents. The authors have analysed various technologies and technical solutions being implemented: 
formation pressure maintenance system (water, gas), water-alternating-gas injection (injection of water-gas mixture and fine water-
gas mixture), gas lift, and barrier water-flooding. In this case, the emphasis was made on active development system. 
As a result, suggestions on the enhancement of the oil and gas deposits development efficiency have been offered, subject
to geological and technological features. As an example of implementing an integrated approach using active gas energy
technologies, an oil and gas facility at a Perm Region field was examined. The current state was analysed and the main
development issues were identified. Recommendations on the commingled development of the gas cap and oil rim subject
to the gas-oil contact immobility and the application of fine water-gas mixture injection technology are provided. 
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 Особенностью добычи углеводородов на территории Пермского края является разработка как нефтяных, так газовых и
газоконденсатных месторождений, на части из них реализована совместная добыча флюидов. Запасы свободного газа,
а также газовых шапок имеются на каждом пятом разрабатываемом месторождении Пермского края. 
На стыке разработки жидких и газообразных флюидов возникают предпосылки для реализации комбинированных,
многофункциональных технологий. При этом трансформация псевдонегативного фактора – наличия газа –
в положительный вектор может значительно повысить эффективность освоения ресурсов углеводородов. 
В статье рассмотрен комплексный подход к вопросу эффективной разработки нефтегазовых залежей. При нем
учитывались геологические и технологические особенности нефтегазовых залежей, такие как тип нефтегазовой
залежи, соотношение запасов газа и нефти, тип коллектора, подвижность запасов нефти, коэффициент анизотропии 
проницаемости, активность водонапорного режима. Значительное внимание уделялось агентам воздействия.
Авторами выполнен анализ различных реализуемых технологий и технических решений: система поддержания 
пластового давления (вода, газ), водогазовое воздействие (закачка водогазовой смеси и мелкодисперсной водогазовой
смеси), газлифт, барьерное заводнение. Акцент в данном случае сделан на активную систему разработки. 
В результате даны предложения по повышению эффективности разработки нефтегазовых залежей с учетом 
геологических и технологических особенностей. В качестве примера реализации комплексного подхода с
применением активных технологий использования энергии газа рассмотрен нефтегазовый объект одного из 
месторождений Пермского края. Выполнен анализ текущего состояния, определены основные проблемы разработки.
Даны рекомендации по совместной разработке газовой шапки и нефтяной оторочки с условием неподвижности
газонефтяного контакта и применению технологии закачивания мелкодисперсной водогазовой смеси. 
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Introduction 
 

Development of oil, gas and gas-condensate 
fields, with commingled fluid extraction at some of 
them, is the specifics of hydrocarbons production 
in Perm Region. Reserves of free gas and gas caps 
are present at every fifth field under development 
in Perm Region. As of today, according to the 
resource base analysis, 7 % of the remaining 
recoverable oil reserves are complicated by the 
presence of a gas cap. The largest gas cap reserves 
are those of the Kokuyskoye, Magovskoye, 
Pavlovskoye and Batyrbayskoye fields [1]. 
Currently, twelve deposits with annual natural gas 
production exceeding 500 million m3 are being 
developed.  

Oil and gas technologies of the 21st century 
feature a whole range of specific aspects. Today, 
the idea of creating intelligent wells is being 
increasingly developed. These are multilateral, 
multifunctional and comprehensively monitored 
and controlled wells. The multifunctionality 
implies a combination of gas and water injection 
processes, and commingled withdrawal of gas, oil, 
condensate and water. These engineering solutions 
include numerous technical and process techniques 
to utilise the energy of free or dissolved gas in the 
processes of liquid formation fluid production. In 
addition, there is a significant degree of freedom 
when due consideration is given to the presence of 
gaseous hydrocarbons. Combined multifunctional 
technologies emerge at the interface of liquid and 
gaseous fluids development. The transformation of 
a pseudo-negative factor – the presence of gas - 
into a positive vector can significantly enhance the 
efficiency of hydrocarbon resources development.  

During the development and operation of oil 
and gas deposits, a significant amount of actual, 
experimental and empirical data has been 
accumulated in addressing the issue of oil and gas 
deposits development [2, 3]. At the same time, we 
do not yet have a clear understanding that specially 
designed studies of wells and reservoirs can 
provide us with forward-looking information on 
future processes to be encountered during the life 
cycle of a field. As an example, there are deposits 
with extensive porous fractured reservoir rock 
development. Insufficient account of natural and 

induced reservoir fractures in geological and 
hydrodynamic models has a negative impact on the 
development performance. First of all, there is a 
growing probability of failure to take into account 
the premature water breakthrough, as well as 
blocking of oil reserves in the primary matrix. 
Clearly, conducting experiments on core samples 
is not enough here, as they cannot provide answers 
to the principal question what the anisotropy 
parameter is and do not allow obtaining phase 
permeability for the system of fractures and pores. 
Hydrodynamic simulation is also subjective in this 
aspect. Therefore, the authors believe that the most 
effective way to obtain the necessary information 
is an integrated approach covering laboratory 
experiments and simulation, as well as field tests 
of water (gas) portions injection into the oil-
saturated zone and/or premature gas and water 
breakthrough at 1 or 2 wells, with subsequent 
interpretation of the data obtained. That means that 
the currently practiced pilot operation of wells and 
separate areas is replaced by a new trend in the 
geophysical well-logging methods  ̶ addressing the 
needs of development engineering, which is an 
active method of the well and reservoir study.  

Such technologies are equally important in 
terms of reducing the total investment costs 
required. The facilities for gas transportation 
are expensive and take considerable time 
for construction, which entails conservation 
of oil (gas) reserves and is often the reason 
of unprofitability of the field development 
project [4–6]. 
 

Integrated Approach to Effective 
Development of Oil and Gas Deposits 

 
The following development systems have been 

implemented in the Perm Region over the thirty-
eight-year history of oil and gas deposits 
development: 

– oil rim only; 
– gas cap only; and 
– integrated development of gas cap and 

oil rim. 
Depending on the existing and anticipated 

reservoir-drive mechanisms, a certain development 
system can be the most effective one. For example, 
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for gas-cap drive, when only oil rim is developed, 
gas is injected only to drive oil, and the gas-oil 
contact (GOC) moves in the direction of the oil 
zone of the deposit, resulting in gas breakthroughs. 
If, however, only the gas cap is developed in the 
gas-cap drive, there is an inevitable significant 
pressure drop in the gas zone as part of the process, 
and then, as the reservoir pressure Pres falls below 
the saturation pressure Psat, the oil deposit enters 
the dissolved gas drive.  

In case of water drive, when either oil rim or 
gas cap only is developed, the fluid withdrawal is 
not fully replaced, and thus, pressure in the oil and 
gas zones of the deposit drops. The pressure drop 
rate is determined by the strength of the aquifer 
and its connectivity with the deposit (Table 1). 

The work [7] studies the selection matrix for 
a development method of an oil-rim deposit. A 

number of factors were taken into account, 
including the mobility of oil reserves, the gas 
and oil reserves ratio, the strength of water drive, 
etc. This matrix is supplemented with several 
parameters, including a deposit type indicator. 
The deposit type is a morphometric measure of 
reserves (thickness of the oil rim and gas cap, 
and contact area), which determines the 
decisions related to the selection of an effective 
development system (Fig. 1). 

Since oil and gas are marketable products, the 
authors believe that the integrated development of 
the gas cap and oil rim is preferable, with certain 
accommodations [8].  

At the same time, for effective management of 
an oil and gas deposit development, it is neces-
sary to withdraw oil and gas in such proportions 
that the gas cap and the oil rim are in  equilibrium 

 
Table 1 

 

Oil and Gas Deposits Drives 
 

Drive 
Fluids Withdrawal 

Oil Gas Oil + Gas 

Gas Cap (GC) 

– The gas is injected only to drive 
oil. 
– GOC moves 
towards the deposit oil zone 

– Significant pressure drop in the 
deposit gas zone.  
– GOC moves towards gas cap. 
– At Рres < Рsat, oil deposit enters 
dissolved gas drive 

Energy potential reduction during 
deposit development 

Water-Drive 

– Oil and water withdrawal is not 
fully replaced. 
– GOC moves 
towards the deposit oil zone 

– Pressure drop in oil and gas 
zones of the deposit. 
– The pressure drop rate is 
determined by the strength of the 
aquifer and its connectivity with 
the deposit 

– Pressure drop and gas withdrawal
in the gas zone is partially replaced
by injection and migration of oil 
into the gas deposit. 
– GOC and OWC lift rate control 
mechanism 

Elastic-Water-Drive 
– Oil withdrawal is fully replaced. 
– GOC is in relative equilibrium 

– Gas withdrawal is fully replaced. 
– OWC is in relative equilibrium 

Gas, oil and water withdrawal is 
fully replaced by injection and 
strength of edge and bottom water 

 

N o t e : OWC is oil-water contact. 

 

 
 

Fig. 1. Main types of two-phase accumulations: ho is the oil zone thickness; 
hgc is the gas cap thickness; POZ is a pure oil zone 
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 (i.e., the minimal draw-down on the GOC 
eliminates the breakthrough of fluids), since any 
significant movement of the gas-oil contact causes 
irrecoverable oil losses and reduction of the 
ultimate recovery factor. 

From the equation of oil and gas reserves in 
place using the method of material balance for 
different drives and conditions of deposit 
development [9]: 
 

Qo + Qw + Qg + Qdg = εo + εr.w + εg + εw + εw.fpm, 
 
where Qo, Qw, Qg, Qdg is production of oil, water, 
natural and dissolved gas; εo is oil expansion; εr.w. 
is expansion of the rock-bound water system; εg is 
expansion of free gas in the gas cap; εw is water 
breakthrough (edge water, underlying water); and 
εw.fpm is water injection. 

The left-hand member of the equation is the 
amount of fluids extracted from the reservoir: oil, 
water, natural and oil gas, while the right-hand 
member represents the drives to extract this liquid 
and gas. If the relative equilibrium of the deposit 
and the immobility of the GOC and OWC is taken 

as a foundation, we can see the mechanism of 
control over the development of the oil-gas (gas-
oil) deposit through the withdrawal of natural gas 
in those areas where it is necessary to adjust the 
current position of the GOC in terms of the 
integrated approach. 

When choosing an effective development 
system, in addition to the morphometric 
parameters of the deposit, the reservoir 
permeability was taken into account.  

According to empirical data on the ratio of 
pore channel sizes (d, μm) and the permeability 
coefficient (Kp, mD) for the oil fields in 
the Perm Region, as well as the criteria of 
different technologies applicability (including 
cost-efficiency), the authors have elaborated 
a quantitative matrix of recommended 
technologies subject to the working agent 
selection (Fig. 2) [10–15]. 

Besides, when selecting effective development 
technologies, it is important to take into account a 
number of qualitative and quantitative factors, such 
as the reservoir type, the permeability anisotropy 
coefficient, and the well location. 

 

 
 

Fig. 2. Matrix of recommended technologies subject to working agent selection: 
WAG is water-alternating-gas injection; FWGM is fine water-gas mixture; 

FPM is formation pressure maintenance; WGM is water-gas mixture 
 

Natural and induced in the course of 
development fracturing affects formation fluids 
flows. Opening of inclined fractures is practically 

impossible, since horizontal fractures do not 
participate in the flow process at later stages of 
development, and only vertical fractures in a 
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certain geodynamic environment keep open and 
permit flow during well operation [16–17]. The 
key factor of the fracture permeability according to 
the dependency deduced by E.S. Romm (to 
determine the fracture permeability Kf in rock 
sections under microscope) is not the intensity and 
length, but the openness of open fracture systems:  
 

Kf = A·b³·l/S, (1) 
 
where A is the proportionality coefficient; b is 
fracture opening, m; l is the fracture length, m; 
S is the area, m2. 

As follows from the above expression, the 
twofold increase of the fracture intensity 
(or length) results in the twofold increase of the 
fracture permeability, while the twofold increase of 
the fracture openness results in the eight-fold 
increase in the fracture permeability. It also 
follows from the dependency (1) that the spatial 
pattern of the open fracture size will determine the 
anisotropy of reservoir permeability, intensity of 
the fluid inflow to the wellbore and its 
productivity. Therefore, it is necessary to perform 
an integrated structural/kinematic and 
tectonic/physical analysis of faults and prediction 
of fracture system parameters in the field 
development engineering. 

During the integrated approach elaboration, 
considerable attention was paid to the working 
agents. The authors reviewed various technologies 
and technical solutions: FPM (water, gas), water-
gas mixture (WAG, injection of WGM or FWGM), 
gas lift, and barrier water-flooding [18–24]. In this 
case, the emphasis was made on the active 
development system characterized by attaining the 
maximum efficiency through the search of 
fundamentally new solutions and the refusal to 
upgrade traditional technologies [25]. In the 
process, gas acts as a positive component in oil and 
gas deposit development. 

As a result of the current state of development 
analysis, it has been revealed that for practically 
every third field under development in the Perm 
Region, watercut surpasses recovery of reserves by 
more than 20 %. For this group of fields, a more 
detailed assessment of the expediency of using a 
classical injection agent – water – is recommended 

at the deposit level, with special attention paid to 
low-permeability reservoirs (less than 10-50 mD). 
A fundamentally new solution in this case will be 
the transition from a passive development system 
(FPMwater) to the introduction of WAG 
technologies (including the implementation of 
fine water-gas mixture (FWGM) injection. In this 
case, the method effectiveness will be determined 
by the ratio of gas bubble diameters to the typical 
sizes of pore channels, which should be less than 
one [26, 27]. The gas phase dispersion, 
comparable to the size of pore channels, excludes 
premature gas breakthrough and provides the 
reduction of phase permeability for water in the 
narrowing of pore channels and additional 
scouring of wetting oil due to diffusion of gas 
bubbles into oil. Besides, a smaller gas bubbles 
diameter adds to the mixture stabilization and, as 
a consequence, provides more opportunities to 
adjust its performance properties [28]. 

As is known from the displacement theory, the 
fluid ratio of oil density to WGM density in 
reservoir conditions should be closely ap-
proximated. In this case we create preconditions for 
maximum possible oil displacement under other 
similar conditions [29–34]. The required WGM 
density is achieved by varying the volumetric water-
gas ratio subject to the density (mineralization) of 
the used water (dispersed medium):  
 

Vw.g = gas volume/water volume. 
 

According to bench and field tests, it should be 
in the range of 0.2–0.5 [35]. 

Consequently, oil density per se cannot be an 
unambiguous criterion when making a decision on 
the possibility of using the WGM technology on a 
hypothetical development facility. The following 
important physical parameter – viscosity – follows 
from the ratio of equal fluids density. In order to 
create the frontal displacement of oil from the pore 
matrix space, the necessary condition is the 
proximity or, better, some excess in the viscosity 
of injected WGM under reservoir conditions, i.e. 
 

µ = µWGM/µoil ≥ 1.1–1.2, 
 

where µ is the viscosity ratio of WGM to oil; µWGM 
is the viscosity of injected water-gas mixture; 
µoil is oil viscosity. 
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The increase in optimal WGM viscosity by 
approx. 10–20 % is determined by the need to 
create a frontal displacement over the entire oil-
saturated thickness of the developed facility. The 
dependency of viscosity on the concentration of 
the dispersed phase is linear and it is described by 
the Einstein's equation: 
 

 µ = µо(1+αφ), (2) 
 
where µо is the viscosity of the dispersed medium 
(water); φ is volume fraction of the dispersed 
phase (gas); and α is the particle drag coefficient 
(for spherical particles α = 2.5). 

Equation (2) is fulfilled for dispersed systems 
that are subject to the Newton's law for fluids. As 
the concentration of the dispersed phase grows, the 
interaction between the particles increases, and 
strong deviations from the equation (2) are 
observed. The viscosity of concentrated systems 
grows exponentially in this case. 

Another criterion for mixtures injection, apart 
from the above, is the presence of gas reserves in 
the fields. In this case, depending on the injection 
technology being implemented, the hydrocarbon 
gas injection rate per one water-gas injection well 
(element) is estimated to be from 0.5 to 10 thous. 
m3/day (Table 2). 
 

Table 2 
 

Gas Injection Rate at WAG Source 
 

Technology 
Daily Gas Flow Rate, 

thous. m3/day 

Gas Flow 
Rate, 

mln m3/y 
Water-Gas Cycle 5–10 1.8–3.7 
WGM 1–5 0.3–1.8 
FWGM 0.5–1.0 0.2–0.3 
 

Consequently, virtually every seventh 
hydrocarbon field currently being exploited in the 
Perm Region has natural gas reserves (free or gas 
of gas caps) in the amount sufficient for the field 
trial of this technology [36–39]. 

However, to date, the comingled injection of 
water and gas still confronts technical difficulties. 
This, in turn, requires further upgrade of the 
preparation and injection equipment, which will 
ensure the creation of a stable water-gas mixture 

with the size of bubbles not exceeding the size of 
the pore channel, while meeting the cost-efficiency 
criteria (equipment and maintenance costs) [40]. 

Nevertheless, a common conclusion for all 
WAG application field tests carried out in the 
fields of Russia, USA, Norway and Canada is the 
effectiveness of oil displacement technologies 
based on the water-gas mixture injection. Oil 
recovery increase can reach 10–25 % compared to 
conventional water-flooding [41–44]. 

As of today, the amount of remaining oil 
reserves of the LUKOIL-Perm Group of Companies 
exceeds 500 million tons. At the same time, in the 
structure of such oil reserves, under-gas-cap 
reserves account for approx. 7 %, low-permeability 
reservoirs (less than 5 mD) – for 37 %, and oil 
reserves with low thickness of reservoirs (less 
than 2 m) – for about 3 %.  

Thus, based on the existing structure of 
remaining recoverable reserves and the current 
state of field development, there is a clear need for 
future application of the active development 
technologies to achieve the target oil recovery rate 
in the LUKOIL-Perm Group of Companies. 
 

Application of Integrated Approach 
to the Development of Bashkirian Deposit 

of Oil and Gas Condensate Field 
 

As an example of the integrated approach with 
the implementation of active development 
technologies, let us examine an oil and gas 
condensate field in Perm Region. Having been 
under development since 1965, it is one of the 
largest fields in the region. It features difficult 
development conditions due to the specific 
geological structure. Three deposits: Bobrikovian, 
Tulian and Bashkirian, are complicated by gas 
caps. The Bashkirian deposit has the largest gas 
cap. Besides, there is a Vereian deposit of free 
gas in the field. 

The simultaneous presence of gas-saturated, 
oil-saturated and water-saturated intervals in the 
section of the deposit causes, during interaction, 
the uncontrollable movement of oil-water and gas-
oil contacts in formations. Thus, in the 2000s there 
was a significant increase in oil-gas production in 
this field, while the volume of oil production 
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remained unchanged. For a number of productive 
wells, there was a decline in the oil flow rate 
(conversion of oil wells operation to gas), which 
resulted in the shutdown of production well stock. 
To identify the reasons for oil-gas production 
growth, a cluster/genetic method of gas 
composition interpretation was developed and 
tested in 2002. This methodology, involving 
additional information on well operation, has 
enabled us to determine the share of oil gas and 
gas cap in the mixture, as well as to establish the 
existing drive of deposit development in the area 
of well drainage radius. Based on the results of gas 
sample composition processing, it was established 
that there are three types of gas in well production: 
gas of the gas cap, mixture gas and dissolved gas. 
The results of gas sample analysis are shown in the 
map section (Fig. 3, a).  

In 2014, after 49 years of oil-only 
development, gas extraction from the gas cap of 
the Bashkirian deposit started at the field, which 
allowed reducing the negative trend. According to 
the current state of development, gas 
breakthroughs have been minimized for oil wells. 
The gas cap is shrinking according to the 
simulation results. 

In accordance with the integrated approach and 
based on the current development state of the 
Bashkirian (Bsh) oil and gas facility, a 
commingled development is recommended subject 
to GOC immobility, as well as FWGM injection at 
the sites of field trials after the advance research on 
the current nature of saturation and deposit energy 
potential. 

As part of the monitoring of the current 
development state, suggestions have been offered 
for the field under study to limit the injection agent 
volume and the injection pressure. Compliance 
with this operating mode for injection wells should 
result in the increased sweep efficiency of the 
reservoir pore matrix and reduced risk of induced 
hydraulic fracturing and water flow (water 
breakthrough) to productive formation wells [45]. 

In addition, when waterflooding starting points 
are being formed, special attention should be paid 
to the spatial patterns of fracture systems 
development. Thus, based on the results of the 
field data analysis for Tulian (Tl) – Bobrikovian 

(Bb) reservoirs of the field under study, there were 
revealed spatial patterns of natural and induced 
vertical fractures propagation, with the azimuthal 
direction of 290–320°. The obtained patterns are 
very likely to correlate by area and section within 
the field outline. 
 

 
 

 
a 

 
 

 
b 

 

Fig. 3. Map: a – gas expansion in well production; 
b – reservoir restoring coefficient distribution 

 
As indicated earlier, part of the field production 

stock was idle. This started the so-called 
rehabilitation period, when, following the bulk 
shutdown of wells (change of the development 
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cycle), in many areas there is accumulation of 
elastic reserves and redistribution of fluid [46]. 

To estimate the degree of reservoir restoration 
to the initial parameters (saturation behaviour and 
initial formation pressure) a map of reservoir 
restoring coefficient distribution was compiled. 
The distribution characterizes the ratio of idle time 
to operation time for a specific well (see Fig. 3, b). 
Natural repressuring of formation should lead to 
decompression opening of the porous fractured 
space and increase its permeability. 

Under the analysis, the highest value of the 
formation system restoring coefficient corresponds 
to the areas with the maximum density of 
remaining oil reserves. The identified pattern 
allows us to determine the priority areas for the 
implementation of a set of measures, including the 
FWGM injection, especially for areas with low 
permeability reservoirs of less than 10 mD. 

Following the results of the pilot remedial 
operations at individual facilities (separate wells), 
it is necessary to shift the emphasis to replication 
of the considered WAG technologies within the 
deposit in order to increase the sweep and the 
displacement efficiency. 
 

Conclusion 
 

The oil-gas deposit type is a measure of 
reserves; it predetermines system solutions for 
selecting an effective development technology. For 

efficient management of an oil-gas deposit 
development, oil and gas should be withdrawn in 
proportions that provide an equilibrium between 
the oil rim and the gas cap. 

To determine the influence of natural and 
induced fracturing on the formation fluid flows, it is 
necessary to perform an integrated structural/ 
kinematic and tectonic/physical analysis of faults.  

Increasing the oil recovery factor by 3 % for 
the fields under development in the existing 
structure of oil reserves is equivalent to bringing 
into development of additional remaining reserves 
in place, comparable, as of today, to the annual 
growth of oil reserves through geological 
exploration. At the same time, the efficiency of 
unit costs for the implementation of active 
production methods, in particular, the WAG 
technology, is an order of magnitude higher than in 
the geological exploration. 

International practice of field development, 
largely in the USA, Canada and Norway, where 
every second ton of oil is produced using the WAG 
technology, encourages us to implement active 
engineering solutions for oil and gas field 
development. The LUKOIL-PERM Group of 
Companies’ assets with a potential to increase the 
oil recovery rate are mainly fields with natural gas 
reserves. Therefore, at oil-gas (gas-oil) fields, 
wherever possible and reasonable, natural gas 
should be considered as an instrument to bring oil 
reserves into development. 
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