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Abstract. The relevance of the study lies in identifying typical stages of oil field development and determining the
beginning of the late-stage period based on the actual values of annual and accumulated oil production and water cut of
well products. The purpose of the research was to identify the main features of the late stage of development and to develop
technical and economic directions and measures to stabilise and increase oil and gas production. The paper analysed the
possibilities of increasing domestic oil production in Ukraine by using the resource potential of fields whose reserves
are classified as hard-to-recover. The authors formulated the criteria by which individual deposits and fields contain
hard-to-recover reserves and determined the structure of such reserves, taking into account the elements of residual
oil saturation of the pore space. The peculiarities of late-stage field development in terms of the dynamics of changes
in development indicators were determined. The geological, industrial, economic, social and environmental problems
accompanying the development of fields at a late stage were considered. Using the example of the development of the oil
industry in Ukraine, the article analysed typical stages of field development and oil and gas production. The structure of oil
reserves classified into active reserves, which are extracted mainly through natural reservoir energy, and hard-to-recover
reserves, which require the use of targeted artificial stimulation of the reservoir system using various targeted methods and
technologies, was presented. A procedure for determining the beginning of the late stage of field development based on
the curves of actual accumulated oil production and water cut of well products was proposed and demonstrated using real
actual data. The location of the residual hard-to-recover reserves in the oil-saturated pore space was identified. Based on
the available average statistical information, the defining features of the late stage of development were comprehensively
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disclosed, which are grouped into geological, technological, organisational, economic, financial, social and environmental.
The main areas of activity of research and development and oil and gas companies to address the problem of stabilising
and increasing oil production at the late stages of field development were identified

Keywords: oil fields; development indicators; hard-to-recover reserves; residual oil; oil recovery; production increase

Introduction

In the current energy situation in Ukraine, which is char-
acterised by growing demand for hydrocarbons and limited
opportunities to discover new large fields, the issue of opti-
mising oil production is extremely important. This is espe-
cially true for fields that are at late stages of development,
when their natural production potential is significantly re-
duced and the economic viability of operation requires the
implementation of additional technical and technological
measures. The late stage of oil field development, which oc-
curs after the stage of maximum production, is character-
ised by a slow decline in production, high water cut and the
need to apply effective methods to maintain technological
and economic efficiency of production. Ukraine, which has
limited domestic hydrocarbon reserves, is largely depend-
ent on energy imports, which requires special attention to
the efficient use of the resource potential of existing fields.
The majority of Ukraine’s oil fields are in the fourth or late
stages of development, with over 90% of wells operated by
mechanised production methods and a significant decline
in average well production rates. In such circumstances, it is
particularly important to develop and implement targeted
oil recovery technologies that will increase production vol-
umes and extend the life of the fields. Late-stage field de-
velopment is also accompanied by problems that cover not
only technical but also economic, environmental, social and
ecological aspects. Loss of equipment integrity, increased
levels of gas pollution, and physical ‘aging’ of industrial
facilities create additional problems for both the econom-
ic performance of enterprises and environmental risks.

A number of publications have been devoted to the
study of the late stage of oil field development. Their main
focus is to consider individual fragments of the field de-
velopment process without generalising them as a whole.
The works of I. Petrenko et al. (2021) and V. Moiseiev (2023)
mainly covered the issues of the state of production indi-
cators and methods of stimulating hydrocarbon inflow
into wells, limiting water flow paths, and levelling the in-
jection profile in injection wells. In particular, scientists
I.M. Petrenko et al. (2021) identified ways to improve the
economic efficiency of oil production enterprises. V. Moi-
seiev (2023) noted that one of the problems is the lack of oil
refining capacity. Almost all oil refineries (about 10) have
been shut down since independence, with the exception of
two — Kremenchuk and Shebelynka. However, the war be-
tween Russia and Ukraine has had serious consequences
for them. The study by 1. Cuper & A. Uhrynovskyi (2018)
presented the structure forms and components of pore
space saturation. The authors discussed the physical and
chemical characteristics of reservoir hydrocarbons and
water, phase changes in hydrocarbon systems, surface and
molecular processes occurring at the interface. The article

also explained the parameters of hydrocarbon recovery, en-
ergy states and operating modes of oil and gas reservoirs,
physical fundamentals, and the use of advanced methods
of oil and gas condensate recovery.

The paper by A.A. Isaev et al. (2022) provided informa-
tion on methods of stabilising oil production, reducing wa-
ter cut and preventing its growth, as well as on traditional
methods of increasing development efficiency. The paper
also presented a set of measures aimed at improving the ef-
ficiency of the Zarechnoe field development in the Repub-
lic of Tatarstan. M.U. Tahir et al. (2023) modelled a number
of strategies using water, gas and chemical injection meth-
ods to improve production results: they analysed meth-
ods of enhanced oil recovery by gas injection, thermal and
chemical treatments of the reservoir system. The research-
ers presented a reliable, comprehensive screening meth-
od aimed at optimising the production of "old" oil fields.

The above studies lack a comprehensive approach to
solving the problem of increasing oil production at the late
stage of development, taking into account economic and
environmental indicators. Efficient operation of late-stage
fields requires the use of innovative technologies, such as
flow-deviating methods, infill drilling, aquifer plugging,
and elimination of leakage in the wellbore space. The aim
of this study was to identify the defining features of the
late stage of oil field development and to formulate techni-
cal, economic and geological and industrial measures that
will help stabilise and increase oil production. The focus is
on hard-to-recover reserves, for which traditional methods
are not always effective.

Materials and Methods

This paper provided a detailed analysis of all active oil
fields in Ukraine that are at a late stage of development
according to the State Committee of the Oil, Gas, and
Oil Refining Industry of Ukraine (1997) and M. Ivaniu-
ta (1998). The most attention was paid to the fields that
are on the balance sheet of the main oil producing compa-
ny, Public Joint Stock Company Ukrnafta (PJSC Ukrnafta),
and are among the most important sources of hydrocar-
bon production in Ukraine, such as Hlynsko-Rozbyshivske,
Bugruvativske, Leliakivske, Hnidentsivske, Dolynske, Byt-
kivske, and Boryslavske. These fields were selected based
on high oil production, water cut and the presence of re-
sidual hard-to-recover reserves, which is typical for the
final stage of development.

The available information on production volumes, flow
rates and water cut rates was grouped into several catego-
ries based on key geological, production and technological
characteristics. This grouping made it possible to deter-
mine the structure of the remaining oil reserves that require
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special methods for their recovery. The main criterion
indicators are based on those specified by V.S. Boyko et
al. (1996), V.S. Boyko (2012) and V.P. Gryshanenko et
al. (2015): the level of water cut of well products, which is
one of the indicative factors of the late stage of oil field de-
velopment; the type and structure of residual oil saturation
of the pore space, which determines the potential of un-
developed hard-to-recover reserves; distribution by types
of reserves, in particular, the allocation of active reserves
produced under natural conditions and hard-to-recover re-
serves that require the use of targeted stimulation methods.

To build the architecture of the main features, a set
of parameters reflecting typical characteristics of the late
stage of development was formed. They include the follow-
ing groups of indicators: geological (structure of residual
reserves, pore space heterogeneity, presence of low-perme-
ability layers); technological (well operation methods, flow
rates, water cut); economic (production cost, profitability,
investments in the implementation of production stimu-
lation methods); environmental (level of environmental
pollution). Initial information was collected from the fol-
lowing sources: State Committee of the Oil, Gas, and Oil
Refining Industry of Ukraine (1997) and V. Moiseiev (2023),
which contain data on the total number of oil fields, dy-
namics of oil, gas and water production. Scientific and
technical literature listed in the references was also used.
Microsoft Excel was used for statistical analysis and model-
ling, which made it possible to group data, build water cut
and cumulative production graphs, build an architecture of
late-stage development features and determine its begin-
ning in technological and time space. Thus, an integrated

approach that combined statistical analysis and geological
modelling made it possible to assess the state of late-stage
development of the fields and propose specific measures to
improve the efficiency and completeness of oil production.

Results and Discussion

Ukraine does not have sufficient domestic oil reserves.
There is also no reason to assume that it will be provided
with sufficient oil in the future (Lukin, 2008; Vytvytskyi
& Pilka, 2016). According to V. Moiseiev (2023), in 2020,
there were 216 oil fields in Ukraine, of which 193 were very
small with oil reserves of up to 1 million tonnes. There
are 21 fields with small reserves (1-5 million tonnes), Bu-
gruvativske field with small reserves, and Hlynsko-Rozby-
shivske field with medium reserves (5-30 million tonnes)
(State Committee of the Oil, Gas, and Oil Refining Industry
of Ukraine, 1997; Ivaniuta, 1998). About 45% of the total
well stock operates with weighted average flow rates of up
to 1 tonne per day and produces about 3% of oil from the
total production. An analysis and summary of the develop-
ment of the oil industry in Ukraine, based on the example
of the largest oil and gas company PJSC Ukrnafta (produc-
es 86% of oil, 28% of gas condensate, and 16% of gas from
total hydrocarbon production in Ukraine), shows that it
has passed the period of maximum production, which is
inevitably followed by a decline (Lukin, 2008; Vytvytskyi
& Pilka, 2016). Figure 1 shows the dynamics of annual and
cumulative oil production and water cut rates, built by the
authors based on actual data of PJSC Ukrnafta, which has
a classical character similar to the world oil production
curve proposed by K. Hubbert (1956).
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Figure 1. Dynamics of oil production and water cut of well products by fields of PJSC Ukrnafta

Source: created by the authors based on actual data of oil extraction enterprises

The decline in production is mainly due to intensive
depletion of reserves at the main fields and their transition
to the late stages of development. The maximum annual oil
production was achieved in 1972 due to the discovery and
accelerated development of relatively large fields with sig-
nificant reserves, such as Hlynsko-Rozbyshivske, Bugruv-
ativske, Korzhivske, Leliakivske, Hnidentsivske (eastern
region), Dolynske, Pivnichno-Dolynske, Strutynske, Oriv-Ul-
ychnianske, Starosambirske (western region) and others
(State Committee of the Oil, Gas, and Oil Refining Industry

of Ukraine, 1997; Ivaniuta, 1998; Gryshanenko et al., 2015).
Since 1972, oil production has been steadily declining. In
1976-1982, the rate of decline was 8.5-12%, in 1985-1991 -
2.0-2.2% per year. After 1992, these rates increased to 5-10%.

There are four stages of oil field development (Boyko et
al., 1996; Oil and Gas Institute, 2004; Gryshanenko et
al., 2015). Figure 1 identified these stages as: I — increasing
oil production; II - stable production; III — declining pro-
duction; IV - late stage, which is the longest and is char-
acterised by low, slowly declining levels of oil production,
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high water cut of wells, and their conversion to mechanised
methods of operation. In Ukraine’s late-stage fields, about
90% of wells are operated with pumps of various types and
sizes, and about 70% of wells have oil production rates of
up to 2 tonnes per day.

The first three stages constitute the main develop-
ment period lasting, as a rule, 25-30 years, during which
70-85% of recoverable oil reserves are extracted, the re-
maining 15-30% of recoverable reserves are extracted at

the IV or late stage. The authors propose to determine the
conventional beginning of the late stage by the curves of
accumulated oil production and water cut, which, accord-
ing to the graphic construction, for Ukrnafta’s fields corre-
sponds to 2008 (Fig. 1). The predominant share of oil re-
serves produced at the late stage of development consists
of hard-to-recover reserves (Fig. 2), the extraction of which
requires diverse and unique methods and technologies of
impact on the reservoir system.

‘ DISTRIBUTION OF OIL RESERVES ‘

’ Active - 35% ‘ ‘

Hard-to-recover - 65% ‘

With a permeability of less than
0.05 pm?

With a water cut
of more than 80% - 29%

With depletion higher than
85% — 27%

With oil viscosity of more than 30
mPa-s - 3%

Figure 2. Qualitative characteristics
of recoverable reserves
Source: created by the authors based on T.D. Van Golf-Racht (1982), V.S. Ivanyshyn (2003), I.M. Cuper &

AV. Uhrynovskyi (2018)

When solving the problems of developing fields at the
fourth stage, its residual reserves should not be complete-
ly equated with the hard-to-recover reserves of new fields
with great depths and complex geological structure. The
reserves of late-stage oil deposits can be considered ex-
tremely hard to recover in terms of their qualitative char-
acteristics and their architecture is partly a consequence
of previous technological actions, the imperfection of the
development system, waterflooding system, well tapping
and development methods, and operating modes.

The hard-to-recover reserves (Fig. 2) include reserves
that are not fully recoverable due to: low water displace-
ment capacity; unevenness of the displacement front;
heterogeneity of the structure and reservoir properties of
the pore space; clogging of pore channels and their com-
pression; presence of low-permeability layers not covered
by waterflooding; high rates of extraction from high-per-
meability layers; location of oil residues in the inter-well
areas in conditions of insufficient well grid density and

On the surface of pore channels

formation of interference zones; accumulation of oil
in peripheral undrilled areas with a small oil-saturated
thickness, in low-permeability surface or bottom are-
as, in thin-layer oil rims. These reasons are also men-
tioned in V.O. Fedorishyn (2005), M.I. Yurkiv (2008) and
AY. Dandekar (2013).

The late stage of field development is also character-
ised by the fact that oil production revenues are insuffi-
cient to maintain industrial communications and field in-
frastructure in a functional state, as already noted by such
scholars as D.O. Yeher et al. (2005), Ya. Vytvytskyi (2008)
and .M. Ivanchenko (2011). This requires a critical review
of both technological and economic approaches to facilitate
the cost-effective recovery of remaining oil reserves and
achieve the design oil recovery factor. In the technological
aspect, the efforts of the subsoil user at the late stage of de-
velopment are aimed at increasing the rate and complete-
ness of the production of residual reserves, the structure
of which, according to average data, is shown in Figure 3.

e 31

In areas not affected by flooding FEEEEE———— 27

In undrained areas msssE————————— 19
In areas not tapped by wells g 16

Near impermeable barriers

0 5

— 7

10 15 20 25 30 35
The average value

Figure 3. Residual oil location in the pore space
Source: created by the authors based on T.D. Van Golf-Racht (1982), V.O. Fedorishyn (2005), V.P. Gryshanenko et al. (2015)

The authors formulated and grouped the main groups
of features that determine the state of the late stage of

development as geological and industrial, socio-economic
and environmental (Fig. 4).
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| FEATURES OF LATE STAGE DEVELOPMENT

| Geological and industrial |

|_

| High water cut |

| Geological

Presence of hard-to-
recover reserves

Formation of zones with
unproduced reserves

|—

| Low well production rates |

| Technological

High water cut of well products

Increase in the number of idle
and inactive wells

Organisational

| Social and economic |

Economic

| Increase in production costs |

Decrease in profitability

Price fluctuations and tax burden

_|

| Decrease in profitability |

Financial |

Lack of own sources of investment

Increased risks of investing in further
production development

Social

Wear and tear of existing

Environmental

Decline in the infrastructure of

equipment

Downsizing and employee issues

the oil-producing region

Dismissal of experienced
professionals

Figure 4. The main groups of features of the late stage of oil field development

Source: created by the authors

Taken together, these features are decisive in the for-
mation of objects and directions of investment activity of
enterprises that operate deposits at a late stage of their
development, but the leading one is the geological and
industrial group, the state and development of which de-
termines the form and content of social and economic ac-
tivities. Environmental factors are also important, caused
primarily by physical "aging" of underground and surface
equipment and loss of its integrity, formation of springs,
increased level of environmental pollution, and environ-
mental degradation, as is the case in the fields of Western
Ukraine and Poland, as described in Oil and Gas Institute
(2004) and I.M. Ivanchenko (2011). One of the main prob-
lems of late-stage oil field development, which is the case
for the majority of fields on the European, American and
East Asian continents, is the identification of the defining
features of the stage in order to develop technical and eco-
nomic measures to stabilise and increase oil production.

Summarising the geological and filtration-capacitive
characteristics of oil field reservoirs, physical and chem-
ical properties of fluids and thermobaric conditions that
accompany late-stage development processes, the authors,
as well as partially V.P. Gryshanenko et al. (2015), identifed
the following. The deployment of targeted industrial and
scientific research is aimed at determining the location and
assessing the volume and structure of residual oil in the
subsoil. It is necessary to create geological, technical and

filtration-capacitive models of oil-saturated objects, while
distinguishing different types of residual reserves. A sys-
tematic approach to organising the impact on the bottom-
hole zone, filter and wellbore is aimed at integrating these
elements into a single hydrodynamic well formation sys-
tem to increase well productivity and reduce water cut of
the produced product. The optimisation of waterflooding
systems should include adjusting the operating modes of
injection wells and coordinating their operation with pro-
duction wells. The use of flow deflecting technologies can
improve the efficiency of hydrocarbon production process-
es. Polymer flooding is required to seal wells of complex
architecture, including multilateral wells with horizontal
boreholes and productive reservoir opening in depression
or equilibrium mode, and is an important step in the pro-
cess of efficient production. It is necessary to refuse aban-
donment of wells if their technical condition is acceptable,
and to consider the possibility of using them in intermit-
tent operation or as injection or observation wells.

In this direction, with the participation of the authors
V.P. Gryshanenko et al. (2015), the principles and tech-
nologies of systematic targeted isolating and stimulating
effects on the bottomhole zone, filter, wellbore, pay zone
and interwell zones of the reservoir have already been de-
veloped. A number of methods and technologies have been
elaborated to develop oil reservoirs, limit the inflow of for-
mation water and eliminate leakage in the wellbore space
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of injection and production wells, as well as modern ap-
proaches to reinterpreting the results of seismic and geo-
physical surveys of wells and building permanent hydrody-
namic models of hydrocarbon deposits (Boyko et al., 1996;
Oil and Gas Institute, 2004; Gryshanenko et al., 2015).

A.A.Tsaev et al. (2022) also noted that intensification of
residue recovery from fields at a late stage of development
is one of the most difficult and at the same time urgent
tasks for the industry. In particular, the authors noted a
possible increase in water cut at the third and fourth stages
of development. Intensification of hydrocarbon inflow into
a well was also considered by Y.D. Kachmar et al. (2004).
The implementation of organisational tasks in the current
study is to develop appropriate industry programmes and
regulations to streamline production activities at the late
stage of field development. There is a need for a mandatory
recalculation of oil reserves and preparation of projects for
the completion of fields, enhanced control and regulation
of relations between the state and subsoil users, ensuring
conditions for attracting investments and reducing the
risks of implementing programmes to improve field devel-
opment systems and implementing measures to increase
oil recovery. When addressing social issues, it is necessary
to take into account the presence of developed infrastruc-
ture at the fields, highly qualified production and technical
personnel, whose downsizing should be carried out mainly
on the basis of age and disciplinary principles, possible de-
terioration of the environmental balance and strengthen-
ing of the relevant permanent control.

Financial and economic problems are subject to the
principles of increasing technical and technological risks
against the background of rising production costs, decreas-
ing cash flows, lower profitability and reduced opportuni-
ties for own investments. This was also noted by D.O. Ye-
her et al. (2005), Ya. Vytvytskyi (2008) and I.M. Petrenko et
al. (2021), which confirms this opinion. Government sup-
port for preferential taxation of oil production from fields
at a late stage of development is also important here, as it
has been introduced, for example, in the United States and
Canada. Thus, as noted earlier, these studies did not take
into account or only partially take into account ways to
solve the problem of increasing oil production at the later
stages of field development. Not all of them consider eco-
nomic factors, in particular. In this study, a comprehensive
systematisation of the features of late-stage oil field de-
velopment was carried out, and appropriate recommenda-
tions were provided that will not only temporarily increase
productivity but also provide long-term benefits.

Conclusions
One of the most important tasks was to determine the cri-
teria for identifying the presence and structure of residual
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AHoOTaLig. AxTyanbHicTh poboTH monsArac B imeHTudikauii TUIOBMX CTafiii po3pobku HAPTOBMX POMOBUII Ta
BM3HAueHHi MOYATKy HACTaHHS Mepiomy Mi3HbOI cTafii Ha mimcraBi GakTMUHMX 3HAYEHb PIYHOIO Ta HAKOMMUYEHOTO
BUAOOYTKY HahTM 71 06BOGHEHOCTI MPOAYKIii CBepIOBMH. MeTo po6OTH Gy/I0 BU3HAUEHHS TOJIOBHUX O3HAK Mi3HbOI
cTazii po3po6KM Ta HAIpallOBaHHS TEXHiKO-eKOHOMIUHMX HAIpSIMKIB i 3aX0fiB IoAo crabinizanii Ta HapouyBaHHS
BUAOOYTKy HabTu it rasy. 3AilficHEHO aHai3 MOKJIMBOCTE! HApOIIyBaHHS BIaCHOrO BUOOOYTKY HadTu B YkpaiHi
3 BMKODMCTAHHSI PECYpPCHOTO MOTEHI[ially POLOBMIN, 3amacy SIKMX BiTHOCSTbCS IO KaTeropii Ba)KKOBUAOOYBHMX.
CdhopmynboBaHO KpuTepii, 3a IKMMU OKpeMi MOKJIaIy ¥ POFOBUIIA MICTATh BaXKKOBMUIOOYBHI 3amack, Ta BCTAHOBJIEHO
CTPYKTYPY TaKMX 3amaciB 3 ypaxyBaHHSIM eJleMeHTiB 3aMIIKOBOI HaTOHACMUEHOCTi ITOPOBOTO IIPOCTOPY. YCTaHOBIEHO
0COOGMMBOCTI PO3POOKM POXOBMIL, HA Mi3Hil cTanii y yacTuHi AMHAMiKM 3MiHM TOKa3HUKIB pO3po6KKU. PO3MISIHYTO
reoJIoro-IpoOMUCIOBI, EKOHOMiYHi, COIlia/bHi Ta €KOMOTiUHiI TPOGIeMH, [0 CYITPOBOAKYIOTh PO3POOKY POJOBMIIL HA Ti3Hi
cranii. Ha mpukiazai po3BuTKy HadTOBMA0OYBHOI Tamy3i YKpaiHu BUKOHAHO aHasi3 TUIIOBUX CTalili OCBOEHHS POJOBMUILL
Ta BUOo6yBaHHs HadTu it rasy. [IpencraBiaeHo CTPYKTYypy 3anaciB Hab Ty, KinacudikoBaHMX Ha aKTUBHI, 110 BUITYyYalOThCS
3/1e6i/IBIIIOT0 33 paXyHOK MPUPOIHOI MJIaCTOBOI eHeprii, Ta BayKKOBUIOGYBHI, SIKi BMMAaraioTh 3aCTOCYBaHHS CIIPSIMOBaHO1
HITYYHOI Aii Ha MJIACTOBY CMCTEMY 3 BUKOPMCTaHHSM Pi3HOMaHITHMX afpeCHUX MeTO/IB i TEXHOJIOTil. 3alIPOIIOHOBAHO
1 TIOKa3aHO Ha pealbHMX (QAKTUUYHUX AAHUX MPOLENYpPYy BM3HAUEHHS MMOYaTKy Mi3HbOI cTafii po3po6Ku pomoBull 3a
KpMBUMU (HaKTMUHOTO HAKONMUEHOTO BUAOOYTKY HadTu Ta 06BOLHEHOCTI MPOAYKLii cBephnoBuH. IneHTMdikoBaHO
JIOKAI[il0 3aJMIIKOBMUX BaXKKOBMIOOYBHMX 3amaciB y HadTOHacCHMUYeHOMY IOPOBOMY IMpOCTOpi. 3a HAsIBHOIO CepefHbO-
CTaTUCTUYHOW iHdOpMalliel0 Bce6GiUYHO PO3KPUTO BU3HAUaAlIbHI O3HAKM Mi3HbOI cTafili po3pobKM, SKi YIrpylnoBaHO Ha
reoJIOTivHi, TEXHOJIOTiIUHi, OpraHi3aliifHi, ekoHOMiuHi, hiHAHCOBI, cOIliabHi TA €KOJIOTiUHi. BU3HAUE€HO rOIOBHI HATIPSIMKM
nii HayKoBO-ZOCHigHMX i HadTOrasoBUOOGYBHMX KOMIIAHi/l Ha BMpilleHHS mpobiaemu crabinisaiiii Ta HapoUlyBaHHS
BUI00OYTKY HaTM Ha Mi3HIX CTafisIx PO3POOKYM POLOBUIILL

Knro4oBi cnoBa: uadToBi pomoBuina; MOKA3HMKM PO3POOKM; BaXKOBMOOOYBHI 3amacu; 3ajuiukoBa Hadra;
HadTOBMIYUeHHSI; 361/IbIIIeHHST BULOOYTKY
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