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Abstract. The necessity and the basic directions of the scientific vision of further reforming the systems
of water resources and land reclamation management are determined. The need for such a reform is
dictated by the fact that, despite the adoption on October 4, 2016, by the Verkhovna Rada of Ukraine of
the Law “On Amendments to Certain Legislative Acts of Ukraine on Implementing Integrated Approaches
to Basin Management” and a number of by-laws, the system of water management and land reclamation
management in Ukraine still remains virtually unreformed since post-Soviet times as two mutually exclusive
functions remain in this system: the water management function and the land reclamation management
function. Moreover, the statutory grounds for the introduction of integrated basin management have been
deliberately used to eliminate economic entities which managed reclamation infrastructure, which has
made it much more difficult to separate the above-mentioned functions, as required by Directive 2000/60/EC
of the European Parliament and the Council of Europe “On establishing a framework for Community
action in the field of water policy”, the implementation of which into Ukrainian law is a mandatory task
under the Association Agreement with the EU. Recent adoption (on February 17, 2022) by the Verkhovna
Rada of Ukraine of the Law “On Organization of Water Users and Stimulation of Hydrotechnical Land
Reclamation” was confirmed by the President of Ukraine on May 6, 2022. It is an important step towards
reforming the water management as for the first time in Ukraine the law introduces a new organizational
and legal form for the management of reclamation systems, namely water user organizations. But this Law
does not address the main issue of the reform — the separation of the above-mentioned functions. Therefore,
the success of further reforming of the systems of water resources and land reclamation management will
directly depend not on the speed of development and adoption of bylaws to the Law “On Organization of
Water Users and Stimulation of Hydrotechnical Land Reclamation”. It will depend on the earliest possible
adoption of the “Concept of reforming the water management system of Ukraine” by the Government of
Ukraine, the project of which was prepared and approved by all interested ministries and departments in
2019, but was deliberately blocked by then leaders of the Ministry of Ecology and Natural Resources of
Ukraine. Therefore, the work on reforming the systems of water resources and land reclamation management
is unsystematic and, in many cases, the practical steps being implemented, especially in improving the
structure of the State Agency Water Resources of Ukraine, are mostly destructive. Minimizing their negative
impact will require considerable efforts and time. This article aims at scientific substantiation of the list
and sequence of measures, including at the legislative level, the implementation of which will bring the
systems of water resources and land reclamation management in Ukraine in line with European water
legislation, and thus ensure full implementation of the provisions of integrated management on the basin
principle not only formally but also in the spirit.

Key words: system, reform, management, efficiency, water resources, reclaimed lands, irrigation,
drainage, water user

Introduction. Resolving the tasks of reform of the existing, mostly still “Soviet”

sustainable provision of water resources and
increasing the use of irrigation and drainage in
Ukraine to fulfill the functions of a guarantor of
world food security is impossible without radical

system of water resources and land reclamation
management. This is especially important in the
view of the extremely low level of own water
resources provision; unacceptable inefficient
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use of the available irrigation and drainage
potential; and dangerously high, the highest in
Europe (over 0.6°C/10 years), growth rate of the
average annual air temperature and, as a result,
progressive reduction of the availability of water
resources for the use with simultaneous increase
of the need for them, including the expansion of
irrigation areas and water regulation to minimize
the negative impact of climate change on the
sustainability and efficiency of agriculture.

First of all, an institutional reform should be
implemented, the main aim of which should be,
in accordance with the requirements of the “EU
Water Directive”, the separation of the functions
of water resources and land reclamation
management. Therefore, the system of water
resources management through the adoption
of the Water Strategy of Ukraine should be
oriented towards achieving an acceptable level
of water security through the full implementation
of integrated water resources management
on the basin principle. For the effective land
reclamation management, it is necessary to create
all necessary conditions for the involvement of
landowners and land users to the management and
operation of irrigation systems at both the intra-
farm and on-farm levels. This problem should
be solved by implementing the provisions of the
already adopted Law of Ukraine “On Water User
Organizations and Stimulation of Hydrotechnical
Land Reclamation” and the adoption of the Law of
Ukraine “On Amendments to Certain Legislative
Acts Regarding the Improvement of Management
Systems of Engineering Infrastructure of State-
Owned Reclamation Systems”. Itis these laws and
by-laws to them that should become the basis of
a new system of management of the engineering
infrastructure of irrigation and drainage
systems, capable of ensuring not only effective
management of the existing infrastructure, but
also creating and implementing mechanisms
for attracting investments for its modernization
and further development. All these institutional
and legislative changes should be based on the
principles of harmonization of national legislation
with the relevant EU legislation.

Actuality of research. One of the most
important problems of sustainable development
is the protection and preservation of natural
resources, primarily water, in connection with
their limitation at both the global level and
directly in Ukraine. Today, about 2 billion people
in the world lack access to safe drinking water.
A significant part of them lives in vulnerable
regions where various conflicts, including
military ones, taking place. Since 2014, such
regions include the regions of Ukraine — Donbas

and Crimea, and from February 24, 2022 — almost
all the territory of Ukraine. In addition, in terms
of availability of water resources ready to use,
Ukraine belongs to the countries with low water
supply. According to this indicator, Ukraine ranks
111" among 152 countries of the world, and ranks
17" among 20 European countries [1-3].

The problem of water scarcity is further
complicated by climate changes, which for
Ukraine are characterized by the highest rate
of increase in average annual temperature in
Europe (over 0.6°C/10 years), as a result of which
Ukraine is undergoing a process of progressive
dehydration of its territory. Due to a significant
increase in total evaporation along with an
almost unchanged amount of precipitation, the
amount of water withdrawn from the territory of
Ukraine today is increasing up to 25-42 cubic
km comparing to the period of 1961-1990 [4].
Accordingly, the flow of rivers decreases (from
10-20% in the north up to 40—50% in the south)
and in low-water rivers of the Kherson, Odesa,
Mykolaiv, Dnipropetrovsk, and Zaporizhia
regions, its complete cessation is predicted
starting from 2041 [4-6]. At the same time,
with the growing shortage of water resources,
the conditions of natural moisture supply of the
territory of Ukraine are deteriorating significantly.
In the period from 1991 to 2020, the area of dry
and very dry zones increased by 7 %, and the area
of arable land with an annual climate balance
deficit of more than 300 mm exceeded 10 million
ha [1]. The last number can be defined as the one
which characterizes Ukraine’s general need for
irrigation. At the same time, the actual state of
the use of irrigation potential (over 2 million ha)
and drainage potential (over 3 million ha), which
has been available since Soviet times, can be
characterized as a crisis because in recent years
(until 2022) the area of actual irrigation did not
exceed 550 thousand hectares and the area of
active water regulation (drained lands) was even
smaller (about 300 thousand hectares). The state
of on-farm network is especially critical [1; 3; 7].

Currently, there is no reliable and systematic
information regarding the technical condition
of engineering infrastructure objects and the
operation of reclamation systems, allocation by
the owners and water users, location, etc. This
makes it difficult to make effective management
decisions regarding their use, modernization, and
restoration [3; 8].

Among the most important reasons for the
extremely unsatisfactory state of the use of the
existing potential of irrigation and drainage
systems are the inefficient structure of water
resources and  engineering  infrastructure
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management; the detachment of water users from
the management of water distribution and water
supply processes; insufficient level of funding
due to the lack of funds in the state budget. At
the same time, the conditions for attracting
investments for the implementation of measures
for the modernization and reconstruction of
the existing engineering infrastructure and the
expansion of irrigation and water regulation areas
have not been created.

The imperfection of the management system
primarily requires legislative regulation of the
issues of reforming the organizational structure
of water resources management and effective use
of reclaimed lands considering the interests of all
water users. It also requires carrying out legal and
institutional reforms covering all the elements of
the structure of supply, transportation, distribution,
and consumption of water resources that should
be based on the best global experience. Therefore,
the measures to reform the systems of water
resources and land reclamation management
developed with the participation of the experts
from the World Bank and FAO and approved by
the CM of Ukraine in the “Strategy for Irrigation
and Drainage in Ukraine until 2030” (2019) and
the Action Plan for its implementation (2021) are
classified as priority.

Analysis of the latest studies and
publications. Analysis of organization schemes
for state governance of water resources in the UK,
The Netherlands, Germany, Sweden, Canada,
and the United States of America shown that
there are different schemes of water resources
management ranging from the ones based only on
basin principle to the mixed ones. However, for
all schemes the participation of state authorities at
national and regional (basin) levels is mandatory
and the most successful is the basin organization
of water management [3; 1; 4]. In the most
complete and balanced way such a system was
implemented in France and has been in operation
since 1964 [11; 12].

Water management in France is entrusted to
the Ministry of Ecology, Energy and Sustainable
Development (regulation and control). Also, this
Ministry is a coordinator of the Inter-Governmental
Committee on Water Resources. At the regional and
local levels Ministry delegate its responsibilities
to the regional authorities of the environmental
protection, to the Departments of territories
management, and to the prefectures’ co-ordinators
in each river basin. A separate governmental
authority is the National Water Resources and
Environment Administration, which is responsible
for monitoring and coordinates its actions with the
Ministry of Ecology [11].

&

For the purpose of involvement of society
and solving water problems, even at the central
national level in France, there is an additional
consulting representative organization, which
cooperates with the Ministry of Ecology — National
Committee of Water Resources. It brought
together delegates from water users, regional
communities, governmental authorities, as well as
representatives and heads of basin committees.

This organization is taking part in the
development of state policy; resolving of
problems which are common for two or more
basins; discussing and agreement of all projects
and measures at the level of large regions; the
determination of water prices and requirements
for the quality of water supply and discharge.

The French case is an example of an
effectively functioning system of water resources
management, which unites all stockholders in
conflict-free water resources management within
a hydrographic watershed. Basin organizations
perform not only planning and control functions,
but also control the performance of functions by
other bodies that manage water resources.

In France a unique system for financing all
necessary functions of environmental issues
has also been created based on the principle of
“polluter pays”. The above-mentioned aspects
of water resources management in France can be
used for Ukraine as well [11; 13].

The analysis of international experience
regarding the operation and maintenance
of reclamation systems’ infrastructure and
international practices of reforming the land
reclamation management showed that economic
relations in the field of reclamation of various
countries of the world are largely determined by
the forms, amount, and conditions of state financial
support and regulations of economic processes.

In countries with a developed market economy,
investments in hydromelioration measures are
carried out by land owners, land users, and the
state. National wide objects and objects of inter-
economic importance are constructed, as a rule,
at the expense of state subsidies and loans, are
on the balance sheet of state enterprises, and are
maintained at the expense of state funds. On-farm
facilities are created at the expense of landowners
and land users’ own funds as well as soft loans
and state funds.

In the global practice of agricultural
production, complex land reclamation in
combination with the use of scientifically based
agricultural technologies and technical means
is a crucial condition for sustainable and highly
efficient agricultural production. For example,
in China the share of reclaimed lands reaches
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)
44.4%, in India — 35.9 %, in the USA—39.9%. In
the USA, China, India, and European countries
the development of meliorative agriculture is
the basis of state policy to ensure food security.
Restoring the key role of land reclamation in
ensuring the sustainability of agriculture in
Ukraine in the face of climate change is one of
the priority tasks of Ukraine’s agrarian policy.

The purpose of the research is to determine the
modern aspects of reforming the systems of water
resources and land reclamation management in
the context of substantiating the main paths of
their enhancement aimed at improving the access
of all stakeholders to water resources of good
quality and restoring the potential of irrigation
and drainage as the ground for increasing the
efficiency of the reclamated lands use on the base
on international practices and experience.

Materials and methods. The research
was carried out based on the methodological
approaches that are used in international practice
and meet the requirements of international and
European standards; legislative acts on the support
and regulation of relations in the field of water
resources management and land reclamation;
current legal documents and generally accepted
methods in Ukraine.

The  research  methodology  includes
methodical approaches based on system analysis
and generalization of knowledge regarding the
current state and features of the functioning of the
systems of water resources and land reclamation
management both in Ukraine and abroad.

Research results. In recent years, Ukraine has
already implemented and continues to implement
actions aimed at reforming the systems of water
resources and land reclamation management.
Therefore, all actions are based on the task of

harmonizing Ukrainian water legislation with the
six EU water directives (Fig. 1).

In accordance with the Action Plan for the
Implementation of the Agreement approved
by the Decree of the Cabinet of Ministers of
Ukraine, obligations regarding harmonization
with water directives were assigned to various
ministries: the Water Framework Directive
and the Marine Environment Directive to the
Ministry of Environmental Protection and
Natural Resources; Directive on drinking water
to the Ministry of Health; Directive on the
treatment of urban wastewater to the Ministry
of Regional Development, Construction and
Housing and Communal Services; Nitrate
Directive to the Ministry of Economic
Development, Trade and Agriculture; Directive
on assessment and management of flooding risks
to the State Emergency Service of the Ministry of
Internal Affairs.

The main legislative document of Ukraine
on the use of water resources is the Water Code,
which entered into force on July 20, 1995
with relevant changes and amendments [15].
According to it, the purpose of water legislation
is to regulate legal relations in order to ensure the
preservation and scientifically based rational use
of water for the needs of citizens and branches
of the economy of Ukraine. The latest changes
to the Water Code and a number of other
regulatory acts are related to the signing of the
Association Agreement between Ukraine and the
European Union in 2014 and, accordingly, the
need to harmonize Ukrainian legislation with EU
directives. The implementation of the provisions
of Directive 2000/60/EC of the FEuropean
Parliament and the Council “On establishing the
framework of the Community’s activities in the

Ukraine-European Union Association
Agreement

Ukrainian water legislation

Directive
on
Drinking
Water

Water
Framework
Directive

Marine
Environment
Directive

Directive on
the
treatment
of urban
wastewater

Flood Risk
Nitrate Assessment and

Directive

Manage ment
Directive

Fig. 1. European integration of water policy of Ukraine
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field of water policy” dated October 23, 2000 [15]
into the practice of water resources management
in Ukraine began with the adoption of the Law of
Ukraine “On Amendments to Certain Legislative
Acts of Ukraine on the implementation of
integrated approaches in water resources
management according to the basin principle”
(adopted by the Verkhovna Rada of Ukraine on
October 4, 2016, No. 1641-VIII) [4].

Subsequently, in the development of the
provisions of this law, five important documents
for the implementation of basin management
of water resources were approved: “Names of
sub-basins and water management plots within
river basin districts”; “Procedure for developing
water management balances”; “Model provision
on basin councils”; “List of pollutants for
determining the chemical state of surface and
underground water bodies and the ecological
potential of an artificial or significantly modified
surface water body”; “On approving the
boundaries of river basin districts, sub-basins,
and water management plots”.

Today, the work on the implementation of
the system of integrated management of water
resources according to the basin principle [16-20]
is focused on the creation of a new monitoring
system of surface water and the development of
river basin management plans. Unfortunately, due
to the lack of funds and financial mechanisms for
their involvement, the deployment of these works
is far from desired, although, as noted, the plans
for nine basins should be ready by 2024.

In general, the process of implementing
integrated management while meeting the
requirements of European directives formally
very often does not meet them in the spirit. First
of all, in the already mentioned Law of Ukraine
“On Amendments to Certain Legislative Acts
of Ukraine Regarding the Implementation of
Integrated Approaches in the Management of
Water Resources Based on the Basin Principle”
the powers of the basin councils were reduced
to the role of advisory bodies under the State
Agency of Water Resources, which made it
impossible for them to perform the functions
of monitoring the activities of the basin
administrations and, accordingly, water users
will never get real opportunities to participate
in water resources management. The law also
does not foresee the separation of the function of
water resources management from the function
of reclamation infrastructure management.
Moreover, the lack of legislative regulation of
this issue made it possible for then leaders of the
State Agency of Water Resources to implement
a number of destructive decisions aimed at the

]

liquidation of economic entities that managed
the reclamation infrastructure with the transfer
of their functions to the basin authorities,
which significantly complicated the possibility
and procedure of transferring the reclamation
infrastructure to the State Agency of Land
Reclamation and Fisheries of Ukraine, which in
2021 was designated by the Cabinet of Ministers
of Ukraine as responsible for the operation of
this infrastructure and the implementation of the
state policy on land reclamation. Neither this
law nor the Water Code foresee the creation of
the National Water Council under the Cabinet of
Ministers of Ukraine as a body responsible for the
development and control of the implementation
of the state water policy by a significant number
of Ministries and departments responsible for the
implementation of its certain parts. The creation
of such a body was foreseen by the draft of
the “Concept of reforming the system of water
resources management” developed and prepared
for the consideration by the Cabinet of Ministers
of Ukraine in 2019 simultaneously with the
“Strategy for Irrigation and Drainage in Ukraine
until 2030”. Unfortunately, then leaders of the
Ministry of Ecology and Natural Resources
and the State Agency of Water Resources
blocked the submission of the “Concept...” for
the consideration by the Cabinet of Ministers
of Ukraine and until now Ukraine has neither
asystematic vision ofapproaches forreforming the
systems of water resources and land reclamation
management nor a full-fledged coordinating
body responsible for developing such a vision.
Unresolved issues regarding the separation of the
function of reclamation infrastructure’s operation
along with the provision of water supply and water
discharge services from the functions of water
resources management significantly slow down
the process of full implementation of integrated
management of water resources according to
the basin principle and the implementation of
the tasks approved by the Cabinet of Ministers
of Ukraine in the “Strategy for Irrigation and
Drainage in Ukraine until 2030 [2] and the
Action Plan for its implementation [22].

Thus, for almost a year and a half, the Decree
of the Cabinet of Ministers of Ukraine dated May
24,2021 “Someissues of distribution of individual
powers of central executive bodies in the field
of land reclamation” regarding the transfer
of powers to implement state policy on land
reclamation and land reclamation infrastructure
to the State Agency of Land Reclamation and
Fisheries of Ukraine, as a tool for implementation
these powers, has not been fully implemented.
The State Agency of Water Resources with the
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support of the Ministry of Ecology and Natural
Resources under the completely fabricated
pretext of the need to provide water resources
to other regions and consumers (except for
irrigation) advocates the need to leave a number
of national wide canals under its management
(Kakhovskyj,  Inguletskyj, = Dnipro-Donbas,
etc.), i. e. retain among its functions the
function of providing services using engineering
infrastructure, which completely contradicts
with the requirements of the European Water
Directive and creates prerequisites for a conflict
of interests diverting from solving urgent issues
of water resources management. Among them
are the issues of funding the development of
river basin management plans, measures for their
implementation, and development of a water
monitoring system. The lack of a full-fledged
modern monitoring system with equipped
observation points and a modern laboratory base
does not allow timely diagnostics of the state of
one or another basin and, accordingly, reasonably
form a list of measures, the implementation of
which will allow maintaining the proper state of
water resources to meet the needs of all water
users. It is also necessary to expand the powers of
basin councils to the level of kind of basins’ water
parliaments fully responsible for the state of water
resources within specific basin [21]. Until now,
there is also no understanding of what a water
resource is: how it is formed, how it accumulates,
where it is concentrated, how it is spent according
to the water management balance, and how to
manage it effectively. When monitoring system
will start to work and basin councils will be given
real powers, they, together with basin authorities,
will receive financial and management tools to
implement river basin management plans, will
have the opportunity to decide what to do when
water conditions deteriorate, how to prevent
unauthorized discharges and uncontrolled water
withdrawals that disturb ecological balances
within watersheds, etc. This synergy will give
a better cumulative effect for improving water
resources and keeping them in good condition
for us and the next generations of Ukrainians,
particularly regarding the climate change.
Regarding the reform of the system for the
land reclamation management, the first legislative
act on this issue was the Law of Ukraine “On
Organizations of Water Users and Stimulation of
Hydrotechnical Land Reclamation” adopted in
2022. Its adoption introduces a new organizational
and legal form for melioration systems
management — water user organizations (WUOs).
WUOs have the right to acquire free ownership
of on-farm reclamation systems as well as part of

inter-farm systems — pumping stations, canals and
pipelines of a lower level, which are currently in
state ownership. In general, positively evaluating
the very fact of the adoption of this law, especially
in terms of creating conditions for the possibility
of attracting funds from water users for measures
to modernize existing irrigation areas, at the
same time it is necessary to emphasize a number
of provisions that are not resolved by the adopted
law. First of all, the Law practically makes it
impossible to create water user organizations both
on lands where there is no irrigation and drainage
infrastructure and on lands that are registered as
irrigated or drained, but where irrigation or water
regulation is not actually carried out. This is due
to the fact that the law deprives the current owners
of inter-farm and on-farm systems of the right to
initiate the creation of WUOs, 1. e. it cannot be
done by those business entities that have reliable
information about the availability of reclamation
infrastructure that can be transferred to WUOs,
its condition, project capacities, reserves for
increasing areas of irrigation and water regulation.
The issue of free access to pipeline networks also
remains unresolved, which will also significantly
complicate the possibility of performing works
on their reconstruction and replacement with
new ones.

Unfortunately, the draft Law of Ukraine
“On Amendments to Certain Legislative Acts
Regarding the Improvement of the System of
Management of Engineering Infrastructure
Objects of State-Owned Reclamation Systems”,
submitted to the Verkhovna Rada of Ukraine [23]
does not create such conditions as well. In general,
one gets the impression that the drafters of this
Law and the Law “On Organizations of Water
Users and Stimulation of Hydrotechnical Land
Reclamation”, which are mainly representatives
of the All-Ukrainian Agrarian Council, see the
main goal of adopting these Laws not in the
creation of the conditions for the restoration
and further expansion of irrigation and drainage
areas, but in giving water users the right to
actual monopoly management of the irrigation
and drainage infrastructure through the transfer
the ownership of the lower-level irrigation and
drainage infrastructure to the WUOs and the
acquisition of the right to manage the state-owned
inter-farm irrigation and drainage infrastructure
by means of the legal establishment of water
users’ control over the activities of supervisory
boards of operators, which will be created for
operating the state reclamation infrastructure
in case of the adoption of the above-mentioned
Law in its current version. To some extent, this
goal is confirmed by the very content of the
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Laws and the fact that the development of these
laws is conducted without proper justification,
although this was provided for by the already
mentioned Action Plan for the implementation
of the Strategy. Thus, the work provided for in
the Action Plan on substantiating the institutional
and economic foundations of the creation of
a state-owned business entity and the transfer to
it the management of state-owned infrastructure
objects along with the assessment of the ability
to financially support the functioning of the
water supply and reclamation complex have not
been completed. In the absence of these results,
it is impossible to quantitatively assess the
impact of these Laws on further development
of hydrotechnical reclamation and the ability
of water users organizations and operators to
carry out their economic activities under self-
sufficiency conditions as well as the availability
of economic prerequisites for attracting
investments for reconstruction and modernization
of irrigation and drainage infrastructure both
at the international (operators) and at the intra-
economic level (WUOs).

This issue will also not be solved by the right
of operators to independently form tariffs and
services for water supply and discharge in the
absence of a national regulator provided by the
draft Law “On Amendments and Supplements
to Certain Legislative Acts Regarding the
Improvement of the Management System of
Engineering Infrastructure Objects of State-
Owned Reclamation Systems”. As evidenced by

Mechanism of State support

(]

the results of the studies carried out at the Institute
of Water Problems and Land Reclamation
[24-25], at the current level of the use of design
capacities, almost no irrigation and, especially,
drainage system of Ukraine will not be able to
work without state funding support, and even
more to implement projects for the reconstruction
and modernization of engineering infrastructure.

The possibility of transferring operators to self-
sufficiency will appear only when the areas of actual
irrigation and water regulation reach at least 70%
of the design capacity of the systems. Therefore,
the presence of a national regulator of tariffs, as
well as the mechanisms of state support of both the
operators and WUOs for the entire period of the
implementation by them of investment projects
aimed at increasing irrigation and drainage areas,
not only for three years as provided for in the
draft Law, should be a mandatory component of
state reclamation policy. An approximate list of
mechanisms for such support, which not only
can but must be supplemented in the process of
reforming, is shown in Fig. 2

In general, assessing the results of the
reform of the systems of water resources and
land reclamation management in Ukraine, it is
necessary to state the lack of a systemic vision
of this process, which causes the preparation
and adoption of laws that, already at the time
of adoption as it was in the case of the Law
“On Amendments to Certain Legislative Acts
of Ukraine on implementation of integrated
approaches in the management of water resources

development
of normative
legal acts on
the following
issues:

concessional state lending to
agricultural producers on
reclaimed lands that invest their
own funds in the ongoing repair
and operation of facilities

provision of
state subsidies
for the
construction
and operation
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T
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Fig. 2. Mechanisms of state support for reforming the system of land reclamation management
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according to the basin principle” and the Law
“On organizations of water users and stimulation
of hydrotechnical reclamation”, need significant
changes and amendments.

A certain fetishization of the role of water
users and the expectation that they will be the
main driving force of the reform process will
not contribute to the effectiveness of the reform
process. Unfortunately, the analysis of reforming
according to a similar scheme in the countries of
the former socialist camp shows that the creation
of legislative, organizational, and legal conditions
for the establishment of water user organizations
did not lead to the most important result of the
reform — namely, the increase of areas under
irrigation and water regulation.

In our opinion, this happened due to insufficient
level of state support, both organizational and
especially financial. Therefore, we see the
possibility of acceleration, mainly the increase
in the efficiency of the reform process, in
a significant strengthening of the role of the state.
This can be realized by firstly completing the
process of full transfer of the entire engineering
infrastructure with all canals without exception
to the sphere of management of the State Agency
for Land Reclamation and Fisheries, which will
make it possible to start the implementation of
investment projects for the modernization and
reconstruction of inter-farm network. The first
project can and should be an investment project
on the reconstruction of the Lower Dniester
irrigation system, which is ready to be financed
by the European Bank for Reconstruction and
Development. The following projects involving
foreign investments should be proposed based
on the results of the inventory of engineering
infrastructure and reclaimed lands, which
should also include an assessment of the damage
caused by the military aggression of the Russian
Federation. The combination of these results
will make it possible to determine what share of
funds for the implementation of projects should
be collected from the aggressor as reparations
and what part should be involved in the form of
investments. The availability of the inventory
results will make it possible to start the process
of creating WUOs on lands that are considered
as reclaimed but on which neither irrigation
nor water regulation has been carried out for
a long time although the appropriate engineering
network (on-farm systems) still exists. Of
course, for this purpose it is also necessary
to legislate the right of today’s owners of this
infrastructure to initiate the creation of WUOs,
to whose ownership of this infrastructure can
be transferred. Therefore, the presence of WUO

should be considered as a prerequisite for the
possibility of obtaining financial support for the
implementation of irrigation and water regulation
restoration projects on lands that are statistically
recorded as irrigated or drained. The availability
of reliable data on such lands will also provide
an opportunity for the full introduction of a two-
rate tariff, the first permanent component of
which should cover all lands that are statistically
recorded as irrigated or drained. In general, it
is necessary to emphasize that the process of
reforming the systems of water resources and
land reclamation management in Ukraine should
be returned as soon as possible to the framework
outlined by the draft of the mentioned “Concept
of reforming the systems of water resources and
land reclamation management” by adopting it
as soon as possible and resuming the process
of unconditional implementation of the “Action
Plan on the implementation of the irrigation
and drainage strategy”. This will return the
reforming process to the principles of the EU
Water Directive, on the one hand, and will make
it possible, on the other hand, to minimize the
lobbying influence of the All-Ukrainian Agrarian
Council, the main goal of which, as already
noted, is an attempt to redirect the reforming
process along the path of hidden raiding to take
over the working irrigation infrastructure, not to
create conditions for expansion of irrigation and
drainage areas.

Returning the reform process to the path
outlined by the “Concept...” and “Strategy...”,
in addition to conducting an inventory of
infrastructure and land, will require to resolve
the issue of creating a national irrigation and
drainage operator and a national tariff regulator
as soon as possible. The issue of expanding the
powers of basin councils to the level of water
“parliaments” of the basins and the creation of the
National Water Council instead of the established
Interdepartmental Coordination Council, whose
powers are insufficient to implement the powers
of formation and control of the implementation of
the national water policy, should also be resolved
as soon as possible. It also requires a solution to
the issue of the creation and functioning of the
Water Fund as the main source of funds for the
implementation of river basin management plans.
This includes the full legislative implementation
of the “polluter pays” principle. All these changes
must be reflected in the Water Strategy of Ukraine,
which is being developing in accordance with the
decision of the National Security and Defense
Council of Ukraine, and legislated by introducing
changes and amendments to the mentioned Law
“On Organizations of Water Users and Stimulation
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of Hydrotechnical Reclamation”, the Law “On
Land Reclamation”, the Law “On Implementation
integrated approaches...”, and, certainly, in the
Water Code of Ukraine. Of course, the entire
set of legislative changes must be based on
clear compliance with the provisions of the EU
directives mentioned at the beginning of the paper.

Conclusions. The process of reforming the
systems of water resources and land reclamation
management started in Ukraine is characterized by
alack of systematicity and is focused mainly on the
introduction of the institute of water users, which
is not always considered as the most important
and sufficient condition for the deployment of
the process of restoring the existing potential of
irrigation and drainage systems.

As a result, for many years there has been
no investments in the modernization and
reconstruction of the existing irrigation and
drainage infrastructure; no prerequisites have
been created for attracting investments, including
international financial investments, for the
implementation of such projects; and the existing
systems of water resources and land reclamation
management has not yet been reformed in terms

(3]

of the complete disunion of the functions of water
resources management and the management of
irrigation and drainage infrastructure.

Until now, the issues of the creation of the
National Water Council, the Water Fund, the
National Operator of Irrigation and Drainage
Infrastructure, the tariff system for irrigation and
drainage services, and the national tariff regulator
remain unresolved.

Prompt resolution of the outlined problems
at the conceptual and legislative level as well
as the ensurement of unconditional execution
of the tasks already approved by the Cabinet of
Ministers of Ukraine in the “Strategy for Irrigation
and Drainage in Ukraine until 2030 and “Plan
of Measures for its Implementation” taking into
account the damage, destruction, and losses
caused by the military aggression of the Russian
Federation will give an opportunity to start the
process of restoring the potential of irrigation and
drainage with the aim of transforming reclaimed
lands into a guarantor of the sustainability of
agriculture in the face of climate change and
transforming Ukraine into a guarantor of world
food security.
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JIHHA MENIopamueHoIO IHPPACMPYKMYPOIO, W0 3HAUHO YCKIAOHULO MONCIUBICIb PO30ILNEHHS BUL|e3A3HA-
uenux Qyuryil, sax ye sumazae Jupexmusa 2000/60/€C Esponeticoroco Ilapramenmy i Paou «Ilpo ecma-
Ho61eHHs: pamok OianvrHocmi Cnigmogapucmea y cgepi 600noi norimuxuy 6i0 23 sxcoemus 2000 poky,
iMnemenmayis NON0HCeHb AKOI 8 YKPAIHCbKe 3aKOHOOABCBO € 0008 A3K08UM 3A80AHHAM GIONOBIOHO 00
Yeoou npo acoyiayiro 3 €C. Heoasue nputinamms (8io 17.02.2022 poxy) Bepxosnorw Paoow Ykpainu
3V «llpo opeanizayii 6000KopUCMy8auie ma CMUMYIIO8aAHHS 2I0POMexXHIYHOI meniopayii 3emensy, nionu-
canuti [lpezudoenmom Yrpainu 06 mpasus 2022 poxy, xoua i € 8anHCIUBUM KPOKOM HA WILAXY PeOpMYEaAHHS
cucmemu Ynpagintsa 60OHUMU PeCypcamu ma Meaiopayiero semein, aodice yum 3axonom 6 Ykpaini enepuie
3anposadAHCYEMbCA HOBA OP2AMI3AYIUHO-NPABO8A opmMa 3 YNPAGNIHHA MeNiopamueHUMU CUCTNEMAMU,
a came opeanizayii 6odoxopucmyeayis (OBK), ane maxooic ne 8upiuiye 20108He NUMAHHSA pehopmy8ants —
posoinenns pynxyin. Tomy ycniumicms no0anrbulo2o peopmysanHs cucmemu Ynpasiinis GOOHUMU Pecyp-
camu ma meniopayicio 3emeib Hanpsamy Oyoe 3anedxncamu He 8I0 WeUOKOCHI po3poOieHHs Ma NPULHAMMS
niozakonnux akmis 00 3Y «llpo opeanizayii 6000KopUCHY8aUI6 MA CIMUMYTIOBAHHS 2IOPOMEXHIUHOL Menio-
payii semenvy, a 6i0 siknauueuowo2o npuiinsmms KMY «Konyenyii pechopmysanns cucmemu ynpaéninns
B00HUMU pecypcamu YKpainuy, npoekm axoi 6y8 nioeomognenuil i npouuio8 no200iCeHHs 6CiX 3aYiKas-
aeHux minicmepcems i gioomcems we y 2019 poyi, are 6y8 c8i0oM0 3a010K08AHUL e TMOOTUHIM Kepis-
Huymeom Minicmepcmea exonozii i npupoonux pecypcie Yxpainu. Yepes ye poboma 3 peghopmysanus
cucmemu YnpaguinHsa GOOHUMU pecypcamu ma Meniopayicio 3emensb e0emucs bescucmemno, da 8 baza-
MbOX GUNAOKAX NPAKMUYHI KPOKU, WO pPeanizogyiomvbCs, 0COOMUBO 8 4ACMUMI YOOCKOHANEHHST CIpPYK-
mypu [epoiceodacenmemesa Yrpainu, 6 ceoiil 6inbuwiocmi € decmpyKmusHuMu I MiHIMiz3ayis ix Hecamug-
HO20 énaugy 6yde nompebysamu 3HAYHUX 3YCUNbL Ma 4Yacy. Jlana cmamms cmasums c80iM 3A80AHHAM
HAYKOB0O 0OIPYHMY8amu nepeiix i nOCIio08HiCMb 3ax00i8, Y MOMY YUCTE I HA 3aKOHOOABYOMY DIBHI, peali-
3ayis AKUX 0acms 3M02y NPUBECMU CUCMEMY YNPAGLIHHA 80OHUMU PECypcamu ma Meniopayicio 3emeib
6 Yxpaini y 6ionosionicms 00 eumoe €6poneticbko2o 600H020 3aKOHO0ABCEA, | UM CamMum 3abe3neyumu
8 NOBHOMY 00CSI3I 6NPOBAOIICEHHS NOLOJICEHb [HINESPOBAHO20 YNPAGIIHHS 34 OACEUHOGUM NPUHYUNOM He
e 3a popmoro, ane i 3a 3micmom.

Knrwouoei cnosa: cucmema, pedpopmyeanns, ynpasninus, eghekmugnicmo, 600HI pecypcu, Meriopo8ami
3eMii, 3pOUeHHs, OPeHalc, 60OOKOPUCYBAY
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FIVE-DIMENSIONAL ASSESSMENT MODEL FOR OPERATION
AND MAINTENANCE OF STORMWATER CONTROL MEASURES -
TOOL FOR STRATEGIC PLANNING AND CRISIS MANAGEMENT

M. Askar!, Ph.D., assoc. prof., and M. Islam?, Ph.D., assoc. prof.
'Southern Utah Univ., Eng. & Tech. Dept., USA e-mail: mohamedaskar@suu.edu;
2 Colorado State Univ.-Pueblo, C.Eng. Dept., USA, e-mail: md.islam@csupueblo.edu

Abstract. Most stormwater infrastructures are aging and deteriorating in the United States. The
American Society of Civil Engineers (ASCE) announced in its 2021 Report Card for America s Infrastructure
that stormwater infrastructure has received a ‘D’ grade. The primary study objective is to help decision-
makers deal effectively with the control measures of the limited-budgeted, ambiguous and inconsistently
applied operation and maintenance of stormwater infrastructures. A five-dimensional assessment model for
operation and maintenance of stormwater control measures (5D-SAM) was developed, including location,
quality, time/quantity, cost, and environmental aspects. The model is very effective in helping decision-
makers identify the current stormwater infrastructure conditions, predict the future state, manage the
quantity and improve the quality of stormwater runoff in the most cost-effective manner. It helps determine
whether a distressed stormwater system is beneficial to be demolished or it would be cost-effective to either
repair, rehabilitate or retrofit. Moreover, the model can be utilized for fast and accurate assessment and

better resource allocation for strategic planning of stormwater infrastructures.
Key words: assessment model, operation and maintenance, stormwater control measures, stormwater

infrastructures

Introduction and Problem Statement.
United States’ stormwater infrastructure is rated
the lowest grade by the 2021 Report Card for
America’s Infrastructure (ASCE, 2021). This
grade considered different aspects, such as
capacity, condition, operations/maintenance,
public safety, funding and resilience. The country
has over 3.5 million miles of storm sewers with
an overall age that exceeded or reached the
end of their useful lives. Numerous of these
systems have not been maintained to extend their
lifespan. The paper also found that the majority
of the stormwater lines in the U.S. are currently
undersized to control the stormwater flow.

In urban areas, impervious surfaces such as
roadways and roofs stop precipitation and melted
snow from naturally running into the ground.
Rather than water soaking rapidly into storm
and sewer systems and drainage ditches, it can
cause infrastructure damage, flooding, erosion,
turbidity, combined storm and sewage overflow,
and contaminated streams (U.S. EPA, 2022).

Flooding is the natural hazard with the most
significant social and economic impact in the
U.S. These impacts are becoming more critical
over time. Catastrophic flooding caused billions
of dollars in infrastructure damage, harmfully
affected millions of people, and damaged economic
welfare. Prominent urban flood cases between 2004

and 2014 cost an average of $9 billion in direct
damage and contributed to 71 deaths annually.
These figures do not contain the cumulative
costs of common small floods, similar to those of
infrequent severe floods (NASEM, 2019).

Stormwater infrastructure capacity can impact
the hydrologic cycle by detaining or retaining
stormwater runoff. Detention reduces peak
discharge that increases runoff travel time or rate-
controlled storage facilities. Increasing residence
time may improve water quality by providing time
forothertreatmentprocesses,suchassedimentation.
The permanent capture of stormwater runoff by
infiltration or evapotranspiration reduces the total
runoff volume (The WE&REF, 2017).

The Municipal Water Infrastructure Council
(MWIC), Green Infrastructure (GI) task committee
of the Environmental and Water Resources
Institute of the American Society of Civil
Engineers (EWRI-ASCE) recognized a necessity
for better tracking of operation and maintenance
activities for stormwater infrastructures. To meet
this requirement, the MWIC GI task committee
developed a preliminary suggested list of
the operation and maintenance parameters in
2018. These parameters form the foundation of
a recommended database to store collected data.
The main benefits are to provide recommendations
for standardized operation and maintenance

© Askar M., Islam M., 2022

2022 « Ne 2 MEJIHOPAILA I BOOAHE 'OCIIOAAPCTBO



BOJHI PECYPCU

activity by local governments and a framework
to develop a national cost database (WRF, 2018).

ASCE (2021) recommends specific ways
federal funding can help create a stormwater-
managementnetwork thataccommodates changing
weather patterns and increased flooding. Among
other solutions, the report card authors suggest:

* developing a new federal-level stormwater
funding program along with the existing ones,

* establishing a grant program to support
training in the stormwater sector,

» extending eligibility for existing water-
infrastructure grants to stormwater infrastructure
» promoting new stormwater utilities, and

» updating  standards for  stormwater
infrastructure in response to climate change.

Unfortunately, there is not enough study
in the literature on stormwater infrastructure
sustainability and improvements considering multi-
factors. Semanedi-Davies et al. (2008) studied the
potential impacts of climate change and continued
urbanization on stormwater flows to a suburban
stream. They concluded that city growth and
projected increases in heavy rainfalls, both together
and alone, are set to raise peak flow volumes and
increase flood risk. Conversely, the installation of
a sustainable urban drainage system has a positive
effect on the urban environment and can largely
allay the adverse impacts of changing roads. Cherqui
et al. (2013) conducted a survey on performance
indicators related to urban drainage systems
such as economic aspects, other environmental
and sanitary, social aspects, lifespan and long-
term effectiveness. Indeed, the performance of
sustainable drainage systems should not be limited
to pollution and hydrology. Petrucci and Tassin
(2011) proposed an empirical approach to quantify
the hydrographs’ attenuation in sewers to evaluate
attenuation’s consequences for the scale transfer
between the parcel and the catchment in urban
settings. A sensitivity analysis on different pipes’
and hydrographs’ characteristics concluded that the
peak attenuation’s driving factors differ consistent
with the distance from the outlet. The above studies
are not comprehensive and do not discuss the multi-
dimensions of stormwater assessment.

Research Objectives. A study is thus needed
to evaluate the different aspects of stormwater
infrastructure conditions. The research objective is to
develop a theoretical Five-Dimensional Stormwater
Assessment Model (5D-SAM) to analyze and
help hydrologic engineers and planners choose
the best feasible option with the limited-budgeted,
ambiguous and inconsistently applied operation
and maintenance of stormwater infrastructures. The
paper imparts the rehabilitation of a stormwater
system as a feasibility study for applying the

(7]

proposed 5D-SAM. It presents the outline of the
design system for the stormwater system retrofitting
based on the performance-based design to satisfy
an adequate required level concerning all required
performance items, including structural safety and
serviceability. The model helps decision-makers
identify the current stormwater infrastructure
conditions, predict the future state, manage the
quantity and raise the quality of stormwater runoff
in the most cost-effective manner. It helps determine
whether a distressed stormwater system should be
demolished or whether it will be cost-effective to
either repair, rehabilitate or retrofit it. Moreover, the
model can be used in a crisis for fast and accurate
assessment and better resource allocation for
strategic planning.

Research Scope and Limitations. The
research focuses on developing the SD-SAM model
theoretical framework. A model testing and an
ArcGIS database of the stormwater infrastructures
will be implemented later in several cities in Utah,
USA, to validate the proposed model’s success.

Methodology. An appropriate rehabilitation
method was selected among various alternatives
and the performances of the retrofitted stormwater
system by the selected method are verified with
required performances after retrofitting until the
end of service life. The concept is to convert any
criteria in measurable values to the same scale.
Steps in numerical analysis techniques and the
evolution of precise simulation methods are
considered. The Five-Dimensional Stormwater
Assessment Model (5D-SAM) consists of ten
modules to help the operation and maintenance
assessment process (Askar, M. et al., 2022).

Stormwater Five-Dimensions:

The stormwater’s five dimensions consist of
location (X, Y, Z), quality/functionality, time,
cost, and environmental/social aspects, as shown
in Figure 1.

I 1D=(X,Y,2) | I

[ 2D=(X,Y,Z + Quality) | |

l 3D=(X,Y,Z + Quality + Time) | l

l 4D=(X,Y,Z + Quality + Time + Cost) | '

l 5D=(X,Y,Z + Quality + Time + Cost + Environmental) I

Fig. 1. Stormwater Five Dimension Model

Conceptual Design of the Five-Dimensional
Stormwater Assessment Model

Any asset consists of several components with
the same conditions at the design stage. However,
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afteryearsofusage, theconditionsofthecomponents
change and are not the same anymore. The primary
idea of the stormwater assessment model is that
the assessment is a result of a combination of
different aspects, such as condition, functionality,
time, cost, and environment. Furthermore, the
stormwater infrastructure’s repair cost depends on
its components’ condition. Two approaches were
taken into consideration to achieve the research
objectives (Figure 2):

1. The condition approach results from the
stormwater’s physical condition and structure
load/capacity relations, and

2. The cost approach includes the Current
Replacement Value (CRV) and Total Repair Cost
(TRC).

Model Design and Analysis. Stormwater
control measures (SCM) serve various purposes.
From maintaining or improving a property’s
pre-development water quality and quantity
conditions to promoting groundwater recharge
and reducing downstream flooding and erosion
to purely aesthetic considerations, every system
is individually engineered to provide optimal
performance for the watersheds.

The maintenance review includes the
assessment of current maintenance tasks for
several infrastructure types and aspects, which
include the following:

 Drainage pump station maintenance (pumps
and generators),

» Conveyance system cleaning and condition
assessment,

* Maintenance hole cleaning, repair, and
replacement,

* Drainage inlet and siphon cleaning,

e Channel maintenance,

 Basin and pond maintenance, and

» Access road and grounds maintenance.

Recommended modifications andadditionsto the
current procedures are made to meet best practices

and recommended regulatory guidelines. Detailed
assessments and recommendations are proposed in
the 5SD-SAM below for each infrastructure type or
aspect. Figure 3 shows the proposed performance-
based operation and maintenance management
model that considers the required corroboration of
the whole stormwater infrastructure. This model
consists of 10 modules; as follows:

1. Stormwater Condition
Module,
Measurement Module,
Comparison Module,
Analysis Module,
Options Module,
Optimization Module,
Design Module,
Rehabilitation Module,
Re-measure Module, and

10. Final Assessment Module.

Module (1): Stormwater Condition
Assessment. The condition assessment ofan existing
stormwater infrastructure determines whether the
asset will function safely over a specified residual
service life. Guidelines for the assessment of existing
assets have been developed in many countries. They
are commonly separated into phases, starting with
a preliminary evaluation, followed by a detailed
investigation, expert investigation, and finally, an
advanced assessment, depending on the structural
condition of the investigated stormwater facility.
Based on the different applications of the selected
articles, the relevant techniques are classified into
five categories, as shown in Figure 4:

1. Visual Inspection (VI),

2. Testing Response (TR),

3. Finite Element Modeling (FEM),

4. Nondestructive Evaluation (NDE), and

5. Structure Health Monitoring (SHM).

Module 2): Measurement. Both
performances of stormwater facilities and
requirements should be expressed quantitatively.

Assessment

A S A

Building Assessment

Condition
Assessment

Components
Structural
Assessment

Components
Testing
Assessment

Cost

Assessment

TRC CRV

Fig. 2. Main Structure for Stormwater Facility Assessment
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5D-SAM COMPUTATIONAL & ANALYSIS MODULES

(3)
Comparison

5D-5AM SELECTION & DESIGN MODULES

5D-5AM REHABILITATION & ASSESSMENT MODULES

Rehabilitation

Fig. 3. Proposed stormwater assessment modules

Condition Assessment
Mechanisms

Visual
Inspection
(VI)

l

Non-destructive
Evaluation (NDE)

Fig. 4. Condition assessment mechanisms of a stormwater system

Hence, each performance item listed in Table 1
should be symbolized by a corresponding physical
variable which can be evaluated through available
computational methods. This variable is called
a performance index. Table 1 (A-E) shows an
example of performance indices for the selected

performance items in this proposed operation and
maintenance model of the stormwater control
measure. The Overall Stormwater Asset Condition
(OSAC) equation measures the stormwater
infrastructure’s general condition ratings (CAS) or
performance/health index.
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Module (3): Comparison. 5D-SAM Module (5): Feasible Rehabilitation
calculates the general condition ratings (GCRs)  Strategies. This model establishes existing asset
to describe the existing, in-place stormwater conditions, preservation, rehabilitation, and

infrastructure compared to the as-built condition.
The physical, structural condition, functionality/
quality, time, cost, and environmental/social
aspects are considered. This information is used
to determine the GCRs on a numerical scale
of 0-9. 0 refers to (failed condition) while 9 is
(excellent condition), as described in the Coding
Guide (Table 2) and the Equation: 1 < GCR <9

Module (4): Analysis. After almost four
decades of use, the general condition ratings are
well established in assessing the current condition
of the major components of the stormwater
infrastructure being inventoried and inspected.
The same GCR is true of the appraisal ratings for
assessing functional capacities. Changes in these
ratings over time reflect the general performance of
the stormwater infrastructures. The ratings are used
to classify the assets as deficient or not deficient.

Stormwater infrastructures with low GCR
condition or appraisal ratings are flagged and
classified as follows:

e SD: A stormwater asset is classified
as structurally deficient if the item Overall
Stormwater Asset Condition (OSAC) is rated
«poor» condition or worse (coded 4 or lower on
the SD-SAM rating scale).

* FO: A stormwater asset classified as
functionally obsolete is not SD, but its Hydraulic
Performance (HP), Hydrological Performance
(DP), and Environmental/Social Aspects are
outdated. Classification as FO is triggered by
a code of 4 or lower for the three items.

replacement inventory database guidelines. The
determination of the most appropriate intervention
for existing stormwater infrastructure is primarily
based on the following factors:

e QOperation and maintenance conditions

» Stormwater infrastructure conditions

* The extent of corrosion in existing asset

* The extent and widths of cracks

* Functionality conditions

 Strength of materials

The cost analysis of preserving the existing
asset should consider the following, as applicable:

* Preserving or replacing the stormwater
items

 Effects associated with the elimination of
cracks

* Repairing stormwater components

* Impact strengthening on stormwater
components with a history

» Mitigating effects of functionality deficient

* Replacing severely corroded or non-
functional items

* Adding possible redundancy to system
components

e Seismic retrofit, if needed

Module (6): Optimization by Value
Engineering. The stormwater asset health index
concept is based on a ratio of the current element
to the total element values. The health index
formulated ranges between 0% and 100%. The
5D-SAM rating of 6.9 may be comparable to
a health index of 77 %.

2. Common Actions Based on the General Condition Ratings

Code Description Common actions
EXCELLENT CONDITION Preservation /
VERY GOOD CONDITION — No problems noted Cyclic
GOOD CONDITION — Some minor problems maintenance

minor deterioration

SATISFACTORY CONDITION — Structural elements show some

Preservation /

FAIR CONDITION — All primary structural elements are sound but
may have some minor section loss, cracking, spalling, or scour

Condition-based
maintenance

or scour

POOR CONDITION — Advanced section loss, deterioration, spalling,

failures are possible

SERIOUS CONDITION — Loss of section, deterioratuion, spalling
or scour have seriously affected primary structural components. Local

Rehabilitation

present in critical structural components

CRITIAL CONDITION — Advanced deterioration or section loss

or Replacement

IMMINENT FAILURE CONDITION — Major deterioration or
section loss present in critical components

FAILED CONDITION — Out of service, but beyond corrective action

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2022
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Module (7): Design. A new structural and/or
hydraulic design of the stormwater infrastructures
should be considered for cases of health indices
less than 40 %.

Module (08): Stormwater Asset
Rehabilitation. Rehabilitation involves major
work required to repair the structural integrity
of a stormwater asset and work necessary to
correct major safety and functionality defects.
Stormwater asset rehabilitation projects provide
complete or nearly complete restoration of
elements or components. Rehabilitation work can
be done on multiple elements and components
of a structure. Agencies may choose to combine
preservation activities on several elements while
rehabilitating a component. These projects
require significant engineering resources for
design, a lengthy completion schedule, and
considerable costs. Total replacement of an
existing stormwater system with a new facility
constructed in the same system requirements
must meet the facility’s current design aspects
and needs over its design life.

Module (09): Re-measure. Inventory
items pertain to stormwater infrastructure’s
characteristics. These items are permanent
characteristics for the most part, which only
change when the asset is altered in some way,
such as rehabilitation. So, inventory items should
be replaced after rehabilitation and include the
following items:

* Identification — Identifies the structure using
location codes and descriptions.

* Structure Type and Material — Categorizes
the structure based on the material, design and
construction, and wearing surface.

e Age and Service — Information showing
when the structure was constructed or
reconstructed features the structure information.

e Geometric Data — Includes pertinent
structural dimensions.

* Design Aspects — Includes the structural
and hydraulic design.

* Navigation Data — Identifies the existence
of navigation control, protection, and waterway
clearance measurements.

* Classification — Identifies the classification
of the structure.

» Required Inspections — Includes designated
inspection frequency and critical features
requiring special inspections or special emphasis
during the inspection.

Module (10): Final Assessment and
Solutions to Green Stormwater Infrastructure.
The final rehabilitation assessment will be
completed and recommendations for green
stormwater infrastructure will be proposed
involving media filtration, infiltration, ponds,
facility  design  requirements,  detention
structures, distribution pipes, pumps, basins, and
permeable pavements. These items tend to be
widely implemented and often unsatisfactorily
maintained (Erickson et al., 2013). Guidelines
and examples for green stormwater infrastructure
solutions will be based on recent scientific
research and practitioner experience. Inspection
and maintenance examples will be provided in the
next research and drawn from practical examples
and maintenance suggestions depending on
regional characteristics.

Conclusion. The maintenance of stormwater
control measures is essential for efficient water
management. Very often, some parameters are
missing or are expensive to measure. Because
of many influential factors, it is challenging to
precisely predict the operation and maintenance.
Some of which can be changed easily and quickly,
but also because of the consequences due to
incorrect predictions. The 5SD-SAM is beneficial
for this purpose to support the final decision that
can be made based on a probability distribution.
Further, in the 5D-SAM model, the parameters
are conditionally independent; thus, it is easy to
manipulate the data (add, delete, change) within
the ten modules. Finally, the model in this work
accurately predicts the optimal solutions and
gives correct results when some data are missing.

Recommendations. As a recommendation for
future studies, a more rigorous analysis with more
variable parameters for minute-level accuracy
could be performed. Real-world validation is
another scope.

References

1. ASCE 2021. (2021). Report Card for America’s Infrastructure, released every four years by the
American Society of Civil Engineers, Reston, Virginia.

2. Askar,M.,,Islam, R., and Roberts, M. (2022). Five-Dimensional Assessment Model For Operation and
Maintenance of Stormwater Control Measures — Tool for Strategic Planning and Crisis Management, ASCE
Conference on the Operation & Maintenance of Stormwater Control Measures, Wilmington, NC. https://
docs.google.com/spreadsheets/d/ThQHSuM;jsrSzT8 TU4vCiimhoSBFpRxjgt TaWoGIQ8K0/edit#gid=0

3. F., Cherqui, D.,Granger, M., Métadier, T., Fletcher, S., Barraud, P., Lalanne, & X., Litrico
(2013). Indicators related to BMP performances: operational monitoring propositions. In: 8th

Conference NOVATECH, 2013, Lyon, France.

2022 « Ne 2 MEJIHOPAILA I BOOAHE 'OCIIOAAPCTBO



BOJHI PECYPCU 29

4. AlJ., Erickson, P.T., Weiss, & J.S., Gulliver. (2913). Optimizing Stormwater Treatment
Practices : A Handbook of Assessment and Maintenance; Springer-Verlag: New York, NY, USA;
ISBN 978-1-4614-4624-8.

5. Stormwater Operation & Maintenance Plan. (2017). Nevada Department of Transportation:
Michael Baker International. https://www.dot.nv.gov/home/showpublisheddocument?id=8648

6. Framing the Challenge of Urban Flooding in the United States. (2019). National Academies
of Sciences, Engineering, and Medicine (NASEM). https://nap.nationalacademies.org/catalog/25381/
framing-the-challenge-of-urban-flooding-in-the-united-states

7. Niemczynowicz, J., 1989. Impact of the greenhouse effect on sewerage systems — Lund case
study. Hydrological Sciences Journal 34(6), 651-666. http://doi.org/10.1080/02626668909491373

8. G@G., Petrucci, & B.,Tassin, (2011). Hydrographs’ attenuation in sewers; effects on stormwater
source control regulation. In: 12th International Conference on Urban Drainage, Porto Alegre, Brazil,
11-16 September 2011. URL: http://hal-enpc.archives-ouvertes.fr/hal-00698418

9. A., Semanedi-Davies, C., Hernebring, G., Svensson, & L.-G., Gustafsson. (2008). The Impacts
of Climate Change and Urbanisation on Urban Drainage in Helsingborg: Final Report (2005-2008).
Department of Water Resources Engineering, Lund University, Lund, Sweden.

10. Stream Restoration BMP Database: Version 1.0 Summary Report. (2017). The Water
Environment & Reuse Foundation. URL: https://nap.nationalacademies.org/download/25473

11. U.S. Environmental Protection Agency (EPA). "Stormwater Management Practices at EPA
Facilities. URL: https://www.epa.gov/greeningepa/epa-facility-stormwater-management

12. Recommended Operation and Maintenance Activity and Cost Reporting Parameters
for Stormwater Best Management Practices Database. (2018). Water Research Foundation.
URL: https://www.waterrf.org/resource/recommended-operation-and-maintenance-activity-and-
cost-reporting-parameters-stormwater

YIK 519.6:551.577:621.337.1

IMATUBUMIPHA MOJEJb OLIIHKA EKCIIJIYATAILIT
TA TEXHIYHOT'O OBCJIYT'OBYBAHHS 3AXO/IB I10O BOPOTbHBI
31 3JIMBOBUMHU BOAAMHU — IHCTPYMEHT CTPATETTYHOT' O IJTAHYBAHHS
I KPU30BOI'O YITPABJIITHHSA

M. Ackap', noxtop ¢inocodii, Ta M. Iciam?, noxrop ¢inocodii

' Vuisepcurer IliBaenHoi FOtu, imxenepro-rexuiunuii Bimain, CLIA, acor. mpod.,
e-mail: mohamedaskar@suu.edu;

2 Vuisepcuter mrary Konopano-Ilye6io, GpakyasreT nuBiabHOI imkenepii, CIIA, acour. npod.,
e-mail: md.islam@csupueblo.edu

Anomayia. Y Cnonyuenux LlImamax 6invuicms cucmem 311680801 KaHaAnizayii cmapitoms i pyuHyIOmbCA.
Amepuxancoke mosapucmeo inxcenepis-6ydisenvruxie (ASCE) y ceoemy 36imi npo amepuxancovKy ingpa-
cmpykmypy 3a 2021 pix oconocuno, wo dowoea ingpacmpyxmypa ompumana oyinky «D». Ochosna
Mema 00CHiONCeHHsL NOA2AE 8 MOMY, Wob 00NoMo2mu 0codaM, SKI RPULUMAIOMb PIUEHHS, epEeKmusHO
BNOPAMUCS 13 3AX00AMU KOHMPOTIO 0OMENHCEH020 DI00NCENY, HEOOHOZHAUHO2O MAd HENOCIO08HO20 3ACHO-
Cy8amHa excnayamayii ma oociye08yeants 0owosoi ingpacmpykmypu. byno pospobreno n’amusumipry
MoOenb oyinKu ekcniyamayii ma obcuy208y8anis 3acobie KOHMpouo 31ueosux cmokis (5D-SAM), exnio-
QYU acneKkmu po3mauLy8aHHs, AKOCMI, 4acy/KitbKocmi, apmocmi ma exono2iunux acnexmis. Mooenw
oydice eqpekmugHO 00noMazac 0codam, AKi NPULMaloOms pilieHHs, GU3HAYUMU NOMOYHULL CIAH 31UB0601
iHhpacmpykmypu, cnpocHo3yeamu Maubymuiil Cmau, Kepyeamu KiIbKiCmio ma NOKpAwumu SKiCmb
BMUBOBUX CMOKIB Y HAUOLIbUWL eKOHOMIYHO eghexmusHuil cnocio. Lle oonomaeac susnauumu, 4u OOYLILHO
3HeCmU NOWKOOACEHY O0W08Y CUCTeMY YUl il peMOHM, PeKOHCMPYKYIS YU MOOepHiz3ayis 6y0e eKOHOMIYHO
ecpexmugnum. Kpim moeo, mooens mooice 6ymu guxopucmana 07 WeUOKoi ma mouHoi OYiHKy ma Kpaujozo
PO3N00INY pecypcie 01 cmpame2iyHo20 NIAHYB8AHHA IHYPACMPYKIYDP 31UB0801 KAHANI3AYiT.

Knrwowuoei cnoea: modenv oyinxu, excniyamayis ma mexuiyHe 00CTY208Y8AHHS, 3aX00U 3 KOHMPOIIO
3MUBOBUX CHOKIB, 3TUBOBI IHpAcmpyKmypu
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Abstract. Modern unceasing processes of dehumification and degradation of arable soils require the
search for new non-traditional approaches to solving this global environmental problem, which determines
the relevance of the research. After all, plowing significantly disrupts the thermodynamic interaction of the
soil with environmental factors. The purpose of the publication is to consider the regularities of the evolution
of the properties of the pedosphere from a geosystem perspective, to define the concept of geomembrane
properties, and to reveal the mechanism of regulating the thermodynamic interaction of the soil with the
environment based on the concept of its homeostasis, which will allow a more reasonable explanation and
forecast of modern evolutionary changes in the properties of soils and soil cover from a higher perspective
organizational level of the geosystem. The main tasks are defined as: the development of a methodology for
studies of the thermodynamic interaction of soil with climatic factors, the creation of tools for monitoring
the course of thermodynamically unbalanced processes in the soil environment, and their approbation in
the Forest-Steppe zone of Ukraine. It is proposed to consider the soil as a dissipative thermodynamic non-
equilibrium system that is constantly in the process of self-stabilization and self-organization due to interaction
with climatic factors of the environment. Therefore, soil homeostasis means the presence of subordinate
energy-consuming processes of a certain intensity, which form the structure of the thermodynamic system of
the soil, as the structure of its pore space. It was determined that the general direction of the development
of the pedosphere, as an element of the Earth s lithospheric shell, is the densification of the parent rock with
the formation of structural macroporosity of the soil and the development of heterogeneity. It is shown in the
example of Ukraine, that the geomembrane properties of soils have a zonal nature and aimed at limiting the
power of the zone of active energy-mass exchange. The concept of the dynamics of geomembrane properties
of the pedosphere, as a manifestation of a higher hierarchical level of geosystem organization, is proposed
to be used to solve purely applied issues, such as assessing the impact of climate change, humus formation,
and modern dynamics of soil fertility, increasing the sustainability and ecological safety of soil use.

Keywords: pedosphere, soil, thermodynamic system, dissipation, pore space structure, energy efficiency
of interaction, soil homeostasis

Topicality. The pedosphere is the part of
the Earth’s lithospheric shell bordering the
atmosphere, which experiences the strongest
influence of external factors that determine the
most intensive processes of soil reconstruction
and self-organization. According to the
Le Chatelier-Braun principle, a system capable
of self-stabilization and self-organization
changes its properties in a direction that limits
the penetration of external disturbances into the
system [1]. In fact, the pedosphere regulates
the exchange flows of the Earth’s lithosphere
with the atmosphere and space. However, the
most important aspect is the regulation of the
thermodynamic interaction of the pedosphere

with the external environment, which determines
the direction of its self-organization processes
and biosphere properties and gives grounds for
considering the soil as a thermodynamic system,
the functioning of which is determined by the
thermodynamic interaction with the environment.

Analysis of recent research and publications.
Although the concept of soil moisture potential was
formulated by E. Buckingham at the beginning of
thelastcentury[2],and inthe practice of reclamation
agriculture, the potential characteristic of soil
moisture has been used to control the water regime
for decades, but until now the soil has not been
considered as a complete thermodynamic system.
After all, the postulates of classical equilibrium
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thermodynamics are unsuitable for displaying
processes in a permanently thermodynamically
unbalanced system of the soil environment.
Attempts to establish the relationship between
soil properties and classical thermodynamic
functions — Gibbs potential and entropy —were very
time-consuming and not sufficiently effective [3].
And only after the formulation in the period
the 70s to 90s of the provisions of synergetics,
which deals with the theory of self-organization
of complex thermodynamically unbalanced
systems [4; 5], at the Institute of Water Problems
and Land Reclamation of the National Academy
of Agrarian Sciences of Ukraine IWPLR NAAS),
an attempt was made to consider the soil as an
integral thermodynamic system.

The purpose of the publication is to consider
the regularities of the evolution of the properties
of the pedosphere from a geosystem perspective,
to define the concept of geomembrane properties,
and to reveal the mechanism of regulating the
thermodynamic interaction of the soil with the
environment based on the concept of its homeostasis,
which will allow a more reasonable explanation
and forecast of modern evolutionary changes in
the properties of soils and soil cover from a higher
perspective organizational level of the geosystem.

Research methods. From the point of view of
synergy, the soil is identified as a dissipative active
kinetic environment in which flows of matter,
energy, and information are transformed [6].
Therefore, it is proposed to characterize the soil
as a microgradient dissipative structure, in which
a special role belongs to macropores with air
trapped by liquid membranes, which actively
reacts to changes in external thermodynamic
parameters of temperature (T, °C), atmospheric
pressure (R,,) and moisture saturation (0,)
by changing its volume and gas pressure. As
a consequence of this, macropores become centers
of thermodynamic imbalance (CTI), acid centers
(AC), and centers of formation of ecotones of
soil biota, around which periodically centrifugal
gradients of moisture potential and gradients
of solution acidity are observed, which causing
reciprocating movements of substances with phase
transitions. Such energy-consuming subordinate
(internal) processes are actually processes of soil
formation. This allows to state that soil formation
processes occur in the pedosphere everywhere
and all the time, and the soil, which genetic soil
science defines as a natural-historical body that has
constant properties on a real-time scale, actually is
a dynamic thermodynamically unbalanced system
that is constantly in the process of self-stabilization
within the tolerance plateau of external factors, and
self-organization when external factors go beyond

(51

the tolerance plateau, for example, global climate
change. This approach allows substantiates the
concept of soil homeostasis, which is determined
by the level of consumption (dissipation) of
external flows of energy and matter due to energy-
consuming subordinate processes of a certain
intensity [7]. An eloquent example of the impact
of a change in the level of soil homeostasis is
the formation of the so-called compacted “plow
sole” in the subsoil horizon of soils which used in
agriculture. This negative ecological phenomenon
of agriculture is actually a systemic reaction
of the soil environment to the reduction of soil
homeostasis in the subsoil horizon due to damping
of the amplitude of temperature and soil moisture
fluctuations in the loosened arable layer. This
plow sole is formed during the first decades after
plowing. And although in agrophysics it is believed
that this phenomenon is the result of an increase
in the weight of tillage aggregates, in fact, the
formation of a plow sole is a reaction to plowing,
and an increase in the weight of aggregates can
only be a tool for transitioning to a new level of
dynamic balance. Failure to use a plow destroys
this plow sole over time [8].

Soil homeostasis determines the energy
efficiency of soil interaction with the external
environment and depends on three components
which are the design of the thermodynamic
system; the available moisture in it, as a working
element, due to which subordinate processes are
implemented; the intensity of variability of external
thermodynamic factors [7]. To characterize the
design of the thermodynamic system, in contrast
to the traditional determination of soil structure in
agrophysics through theratio of soil fragments based
on granulometric, aggregate, and microaggregate
analysis, it is proposed to use its pore space
structure (PSS), which reflects the heterogeneity of
the environment. With using of a physical model
of the capillary porosity of the soil in the form of
a corrugated equivalent capillary, the “Method
of determining the structure of the pore space of
soils (dispersed media)”” was developed in IWPLR
NAAS [9]. This method is based on the study of
the capillary hysteresis loop of the water-holding
capacity of the soil. Using it as a research tool made
it possible to establish the regularities of spatio-
temporal variability of PSS in soils of different
genesis, which is characterized by the so-called
structural characteristic, which is essentially
a differential curve of the distribution of the volume
of pore space by porosity radii (Fig. 1) [7]. The
PSS is a sensitive tool for monitoring epigenetic
changes of pore space in different types of soils,
both for irrigation and drainage conditions. If for
most soil types the structural characteristic has an
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extremum, which indicates the presence of pores
of a predominant size in them, then for the most
fertile chernozem soils this structural characteristic
has the form of a monotonically increasing curve.
This indicates the development in chernozems of
the volumetric structure of the three-dimensional
soil matrix, in which the largest volume belongs
to the largest macroporosity. This PSS curve is
proposed as a benchmark for the development of
soil formation, according to which it can be argued
that the general progressive development of soil
formation is the densification of the parent rock with
the formation of macroporosity resistant to external
factors. Degradation processes of these soils begin
with a decrease in the volume of this very largest
porosity, which was recorded, for example, on
irrigated chernozems due to non-compliance with
scientifically based irrigation regimes.

A system of complex laboratory diagnostics
of water-physical properties of soils has been
developed and successfully tested at the IWPLR
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Fig. 1. Hysteresis diagram of soil water-holding
capacity (a); structural characteristic of the pore
space V,, = f(r); | — bifurcation area,

II — tolerance area [7]

NAAS [10]. In particular, the regularities of PSS
in the soil profile approaching the ground surface
were established. The result of soil formation is
a natural decrease in the volume of elementary
pores of the predominant size, but an increase in
the size (radii) of this predominant porosity [11].
For hydromorphic conditions of soil formation,
it was found that the volume of a certain group
of pores decreases in the capillary border, until
it completely disappears, due to the lack of their
self-development due to capillary filling with
water. According to the depression of the structural
characteristic, it is even possible to identify the
weighted average position of the groundwater
level, relative to the depth of sample selection,
with an accuracy of up to 10 cm [12]. However,
the structure of the soil pore space is derived from
the diagram of the thermodynamic state, which
combines the capacitive properties with the power of
stabilizing moisture in the soil (Fig. 1), and the most
informative is the capillary hysteresis loop obtained
in a special mode. Therefore, from the geosystemic
point of view, the thermodynamic interaction of
the soil with the environment is regulated by the
construction of the three-dimensional soil matrix,
which combines such fundamental properties
as heterogeneity and hysteresis. Using the
example of chernozem, it can be concluded that
the implementation of geomembrane properties
to limit the penetration of external disturbances
deep into the soil profile is ensured by the growth
of water-holding capacity and hysteresis, which
generally reduces the conductivity parameters of
the soil environment, primarily for moisture flow,
but increases its dissipativeness in relation to
energy flows. Enrichment of chernozem with free
types of surface energy ensures its high fertility.
Research results and their discussion.
Characterized for chernozem soils PSS, as a design
of a thermodynamic system, ensures a high
intensity of subordinate processes by dissipating
external flows in the soil, which creates increased
availability of nutrients from the soil to plants, i. e.
is a determining factor of soil fertility. In fact, the
energy efficiency of soil interaction with climate
factors has a direct correlation with soil fertility,
and the production process is considered as the
utilization of external energy by plants according
to their own genetic program. An important role in
these processes is played by the symbiosis of the
mineral component of the soil with organic matter,
in particular, the accumulation of humus, which
should primarily be considered not as a chemical
formation, but as a thermodynamic process of
qualitative ordering (assembly) of high-molecular
organic compounds in conditions of cyclic washing
of low-molecular compounds by subordinate
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processes. However, it is no less important that the
accumulation of humus in the soil transforms it from
apurely capillary body into a colloid-capillary body,
in which the mobility of moisture is significantly
limited. After all, moisture is removed from the
colloidal body mainly through evaporation. This is
seen as one of the mechanisms for the formation of
geomembrane properties of soils and the pedosphere
in general — limiting the penetration of external
thermodynamic disturbances, in particular moisture
flows, deep into the Earth in the radial direction.
The process of densification of the parent rock with
the formation of stable structural macroporosity
also limits the thermal conductivity parameters and
the depth of active energy-mass exchange in the soil
environment.

Experimental monitoring studies of soil regimes
up to a depth of 5.0 m using thermodynamic
hydrophysical methods in the soil-geochemical
chain from the watershed to the floodplain of
a small river were conducted in the Obukhiv
district of Kyiv region (Forest-Steppe zone) in the
period of 1989-2005 [13]. These studies made it
possible to establish a regular spatial variability
of the geomembrane properties of the soil cover,
which is characterized by a set of indicators such as
the infiltration nutrition and seasonal dynamics of
moisture reserves, the chemistry of pore solutions,
the structure of the pore space of soils and the level
of'their fertility, etc. The highest development of the
geomembrane properties of soils is established in the
plakor part of the watershed which is characterized
by the zone of active energy mass exchange
did not exceed 3—4 m, because at this depth the
mineralization of pore solutions of chloride-sulfate
composition increased to 3—5 g/dm’, infiltration
nutrition is virtually absent, the automorphic mode
of soil formation, the growth of the soil profile
occurs due to atmospheric dust deposition, so
here is the most complete section of the holocene
with the presence of humus buried soils. The
realization of geomembrane properties occurs due
to the loosening and growth of soil heterogeneity
and its humus content. On the slopes which are
characterized by the zone of active energy-mass
exchange exceeding 5 m, there is a periodically
washing water regime, and the development of PSS
is relatively lower due to water erosion and planar
washing of fine soil, the processes of epigenetic
restructuring of PSS is activated in the entire soil
profile, in particular, at its lower border in the
parent rock, soil fertility is reduced, the chemistry
of pore solutions is hydrocarbonate-calcium with
mineralization up to 1 g/dm’. In the floodplain of
a small river which is characterized by the effluent
water regime with fluctuations of soil water levels
from 0.0 to 2.0 m, which determines the zone of

(3]

active energy-mass exchange, and the realization
of geomembrane properties, in particular, from
limiting the depth of active water exchange, is
ensured by magnesium-sodium salinization, PSS is
characteristic of hydromorphic soils.

In addition to the variation of geomembrane
properties within the Forest-Steppe and the
formation of different types of soils (the principle
of divergence), it was established that within
Ukraine, the formation of geomembrane properties
is determined by the degree of balance of moisture
and heat flows, and specified the latitudinal
zonation of these properties. In particular, in the
energy-limited zone of Polissia, the limitation
of the zone of active energy-mass exchange
ensures the formation of a weakly permeable,
unstructured, compacted illuvial (podzolic, glee,
etc.) horizon within the first meter of the soil
section. This horizon, serving as a pre-surface
screen for moisture flows, ensures the discharge of
excess atmospheric precipitation by surface runoff.
In the conditions of modern climatic changes,
which increase the energy supply of the Polissia
zone, this illuvial horizon serves as a screen for
the reproduction of underground water resources,
which leads to their progressive depletion. Aradical
means of combating such a negative ecological
phenomenon for the new climatic conditions in
Polissia is the destruction of this illuvial horizon
by means of deep meliorative loosening or
plantation plowing [14]. Such measures have been
practiced in drainage reclamation to accelerate
the cultivation of drained soils, which require
periodic repetition to maintain a high level of
homeostasis (fertility) of these soils. After all, in
the drained soils of reclamation systems, which
are mainly in the capillary border of groundwater,
the disappearance of a certain group of pores due
to intense fluctuations of soil water levels, which
leads to the compaction of these soils, was found.

For the Steppe zone of Ukraine, the limiting
factor of the self-development of the soil and its
energy efficiency is the lack of moisture. That
is why, in this water-limited zone, irrigation
melioration is the most effective for increasing
soil homeostasis and fertility.

Therefore, in the Forest-Steppe of Ukraine,
with a balanced amount of precipitation
and heat, the highest development of the
geomembrane properties of the pedosphere is
recorded. Accordingly, this zone is the most
bioproductive [15]. In the direction of the energy-
limited zone of Polissia, the geomembrane
properties of the pedosphere are aimed at limiting
the depth of active water exchange, and when
moving from the Forest-Steppe to the south to the
water-limited zone of the Steppe, the geomembrane
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properties of the pedosphere decrease due to the
insufficient level of soil self-organization, which is
limited by the lack of moisture. Such regularities
should be taken into account when predicting
evolutionary changes in soil properties under the
conditions of global climate changes and shifts in
the balance of the amount of heat and moisture.
Conclusions. Considering the soil as a complete
thermodynamically ~ unbalanced  system in
interaction with the thermodynamic factors of the
environment according to the formulated concept
of homeostasis makes it possible to unambiguously
evaluate and predict changes in soil properties
under global climate changes at any point of the soil
environment according to the level of consumption
in the subordinate processes of the soil of the
kinetic energy of external flows, as a manifestation
geomembrane function. A conservative criterion for
changing such soil properties is epigenetic changes
in the structure of its pore space, as a design of
a thermodynamic system, which is characterized by
a laboratory-determined loop of capillary hysteresis
of water-holding capacity in a special mode.
Constant processes of self-organization
and self-stabilization provide a change in the
geomembrane properties of the pedosphere, which
have a latitudinal zonation and depend on the
degree of balance of heat and moisture flows. The
highest development of geomembrane properties
of the pedosphere, caused by the balance of heat

and moisture flows, is observed in the Forest-
Steppe zone. Within the energy-limited zone of
Polissia, the limiting geomembrane function
of the pedosphere is aimed at reducing the
penetration depth of water flows. Within the soil-
climatic zones, the spatial differentiation of the
soil cover according to geomembrane properties
is determined by the relief, lateral flows of matter,
and other natural and anthropogenic factors that
limit the level of soil self-organization.

The level of homeostasis, as the top
manifestation of the geomembrane properties of
the soil, which has an energetic nature, can be
studied by remote methods and can have a direct
correlation with fertility parameters.

The application of the concept of geomembrane
properties of the soil cover will make it possible
to move away from purely stochastic models of
spatial distribution and dynamics of soil properties
and to increasingly use parametric dynamic
deterministic models for modeling geomechanics.
In particular, their use in soil rheology is promising.
The latitudinal zonality of the development of
geomembrane properties determines the latitudinal
zonality of the ecological resistance of the
pedosphere to pollutants and pollution: the most
resistant is the Forest-Steppe zone, which must be
taken into account when placing environmentally
hazardous enterprises and justifying the zonal
coefficient of ecological stability of the soil cover.
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Anomauin. Cyuacni negnunni npoyecu oecymigikayii ma despadayii OpHUX IPYHMIG GUMALAIONb NOULYKY HOGUX
HempaouyitiHux nioxo0ie 00 eUPIULEeHHS YIET 2100aNbHOT eKON02IYHOT NPpobaEeMU, WO Tl BUSHAYAE AKMYATLHICHb
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BAHO NOSICHIOBAMU | NPOSHO3YBAMU CYHUACHT €8ONIOYILIHI 3MIHU BIACMUBOCMEN [PYHIIG | I[PYHINOB020 NOKPUBY
3 no3uyill OIILUL BUCOKO20 OP2aHI3ayiliHO20 pigHs ceocucmemu. OCHOBHUMU 3A80AHHAMU BUSHAUEHO: PO3POO-
JIEHHSL MEMOOONI02IT OCTIONCEHb MEPMOOUHAMIUHOT 63A€MOOIL IPYHMY 3 KIIMAMUYHUMU YUHHUKAMU, CIEO-
PEHHSL IHCMPYMEHmapito 05t KORMpOTo nepedicy mepmMoOUHAMINHO HePIBHOBAICHUX NPOYECIE Y IPYHINOBOMY
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noposozo npocmopy. Busnaueno, wjo 3azanvHum cnpsamy8anHusM po3eumKy neoocgepu, K eiemenmy aimo-
cgpeproi’ obonouxu 3emni, € po3VUITLHEHHA MAMEPUHCHKOL NOPOOU 3 (HOPMYBAHHAM CIPYKIYPHOL MAKPO-
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Abstract. Modern climatic changes, namely significant warming in the northern Forest-Steppe and
Polissia zones of Ukraine, provide opportunities for growing a number of grain and leguminous crops
(maize for grain, soybeans, sunflower, and others), previously unusual for this region. Among the above-
mentioned crops, soybean is a crop that can significantly improve the nitrogen balance of the soil without
the use of mineral fertilizers, its cultivation to some extent can be an alternative to expensive nitrogen
fertilizers because, under the condition of inoculation, soybean can leave up to 80 kg/ha of biological
nitrogen, which equivalent to 300 kg of ammonium nitrate, which is enough for forming decent harvest
of winter wheat or corn. The analysis of meteorological data shows that when having the current amount
of heat supply during the growing season in the Western Polissia zone, it is possible to grow ultra-early
and early-ripening soybean varieties with a duration of the growing season of up to 90—100 days and
a required number of heat units — up to 2400-2500 CHU. It was established that the main factor limiting
the cultivation of soybeans on the peat soils of the Western Polissia zone is a significantly shorter frost-
free period (compared to the adjacent sod-podzolic soils on dry land). Therefore, for growing on peat
soils, it is necessary to choose ultra-early varieties of soybeans with a growing season of up to 85 days
and the required number of heat units — up to 2400-2500 CHU. That will allow obtaining physiologically
ripe seeds before the onset of the first autumn frosts, which in some years can already occur in the first
decade of September. On peat soils, the yield of the Yunka soybean variety by the variants of the experiment
ranged from 15,1-24,8 t/ha, while on the adjacent sod-podzolic light loamy soils it was 30,3—46,8 t/ha.
The reason for the significantly lower soybean yield on peat soils is a short frost-free period compared to
sod-podzolic soils, which did not allow the studied varieties to fully realize their potential for 2 years in
a row. The research has established that on sod-podzolic light loamy soils of the Western Polissia zone,
under favorable conditions, the yield of such ultra-early and early-ripening soybean varieties as Yunka and
Astor of the Sevita genetics selection (Canada) can be up to 45,0—46,8 t/ha. The use of Rizofix inoculant in
a combination with Rice Pi phosphorus-mobilizing product allows increasing the productivity of soybeans
to 6,7-7,0 t/ha. Additional profit from their use is about 8—8,3 thousand hryvnias from 1 ha.

Keywords: soybean, soil, Polissia zone, climate change, biological preparations, fertilizers

Relevance of research. Soybean is one of
the most widespread leguminous crops in world
agriculture. This is a potentially highly productive
crop, as confirmed by American farmers, where
a grain yield of 7-8 t/ha is normal. The world
record for soybean yield belongs to the US farmer
Randy Dowdy (Missouri) — 12,78 t/ha. Record
high yields (more than 10 t/ha) in production
conditions were obtained by the farmer from the
USA, Kip Cullers (California). In Ukraine, in
production conditions, no more than 4-5 t/ha of
soybean grain is usually obtained [1; 2].

In the USA, crop rotation with alternating
soybean and corn is widely used. Soybean
monoculture is common here, but genetically
modified varieties resistant to Glyphosate are mainly
grown in unchanged plantings. The importance of
soybeans is evidenced by the fact that the United
States annually exports more of its grains than
the Russian Federation of oil, gas, and metal. For
comparison, corn in the USA occupies 32 % of the
cultivated area, and soybeans —29% [2; 3].

The total area of grain and leguminous crops
in Ukraine has remained almost unchanged
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for more than 30 years, but the share of their
production by natural and climatic zones has
changed. Thanks to the increase in yield, 65 % of
grain is grown in Polissia and the Forest Steppe
zones, although the share of their plantings in
these regions is only 53 % [1; 3; 4].

As for the sown areas of soybeans in Ukraine,
in 2021 they amounted to about 1.28 million
hectares. In general, since 1990, soybean acreage
has increased more than 20 times. A comparison
of the data for the last 10 growing seasons
showed an increase in the area of soybean crops
in 16 regions of Ukraine. Thus, for the period
from 2010 to 2019, the largest increase was
recorded in the farms of the Forest-Steppe zone:
Khmelnytsky region — 100.64 thousand hectares;
Sumy region — 53,3 thousand hectares, Ternopil
region — 64,2 thousand hectares. In the humid
zone, the largest increase in cultivated area under
soybeans was recorded in the Zhytomyrska
region — 99,34 thousand hectares; Chernihiv
region — 62,06 thousand hectares, Lviv region —
53,66 thousand hectares. In the Rivne region,
the sown area under soybeans increased from
23,000 hectares to 86,000 hectares, and in the Volyn
region from 9,000 hectares to 37,000 hectares [4].

Soy occupies a leading position due to the high
profitability of cultivation and stable demand
of domestic and global agricultural markets.
In addition, soybean is a unique fodder, food,
technical, and medicinal crop and an excellent
previous crop for any crop, including winter
wheat, corn, winter rapeseed, and sugar beet [5].

Analysis of recent research and
publications. In modern economic conditions,
producers are rapidly moving to the cultivation of
several export-oriented crops, the vast majority
of which are corn for grain, sunflower, winter
rapeseed, winter wheat, and soybeans [6]. Among
the above-mentioned crops, soy is the crop that
can significantly improve the nitrogen balance of
the soil without the use of mineral fertilizers [7].
The rest of the crops are characterized by very
high rates of removal of nutrients per unit of the
crop. Therefore, their cultivation technologies
are based on the application of increased rates
of mineral fertilizers, without which it is almost
impossible to achieve a high yield. In addition,
soybean is a crop that is very sensitive to the
content of certain trace elements in the soil, such
as sulfur and magnesium [1; 2]. In the conditions
of a significant increase in the cost of mineral
fertilizers and especially nitrogen fertilizers,
which are limiting in the technology of growing
corn, sunflower, and winter wheat, soybean plants
get up to 65-80% of the total need for nitrogen
from the atmosphere [8].

(37]

Soybean is, without exaggeration, a new crop
for the Western Polissia zone, because 15-20 years
ago, its cultivation here was considered very
risky [1; 2; 9]. The main limiting factor for growing
soybeans for grain in the Western Polissia region
is the low natural fertility of most soil types, high
acidity and light mechanical composition of the
soil, limited heat resources, etc. [9; 10]. At the
same time, because of climate warming, a real
opportunity has appeared to grow soybeans in this
zone, and it has every prospect of occupying its
niche among other crops [1; 3; 11].

The possibility of successful soybean
cultivation in this soil-climatic zone is indicated
by the fact that as the results of the experiments
in the territory of the neighboring Republic of
Belarus (which is located much north of the
Western Polissia zone of Ukraine), 19-29 t/ha of
physiologically ripe soybean grain of the ultra-
early Yaselda variety was obtained [12].

Under certain conditions, soybean almost
does not need nitrogen fertilizers. Therefore, in
the conditions of a significant rise in the cost of
nitrogen fertilizers, there is every reason to claim
that its acreage will increase significantly in the
coming years in Ukraine because the application
of nitrogen fertilizers is minimal when cultivating
soybeans. If inoculants are used for growing
soybeans, the need for nitrogen fertilizers is
eliminated. Soy leaves up to 60—80 kg of nitrogen
per 1 hectare in the soil, so it is an excellent
previous crop for subsequent crops in a crop
rotation [7; 13; 14]. In modern agriculture, winter
wheat or corn is widely cultivated after soybeans.
Soy replenishes up to 70% of the total nitrogen
consumption due to its biological fixation from
the air with the help of symbiosis with nodule
bacteria [1; 7; 10].

Sincethesoils ofthe Polissiazone donotcontain
symbiotic nodule bacteria Rhizobiumjaponicum,
the introduction of bacterial preparations is
mandatory [2; 7]. World practice has proven that
inoculation is arelatively inexpensive and effective
measure to increase soybean productivity, since
the cost of using most preparations per 1 ha is on
average 5—6 US dollars, and the yield increase,
by the averaged data from scientific institutions,
is 2-6 c/ha [8; 13].

Soy is a monsoon climate crop, and when
planning its cultivation in the Polissya zone,
scientists recommend choosing the most early-
ripening varieties, which are guaranteed to ensure
the production of physiologically ripe seeds under
the condition of limited heat resources [1; 2; 7].

In previous years’ research conducted by the
Sarny Research Station on test plots located on
drained peat soils, ultra-early soybean varieties
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with a growing season of 75-85 days had enough
time to form physiologically ripe grain before
the onset of persistent frosts. Even later ripening
varieties with a growing season of 100105 days
ripened on the adjacent sod-podzolic soils.

The soil cover of the Polissia zone consists
of 2 large groups of soils — mineral and organic.
Mineral soils are mainly represented by various
types of sod-podzolic soils, among which the
light loam and loam types are the most suitable
for growing soybeans [9; 10; 11].

Organogenic soils of the Polissya zone are
mainly represented by lowland peat soils of various
thicknesses, which, unlike sod-podzolic soils, are
well supplied with nitrogen and moisture. One
of the advantages of peat soils over sod-podzolic
soils is the presence of significant moisture
reserves [15]. The analysis of long-term data of the
Sarny Research Station shows that in the one-meter
layer of peat, the total moisture reserves, even in the
driest years, amount to more than 4600-5000 m?
per 1 ha; that is more than enough for the normal
growth and development of all crops.

So, until recently, the issue of growing
soybeans in the Western Polissia zone has
been poorly studied, as well as the selection of
varieties by the ripeness groups, the effectiveness
of fertilization, inoculation, and the use of plant
growth regulators, etc.

The goal of the research is to specify the
possibility and expediency of growing new
high-yielding varieties of soybeans of different
ripeness groups and the effectiveness of using
phosphorus-mobilizing and  nitrogen-fixing
preparations of biological origin on the drained
land of the Western Polissia zone.

Research materials and methods. In 2021,
a study on the possibility of growing soybeans
on drained sod-podzolic and peat soils under the
condition of limited heat resources was started
at the Sarny Research Station of the Institute
of Water Problems and Land Reclamation of
the National Academy of Agrarian Sciences of
Ukraine. For research, 5 varieties of soybeans
of different ripeness groups (from ultra-early
to medium-late) were chosen to establish the
possibility of obtaining physiologically ripe seeds
in the climatic conditions of the Western Polissia
zone. In the experiment, 4 (non-GMO) soybean
varieties of Canadian selection (Sevita genetics)
and 1 of American selection were studied:

— Yunka, vegetation period is 85 days; the
required number of heat units is 2350 CHU;

— Astor, vegetation period is 105 days; the
required number of heat units is 2500 CHU;

— Niagara, the vegetation period is 108 days;
the required number of heat units is 2600 CHU.

— Neptune, vegetation period is 120 days; the
required number of heat units is 2700 CHU.

— SB142 — a variety of American selections,
vegetation period is 125 days; the required
number of heat units — 2750 CHU.

The above soybean varieties were studied in
2 blocks of field experiments (on drained peat
and sod-podzolic light loam soils), which are the
most common in the Western Polissia zone; that
makes the obtained data representative for the
entire region.

In the first block of field research, in
2 identical experiments, the yield potential of
new soybean varieties of different ripeness
groups and the effectiveness of nitrogen-fixing
and phosphorus-mobilizing preparations were
studied on drained peat and sod-podzolic light
loamy soils. In the experiments, the effectiveness
of Rise P and RhizoFix Soy preparations of
a well-known Canadian brand Lallemand, the
official distributor in Ukraine — the company
«Agritema» was studied.

RhizoFix Soy is a high-quality dry inoculant
for soybeans that contains at least 4x109/g
(4 billion CFU/g) of live cells of Bradyrhizobium
elkanii bacteria. The preparation initiates the mass
formation of productive nitrogen-fixing nodules
already at the initial stages of plant development.
That is a dry sterile peat-based preparation of
highly effective strains U1301 and U1302 of
the bacterium Bradyrhizobium elkanii. Rise P is
a phosphorus-mobilizing preparation (Bacillius
anyloliquefacies bacterium) strain IT 45.
Agritema company is the official representative
and distributor of these preparations in Ukraine.

Research results and their discussion.
When choosing soybean varieties by ripeness, it
is necessary to pay attention to the heat supply
indicators during the growing season, which
include the average monthly air temperatures
and their anomalies, the dates of the beginning
and end of different temperature periods, in
particular the growing season (warm) and the
period of the active growing season, the sum
of the active and effective temperatures and
others [13; 14; 16]. The dates of stable transition
of the average daily air temperature over 0, 5, 10,
and 15°C and the duration of the periods with
the temperatures above these limits are used to
determine the duration of the vegetation of cold-
resistant (period with a temperature above 5 °C)
and heat-loving (above 10°C) crops, the period
of their intensive growth (over 15°C), when
planning the dates of the start of fieldwork in the
spring (dates of transition over 5°C) and their
termination (transition over 0 °C) in autumn, etc.
(Table 1).
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1. Dates of stable transition of temperature over 0, 5, 10, 15 °C and the duration of the corresponding
periods in the drained peat bog massif Chemerne (Rivne region), average for 2007-2021

L

Value Dates of temperature transition over certain limits and the duration of the corresponding periods

>0° | <0° | days | >5° | <5° |days |>10°]| <10°| days | >15°| <15° ] days

Dyverage | 24.02 | 5.12 | 284 | 25.03 | 30.10 | 217 | 22.04 | 3.10 | 163 | 12.05 | 7.09 | 116

Do, [26.01 [ 9.11 | 254 | 14.03 | 6.10 | 186 | 4.04 | 24.09 | 128 | 27.04 | 24.08 | 100

Do 130.03 | 31.11 | 331 | 11.04 | 25.11 | 248 | 30.04 | 23.10 | 188 | 7.06 | 18.09 | 141
The analysis of the dates of the stable 91-100 days, the sum of active temperatures is

temperature transition confirms the trend of the
last decades towards an earlier start of the growing
season (on average 10 days earlier than usual)
and a later ending, which ultimately results in an
increase in the length of the growing season by
an average of 11 days. Over the years of research,
its duration varied from 186 to 248 days with an
average value of 217 days. The duration of the
period of active vegetation (with temperatures
> 10°C) exceeded the norm by an average of
5 days, and the period of intensive vegetation
(> 15°C) by 10 days. In most cases, the growing
season began in the third decade of March, and
the period of active vegetation began in the third
decade of April.

It should be noted that by the data of
Belarusian scientists (Republican Center of
Hydrometeorology) in the territory of Belarusian
Polissia, since 1989, an abnormally early steady
transition of the air temperature over 0°C in
spring has also been registered. On average,
for 1989-2018, the transition of air temperature
over 0°C in spring occurs 8—13 days earlier
compared to the multi-year dates. The transition
of air temperature over 5 and 10°C in spring also
occurs earlier than multi-year dates by 7-10 and
2-7 days, respectively [17, 18]. These data are
fully consistent with the data of our meteorological
station for almost all key indicators.

The sum of active temperatures above 10°C,
at which ultra-early soybean varieties ripen
having a duration of the vegetation period (VP)
up to 91 days, amounts to 2100-2200°C; for
early ripening varieties with a duration of VP of

2200-2600°C, while for medium-early ripening
ones with a duration of VP of 101-110 days, the
sum of active temperatures is 2600-2800 °C, and
for medium-ripening ones with a duration of VP
of 111-120 days, the sum of active temperatures
is 2800-3000°C. There are more late-ripening
varieties of soybeans; however, it is impractical
to consider them for growing in the Polissia
zone [1; 2]. The hydrothermal conditions of
active vegetation period on the drained peat bog
massif Chemerne of the Sarny research station
are given in the table. 2.

Based on the data given in Table 2, it can be
stated that having the current heat supply during
the growing season in the Western Polissia zone,
it is possible to grow ultra-early and early-
ripening soybean varieties with a growing season
of up to 100 days. However, it should be kept
in mind that during the vegetation period heat-
loving crops use less active heat than the amount
entering the regions of the Western Polissia zone.
This is due to the fact that the vegetation period
is limited by spring and autumn frosts, which can
occur even after the average daily air temperature
is higher than 10°C.

One of the dangerous meteorological
phenomena complicating the cultivation of
soybeans in the Western Polissia zone is a short
frost-free period. Frosts on peat soils are especially
dangerous. The duration of the frost-free period
on the drained peat bog massif Chemerne of the
Sarny research station is given in the table 3.

Based on the data of the weather station of
the Sarny research station (the only one in the

2. Hydrothermal conditions during active vegetation period
on the drained peat bog massif of the Sarny research station

Active vegetation period
Years . Dates days | Xt>10°C | ¥p,mm | HTC | Taver,°C | Zd, mb
beginning end
2018 04.04 19.10 | 198 3186 248 0,78 16,9 1231
2019 23.04 28.04 | 188 2864 323 1,13 16,2 1121
2020 28.04 16.10 | 171 2760 342 1,24 16,7 968
2021 30.04 18.09 | 141 2477 228 0,92 18,0 968
2022 24.04 20.09 | 149 2412 201 0,83 16,8 982
Average 25.04 30.09 | 158 2498 302 1,23 16,3 822
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3. Duration of the frost-free period on the drained peat bog massif of the Sarny experimental station
Year Date of the last . Date of thf: first _ Duration of the

spring frost in the air autumn frost in the air frost-free period

2018 28.04 26.09 150

2019 09.05 19.09 132

2020 21.05 20.09 121

2021 09.05 05.09 118

2022 24.05 01.09 99

Average 08.05 23.09 137

system of hydrometeorological observations of
Ukraine, which is located directly on the peat bog
massif), in some years the last spring frosts in
the Western Polissia zone can be observed even
in the 2™ decade of May, while the first autumn
frosts can be already observed in the beginning
of September, as was the case in 2021-2022. The
average long-term duration of the frost-free period
for the Chemerne peat bog massif is 137 days.
However, there are years with an abnormally
short frost-free period. So, for example, in 2022,
the frost-free period on the Chemerne peat bog
massif was only 99 days.

In order to establish the yield potential of the
studied soybean varieties on sod-podzolic soils,
mineral fertilizers were applied at the rate of
NgoPeoKego and N5 P K, on peat soils. The previous
crop in both cases was corn for grain (Table 4).

As the research carried out during 2021-2022
showed, in general, high yields of soybean grain
were obtained for all studied varieties that were
sown on drained sod-podzolic light loamy soils.
The highest yields were obtained for the varieties
of the early ripeness group, namely Yunka and
Astor varieties — 45,1 and 45,0 t/ha, respectively.

The varieties of the later ripeness group —
Niagara and Neptune — lower yields were
obtained — 34,3 and 37,6 t/ha, respectively. The
American selection variety Sb,,, (the most late-
ripening variety of the studied ones) provided
a lower yield compared to the Canadian selection
varieties — 27,5 t/ha)

It should also be noted that in the experiments
on sod-podzolic soils, it was necessary to
desiccate crops of such varieties as Astor, Niagara,
Neptune and Sb,,, for 2 years. Among the studied
varieties, only the Yunka variety provided grain
with a moisture content of 14,2—14,6 % without
desiccation for 2 years.

Regarding the studied biological preparations,
on sod-podzolic soils, higher efficiency was
obtained with the use of RhizoFix Soy inoculant,
the increase in yield from its use in the studied
varieties was 3,5-4,0 t/ha. The use of the
phosphorus-mobilizing preparation Rise P was
somewhat less effective, the increase in yield from
its use in the studied varieties was 2,8-3,4 t/ha.

When combining RhizoFix Soy inoculant
and the phosphorus-mobilizing preparation
Rise P the yield increase in the studied varieties
was 5,2-7,0 t/ha. The rather low efficiency of
inoculation on peat soils is explained by their
high nitrogen content.

Results of the research on organogenic soils.
Soil and climatic conditions on drained peatlands
are fundamentally different from soils of mineral
origin on dry land located in their immediate
vicinity [15; 17]. The study on the possibility
of growing soybeans on peat soils in the very
first year revealed a number of limiting factors
and risks, without taking into account of which
a partial or complete loss of the yield is possible.
The yield of studied soybean varieties on drained
peat soils is given in the Table 5.

4. Effect of nitrogen-fixing and phosphorus-mobilizing preparations
on soybean productivity on drained mineral soils, average for 2021-2022

Duration Number |Soybean yield by the variants of using preparations, tons/ha
Variety | of the vegetation | of heat Without . . RhizoFix So
g period,g days |units, CHU| preparations RhizoFix Soy | Rise P + Rise P g
Yunka 85 2350 38.5 42.5 41.6 45.1
Astor 105 2575 38.0 41.8 41.4 45.0
Niagara 108 2600 28.7 32.3 31.9 343
Neptune 120 2700 31.2 34.7 34.0 37.6
Sb,s, 124 2750 22.3 26.0 25.1 27.5
Hip ,; c/ha 1.75 1.44 1.56 1.72
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5. Effect of nitrogen-fixing and phosphorus-mobilizing preparations
on soybean productivity on drained peat soils, average for 2021-2022
Duration Number |Soybean yield by the variants of using preparations, tons/ha
Variety | of the vegetation | of heat Without - . RhizoFix So
g period,g days |units, CHU| preparations RhizoFix Soy | Rise P + Rise P g
Yunka 85 2350 21.0 22.0 25.6 26.2
Astor 105 2575 19.7 20.2 22.8 23.7
Niagara 108 2600 19.2 19.9 22.4 23.2
Neptune 120 2700 15.9 16.4 19.1 19.6
Sby,, 124 2750 13.7 14.3 18.3 18.8
Hip ,5 c/ha 1.19 1.27 1.17 1.25

In contrast to sod-podzolic light loamy soils,
relatively low yields of soybeans were obtained
on peat soils for 2 years for all studied varieties.
Especially low yields, compared to sod-podzolic
soils, were recorded for late-ripening varieties,
namely Neptune and Sb, ;.

The reason for this is that already in the first
decade of September, for2 years inarow, abnormally
early first autumn frosts were observed on drained
peat soils, which actually ceased the vegetation of
all studied soybean varieties. During the period of
the first decade of September, only the most early-
ripening variety from the studied ones, namely the
Yunka variety, managed to form the largest number
of physiologically ripe seeds. Its productivity by
the variants was 21,0-26,2 t/ha. However, even for
the Yunka variety, there was a significant shortfall
in the yield, since the vegetation was ceased at the
time of intensive grain filling. Thus, the weight of
1000 seeds of the Yunka variety on sod-podzolic
soils was 185-190 grams, while on peat soils it
was only 140-145 grams. For the rest of the late-
ripening varieties (Astor, Niagara, Neptune and
Sb,4,), the plants did not have enough time to
form physiologically ripe seeds in the beans of the
upper tier.

Regarding the studied biological preparations,
higher efficiency on peat soils, compared to the
treatment of seeds with RhizoFix Soy inoculant,
was provided by the use of the phosphorus-
mobilizing preparation Rise P. The rather low
efficiency of inoculation on peat soils is due to the
high nitrogen content. While the higher efficiency
of the phosphorus-mobilizing preparation Rise P is
due to the presence of phosphorus in the peat soil
in difficult-to-access forms (vivanite), which, due to
the action of bacteria contained in this preparation, is
transformed into forms more accessible to plants. In
the second block of field research, the productivity
of short crop rotation with such an alternation of
crops as winter wheat, soybean, corn, sunflower, and
sugar sorghum was studied. In the second block of
research, the Yunka variety was studied — the earliest
ripening one of Sevita genetics selection varieties.

The yield of the Yunka soybean variety
depending on the fertilization system and the
variants of using biological preparations is shown
in Table 6.

As a result of study on sod-podzolic soils it
has been established that the use of the inoculant
RhizoFix Soy and the phosphorus-mobilizing
preparation Rise P against along with the application
of mineral fertilizers at the rate of N, P;K,,
provided an increase in the yield of soybeans by
6,7 c/ha, while the application of mineral fertilizers
at the rate of Ny,P, K, provided an increase in the
yield of soybeans by 10,5 c/ha. When increasing
the rate of application of mineral fertilizers,
the effectiveness of the use of the RhizoFix
Soy inoculant and the phosphorus-mobilizing
preparation Rise P significantly decreased.

By the results of 2-year study, it was found that
in general, the effectiveness of using the RhizoFix
Soy inoculant and the phosphorus-mobilizing
preparation Rise P on peat soils is lower compared
to sod-podzolic soils. This is primarily due to
lower soybean inoculation efficiency, as peat soils
are naturally rich in nitrogen.

In general, the economic expediency of using
the above preparations on sod-podzolic soils
in soybean crops is more than obvious. Thus,
the cost of using both preparations (RhizoFix
Soy + Rise P) per 1 ha of sowing area is about
UAH 850-900, while the additional profit from
their use is approximately UAH 8000-8300.

Conclusions. Based on the meteorological
data of the Sarmny Research Station, it can be
stated that having the current heat supply during
the growing season in the area of the Western
Polissia on sod-podzolic soils, it is possible to
grow ultra-early and early-ripening soybean
varieties with a vegetation period of up to
90-100 days and the required number of heat
units — up to 2400-2500 CHU.

On sod-podzolic light loamy soils of the
Western Polissia zone, under favorable conditions,
the yield of ultra-early and early-ripening
soybean varieties can be 35—45 t/ha. The use of
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6. Effect of fertilization systems on the yield of the Yunka soybean variety on drained land,
Sarny Research Station of IWPLR of NAAS, average for 2021-2022

Fertilization svstems Fertilization variants Yield, | £ to reference | + to standard

M and biological preparations c/ha | c/ha | % cha | %

sod-podzolic soil
Reference NP3 K5o 30.8 — — — —
Organic Agrobiotech (Biosyl + Stimpo B B
fertilization + Regoplant) 31133 1107
system Agritema (RhizoFix Soy+Rise P) 37.5 | 6.7 | 21.8 — —
Mineral fertilization
system (standard) NeoPsoKeo 413 | 10.5 | 34.1 — —
NeoPsoKeo + Agrobiotech (Biosyl
Organo-mineral + Stimpo + Regoplant) 43.1112.3 713991 1.8 4.4
fertilization system | NgPeKg, + Agritema (RhizoFix 468 | 160 | 51.9 | 55 | 133
Soy+Rise P)
Hip 5 c/ha 1.01
peat soil

Reference Without fertilizers 15.1 — — — —
Organic Agrobiotech (Biosyl + Stimpo 164 | 13 3.6 B B
fertilization + Regoplant) ) ) ’
system Agritema (RhizoFix Soy+Rise P) 203 | 5.2 | 344 — —
Mineral fertilization
system (standard) N;5P o Koo 214 | 63 | 41.7 — —
Organo-mineral N3P Koo 234 | 83 | 550 | 2.0 9.3
fertilization system | N,.P, Ky, + (RhizoFix Soy+Rise P) 248 | 9.7 | 642 | 34 | 159
Hip o5 c/ha 0.78

the RhizoFix Soy inoculant and the phosphorus
mobilizing preparation Rise P allows to increase
the productivity of soybeans up to 6.7 t/ha.

The results of the study conducted in 2021-2022
show that the main limiting factor of the cultivation
of soybeans on the peat soils of the Western
Polissia zone is a significantly shorter (compared
to the adjacent sod-podzolic soils on dry land)

frost-free period. Therefore, for growing soybeans
on peat soils, it is advisable to choose ultra-early
varieties of soybeans with a vegetation period of up
to 85 days and the required number of heat units —
up to 2400-2500 CHU, which will allow obtaining
physiologically ripe seeds before the onset of
first autumn frosts, which in some years may be
observed in the first decade of September.

References
1. Petrychenko, V.F., Lykhochvor, V.V., & Ivanyuk, S.V,, et al. (2020). Soy — [Soya] : monography.

Vinnytsya : Dilo. [in Ukrainian]

2. Lykhochvor V.V., Petrychenko V.F. (2020). Plant growing. New technologies for growing
field crops — [Roslynnytstvo. Novi tekhnolohiyi vyroshchuvannya pol’ovykh kul'tur : pidruchnyk].
Vol. 1-5, Vol. 5. Lviv : National Fund “Ukrainian Technologies”. 806. [in Ukrainian]

3. Petrychenko, V.F. (2016). Production of legumes and soybeans in Ukraine: modern challenges

and prospects: cereals and soybeans for the sustainable development of agricultural production in
Ukraine — [ Vyrobnytstvo zernobobovykh kul'tur i soyi v Ukrayini: suchasni vyklyky ta perspektyvy:
zernovi kul'tury ta soya dlya staloho rozvytku ahrarnoho vyrobnytstva Ukrayiny]. Materials of the
international conference. Vinnytsia : Dilo, 3—10. [in Ukrainian]

4. Agribusiness in 2019-2020. Statistical collection. (2022). URL: https://ukrstat.gov.ua/druk/
publicat/kat u/publ7 u.htm

5. Kyrychenko, V.V., Ryabukha, S.S., & Kozyreva, L.N., et.al. (2016). Soy —[Soya] : monography.
Kharkiv : Institute of plant breeding named after V.Ya. Yuryeva. 361. [in Ukrainian]

6. Voropai, G.V. (2020). Agricultural use of drained lands of the humid zone of Ukraine under
conditions of reforming the agrarian sector and climate change — [Sil’s’kohospodars’ke vykorystannya
osushuvanykh zemel’ humidnoyi zony Ukrayiny v umovakh reformuvannya ahrarnoho sektoru ta
zmin klimatu]. Herald of Agrarian Science, 11, 62—73. [in Ukrainian]

2022 « Ne 2 MEJIHOPAILA I BOOAHE 'OCIIOAAPCTBO



AI'POPECYPCU 3

7. Petrychenko, V.F., & Lykhochvor, V.V. (2016). Soy —a culture of unique opportunities — [Soya —
kul'tura unikal'nykh mozhlyvostey]. Kyiv : Univest-Media. 224. [in Ukrainian]

8. Petrychenko, V.F., Kobak, S.Ya.,& Chorna, V.M. (2017). The influence of inoculation and
morpho-regulator on the characteristics of the growth of soybean plants in the conditions of the
Forest-Steppe — [ Vplyv inokulyatsiyi ta morforehulyatora na osoblyvosti rostu roslyn soyi v umovakh
Lisostepu]. Herald of Agrarian Science, 11, 34-39. [in Ukrainian]

9. Lyochvor, V.V. (2001). Practical advice on growing grain and leguminous crops in the conditions
of Western Ukraine — [Praktychni porady z vyroshchuvannya zernovykh ta zernobobovykh kul'tur
v umovakh Zakhidnoyi Ukrayiny]. Lviv : National Fund “Ukrainian technologies”. [in Ukrainian]

10. Grekov, V.O., Datsko, L.V., Zhilkin, M.1.,& Maistrenko, M.1. (2011). Methodological guidelines
for soil protection — [Metodychni vkazivky z okhorony gruntiv]. Kyiv : SE Institute for the Protection
of Soils of Ukraine. 114. [in Ukrainian]

11. Zubets, M.V., SytnykV. P., Bezugliy M.D. (Ed.). (2010). Scientific foundations of agro-
industrial production in the Polissia zone and the western region of Ukraine — [Naukovi osnovy
ahropromyslovoho vyrobnytstva v zoni Polissya i zakhidnomu rehioni Ukrayiny]. Kyiv : Ahrarna
nauka. 944. [in Ukrainian]

12. Kovalev, A.S. (2020). The influence of sowing time on the yield of grain of soybean variety
Yaselda innovations and ways to improve the efficiency of crop production — [Vliyaniye srokov seva
na urozhaynost' zerna soi sorta Yasel'da: innovatsii i puti povysheniya effektivnosti rasteniyevodstva].
Materials of the international scientific conference of students and undergraduates dedicated to
the 180th anniversary of the establishment of the BSAA and the 95th anniversary of the Faculty of
Agronomy. Gorki. [in Russian]

13. Energy-saving agroecosystems — [Enerhozberihayuchi ahroekosystemy]. (2011). Kyiv : Dia.
576. [in Ukrainian]

14. Formation of bioenergetics agroecosystems in the Polissia zone of Ukraine — [Formuvannya
bioenerhetychnykh ahroekosystem v zoni Polissya Ukrayiny]. (2012). Recommendations. Kyiv :
DIA. 248. [in Ukrainian]

15. Truskavetskyi, R.S. (2010). Peat soils and peatlands of Ukraine — [ Torfovi grunty i torfovyshcha
Ukrayiny]. Kharkiv : Mis'kdruk. 278. [in Ukrainian]

16. Voloshchuk, V.M., Boychenko, S.G., & Stepanenko, S.M. et al. (2002). Global warming and the
climate of Ukraine: regional ecological and socio-economic aspects — [Hlobal'ne poteplinnya i klimat
Ukrayiny: rehional’ni ekolohichni ta sotsial'no-ekonomichni aspekty]. Kyiv : VOC Kyiv University.
115. [in Ukrainian]

17. Avramenko, N.M. (2016). Climatic changes at the Polessky Experimental Station of Ameliorative
Agriculture and Grassland during the Period of Instrumental Observations — [Klimaticheskiye
izmeneniya na Polesskoy opytnoy stantsii meliorativnogo zemledeliya i lugovodstva za period
instrumental'nykh nablyudeniy]. Proceedings of the international scientific conference “Problems
of rational use of natural resources and sustainable development of Polissya”. Minsk, 318-323.
[in Russian]

18. Moroz, G.M. (2016). Dynamics of indicators of agro-climatic conditions of the Belarusian
Polissya — [Dinamika pokazateley agroklimaticheskikh usloviy Belorusskogo Poles'ya.]. Proceedings
of'the international scientific conference “Problems of rational use of natural resources and sustainable
development of Polissya”. Minsk, 404—408. [in Russian]

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2022



44 MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 2 » 2022

YIK: 633.34:631.4
NEPCIIEKTUBH BUPOII[YBAHHS COI B 30HI 3AXITHOT'O MMOJIICCHA

10.0. Tapapiko' 10KT. c.-T. Hayk, ML.JI. 3ocumMuyK?, KaHj. c.-T. HayK, ML.I. Cremiox?,
O.A. 3ocumuyk?, kaHz. c.-. HayK, B.I1. Jlykamyk®, kaH/. c.-I. HayK,
F0.B. Copoka®, kaHj. c.-I. HAyK

! TuctutyT BomHux mpodiem i memiopartii HAAH, Kuis, Vkpaina;
https://orcid.org/0000-0001-8475-240X; e-mail: urtar@bigmir.net;

2 CapueHcbka pociigna craniis IBITIM HAAH, Capuu, Ykpaina,
https://orcid.org/ 0000-0002-7162-8300; e-mail: zosimchykm@gmail.com

3 CapHeHchka pocrnigHa cranmis IBITIM HAAH, Capuu, Ykpaina;
https://orcid.org/ : 0000-0001-6773-2546; e-mail: nick.stetsiuk@gmail.com

* Capuencbka pocmigna craniis IBITIM HAAH, Capuu, Yipaina;
https://orcid.org/ 0000-0001-9556-0181; e-mail: oksana.zosimchyk@gmail.com

S THetuTyT BofHHX 1pobiem i meriopauii HAAH, Kuis, Ykpaina,
https://orcid.org/0000-0003-0081-0962; e-mail: vita lukashuk@ukr.net

¢ THcTuTyT BoAHHX Tpobiem i meriopanii HAAH, Kuis, Ykpaina,
https://orcid.org/0000-0001-6228-4131; e-mail: soroka_Yu@bigmir.net

Anomauia. Cyyacui K1iMamuyHi 3MiHU, a came Cymmese NOmeniiHis & 30Hax nieniyHozo Jlicocmeny ma
Ionicca Vrpainu, oarome modxciusocmi 015t UPOWYBAHHS HUZKU 3€PHOBUX MA 3ePHOO0O06UX KYIbIYD
(KVKYpYyO3u HA 3€pHO, COi, COMAWHUKY MA [HWUX), paHiuie HenpumamanHux ois yvozo peziony. Ceped
BUIEBKAZAHUX KYIBIMYD came COsl € KYIbMypoio, AKA 30amHa iCIMOMHO NOKPAWUmMU a30Mmuuti 6aianc
Ipyumy 6e3 3acmocy8anHsa MiHepalbHUX 000pus, came BUPOWYEanHs il 0esKo Mipolo Modce cmamu
ANLMEPHAMUBOI) OOPO20BAPMICHUM A30MHUM 000pUBAM, A0NHCe 3a YMOBU IHOKYIAYIL Nicis cebe coa modxce
auwamu 0o 80 ke/ea bionoziunozo azomy, wo exgisarenmno 300 ke amiaunoi cenimpu, 4020 0OCMAMHbLO
OJIsL (hOpMYBAHHSL NPUCMOTHO20 YPOACAIO 03UMOI nuieHuyi yu KyKypyosu. Ananiz MemeoOaHux NnoKda3ye,
WO Npu HUHIWHIX NOKAZHUKAX menyozabesneueHocmi secemayitino2o nepiody 6 30mi 3axionozo Ilonices
Ha 0epHOB0-NIO30MUCIIUX TPYHINGX MOJICIUGEe OOCMULAHHA YIbMPAPAHHIX A PAHHLOCTUSIUX COPMIE Ol
3 mpusanicmio eecemayitinoco nepiody 0o 90-100 Ouig i HeoOXIOHOW KiNbKICMIO Men108Ux 00UHUYbL — 00
2400-2500 CHU. BcmarnosneHo, wjo OCHOBHUM JIMIMYIOUUM YUHHUKOM, WO 0OMEMNCYE BUPOULYBAHHS COT
Ha mopgosux pynmax 30uu 3axionoeo Iloniccs, € 3nayno kopomuiui, (NOPIGHAHO 3 NPULEIUMU OEPHO-
60-NIO30MUCTIUM TPYHMAMU HA CYX0007i) bezmoposznuil nepiod. Tomy 0ns eupowrysanmsi Ha mopposux
IPYHMax ciio obupamu YIbmpapanui copmit coi' 3 mpueanicmio e2emayitinoco nepiooy 00 85 ouis i neoo-
XIOHOIO KINbKICMI0 meniogux oounuyb — 0o 2400-2500 CHU, wo 0o3zeéonums odepacamu (izionociuno-
cmuene HACIHHA 00 HACAHHA NEPUIUX OCIHHIX 3AMOPO3KI6, SKI 8 OKpeMi POKU MOJICYMb OYmu ioMiueHi
yoice 8 neputiti Oexaoi eepecns. Ha mopghosux tpynmax yposwcaiinicmo coi copmy FOuka no eapianmax
docnidy cmanosuna — 15,1-24,8 y/ea, ¢ motl yac sK Ha npuie2nux ()epH060 nio3onucmux N€2KOCY2NUHKOBUX
rpyumax — 30,3-46,8 y/ea. IIputuHo 3HAYHO HUXHCUO2O 8POdHCAI0 COi HA mopd)oeux IPYHmMAax € Kopomkuu
be3Mopo3HuULl Nepioo NOPIGHAHO 3 0ePHOBO-NIOZ0NUCUMU [DYHIMAMU, SIKULL NPOMA2OM 2-X POKIE ROCIINb
He 0a8 3M02U NOBHOIO MIPOIO Peanizy8amu NOMeHyida 00CIi0ACYBAHUX cOpmMIE. [JOCTIONCeHHAMU BCIMANO6-
JIeHO, WO Ha Oepﬁoeo RIO30MUCMUX JIe2KOCY2IUHKOBUX IPYHmMax 30Hu 3axionoeo Ilonices 3a CHPUAMIUBUX
VMO8 YPOdICAUHICMb MAKUX YIbMPAPAHHIX MA pAHHbOCMUIUX copmis coi ax FOuka ma Acmop cenexyii
Sevita genetics (Kanaoa) mooice cmarnosumu 0o 45,0-46,8 y/ea. 3acmocysannsn inokynaumy Pizogixc
¥y no€OHanHi 3 gocopmodinizyrouum npenapamom Paiic ITi 0o36015a€ nioguwumu ypoxcaiinicms coi 00
6,7-7,0 y/ea. Jlooamxosutl npubymox 6i0 ixHb020 3ACMOCY8aAHH CMAHO8UMb O1u3vko §-8,3 muc.epu 3 1 2a.
Knrouosi cnosa: cos, tpynm, 30na Ionicca, sminu kiimamy, 6ionpenapamu, y00OpeHHs.
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Abstract. The purpose of the research was to improve and substantiate the parameters of the drip
irrigation regimes for crops in the Steppe of Ukraine. Field studies were carried out at the Kamyansko-
Dniprovska experimental station (47°46' N 34°42' E), the Brylivska experimental station (46°40' N 33°12'E)
and the Southern research station (46°33' N 33°59' E) from 2004 to 2021 on 11 crops. The research scheme
assumed the implementation of a one-factor experiments' series with different levels of soil humidification,
the control was the variant without irrigation. At the first stage, the mathematical dependencies “Soil
moisture level (SML) —Number of vegetation irrigations” and “SML—Irrigation rate” were obtained for all
crops. The establishment of correlations between the evapotranspiration of crops and their productivity is
the result of the work. Based on this, were built the dependencies (statistical models) “Evapotranspiration —
Productivity” and the most optimal options for using water were determined in terms of its costs for
the formation of products for the drip irrigation of the Steppe of Ukraine. The given dependencies are
reaction curves for a one-factor experiment, they consist of three areas: limiting, stationary and excessive.
Correlation coefficients r=0,92—0,98 indicate a close relationship between these parameters. Established
relationships “Evapotranspiration — Yield” from an agro biological point of view are not stable since there
are potential opportunities for increasing yields with the same evapotranspiration. It has been established
that the optimal moisture range for drip irrigation of most crops is a narrow range of soil moisture suction
pressure of =9 to —15 kPa. This involves irrigation with small rates (50-75 m’/ha) while reducing the
inter-irrigation periods. Under such conditions, the ratio of actual transpiration (Tc) to potential (T,)
approaches 1 (= 0,83—0,87), which characterizes the water supply of plants as close to optimal.

Keywords: drip irrigation, soil moisture level, evapotranspiration, yield crops, mathematical
dependencies

Relevance of research The unfavorable
water regime of the soil is a limiting factor in the
realization of agricultural resource potential in the
Steppe zone of Ukraine. Today, there are many
measures aimed at minimizing the negative impact
of droughts, however, as practice shows, irrigation
is the most effective. During the most active
development of land reclamation (1966—-1990),
the area of irrigated land in Ukraine was brought to
2,62 million hectares [8]. In 1990-2000 during the
economic crisis in Ukraine, the actual irrigated area
decreased sharply —to 0,58-0,69 million ha, which
corresponds to the indicators of 1966-1968, and
in 2014 — to 0,49 million ha (excluding Crimea).

However, we note that this reduction refers to the
so-called “large irrigation” — sprinkling. On the
other hand, the area under drip irrigation increased
from 4,5 thousand ha (2000) to 75,5 thousand ha
(2014), of which 46,5 thousand ha were under
field crops [12].

Analysis of recent research and
publications. The advantages of drip irrigation
over other irrigation methods (sprinkling, surface
irrigation) are known. In this aspect, it should be
noted that due to the compliance of drip irrigation
technologies with two interrelated conditions —
high economic efficiency and environmental
safety, it has become widely used for irrigating
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LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2022



MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 2 » 2022

@

vegetables, fruit crops, and vineyards [1]. In
recent years, the interest of Ukrainian farmers in
the introduction of drip irrigation on crops such
as corn, soybeans, sugar beet, sunflower, and
others has increased. [3; 5]. At the same time, we
state that farmers, using intensive technologies
for growing field crops on drip irrigation, do
not always get the desired effect. After all,
drip irrigation involves changing the main
components of agricultural technology: irrigation
regimes, fertilization, plant protection, sowing
patterns, sowing and harvesting techniques and
technologies. At present, these elements have
not yet been fully developed and scientifically
substantiated specifically for the soil and climatic
conditions of the Steppe of Ukraine.

Research materials and methods. Field
studies were carried out at the Kamyansko-
Dniprovska experimental station (47°46' N
34°42' E), the Brylivska experimental station
(46°40' N 33°12' E) and the Southern research
station (46°33' N 33°59' E) from 2004 to 2021

on 10 crops. The research scheme assumed the
implementation of a one-factor experiments'
series with different levels of soil humidification,
the control was the variant without irrigation.

The placement of experimental sites is
systematic, and replication is fourfold [14].
Tensiometric sensors installed at different depths
of the soil profile and distance from the water
supply point were used to determine the timing of
irrigation and study evapotranspiration [10; 12].
For accounting and observations, they were used
as generally accepted [2; 14], as well as improved
methods [9; 11; 12].

Research results and their discussion. It
has been experimentally established that, among
the other factors, the level of pre-irrigation
soil moisture has the greatest influence on the
formation of the irrigation regime. It was recorded
that with an increase in SML from -20 kPa
to -15 kPa, the number of watering's and the
irrigation rate, respectively, increase by 45 % or
25 pcs. and by 42 % or 900 m*/ha (Fig. 1).

1. Objects (geography of research) and types of crops

The name of the Location /

Ne scientific station

soil-climatic zone

Crops /
years of research

Kamyansko-
1 Dniprovska
experimental station

vill. Kamyanka-Dniprovska,
Zaporizhzhia region,
South-Central Steppe subzone,
47046' N 34042' E

carrots (2004-2006),
potatoes (2006-2010),
pepper, eggplant (2010-2013),
sugar beet (2010-2014),
corn (2012-2020), soybeans (2010-2020)

vill. Pryvitne,
2 Brylivska

experimental station Kherson region,

Oleshkivs'ky district,

Dry Steppe, 46040' N 33012

tomato (2009-2011),
onion (2011-2013), corn (2012-2020),
sugar beet (2012-2014),
chickpeas (2018-2021)

vill. Velykyy Klyn,

3 Southern Holoprystanskyi district, watermelon
research station Kherson region, (2006-2008)
Dry steppe 46033', N 33059' E
80 ‘ 5000
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Fig. 1. Dependencies of the number of watering's (a) and irrigation rate (b) from the soil moisture level
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It is known, that the irrigation regime is
closely related to the meteorological parameters
that directly affect physical evaporation and
transpiration: the amount of precipitation,
temperature and relative humidity of the air,
and wind strength. The closest correlation
dependence “Irrigation regime — Meteorological
parameters” is established only by the “Amount
of precipitation” factor.

In particular, the records state that the influence
of'the amount of precipitation is greater, the lower
the level of moisture supply of plants: when
maintaining the pre-irrigation threshold of 60 %
of the minimum moisture-holding soil capacity
(MMHSC), the difference in the irrigation rate
(or the number of watering's) between years
with 50% and 75 % precipitation 42 %, for 70 %
MMHSC - 36%, 80% MMHSC — 25%, 85%
MMHSC - 22%, 90% MMHSC — 17% and
MMHSC - 7% (Fig. 2).

@

The inter-irrigation period also shortens with
an increase in the temperature regime. However,
such regularity can be observed only in periods of
abnormal heat. For example: in August, the duration
of the inter-irrigation period, while maintaining
a soil moisture level of -20 kPa, is 3,5-5,5 days,
depending on the crop, and in periods with
abnormally high average daily air temperatures of
+29-30°C (maximum — +39,0-40,5 °C), the inter-
irrigation period is shortened to 1-2 days.

As a result of research, correlations between
evapotranspiration and crop yield have been
established. Based on this, “Evapotranspiration-
Yield” dependencies were built for drip irrigation
conditions, and optimal options for water use
by plants were determined from the point of
view of its costs for the formation of a unit of
production (Fig. 3).

These dependencies are response curves for
a one-factor experiment, they consist of three

5/62

6000 - 337
S 5000 -
cé; 3934
4000 - 3330 3442
fé, 3280 oa 322
% 3000 - 295
Lo 2000 7 145
E =

1000

60 70 80 85 90 HB
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E3  Series 1 - vegetation season of 50% precipitation probability
Il Series 2 — vegetation season of 75% precipitation probability

Fig. 2. Dependence of the irrigation rate on the availability of precipitation
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Fig. 3. Dependence of “Evapotranspiration-Yield” under drip irrigation (on the example of tomatoes)
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areas: limiting, optimal, and inhibitory (excessive).
The coefficient of determination R? = 0,81-0,98
indicates a close relationship between these
values. It has been established that the limiting
area of the curve corresponds to the experimental
options for RPWG from -50 to -35 kPa and the
variant without irrigation (control), the optimal
area — from —35 to —10 kPa and the inhibitory area
(excess area) — from —10 to 0 kPa. Established
dependencies “Evapotranspiration-Yield”,
from an agro biological point of view, are not
stable, since there are opportunities to increase
yields with the same plant's evapotranspiration.
Therefore, the task of future research on the study
of plant's evapotranspiration processes is to reduce
unproductive water consumption (for physical
evaporation, runoff into the lower soil horizons)
while simultaneously increasing crop yields.

Generalized experimental data on irrigation
regimes prove that for most crops the lowest critical
limit of soil moisture is -25... -30 kPa (Table 2).

The optimal moisture range for light and
medium loams for tilled crops is a fairly narrow
interval from -15 to -9 kPa, which provides
for irrigation with relatively small rates while
reducing the inter-irrigation periods. According
to analytical calculations, with such a narrow
range, the ratio of actual transpiration (T) to
potential (T,) approaches 1 (=0,83—0,87), which
characterizes the moisture supply of plants
as close to optimal [6]. The results obtained
are a refinement of the previously stated
conclusions [7], that noted that the optimal lower
limit of moistening of hard loamy soil is 75-80 %
of MMHSC, medium and light loam — 65—70 % of
MMHSC and sandy loam — 65 % from MMHSC
and data confirmation [4].

It is natural that the maintenance of high
humidity conditions the growth of both physical
evaporation and transpiration. This, in turn,

increases irrigation rates (Table 3), which are
3,3-4,1 thousand m*ha for vegetables, and
3,8-5,4 thousand m‘/ha for other field crops.
Based on these data, the thesis about the
“economy of irrigation water with drip irrigation”
was clarified: with practically the same irrigation
rates, with drip irrigation, a 1,5-3,5 times higher
yield is formed, which gives reason to talk
exclusively about the saving of specific water
consumption for the formation of a crop unit.

Differentiation of the moisture level by
development stages of plants confirmed the
existence of critical periods in the life of plants,
during which even a slight decrease in soil
moisture beyond the optimal range leads to
significant yield losses. It has been established
that plants experience the highest sensitivity to
a decrease in available moisture in the soil during
the period of formation of fruiting organs or the
period preceding it (Table 3).

The result is the hypothesis's confirmation [13]
that states that biennial plants (onion, carrots,
sugar beet) in the first year of life do not have
a clearly defined critical period regarding moisture
availability. At the same time, even in the first
year of life, when we grow these crops to obtain
productive organs, we note their unequal resistance
to the reduction of soil moisture in different phases
of development. For example, for carrots and sugar
beets, such a “sensitive”, but not critical period —
Is the intensive growth of root crops.

Studies have confirmed the patterns of
evapotranspiration formation: the minimum
amount of moisture consumed by plants at the
beginning of the growing season gradually
increases with the development of their above-
ground mass and decreases again by the end
of the growing season. Peak parameters of
plant evapotranspiration were recorded in the
hottest periods; calendar-wise, they usually

2. Generalized parameters of drip irrigation regimes for field crops (heavy/medium loam soil)

Preirrigation Irigation Evapo- Evapo- Yield
Crop soil humidity, | Waterings 5 transpiration, | transpiration ’
-kPa rate, m’/ha m*ha coefficient, m?/t t/ha
Tomato 25-20-30 40 3450 4950 32.7 151.9
Pepper 25-20 42 3655 5020 74.9 67.0
Eggplant 20 53 4085 5330 112.7 47.3
Watermelon 27 15 1200 2600 48.4 45.4
Carrots 25-30 22 3280 5075 72.6 69.8
Onion 15 42 3340 4280 74.7 57.3
Potato 25 17 1250 2300 84.9 27.1
Comn 20 29 4400 6500 357.1 18.2
Soy 20 31 5400 6900 1112.9 6.22
Sugar beet 23 23 3840 5400 44.5 121.4
Chickpeas 25 26 4800 6860 1410 4.90
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3. Critical periods for moisture supply of field crops with drip irrigation

Crop A critical phase or growth stages of plants

Tomato budding — flowering

Pepper flowering — development of fruits

Eggplant flowering — development of fruits

Watermelon flowering — development of fruits

Potato budding — flowering

Corn 10 days before throwing out the panicle — flowering — 10 days after flowering
Soy budding — flowering

corresponded to the 2nd-3rd decade of July —
the 1st — 2nd decade of August. The maximum
indicators of daily evapotranspiration are fixed
at the level of 9-12 mm in the conditions of
the Steppe of Dry Ukraine and 8—11 mm in the
conditions of the Steppe of Southern Ukraine.
Design institutions should be guided by such
parameters when designing drip irrigation
systems in these soil-climatic zones.
Conclusions. The obtained dependencies
“Evapotranspiration-Yield” for drip irrigation are
response curves for a single-factor experiment,
which have the form of an asymmetric
parabola, described by a quadratic equation.
The coefficient of determination R? = 0,81-0,98
indicates a close relationship between
evapotranspiration and productivity parameters.
It has been established that the optimal range of

moistening of light and medium loams for field
crops is a narrow interval from -9 kPa to -15 kPa,
which provides for irrigation with lower rates
while simultaneously shortening the periods
between watering. Therefore, the ratio of actual
transpiration (T) to potential transpiration (T,) is
close to 1 (=0,83-0,87), which characterizes the
moisture supply of plants as close to optimal. The
existence of critical periods in the life of plants
regarding moisture supply was confirmed, at the
same time, it was established that in the first year
of life, two-year plants (onion, carrots, sugar
beet) do not have a clearly defined critical period
regarding moisture supply. It was established that
the maximum daily evapotranspiration rates of
field crops under drip irrigation in the conditions
of the Steppe of Dry Ukraine are 9—-12 mm, and
the Steppe of Southern Ukraine is 8—11 mm.
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Anomauisn. Memorw 0ocniodcenv 610 YOOCKOHALEHHS Ma OOIPYHIMYBAHHS NAPAMEMPI6 PEHCUMU KPANTUH-
HO20 3POUEHHS CITbCbKO20CN00apcbkux Kyavmyp 6 Cmeny Yxpainu. [lonboi 0ocniodcents nposoounu Ha
Kam’ancoro-/ninposcoroi oocnioniti cmanyii IBITIM (47046 nu.w. 34042' cx.0.), bpunigcoxkomy onop-
Hoeo nyukmy IBITIM (46°40" nn.w. 33°127 cx.0.) ma Iliedenniti Oocnioniu cmanyii IBITIM (46°33 " nu.w.
33°597 ¢x.0.) y nepioo 3 2004 no 2020 poxu na 10 citbcokococnodapcokux Kyabmypax. Cxema 0ocnio-
Jicerb nepedbauana peanizayito cepii 00HODAKMOPHUX OOCHIOI6 3 PIBHUMU PIGHAMU 360T0NCCHHS TPYHNY,
KoHmponvHum 0ye eéapianm 6e3 3powenns. Ha nepwiomy emani namu ompumany mamemamuyni 3aiedic-
Hocmi «Pisenv 3601001cennss tpynmy — Kinokicmv ecemayitinux nonusiey ma «PiseHb 360100ceHHs
IpyHmy — 3poutysanbHa HOpMay Oas 6cix Kynemyp. Pedcum KpaniuHHo20 3pOuileHHs MAaKodc 3HAXOOUBCS
Y 36’A3KY 3 MEmeoponociyHuMy napamempamu, sKi 6e3nocepeonbo Gnauanu Ha @isuune eunaposy-
6amHA ma iHmeHcugHicms mpancnipayii. Hatlbinew micny xopenayiuny 3anexcHicms « Pexcum kpanaum-
HO20 3powents — Memeoponoziuni napamempuy 6yno ecmanosneno 3a gpakmopom «Kinvricme onaoigy.
Pesynomamom pobomu € cmanogients KOpeusiyiiHux 36 s13Ki6 Midc e8anompancnipayicio ciibCbKo20Cno-
dapcvkux Kyiemyp ma ix ypooscaiinicmio. Ha ocrosi yboco oas kpanaunnozo spoutenns Cmeny Yrpainu
nobyooseano 3anedxicrnocmi (cmamucmuuni mooeni) « Eeanompancnipayis — Ypooicatinicmey ma euznaveno
HaUlOIIbW ONMUMATLHI 8APIAHMU BUKOPUCIAHHA 800U 3 OYKU 30Dy i1 6umpam Ha popmyeanHs npooyKyii.
Hasedeni 3anesxcnocmi € kpusumu peaxyii Ha 00HOGAKMOPHUL 00CHI0, BOHU CKAAOAIOMbCA i3 MPbOX
oonacmei: nimimyiouoi, cmayionaproi ma ineioyouoi. Koegiyienmu xopensyii v = 0,92 — 0,98 c6io-
uamv nPo MiCHUL 38 A30K Midxc yumu napamempamu. Bemanoeneni sanexcnocmi « Eeanompancnipayis —
Vpoorcatinicmoy 3 acpobionociunoi mouxu 30py He € CMIUKUMU, MOMY WO ICHYIOMb NOMEHYIHI MOMCIU-
80cmi NiOBUWEHHS 8POJICAUHOCII 3 00HAK0BOI esanompancnipayii. Bcmanosenerno, wo onmumanibHum
0ianasoHoM 360110JiCeHHsT 3d KPANIUHHO20 3POUleHHs OINbUOCI  CilbCbKO2OCHOOAPCLKUX KYIbMyp
€ 8Y3bKULL ITHMEPBATL BCMOKIMYIOU020 MUCKY TPYHMO8oi gonozu -15 do -9 kPa. Lle nepeobauae nposedeHms
nonusie Hegenuxumu nopmamu (50-75 m’/2a) 3a 00HouaCcHO20 CKOpOUEHHS MIDICNOTUSHUX NEPiodis. 3a makux
yMO8 cniggionouenHs paxmuunoi mpancnipayii (Tc) 0o nomenyitino moscausoi (T,) Habnudxcaemvcs
0o 1 (= 0,83-0,87), wo xapakmepu3sye 6010203a0e3neUeHHs POCIUH AK OIU3bKE 00 ONMUMATLHOZO.
Kniouosi cnoea: kpannunne 3pouienis, pigeHb 601020CMi IPYHMY, BUNAPOGYBAHHS, YPOICANHICIb CilbChb-
K020CNO00apCbKUX KYIbMyp, MAmemMamuyHi 3a1e)4cHoCcmi
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Abstract. Approaches to assessment of the economic effectiveness of restoring drainage systems in the
humid zone of Ukraine are substantiated. A conceptual scheme has been developed that determines the stages
of evaluation, sources of the input array of information, strategic orientation, and invariance of restoration
projects, provides for considering a number of risks and limitations of a systemic and non-systemic nature
when evaluating the project effectiveness of strategic alternatives. The basis of the evaluation is the results
of the analysis of materials regarding the technical condition of drainage systems, the restoration of which
in the drainage area is carried out according to two options: modernization of working (on an area of
1311.2 thousand ha) and restoration of non-working (on an area of 1962.9 thousand ha) drainage systems.
In the calculations of restoration (modernization) costs, the results of a preliminary assessment of the cost
of restoration work for various types of drainage systems (drainage, drainage-humidification, polder, and
water circulation systems) were used based on the reduced costs for restoration of the intra-farm and inter-
farm network, which were adopted in the “Strategy of Irrigation and Drainage ..."”" [27]. The economic
indicators of the production of agricultural crops economically attractive to farming producers (grain
corn, sunflower, rapeseed, soybean) were calculated under the conditions of their production before and
after the implementation of the project of restoration (modernization) of drainage systems. The application
of the traditional scheme for projected indicators calculating, at which the discount rate was defined
as the weighted average cost of capital (WACC), is substantiated. Taking into account the specifics of
drainage system restoration (modernization) projects and their duration, the weighted average rates for
long-term loans and deposits (visk-free) for legal entities, taking into account the inflation component and
the value of equity capital of agro-industrial complex enterprises, were chosen as the discount rate for the
preliminary pre-investment analysis. Based on the calculation of the project effectiveness of the restoration
(modernization) of drainage systems using the scenario approach according to the consolidated option for
determining the payback of investment costs, it is proved that the options at the discount rates vl (for 2021)
and r2 (for the beginning of 2022), as well as the discount rate for the equity scheme, they give positive
indicators of the investment project, which indicates the expediency of its implementation and economic
efficiency. The internal rate of return for the three options shows a sufficient margin of safety (24-26 %).
The most economically expedient is the option with a source of financing from the equity capital of agro-
industrial complex enterprises, for which the non-discounted (RR) and discounted (DPP) payback terms
are 3.4 and 4.7 years, respectively.

Keywords: drainage system, restoration of drainage systems, economic efficiency, scenario approach,
investment project

Relevance of research. The global long-term
practice of agricultural production on drained lands

(drainage) infrastructure, which is located on
a total area of about 3.3 million hectares and

shows that the effective use of drainage systems
and regulation of the water regime of the soil allows
to ensure the stability of cultivation and growth of
crop yields, strengthening of the economy of farms
and positive socio-economic changes [1-5].

In the humid zone of Ukraine, there is
powerful water management and reclamation

© Voropai H.V., Dergaliuk B.V., Kavtysh O.P., 2022

includes 1.671 reclamation systems, in particular:
835 drainage systems of one-way action on an
area of 1,6 million hectares (51%), 585 two-
way drainage-irrigation systems on an area
of 1.1 million hectares (34%) and 251 polder
and water circulation systems on an area of
0.51 million hectares (15 %) [6].
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Reclamation measures were carried out on
most of the lands of the amelioration fund of the
humid zone (60.5%). Thus, in the Zakarpattia
region almost 99% of the reclamation fund
has been drained, 76 % — in the Chernivetskyu
region, and 84 % in the Rivnenskyu region [2].
According to the indicator of land reclamation,
the drainage zone corresponds to the level of such
countries as the USA (60%), Germany (66 %),
the Netherlands (81 %) [3; 6].

At the same time, modern climate changes
create new conditions for growing crops,
including on drained lands, which, accordingly,
transforms the role of drainage systems, the
economic, ecological, and social stability of the
region depends on the efficiency of their use.

At the same time, most of the drainage
systems of the humid zone of Ukraine are in
an unsatisfactory technical condition, which
is manifested in the physical and moral aging
of the main reclamation funds, the low level of
operation of the drainage network, failure, and
in many cases the absence of hydromechanical
equipment. Based on analytical and statistical
sources, it was established that the technical
condition of drainage systems is characterized by
general depreciation of engineering infrastructure
elements due to their long-term operation by an
average of 60% (inter-farm network — 55 % and
intra-farm network — 65%) [6]. Consequently,
the effectiveness of the use of drained lands and
their role in the food and resource provision of
the state has significantly decreased. Therefore,
the current stage of the development of the
water management industry of the humid zone
is characterized by a complex of unresolved
tasks, which are related to the peculiarities of the
functioning of drainage systems in the complex
and changing conditions of the humid zone.

Along with this, the determining condition for
the possibility of implementing not only modern
intensive technologies for growing agricultural
crops, but also the formation and preservation
of water resources, the creation of favourable
living conditions, and the protection of the rural
population and rural areas from harmful effects is
the restoration of the effective functioning of the
drainage systems of the drainage area [6; 7].

Analysis of the latest research and
publications on the world experience of restoring
drainage systems shows that in many countries
(England, Belgium, the Netherlands, Germany,
France, Denmark, etc.) permanent reconstruction
is carried out [5; 8-10]. And the development
of agricultural production on reclaimed land is
proof that the greatest success was achieved by
countries that implemented large-scale national

programs for the development and restoration of
both drainage and irrigation systems [11].

Abroad, much more attention is paid to
evaluating the economic efficiency of land
reclamation investments than in Ukraine [12].
The scientists’ developments are aimed at
creating economically profitable projects for
the reconstruction of drainage systems, which
consider the directions of their use and possible
investment options [13].

The following Ukrainian scientists were
involved in the assessment of economic
efficiency in the field of water management
and land reclamation: A.S. Gordiychuk,
V. Ya. Humenyuk, E.A. Zin, N.E. Kovshun,
LF. L.F. Kozhushko, R.M. Kostyukevich,
A.H. Kulibabyn, A.A. Stakhiv, V.M. Trehobchuk,
M.A. Khvesyk, et al. [14—19]. Literary sources
indicate the existence of a number of studies in
the direction of a comprehensive assessment
of the economic effectiveness of reclamation
measures, taking into account the peculiarities
of their implementation in modern market
conditions. In the global practice of economic
calculations, there are two main approaches to
the economic assessment of project effectiveness
of investments: static and dynamic [20-22].

In domestic practice, the “production”
approach, based on the calculations of static
indicators, prevailed. This approach focuses
mainly on production efficiency (reducing costs
and increasing labor productivity) and is poorly
focused on investors and other stakeholders.
Financial, economic, and other types of efficiency
fade into the background [20; 23].

In modern conditions, a feature of approaches
to the justification of investment projects,
including in the field of restoration of drainage
systems, is the calculation based on dynamic
models. They have become widespread since
the late 1980s. Almost 88% of enterprises in
Europe (Germany, Austria, Switzerland, etc.)
and the USA use dynamic models to evaluate the
effectiveness of investments [24].

According to the above, to assess and analyze
the economic efficiency of long-term capital-
intensive investment projects, incl. such in scale
as the restoration of the drainage systems of the
humid zone of Ukraine, it is advisable to use
primarily dynamic methods and indicators. This
will allow you to make informed management
decisions. [25; 26].

The purpose of the research is to evaluate
the economic efficiency of the restoration of
drainage systems as a comprehensive long-term
project, which is based on the algorithm for
calculating basic dynamic design indicators and
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a scenario approach to assessing the effectiveness
of investment decisions.

Research materials and methods. Research
methods are based on the use of a system approach,
a monographic method (summarization of
scientific studies on the assessment of economic
efficiency in the field of water management
and land reclamation), dynamic methods, and
indicators of pre-investment analysis of drainage
system restoration projects, and a scenario
approach to the assessment of the effectiveness
of investment decisions.

Research methodology. The methodology
for determining the economic efficiency of
the restoration of drainage systems includes
the calculation of economic indicators for the
production of crops that are economically
attractive for agricultural producers for two
conditions: production without restoration and
production during the implementation of the
project for the restoration of drainage systems;
using a scenario approach and an enlarged
version of determining the payback of investment
(capital) costs for the restoration of drainage
systems (with an analysis of possible financing
options, discount rates, volumes and rates of
cost recovery and other factors of systemic and
non-systemic impact, alternative cost). The
assessment of the effectiveness of the restoration
of drainage systems is carried out according to
the developed general conceptual scheme by the
tasks set in the “Irrigation and drainage strategy
in Ukraine for the period up to 2030 (approved
by the order of the Cabinet of Ministers of
Ukraine dated August 14, 2019, No. 688-r.), Plan
measures for its implementation (approved by
the order of the Cabinet of Ministers of Ukraine
dated October 21, 2020, No. 1567-r.), which
notes the need to expand the functionality of
drainage systems in the current conditions of
their operation and provides for priority measures
for restoration (modernization) (Fig. 1) [27; 28].

In the framework of this study, the focus is
on the justification of the approach to assessing
the financial and economic efficiency of the
restoration (modernization) of drainage systems.

The main indicators for evaluating the project
efficiency of restoration (modernization) of
drainage systems, the use of which is justified by
the concept of changing the value of money over
time and which are key in making investment
decisions, regardless of the type of investment
project and sources of obtaining financial
resources, are: net present value of the project
(NPV), internal rate of return/return (IRR), return
on investment (PI), payback period (PP) and
discounted payback period (DPR) [24].

E

The calculation and forecasting of the
profitability of the implementation of the
project of restoration (modernization) of
drainage systems is carried out according to the
standardized approach of pre-project analysis,
which consists in comparing the income during
the implementation of the project with all incurred
costs (including the costs of raw materials and
materials, wages of employees, fuel and energy,
depreciation, administrative costs, taxation, etc.)
and taking into account the factor of change in
the value of money over time.

The cash flow accumulated over the entire
period of future project activity (the difference
between the present value of the net cash flow
for the period of project operation and the
reduced amount of investment costs for its
implementation) is determined by the net present
value indicator according to the formula:

NPV =CF, + CF‘1+ CF22+...
d+ry d+r) 0
CF, _ CF,

ot )
(1+r)y Sd+r)

where, CF, — the project’s net cash flow (the
difference between the project’s income and
expenditure in monetary units) in the i-th year;
n — number of years; CF, — net cash flow of the
project; CF, — the amount of initial investment in
the project,; » — the discount rate in the i-th year.

An investment decision is made if the net
present value (NPV) indicator for an individual
project is greater than or equal to zero; among
several alternative projects, the one with a higher
NPV is accepted [24].

When calculating project efficiency, both the
traditional scheme for evaluating the effectiveness
of an investment project and the equity capital
scheme can be used. The difference between them
is determined by the calculation of the discount
rate and the construction of the project’s cash
flow. All things being equal, the equity scheme is
more visible, flexible, and reliable for investors,
and reflects the financial stability and ability of
the enterprise. When applying the equity scheme,
the discount rate is the cost of equity, and when
forecasting cash flows, both interest payments
and repayment of the body of credit funds are
considered.

The justification of the discount rate is one of
the most difficult tasks in the process of making
an investment decision. In the scientific literature
and business practice, several methods are used
to justify the discount rate: WACC, CAMP,
cumulative construction method, normative,
market extraction, expert evaluation, etc. [25].
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Fig. 1. Conceptual scheme for evaluating the effectiveness
of restoration (modernization) of drainage systems

In the traditional scheme for evaluating The calculation of the discount rate using the
the effectiveness of an investment project, WACC method is carried out according to the
the discount rate when financing a project formula [25]:
from various sources (own, borrowed, _
borrowed) is taken as the weighted average WACC =k.w, +k, (1_1)W 2)
cost of capital WACC (Weighted Average Cost where £, is the cost of equity; w,— the share of
of Capital). equity capital in the capital structure; k, — the cost
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of loan capital; ¢ — the tax rate; w, — the share of
loan capital in the capital structure.

The cost of capital for companies whose
securities are not quoted on the stock market can
be determined through the ratio of the company’s
annual profit to the number of its funds
accumulated up to the period under consideration,
that is, through the return on equity (ROE).

In the capital asset pricing model (CAMP),
the discount rate consists of the rate of return
on a risk-free investment and an additional rate
that compensates for the uncertainty associated
with investing in a particular asset. Therefore, the
discount rate is calculated by the formula [25]:

r*=r.+B(r —r.) 3)
where 7; — risk-free investment rate of return; ,,—
average market return; 3 — risk factor.

Attention also deserves the approach to
calculating the discount rate, which is based on
considering such main components: risk-free
income, inflation premium, and risk premium
(provides additional compensation for project risks
associated with an investment decision). The use of
such an approach to determining the discount rate is
expedient when inflation is “homogeneous”. [25].

rn=(1+nrn1+i-1, 4

ne r; — discount rate (coefficient) adjusted for
inflation; » — discount rate (ratio) excluding
inflation (risk-free); i — average annual inflation
index (coefficient).

As arisk-free rate, deposits for legal entities in
the national currency of the most reliable banks
are most often accepted (contains a risk-free
component and a risk associated with investments
in Ukraine) or in currency [29].

If the project is financed by borrowed funds,
the discount rate is taken to be the bank’s credit
rate chosen to attract investment funds. The base
of choice is also the rates of official statistics, in
particular, the National Bank of Ukraine, taking
into account the terms, region, currency, types
and sizes of enterprises. These data characterize
the weighted average market rates for secured
loans, including country risk.

According to the recommendations of the
Ministry of Finance of Ukraine, the discount rate
when attracting credit funds can be calculated
according to the following components: interest
rate on borrowed funds; interest rate of credit
risk; expected inflation rate [30].

When financing projects by raising funds
in European markets, it is recommended to use
the LIBOR (London Interbank Offered Rate)
method, according to which the discount rate is
calculated using the formula [31]:

(5]

¥ =LIBOR+B,(1...2%), ®)

where LIBOR — the weighted average interest rate
on interbank loans provided by banks to each other
in different currencies or the so-called benchmark
rate or cost of selling money in European currency
markets; 3, — country risk level.

The internal rate of return/return (IRR) is
one of the key indicators for making investment
decisions. This is, in its way, an indicator of the
“margin of safety” or, in other words, the “margin
of return” of the project. This is the value of the
discount rate at which the present value of the
investment is equal to the present value of the
cash flow from the investment, which provides
a “0” value of NPV.:

n

> —L _=INV, (5)
‘o (1+IRR)’

where CF,—incoming cash flow in the j-th period,

INV — the amount of investment.

If the internal rate of return is equal to the cost
of capital, then the project should be accepted.
If it is smaller, the project should be rejected. In
the first case, we have a margin of safety for the
return of invested investments and the return of
funds, in the second case, the volume of funds is
insufficient.

The investment profitability index (PI) is
a relative indicator that reflects the level of
profitability (profitability) of the project or the
return on funds invested in the project, which
allows you to compare investment projects that
are different in scale, complexity, and conditions
and is calculated by the formula:

PI=NPV/CF, (6)

where NPV — the net present value of the project;
CF, — the amount of initial investment in the
project.

If PI > 1, the project is profitable and should
be considered for investment; in the case of
PI = 1, the project must be evaluated based on
a set of performance indicators to make a rational
investment decision, and if P/ < 1, the project is
unprofitable and it is not advisable to invest in it.
If investment funds are distributed over time, the
calculation of RI takes the form:

Z”: CFE’" Z”: CE"
1 + r) 0 (1 + r)t
where DPI — dlscounted project’s profitability.
Another way to calculate the return on
investment is to determine the payback period
(PR) or the time required for the revenues from
the project to ensure reimbursement of costs

. (D
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(investments) for its implementation. Calculation
of the payback period with uniform project
revenues for the corresponding period is carried
out by dividing the number of initial investments
(expenses) by the average annual cash receipts.

With uneven cash flows, it is more appropriate
to calculate the cumulative discounted or non-
discounted payback period. The first takes into
account the change in the value of money over
time (DPP).

It is calculated from the initial (investment)
costs of the project (CF,), successively subtracting
the discounted cash receipts until the payback
point (obtaining a positive cumulative cash flow).
Similarly, however, without discounting, the
second indicator considers the uneven cash flows
of the project.

The methodology for determining the
economic efficiency of the restoration of
drainage systems also includes the rationale
for budgetary efficiency, taking into account
forecasting changes in yield, volumes and
profitability of sales from the standpoint of the
“Irrigation and drainage strategy in Ukraine for
the period up to 20307, and the Action Plan for
its implementation [27; 28], programs for the
development of agricultural production in the
regions, additional revenues of the budgets of
the corresponding levels. When determining
budget efficiency, specific forms of participation
of budgetary funds in project financing are taken
into account, including the provision of budgetary
resources in the form of an investment loan or on
a gratuitous basis; provision of budget subsidies
related to the implementation of a certain
price, structural, sectoral policy; development
programs and enforcement of established social
and environmental priorities; provision of state
(regional) guarantees of investment risks for
certain types of activities.

Research results. To carry out calculations
of the economic efficiency of the restoration
of drainage systems, the generalization results
regarding their technical condition obtained
based on the analysis of patent research materials

on constructive solutions of drainage systems,
many years of experience in their operation,
and inventory data of the State Water Agency
of Ukraine (2011), were used. The conducted
analysis shows that the technical condition
of the drainage systems of the humid zone of
Ukraine is characterized by satisfactory (the
systems are in working (operable) condition
and can perform their functions in the design
mode) and unsatisfactory (the functionality of
the drainage systems is possible only thanks
to the implementation of measures to restore
them) [6; 7]. Therefore, the restoration of
drainage systems in the drainage area is carried
out according to two options:

— modernization of working drainage
systems;
— restoration of non-working drainage

systems [27].

Taking into account climate changes, the
priority measures for the modernization of
drainage systems include work on expanding
their functional capabilities with the ability to
regulate the water regime of the soil during the
growing season of crops [7; 27; 37].

The conducted studies and the scientific and
practical results obtained on their basis made it
possible to substantiate the directions and scope
of modernization of working and restoration of
non-working drainage systems. Calculations
of costs for the restoration (modernization) of
drainage systems were carried out based on the
results of a preliminary assessment of the cost of
restoration works for various types of drainage
systems based on the reduced costs for restoration
of the intra-farm and inter-farm network, which
are adopted in the “Irrigation and Drainage
Strategy...”, (Table 1) [7; 27].

Modernization of working drainage systems is
carried out taking into account their division into
draining, drying-moistening, polder and water
circulation systems [6]. The set of modernization
measures is determined on the basis of inventory
data and will include various types of work on
different types of drainage systems.

1. Volumes and cost of restoration works for different types of drainage systems

The need for repair The cost of restoration of 1 ha
Total area, d restoration works (up to the project level), c.u.
System type thousand ~ [DCTES P POl 2

ha thousand o, Inter-farm | On-farm | Total

ha network network 1 ha

Drainage 1649.4 1072.1 65 160 800 960
Drainage-irrigation 1113.1 679.0 61 190 1300 1490
Polder 306.6 113.4 37 300 2000 2300
Water-circulation 205.0 98.4 48 350 2300 2650
Total 3274.1 1962.9 60 250 1600 1850
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On drainage systems of one-way action, the
basis of modernization measures is the installation
of irrigation systems on them; drainage-irrigation
ones — to ensure the possibility of implementing
a guaranteed two-way regulation of the water
regime of the soil. Modernization of polder
and water circulation systems to the level of
drainage and irrigation is carried out by building
irrigation systems (drip irrigation or sprinkler
systems) on them. The total area of such systems
is 1311.2 thousand hectares. According to the
“Strategy of Irrigation and Drainage...” the total
area of drainage systems of various types, on
which measures to modernize and expand their
functional capabilities should be carried out as
a priority, is 350 thousand hectares (Table 2).

For non-working drainage systems, restoration
of their performance to the design level is carried
out mainly by carrying out repair and restoration
works on intra-farm and inter-farm networks.
These works include cleaning canals and culverts;
restoration of water control structures (gates,
lifts, etc.); washing of collectors and drains,
partial restoration of drainage; the arrangement
of wells-filters for removal of surface water; an
arrangement of existing dams, strengthening of
mouths of drainage collectors, etc [7; 27].

The total area of such systems is 1962.9 thousand
hectares. First of all, the restoration of these
systems is proposed to be carried out on an area
of 632.0 thousand hectares (Table 3). Along

(7]

with restoring the functionality of non-working
drainage systems, the possibilities of these
systems performing the function of protecting
territories and settlements from inundation and
flooding are taken into account. The calculation
of the economic efficiency of the restoration
(modernization) of drainage systems includes
the calculation of the economic indicators of the
production of economically attractive crops for
agricultural producers under the conditions of
production before the restoration (modernization)
and production during the implementation of
the project of restoration (modernization) of
drainage systems.

The selection of economically attractive crops
is carried out based on research on the current
state of use of drained lands. It was established
that the modern structure of cultivated areas is
subject to both climatic changes and the market
situation, which dictates the cultivation of
economically attractive crops. Since 1990, the
cultivated area of sunflower has increased by 4.1;
corn per grain — 4.5; rapeseed — 14.6; soybeans —
11.4 times, and their products today serve as the
basis of exports. At the same time, 42 to 83 % of
these crops are in the Forest Steppe and Polissia.
Therefore, in agricultural production in the zone
of drainage reclamations, grain corn, sunflower,
rapeseed, and soybeans are grown. [32; 33].

The estimated yield levels of the specified
crops during their pre-project cultivation and

2. Available areas, volumes and costs for modernization of working drainage systems

Type and area T Recommended Cost of Modernization
. ype of system S
of reclamation systems, after modernization area, modernization, costs,
thousand ha thousand ha c.u./ha million c.u.
1. Drainage — 577.3 drainage-irrigation 200.0 2000.0 400.0
2. Drainage-irrigation — drainage-
4341 humlqlﬁqatlon— 100.0 2000.0 200.0
irrigation
3. Polder — 193.2 drainage-irrigation 30.0 2000.0 60.0
4. Water-circulation — 106.6| drainage-irrigation 20.0 1700.0 34.0
Total 1311.2 350.0 694.0
3. Available areas, volumes and costs for restoration
of operational efficiency of non-working drainage systems
Type and area of Type Recommended area Cost of Modernization
reclamation systems, of system after | of modernization, |modernization, costs,
thousand ha modernization thousand ha c.u./ha million c.u.
1. Drainage — 1072.1 drainage 200.0 960.0 192.0
2. drainage- drainage-
irrigationg— 679.0 irrigatigon 300.0 1490.0 447.0
3. Polder - 113.4 polder 112 2300.0 257.6
4. Water-circulation — 98.4 | water-circulation 20.0 2650.0 53.0
Total: 1962.9 632.0 949.6
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the implementation of the project of restoration
(modernization) of drainage systems on drained
lands were adopted based on the results of
the analysis of statistical data and research by
scientists of the IWP&LR of NAAS of Ukraine
(Table 4) [33; 34].

We consider in detail options for determining
the payback of investment (capital) costs for
the restoration (modernization) of drainage
systems. To do this, first of all, we calculate the
economic indicators of the pre-project and after
the implementation of the project production of
the main crops (Tables 5, 6).

A comparative analysis of the production of the
main crops before and after the implementation of
the drainage system restoration (modernization)
project was carried out, the results of which are
presented in Table 7.

When determining the discount rate and
calculating project indicators directly for the

restoration (modernization) of drainage systems,
we determine possible financing options:

— budgetary on the inter-farm network
(agreed programmatically from the state,
regional, municipal budgets and donor in the
ratio agreed by the government and donors) and
private or mixed on the intra-farm network (land
users of different forms of ownership: owner
funds, credit, donor funds, etc.);

— private financing by land users or mixed
(donor and land users).

The option of full state financing is not
considered taking into account the changes in
the legislation and the “Irrigation and Drainage
Strategy...”, which states that the financing of
investment projects will be carried out in stages,
taking into account priority and economic indicators
of cost effectiveness and a wide range of potential
investors [27]. In addition, this option is difficult to
implement due to a significant budget deficit.

4. Yield levels of pre-project cultivation of crops and during the implementation
of the project of restoration (modernization) of drainage systems on drained lands

Type of crop Pre-project yield, Yield U}nder the implementatiop
t/ha of the restoration (modernization) project, t/ha
Corn for grain 7.0 12.0
Soybean 2.0 4.0
Winter wheat 5.0 8.0
Sunflower 2.5 4.0

5. Economic indicators of pre-project production of major crops on drained lands

Share Total Sales price .
inthe | Produc- |production| (without C(;f)td?liﬁi)(;ss Gri)%sts Proﬁgat}) ility
Crops structure | tivity, costs, VAT), p » | Protit .
thousand | thousand | production,
of crops, t/ha thousand | thousand AH/h Al/h N
% UAH/ha | UAH/ha | UAH/ha [ UAH/ha &
Winter wheat 20 5.0 16.0 4.1 20.5 4.5 28.13
Corn 35 7.0 18.3 3.7 25.9 7.6 41.53
Sunflower 10 2.5 14.0 8.0 20.0 6.0 42.86
Soybean 35 2.0 10.4 8.0 16.0 5.6 53.85
100 - 14.6 5.7 20.6 6.12 41.79

6. Economic indicators of the production of the main agricultural crops on drained lands
during the implementation of the project of restoration (modernization) of drainage systems

Share Total | Sales price .
inthe | Produc- |production| (without Cost of £ross Gross | Profitability
. production, | profit, of
Crops structure |  tivity, costs, VAT), .
thousand |thousand | production,
of crops, t/ha thousand | thousand UAH/ha | UAH/ha o
% UAH/ha | UAH/ha ’
Winter wheat 20 8.0 19.2 4.1 32.8 13.6 70.83
Corn 35 12.0 22.0 3.7 44.4 224 101.82
Sunflower 10 4.0 16.8 8.0 32.0 15.2 90.48
Soybean 35 4.0 12.5 8.0 32.0 19.5 156.00
— 100 |- 17.6 5.7 36.5 18.9 107.45
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7. Project indicators of the production of the main agricultural crops on drained lands
during the implementation of the drainage system modernization project
Sale price Cost of .
Increase | (without Total' gross Gross profit, Net Share in
o production . profit, | the crop
Crop inyield,| VAT), production, | thousand
costs, thousand thousand | structure,
t/ha | thousand o thousand UAH/ha o
UAH/ha UAH/ha (20%) UAH/ha UAH/ha %
Winter wheat 3 4,1 3,84 12,3 8,46 6,94 0,2
Corn 5 3,7 4,4 18,5 14,1 11,56 0,35
Sunflower 1,5 8 3,36 12 8,64 7,08 0,1
Soybean 2 8 2,5 16 13,5 11,07 0,35
- - - 3,52 15,74 12,22 10,02 1

The option of full private financing is possible
for implementation in the presence of significant
state benefits and guarantees, effective credit policy
in the field of agro-industrial complex (APC) for
land users, including water user associations.

That is, for the project of restoration
(modernization) of drainage systems, the sources
of investment can be the funds of landowners,
donors, creditors, budget funds, etc. Accordingly,
it is possible to use the traditional scheme for
calculating project indicators, where the discount
rate is calculated as the weighted average cost of
capital (WACC).

Under certain conditions, namely: significant
variability and uncertainty of the current
sources of financial resources and investment
conditions; gradual introduction of changes in
legislation; continuation of evaluation works on
reclaimed territories; the crisis state of Ukraine’s
economy; specifics of the project of restoration
(modernization) of drainage systems and its
duration, for the discount rate for the preliminary
pre-investment analysis we choose:

— weighted average interest rate for long-
term loans for legal entities, taking into account
the inflation component;

— weighted average interest rate on deposits
(risk-free) for legal entities, taking into account
the inflation component;

— the value of equity capital of enterprises of
the agro-industrial complex.

We compare the results at different rates in
2021 and at the beginning of 2022.

The average weighted rate on loans in the
national currency for non-financial corporations
as of December 31, 2021 amounted to 9.1 %,
and as of February 2022, 10.6%. The weighted
average rate in Ukraine on long-term deposits
for non-financial corporations in the national
currency as of December 31, 2021 was 5.8 %; as
of February 23, 2022 — 8.0% [35].

The National Bank of Ukraine expected
inflation at the level of 5.5 % at the end of 2021,

and the average annual forecasted rate at the level
of 5.8% [36]. In fact, the inflation index in 2021
was 110.0% [37]. The inflation index as of March
2022 was 104.5% [37], and for the year it was
forecast at the level of 107.6%. For calculations
for 2022, we use the forecasted annual indicator.

Discount rate for restoration (modernization)
projects of drainage systems for calculating the
effectiveness of an investment project in national
currency with a credit source of funds for a period
of more than 5 years (r,,Tar,,) is:

T 200 = (1 +0,0901)(1 +0,1) — 1 = 20%;

Ty 202 = (1 +0,106)(1 +0,076) — 1 = 19 %.

The discount rate for the project of restoration
(modernization) of drainage systems according
to the data of 2021 and the beginning of 2022(r,

Tar,,) based on the average rate for long-term
deposits for legal entities:

Iy, 001 = (1 +0,058)(1 +0,10) — 1 = 16 %);
Ty, 202 = (1 +0,080)(1 + 0,076) — 1 = 16 %.

Taking into account the relatively stable
projected rates of inflation recently, this
calculation approach is justified, and the discount
rates (r,, r,) take into account the main risks for
investors.

Investment costs for the project of restoration
(modernization) of drainage systems (for drainage
and moisturizing) in national currency are:
56.54 thousand UAH/ha (2020); 54.79 thousand
UAH/ha (2021); 58.52 thousand UAH/ha
(beginning of 2022).

We build the cash flow taking into account
the design yield when implementing the
restoration (modernization) of drainage systems,
the dynamics of prices for priority agricultural
crops grown on drained lands, at discount rates
at levels r, and r,. To determine the net profit in
the calculations, we accept the rate of taxation
of the profit of enterprises according to the
general taxation system. The cash flow includes
depreciation deductions during the 8 years of
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project implementation (the term corresponds
to the late payback period calculated according
to the “Irrigation and Drainage Strategy...”).
The liquidation value at the stage of project
completion is assumed equal to 0.

According to the conditions adopted in this
study and the analytical data obtained, we have
the design efficiency indicators given in Table. 8.

The results indicate that all calculation options
give positive indicators of the financial efficiency
of the investment project for the restoration
(modernization) of drainage systems, which
indicates the feasibility of its implementation.
In addition, the internal rate of return shows
a sufficient margin of safety (24-26%). The
return on investment is sufficient and corresponds
to market indicators and its dynamics. This
indicator is the highest for options with sources
of funds from long-term deposits (34 and 25 %,
respectively, for 2021 and at the beginning of
2022) and the equity capital of agribusiness
enterprises (43%). At the same time, the
calculated non-discounted (PP) and discounted
(DPP) payback periods of the option with sources
of funds from long-term deposits are 3.2 and 4.9
(for 2021) and 3.5 and 5.5 years (at the beginning
of 2022), which is more profitable compared
to the option with long-term loans. The most

economically expedient, of course, is the option
with a source of equity capital of agribusiness
enterprises, for which the non-discounted (PP)
and discounted (DPP) payback terms are 3.4 and
4.7 years.

Profit can be reinvested by land users to ensure
further economic development by introducing
innovations, including the acquisition of modern
equipment, and the development of new varieties
of crops and technologies for their cultivation.
Part of the funds can be reinvested in research
and development in the field of agro-industrial
complex, which will speed up the introduction of
innovations into production practice.

When calculating project efficiency, land
users, donors, and representatives of state or
regional authorities need to operate at a decisive
rate precisely taking into account the specifics
of investment, interests of stakeholders, state
policy in the field of agriculture, and regional and
municipal development investment programs.
The rate of taxation of the profit of agricultural
producers may also vary depending on the taxation
system and the availability of tax benefits. The
norms and peculiarities of taxation of agrarians
are being revised, including reimbursement of
value-added tax (VAT), the amount of which is in
the range from 20 to 14 %; reduction of personal

8. Indicators of the effectiveness of the project for the restoration
(modernization) of drainage systems using different discount rates

The discount rate is the weighted average rate for long-term loans
for legal entities, considering the inflation component

Project efficiency indicator | At discount rate r,, ,i,; = 20 % | At discount rate r,, ,,,, =19 %
NPV, thousand UAH 9.94 8.91
IRR, % 26 24
PI, % 18 14
PP, years 3.2 3.5
DPP, years 5.8 6.2

The discount rate is the weighted average rate for long-term deposits

for legal entities, considering the inflation component

Project efficiency indicator | At discount rate r, ,,,, =16 % | At discount rater, ,,, =16 %
NPV, thousand UAH 18.49 14.45
IRR, % 26 24
PI, % 34 25
PP, years 3.2 3.5
DPP, years 4.9 5.5
Discount rate — the cost of equity of agribusiness enterprises (data for 2021 and 2022 are not available)
Project efficiency indicator At discount rate r;_, 5,0 = 13 %
NPV, thousand UAH 24.42
IRR, % 25
PI, % 43
PP, years 3.4
DPP, years 4.7

2022 « Ne 2 MEJIHOPAILA I BOOAHE 'OCIIOAAPCTBO




3POIIEHHA — OCYIIIEHHA

income tax (PIT); taxation of the income of
agricultural producers, land, etc.

Municipal ~ and  regional  authorities
receive direct and indirect effects from the
implementation restoration (modernization) of
drainage systems projects, particularly, in terms
of ensuring the growth of budget efficiency,
and indicators of social and environmental
efficiency. The state ensures the preservation and
increase of the export potential of the agricultural
industry.

An important role in accelerating the
implementation of the projects under study is
also played by the introduction of the Law “On
water user organizations and stimulation of hydro
technical land reclamation” (dated February 17,
2022 No. 2079-IX), incl. from the standpoint
of stimulating the inflow of investments,
regulatory harmonization of land reclamation
issues [38].

These and other regulatory, technical,
technological, and organizational measures will
speed up the process of involving the World Bank
and other interested foreign financial institutions
in the investment process. Accordingly, we can
predict that soon, hydro-technical reclamation in
Ukraine will acquire a programmatic and systemic
character, which will allow combining the
efforts of both national and foreign stakeholders,
creating conditions for long-term growth in the
agricultural sector.

According to analytical data, the government
continues to work on programs for the agricultural
sector development, where reclamation occupies
aprominent place. In general, in 2021-early 2022,
the government continued work on the following
development programs: support for insurance of
agricultural products; compensation for losses
from damage to crops as a result of man-made
and natural emergencies; support for agricultural
producers who use reclaimed land; support for
producers of organic products; support of potato
producers; support of agricultural producers by
allocating budget subsidies per unit of cultivated
land (buckwheat) [39].

Conclusions. The assessment of the economic
efficiency of the restoration of the drainage

(o]

systems of the humid zone of Ukraine is proposed
to be carried out according to a conceptual scheme
that determines the stages of the assessment,
the sources of the input array of information,
the strategic orientation and invariance of
restoration projects, involves considering risks
and limitations of a systemic and non-systemic
nature when assessing the design effectiveness of
strategic ones.

Itis determined that the basis of the assessment
should be:

— the results of studies on establishing the
technical condition of drainage systems, the
restoration of which in the drainage area is carried
out according to two options: modernization of
working and restoration of non-working systems;

— data on the preliminary assessment of the
cost of restoration works for different types of
drainage systems (drainage, drainage-irrigation,
polder, and water circulation systems) based on
the reduced costs for the restoration of intra-farm
and inter-farm networks;

— economic indicators of the production of
agricultural crops that are economically attractive
for agricultural producers (grain corn, sunflower,
rapeseed, soybeans) under the conditions of their
production before and after the implementation
of the project of restoration (modernization) of
drainage systems.

Indicators of the project effectiveness of
restoration (modernization) of drainage systems
were established using the scenario approach
based on the consolidated version of determining
the payback of investment costs. It is proven that
the options at the discount rates r, (for 2021)
and r, (for the beginning of 2022), as well as the
discount rate for the equity scheme, give positive
indicators of the investment project, which
indicates the feasibility of its implementation and
economic efficiency. The internal rate of return
for the three options shows a sufficient margin
of safety (24-26%). The most economically
expedient is the option with a source of financing
from the equity capital of agro-industrial complex
enterprises, for which the non-discounted (PP)
and discounted (DPP) payback terms are 3.4 and
4.7 years, respectively.
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Anomayia. O61pyHmMosano nioxoou 00 OYiHIOBAHHS eKOHOMIUHOT egheKMUBHOCI BIOHOBNIEHHSL OPEHANCHUX
cucmem eymionoi 3onu Yxpainu. Pospobneno xonyenmyanvbHy cxemy, AKA 6USHAYAE eMANHICMb OYIHIO-
8anHs, 0Jicepena 6XiOH020 Macusy ingopmayii, cmpameiyny opicHmayilo ma iHeapianmHicms NPOEKMI8
8IOHOGNIEHHS, nepe0bauac paxy8ants HU3KU PUSUKIE MA OOMENCEHb CUCIEMHO2O0 Ul HeCUCIEMHO20 XapaK-
mepy npu OyiHI8aHHi NPpoeKMHoI epekmusnocmi cmpameziunux arvmeprnamus. OCHOBOI0 OYIHIOBAHHSL
€ pe3yIbmamu aHaLizy Mamepianie w000 MexHiuHO20 CIMAHY OPEHANCHUX CUCEM, 8IOHOGICHHS AKUX ) 30HI
OCYUIeHHsl BUKOHYEMbCA 3d 080MA 8apianmamu: mMooeprizayis npayiorouux (ha niowi 1311,2 muc. ea) ma
8i0HOGAeHHA Henpaytoruux (Ha naowi 1962,9 muc. ea) Openadxchux cucmem. Bpaxosyrouu xiimamuuni
3MIHU, 00 NEPULOUEPLOBUX 3AX0018 13 MOOEPHIZAYIT OPEHANCHUX cUucmeM BIOHeCeHl pobomu 3 PO3UWUPEHHS
ix QyHKyioHarbHUX MOJCIUBOCIEN 30AMHICTNIO PE2YTIO8AMU BOOHUL PEXCUM TPYHMY NPOMA2OM Nepiooy
secemayii GUPOWYBAHHS CLILCLKO2OCNOOAPCLKUX KVAbMYp. Y po3paxynkax eumpam Ha GiOHOGLeHHs.
(MOOepHI3ayiio) BUKOPUCTIAHO Pe3yIbmamu NONepeoHbol OYIHKU apmocni 6IOHOBIIOBANbHUX POOIm 0715
PI3HUX MUNi6 OPEHadCHUX cucmem (0CYuLY8anbHi, OCYULY8AIbHO-360100/CY8AIbHI, NOTbOEPHI Ma 8000060~
POMHI) HA OCHOBI NPUBEOEHUX BUMPAM HA BIOHOBTIEHHA BHYMPIUHbO2OCHO0APCHLKOI MA Midc20Cno0apCbKoi
Mepedxci, axi nputinami y «Cmpameeii 3pouienna ma openaxcy...». Pospaxoeano exonomiumi noxasHuxu
BUPOOHUYMBA EKOHOMIYHO NPUBAOIUBUX Ol A2POBUPOOHUKIE CillbCbKO2OCNOO0APCLKUX KYIbmYp (3epHO60T
KYKYPYO3U, COHSAWHUKA, PINAKy, Coi) 3a yMO8 iX GUpoOHUYmMeEa 00 ma 3a peanizayii npoeKmy 8iOHOG/eHHs.
(modepHnizayii) Openasichux cucmem. OOIPYHMOBAHO 3ACMOCYBAHHA MPAOUYIUHOL cXeMU DPO3PAXYHKY
NPOEKMHUX NOKAZHUKIB, 30 AKOT CMABKY OUCKOHMYBAHHS 8USHAYANU K CEPEOHbO38AICEHY 8APMICMb KANi-
many (WACC). Bpaxosyrouu cneyug)iky npoexkmis 8iOHO81EHH (MOOePHI3ayii) OPEeHANCHUX cucmem ma
ix mpusarocmi, 3a cmasky OUCKOHMYBAHHA 0151 30TUCHEHHS NONEPEOHbO20 NePediHBeCMUYIIHO20 aHANI3Y
00pAaHO CepeOHbO38ANCEHT CTNABKU 3a 00820CTNPOKOGUMU Kpeoumamu i denosumamu (6e3pusuxosa) 0
IOPUOUYHUX OCIO 3 YPAXYBAHHAM THOIAYIUHOL CKIAD080T Ma 6apmMicmio 81ACHO20 Kanimaity NiONpuemcme
AIIK. Ha ocnosi po3paxynky npoekmmoi echekmuenocmi 6i0H08eH s (MOOepHi3ayii) OPEHANCHUX cucmem
3 BUKOPUCNAHHAM CYEHAPHO2O NIOX00Y 3a YKPYNHEHUM 6APIAHIMOM 6U3HAYEHHs. OKYNHOCMI IHEecmu-
YIHUX sumpam 008e0eHo, W0 apiaHmu npu cmaskax Ouckowmysanus r, (3a 2021 p.) ma r, (na novamox
2022 p.), a maxosic cmagyi OUCKOHMYBAHHSL OJIsl CXeMU GILACHO20 KaANImay 0aioms NO3UMUEHI NOKAZHUKU
IHGeCMUYIUHO20 NPOEKMY, WO CEIOUUMb NPO OOYLIbHICMb U020 peanizayii ma eKOHOMIuHY ehexmus-
Hicmb. Buympiwns nopma penmabenvhocmi 05t mpbox 6apianmis NOKa3ye OOCMAamHill 3anac MiyHocmi
(24-26 %). Haiibinvuw exoHOMIYHO OOYINbHUM € 8apianm 3 0dcepenom IHAHCYB8ANHS 3a PAXYHOK 8IACHOO
kanimany nionpuemcms AIIK, ona sixoeo Heouckowmosanuii (PP) ma oucxkoumosanuti (DPP) mepminu
OKYNHOCMI CIAHO8IAMY, 8I0N06IOHO, 3,4 1 4,7 poku.

Knrouosi cnosa: openasxcna cucmema, iOHOGNEHHS OPEHAICHUX CUCMEM, eKOHOMIYHA eheKmusHicmb,
cyeHapHull nioxio, iHeeCMuyiliHull NPOEKM
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Abstract. he system of protecting territories from the harmful effects of water using vertical drainage
in the zone of the North Crimean Canal of the Kherson region was considered and the proposals for its
improvement by creating additional horizontal drainage systems with gravity drainage were substantiated.
Field drainage studies were carried out at 8 research and production sites with a total area of 4763 hectares
and a term of operation of 48—55 years and more. The conducted studies included surveying the drainage in
the areas, measuring the drainage flow and the depth of groundwater levels, and determining work efficiency.
The research covered the settlements: Chornyanka, Nova Mayachka, Stara Mayachka, Podo-Kalynivka,
Tarasivka, Velyki Kopani, Kalanchak, and Skadovsk, for the protection of which 119 water intake wells with
a depth of 26—70 m were installed. It is shown that vertical drainage is effective during the whole operation
and periods of selective work when the groundwater levels were at depths of 2—-3 m and 1-2 m, respectively.
To ensure reliable protection of territories from waterlogging and flooding in current conditions due to the
impossibility and economic impracticability of restoring the operation of all existing vertical drainage wells,
it is proposed to supplement the existing protection systems based on it with systems of closed horizontal
drainage of the gravity type with low-sloping and non-sloping drainage. The area of additional horizontal
drainage is about 40 thousand hectares, the estimated length of the collector and drainage network is
456 km, and the depth of laying drains and collectors is 2.5—11.0 m.

Keywords: vertical drainage, efficiency of horizontal drainage, gravity drainage

Vertical  built [8; 10; 17; 26; 30-32]. This drainage
rather is widespread in the Kherson region

Formulation of the question.
drainage is a relatively new and

complex type of reclamation system that is
used to protect territories from waterlogging,
built in a relatively short time, and required
forced drainage based on electrification and
automation [2; 8; 10; 15; 16; 25; 28]. Therefore,
the territory belongs to the flooded area if the
depth of the groundwater level exceeds the critical
limit, which is defined as 1.5-2.0 m [10; 22].

Vertical drainage is wused to protect
territories from waterlogging in the area
of  irrigation, drainage, and  Dnieper

reservoirs [1; 10; 15; 16; 19; 20; 25-27]. In the
irrigation zone, the total area of territories covered
by vertical drainage systems, is 250.000 hectares,
on which about 2.000 wells have been

(110.000 hectares), and the number of water-
lowering wells is 924, of which 96.000 hectares
(557 wells) are on irrigated and adjacent
lands, and 14.000 hectares (367 wells) are in
81 settlements [4-7; 10; 26; 39].

The long period of operation, obsolescence,
and high energy consumption of vertical
drainage systems, as well as the military
aggression of the Russian Federation, complicate
the effectiveness of its work and lead to the
aggravation of the problem of waterlogging of
territories on a significant scale, especially in
wet and abnormally wet periods, which requires
an increase in the overall drainage of territories.
Ensuring the efficient operation of drainage in

© Romashchenko M.I., Savchuk D.P., Shevchenko A.M., Babitska O.A., Kharlamov O.I., Kotykovych 1.V., 2022
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these conditions requires the development and
application of additional measures, first of all,
the addition of horizontal drainage systems with
gravity drainage.

The purpose of the work is to justify
the reliable protection of territories from
waterlogging in the zone of the North Crimean
Canal based on increasing the drainage capacity
of wvertical drainage systems by installing
horizontal drainage with gravity drainage.

Research methodology. Ficld studies of
the work of wvertical drainage were -carried
out at objects located in the zone of the North
Crimean Canal (NCC) within the Kherson
region [3; 11; 12; 21; 29; 30; 32; 34; 36-38]. The
research covered systems in the settlements of
Chornyanka, Nova Mayachka, Stara Mayachka,
Podo-Kalynivka, Tarasivka, Velyki Kopani,
Kalanchak, and Skadovsk (Fig. 1).

Field studies of the work of vertical drainage
included examination of drainage systems,
measurement of drainage flow, and depths of
groundwater levels through observation and

specially drilled wells. The survey was conducted
using the materials of design, construction,
and operating organizations and the results of
published manuscripts.

Measurements of drainage flow and
groundwater levels were carried out by traditional
methods [10; 22]. According to the survey
results, drainage operation conditions, drainage
runoff flow rates, depth of groundwater levels in
various conditions, data on drainage efficiency,
and operating conditions were determined.

The area of vertical drainage covered by
research is 4.763 hectares, with 3.455 hectares
in the Lower Dnieper basin and 1.308 hectares
in the Black Sea. The water receivers of the
drainage runoff are the North Crimean Canal and
the Black Sea.

The characteristic of the studied drainage
systems. The research was carried out on the
drainage system in Chernyanka village, which
contains 32 wells, and the vertical drainage
system in Nova Mayachka town, which consists
of 20 water-lowering wells, mostly 23 m deep,
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Fig. 1. Scheme of the vertical drainage in the zone of NCC:
1 —irrigation canal; 2 — horizontal drainage systems; 3 — vertical drainage well;
4 — horizontals of the area; 5 — vertical drainage systems; 6 — areas of drainage studies Ne 1-8
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550 mm in diameter, and 500—-1000 m apart.
The total flow rate is 910 1/s. Drainage water is
pumped into the North Crimean Canal or used
for irrigation. The system has been operating for
over 55 years.

The system in Stara Mayachka village and the
surrounding areas contains 16 wells that situated
in two lines. In the first line, which is located
at a distance of 550-800 m from the NCC,
there are 6 wells, the distance between which is
600—1100 m. In the second line, at a distance of
2100-2400 m from the NCC, there are 8 wells,
the distance between which is 300-500 m. The
distance between the two line is about 1.500 m.
The depth of the wells is 70 m.

The system of vertical drainage in Podo-
Kalynivka village contains 11 wells located
linearly at a distance of 500-1000 m. The length
of the well is 7200 m. The depth of the wells is
65 m. The wellhead is located at a distance of
5400 m from NCC.

The vertical drainage system in Tarasivka
village, which is located on a gentle slope
within the terrace, is 2-3 km from the highway
of NCC. The absolute level of the water in the
canal is 14.3 m, and the surface of the land in
the village is 11.0 m. The canal bed during the
inter-irrigation season provides drainage of the
adjacent territories. Vertical drainage in Tarasivka
village has an area of 365 hectares. The 10 wells
were laid, which are located linearly along the
contour of the village, with the exception of the
northwestern territory on the rise. The distance
between the drains is 500-750 m, and between
the drainage lines is 1350 m. The wells work
according to the circular cut-off drainage scheme.
The depth of the drains is 70 m.

The vertical drainage in Velyki Kopani village
is located on the lowest territory of the village in
two lines of 5 wells. The distance between the
drains is 500-900 m, and between the rows of
drains is 1000—1500 m. The depth of the wells is

(7]

70 m. In Velyki Kopani village wells are located
within the settlement, and in Tarasivka village are
outside its borders, along the contour.

There are 19 vertical drainage wells located
in Kalanchak town, which are located mostly
linearly along both banks of the Kalanchak River.
The distance between the drains is 400-1000 m,
and between the drain lines is 800—1500 m. The
length of the drainage is 5400 m, and the width is
2500 m. The depth of the wells is 42—62 m.

The vertical drainage system in Skadovsk city
belongs to the linear type. The drainage is located
on the northern outskirts of the city. The distance
of the drainage to the sea to the south is about
3000 m, and to the north to the Oleksandrivskyi
(Krasnoznamyanskyi) canal is 7000 m. The
drainage contains 7 wells, the distance between
which is 350-700 m. The total length of the
drainage line is 3100 m. The depth of the wells
is 48-51 m.

Research results. The results of field
studies [3; 9; 11; 12; 21; 28-30; 32-38] show
that with practically continuous operation of all
existing wells, which was characteristic until
1995, vertical drainage ensured the maintenance
of the groundwater level at depths of 2—3 m and
there was almost no waterlogging of protected
areas. After 1995, in connection with a sharp
increase in the price of electricity, a large part of
the wells was disconnected, but, as the results of
the research showed, with the constant operation
of only part of the wells (about 30 %), there was
a gradual rise in the level of groundwater to
a depth of 1-2 m. Moreover, during this mode of
operationinwetperiods(1997-1998,2004-2005),
temporary flooding of drainless depressions
and long-term waterlogging of lands were
observed[3; 11-14; 18;21;23;24;28-30; 32-38].
Including an additional number of wells in
operation helped eliminate flooding, but in
general, did not ensure a decrease in groundwater
levels to the required depth of 2—3 m (Table 1).

1. Main characteristics and performance indicators of vertical drainage

Name of the A Drainage | Number of | Depth of Operation Number of Depth of
settlement rea, ha area, ha | wells, pcs. | wells, m of wells, wells, pcs. groundwater
years levels, m
Chornyanka 463 180 32 — 50 3 1-2
Nova Mayachka | 1984 1248 20 26 55 12 1-2
Stara Mayachka 314 267 10 65 51 4 1-2
Podo-Kalynivka | 519 420 11 65 51 3 1,4-3,0
Tarasivka 441 365 10 70 52 2 1-3
Velyki Kopani 1821 975 10 65 51 2 1,5-3,0
Kalanchak 1292 683 19 42-62 48 5 1-2
Skadovsk 1500 625 7 48-51 53 3 1-3
8334 4763 119 26-70 48-55 34 1-3
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Long-term studies have established that
with the constant operation of only a part of the
existing vertical drainage wells (no more than
30%), a sharp increase in water inflow and rise
in groundwater levels are observed, which in
wet periods causes the development of flooding
and waterlogging process, which cannot be
quickly eliminated by
wells. In these conditions,

including additional
in order to ensure

effective protection of territories, it is proposed
to additionally strengthen the effect of vertical
drainage by installing closed horizontal drainage
systems with self-flowing, low-sloping, and non-
sloping drainage of runoff in the Dnipro River
and the Black Sea in the area of the settlements
of Korsunka, Oleshky, and Darivka (Fig. 2-5).
In addition, during the period of extreme
waterlogging, it is recommended to include
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Fig. 2. Scheme of the collector and drainage network in the area of Nova Mayachka village:
1 — main collector; 2 — closed drains; 3 — main canals; 4 —vertical drainage wells; 5 — settlements;
6 — horizontals of the area

2022 « Ne 2 MEJIHOPAILA I BOOAHE 'OCIIOAAPCTBO



3POIIEHHA — OCYIIIEHHA

B

“a

liacrense

-

4’ Mimanisxa ”
AN
0
Yeudypaa

, \ e 7 [
Carm
g >

N

Bemnki Konani

(1l

“Tipusirtae [

Jongd!

Symbols:

I'K-2 IMKK

_—1 —2 &3 0-4 EH-5 (V-6 —-7

Fig. 3. Scheme of Tarasivka main collector MC-2:
1 — main collector; 2 — closed drains; 3 — main canals (NCC, Zonal); 4 — vertical drainage wells;
5 — settlements; 6 — horizontals of the area; 7 — railway lines

in that operation part of the existing vertical
drainage wells that are not constantly in use. The
area of land on which horizontal drainage with
gravity drainage should be arranged is about
40.000 hectares, and the depth of laying the
drains should be 2.5-3.5 m. Drainage water is
proposed to be carried out by gravity collectors
with a depth of 2.5 to 11.0 m.

The total approximate length of the collector
and drainage network reaches 456 km (Table 2).

The closed horizontal drainage is laid from
plastic drainage pipes with a diameter of 200 mm,
wrapped with fiberglass in two layers. Under
laying pipes in one line are formed drains, for
two or more lines are formed drains and draining
collectors. Drains are connected to the collector
using inspection reinforced concrete wells.
Wells are also arranged at the bends of drainage
lines, before and after highway crossings, after
2.0-2.5 km, etc.

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2022



70 MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 2 » 2022

€TpOIIaBIiBKa
S
N
VKomnaiBka
15
bnaromaTtue
3 %04
o o ‘
> 104 O
®
OMK W LET ['pymrika \;
- ° o 0
N\
le‘ 9
5 \\"} O /Japipka
/&
/5
5
Symbols:
I[MKK
-_— — -2 =23 0-4 -5 [1-6 I»-7

Fig. 4. Scheme of the main collector MC-3:
1 — collector; 2 — closed drains; 3 — main canals (NCC — North Crimea, OMC — Oleksandrivskyi);
4 — vertical drainage wells; 5 — observation wells; 6 — settlements; 7 — horizontals of the area
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Fig. 5 Longitudinal profiles of the main collectors:
a — Novomayatskyi; b — Tarasivskyi; ¢ — Darivskyi;
1 — the surface of the earth along the route of the collectors; 2 — the bottom of the collector;
3 — the water level in the NCC; 4 — the bottom of the NCC

2. Approximate characteristics of closed horizontal drainage in the zone of NCC

Drainage area, . Drainage length, km
Collectors thousfnd ha Laying depth, m main collectorg : drains
MC-1 19,6 2,5-11,0 16 183
MC-2 10,0 2,5-9,0 38 135
MC-3 9,6 3,0-6,0 24 60
Total 39,2 2,5-11,0 78 378

Conclusions. Research has established that
under the current mode of operation, vertical
drainage does not provide reliable and effective
protection of territories from the harmful effects
of water in the zone of the North Crimean Canal
of the Kherson region. Groundwater levels in the
areas currently protected by vertical drainage are
mainly at depths of 1-2 m, which is subject to
waterlogging, and in some wet and extremely

wet periods, temporary flooding is observed.
To ensure the protection of territories from
waterlogging and flooding, it is proposed to
strengthen the protective effect of vertical drainage
with systems of closed horizontal drainage of the
gravity type. The area of such drainage will be
about 40,000 hectares, the estimated length of the
collector and drainage network is 456 km, and
the depth of its laying is 2,5-11,0 m.
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Abstract. The article presents the results of experimental research on the influence of micro-irrigation
system designs on the water regime, productivity, and efficiency of sunflower cultivation. Based on this,
the main economic parameters of agrotechnologies of sunflower cultivation were calculated. Short-term
field research was carried out in the period 2020-2022 on the lands of the Brylivske experimental field of
the Institute of Water Problems and Reclamation of the National Academy of Agrarian Sciences (Kherson
Region, Dry Steppe subzone). Analytical and statistical methods were used to process experimental
data. The scheme of field experiments provided different options for laying irrigation pipelines of micro-
irrigation systems (in the horizontal and vertical planes) and the implementation of a pulsed water supply
mode (standard). The control was the variant without irrigation. According to the results of experimental
studies, it was proved that the method of laying irrigation pipelines of micro-irrigation systems significantly
affects the parameters of the formation of the soil water regime and the yield of sunflower hybrids in the
conditions of the Dry Steppe. It has been established that the introduction of subsurface drip irrigation is
more appropriate than the cultivation of sunflower hybrids, which is explained by the drought resistance
of this crop. When growing sunflowers, the variant with the subsurface laying of drip irrigation pipelines
provided almost identical yield parameters at lower plant water consumption coefficients. The minimum
water consumption coefficient (1077.8 m*/t) was obtained by implementing the pulse water supply mode.
The highest economic parameters of agricultural technology for growing sunflower hybrids were obtained
with the subsurface drip irrigation: conditionally net profit (17.11-18.17 thousand UAH/ha), lower cost
(11.03-10.90 thousand UAH/ton), and also a higher level of production profitability (31.10-32.62 %)
(laying irrigation pipelines every 1,0 m, regardless of the sunflower hybrid). Due to the higher grain
yield and specific savings of irrigation water in the pulse mode of water supply, the highest economic
parameters were achieved: gross income amounted to 80.51 thousand UAH/ha, conditionally net profit —
21.24 thousand UAH/ha, cost of I ton of grain — UAH 10.6 thousand and the level of profitability of
production — 35,8 %.

Keywords: drip irrigation, subsurface drip irrigation, pulse mode of water supply, evapotranspiration,
soil water regime, economic efficiency, sunflower

and

Relevance of research. It is known,
that sunflower is one of the main technical
agricultural crops in Ukraine, the cultivated area
under which in 2021 amounted to 6.43 million
hectares [1], which is almost 20% of the total
arable land. It should be noted that as of 1990,
sunflower occupied only 1.57 million hectares, in
the early 2000s — 3.0-3.2 million hectares, which
amounted to 5-10% of the total area of field
crops in Ukraine. (Fig. 1). It is obvious, that such
a large area is absolutely unjustified and leads to
a decrease in soil fertility [2].

Current trends of climate changes towards
aridity [3; 4; 5] may lead to a further increase
in sunflower acreage, as the crop, compared
to others, is quite drought-resistant. Possible
directions for obtaining high and stable yields
in these conditions are the creation of new

© Kaliley V.V., Shatkovskyi A.P., 2022

drought-resistant varieties and hybrids
the development of more effective methods of
adaptive growing technologies, the introduction
of tillage technologies aimed at maximizing
moisture conservation — mini-till, strip-till and
no-till, mulching and slotting of the soil, etc.
However, as evidenced by practice and scientific
research, the most effective use of irrigation
melioration is in combination with fertigation.
The increase in yield from the optimization of
water and nutrient regimes is the most effective
and ranges from 100 to 380 % compared with non-
irrigated conditions [7]. It should be especially
noted, that in recent years, the irrigated area
under sunflowers has increased sharply (by 65 %
in the last 7 years) and amounted to about
72 thousand ha in 2020 [8]. Therefore, the main
method of irrigating this culture is sprinkling.
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Fig. 1. Dynamics of sunflower acreage in Ukraine (1990-2021)

Therefore, the substantiation of the water regime
of the soil and the evaluation of the effectiveness
of sunflower cultivation with the introduction of
micro-irrigation methods are relevant today.
Analysis of recent research and
publications. Given the relevance of the subject,
in different years a significant complex of diverse
studies was carried out on the introduction of
irrigation in agricultural technologies for growing
sunflowers. Preferably, these studies concerned
sprinkling [9; 10; 11]. As for studies on the study
of the water regime with various methods of
micro-irrigation, they are more thoroughly carried
out by foreign scientists [12; 13; 14], while in
Ukraine they are only fragmentary [15; 16].
Therefore, the purpose of the study was to
establish the parameters of the water regime of
the soil and to substantiate the effectiveness of
growing sunflower hybrids depending on the
various designs of micro-irrigation systems.
Materials and methods of research. Field
research was carried out on the lands of the
Brylivske experimental field of the National
Academy of Agrarian Sciences of the Russian
Academy of Sciences (Privytne village,
Vynogradivska rural community of Kherson
district, Kherson region, Dry Steppe subzone,
46°40'N.33°12°E.) during 2020-2022. The three-
factor field experiment envisages the following
designs of micro-irrigation systems: drip
irrigation (DI) with ground laying of irrigation
pipelines (IP), subsurface drip irrigation (SDI)
with laying of IP to a depth of 30 cm (factor C).
In addition, the design parameter was the distance
between IP (factor B) — 0.7 m (1,0 m) and 1.4 m.
The reference was the option of subsurface drip
irrigation with pulse water supply mode (SDIP),
and the conditional control was the option of

natural moisture supply — without irrigation
(W/1). The studies were carried out according to
generally accepted methods: placement of plots —
systematic, replication — four times, the area of
accounting plots — 32 m? [17; 18], sunflower
hybrids for confectionery use — Ukrainian F1 and
Rimisol F1 (factor A).

The soil of the experimental site is a dark
chestnut light loam, the density of the 0—50 cm
layeris 1.47 g/cm?, the content of humus is 1.44 %,
and alkaline hydrolyzed nitrogen (the method
of determination is according to Kornfield) is
7.0 mg/100 g of soil, mobile compounds of
phosphorus and potassium in the soil according
to the Chirykov method — 32.3 mg/100 g and
9.3 mg/100 g of soil, respectively.

The amount of productive rainfall during the
growing season of sunflowers and chickpeas
varied over the years of research. So, in 2020,
only 68.0 mm fell, which is only 31.9% of the
climatic norm for the growing season, during
2021-205.5% of the climatic norm, which is also
an anomalous phenomenon for the conditions
of the Dry Steppe, and in 2022 — 167.6 mm or
121.9% of the climatic norm. The level of pre-
irrigation moisture in the experiments was -2 1 kPa
in a 0—50 cm soil layer. To set the irrigation time,
instrumental complexes were used: the Drill
and Drop moisture meter from Sentek and the
iMetos soil moisture station with Echo Probe
EC-5 sensors [19]. Statistical analysis of research
results was carried out by dispersion, correlation
and regression methods using the “Statistica 6.0”
program.

Economic efficiency was calculated based on
the accepted standards, norms and prices [20] of
the current year, energy efficiency — according
to the methodology for energy assessment
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of technologies for growing crops [21]. The
depreciation period for components and parts
of irrigation systems (except for the PT of
the annual period of use of drip irrigation) is
10 years.

Results of the study and their discussion.
The results of the field studies showed that the
water regime of the soil and the evapotranspiration
of sunflower hybrids were formed depending
on the design of micro-irrigation systems and
meteorological conditions of the growing season
in a particular year. We averaged the number of
vegetation irrigations, the values of irrigation
rates and evapotranspiration in the context of
years of research (Table 1).

So, on average, over three years of research,
in order to maintain soil moisture reserves at
a level of minus 21 kPa (80 % of the lowest soil
moisture capacity), from 11 to 14 vegetation
irrigations were carried out for growing
sunflower hybrids with an irrigation rate of
1.67—-1.96 thousand m*/ ha with subsoil irrigation
and 14-19 irrigations with an irrigation rate of
1.96-2.43 thousand m‘/ha with drip irrigation.
Consequently, according to the averaged data,
the irrigation rate for subsurface irrigation was
less by 0.384 thousand m3/ha or 17.4 % than with
ground-based irrigation pipelines.

Sunflower evapotranspiration parameters
were at the level of 2.94-3.05 thousand m*/ha
in non-irrigated conditions, 4.36—4.62 thousand
m*/ha under subsurface irrigation (IP placement
at a depth of 0.3 m) and 4.73-5.24 thousand
m*ha for ground placement of irrigation
pipelines. Evapotranspiration among hybrids was

(7]

almost the same: 4.35 thousand m*/ha Rimisol F1
and 4.44 thousand m3/ha — Ukrainian F1.

When implementing the pulse mode of water
supply, on average, 148 vegetation irrigations
were carried out with a total irrigation rate of 2.22
thousand m?/ha. The value of evapotranspiration
at the same time amounted to 4.85 thousand
m*/ha. The lowest water consumption coefficient
(WCQC) for sunflower is typical for options with
subsoil drip irrigation — 1088.7—1254.2 m’/t.
The maximum WCC was in rainfed growing
conditions — 1839.8—1847.8 m’/t.

It should be noted the relatively low value
of the water consumption coefficient in the
experimental version with pulsed water supply
mode according to SDI — 1077.8 m3/t, which
indicates the most efficient use of moisture by
sunflower plants.

The key motivational mechanism for the
introduction of drip irrigation technologies
is obtaining economic profit on the basis
of preserving the ecological sustainability
of reclaimed agricultural landscapes [22].
Therefore, there is a need to evaluate the most
effective combinations of the studied factors
not only according to the productivity criterion,
but also according to a number of basic (basic)
economic indicators. The economic evaluation
of the effectiveness of the investigated options
was carried out according to the actual costs of
material funds for the cultivation of products as
of September 2022 (Table 2).

The key aspect in the calculation of economic
parameters was the total cost of growing products.
Thus, regardless of the higher yield of sunflower

1. Parameters of soil water regime and evapotranspiration (ETc)
of sunflower hybrids depending on micro-irrigation system designs (2020-2022)

A variant of the experiment|  The |Irrigation| Precipi- | Soil moisture, m*ha | ETc, wCe
factor A | factor B factor numb;r of|  rate, tation, begining | final | balan m/ m?¥/ ha;

C waterings | m’/ha m’/ha gining S| ha
DI 0.7 18 1960 1363 | 693 | 670 | 4728 |1127.5
Lo 1.4 14 2313 1317 |490| 827 |5238 |1414.4
R“;is"l SDI | 1.0 13 1667 1380 | 783 | 597 | 4362 1088.7
(-30 cm) 1.4 11 1872 1303 | 813 | 490 |4460 |1226.4
control (W/I) - — 2098 1327 | 487 | 840 | 2938 |1847.8
DI 0.7 19 2140 1377 | 753 | 624 | 4862 |1102.5
1.4 14 2427 1307 | 750 | 557 | 5082 |1298.6
Ukr. F1 SDI 1.0 14 1803 1403 | 700 | 703 | 4604 |1125.7
(-30 cm) 1.4 11 1963 1310 | 747 | 563 | 4624 |1254.2
control (W/I) - - 1317 | 367 | 950 | 3048 |1839.8

Impulse mode of water supply in subsurface drip irrigation
Uke F1 |, SPIP 1 148 | 2222 | 2098 | 1335 |805| 530 |4850[1077.8
(-30 cm)
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2. The main economic parameters of growing sunflower hybrids
depending on the designs of micro-irrigation systems (2022)

A variant of the experiment Costs, thousand UAH/ha, for: . D £
> o »n g—c* ;g CD“E *? o
£9.5:2%8 35| 7 |282|E5|E5(5%
factor A factor B factor C| S 2| 8§28 & S& 2 | 33 2525 E %
SS|EEZEEE2| & |ESP|2E|SE &
_ DI 0.7 |36.76 27.85 2.62 [67.23] 75.60 | 8.37 [12.85]12.45
= 1.4 |38.82 20.79 2.31 [61.92] 66.78 | 4.86 |13.40| 7.85
2 SDI (-30 em) 1.0 |34.98 17.69 2.50 [55.17] 72.28 [17.11|11.03|31.10
.é 1.4 13647 11.32 2.27 [50.06| 65.63 |15.57(11.03|31.01
control (W/I) | 2537 | - 1.02 26.39|29.63| 3.24 [12.87[12.28
T DI 0.7 |37.20 27.85 2751 67.8 | 79.50 | 11.7 |12.33|17.26
£ 1.4 3941 20.79 244 162.64| 70.54 | 7.9 [12.84]12.61
j% SDI (-30 cm) 1.0 3545 17.69 2.56 | 55.7 | 73.87 |18.17]10.90|32.62
g 1.4 [37.07 11.32 2.30 [50.69| 66.49 | 15.8 |11.02|31.17
- control (W/I) | 25.69 | - 1.08 26.77|31.37] 4.6 [12.34[17.18
Pulse mode of water supply in subsurface drip irrigation
Ukr. F1 | SDIP(-30cm) | 1.0 [38.79] 17.69 [2.79 [59.27] 5.57 [80.51]21.24]10.64

In the calculations, the selling price of sunflower seeds is 14.455 thousand UAH/t (as of September 6, 2022).

Source: https://tripoli.land/analytics/podsolnechnik

under surface drip irrigation, the higher economic
indicators were under the underground laying of
pipelines. The highest are conditionally net profit
(17.11-18.17 thousand UAH/ha), lower cost
price (11.03-10.90 thousand UAH/ton), as well
as a higher level of profitability of production
(31.10-32.62%) provided the option with
subsurface laying of irrigation pipelines every
1.0 m regardless of the sunflower hybrid.

The analysis of the calculations shows that,
basically, such parameters according to the
PCZ were achieved by optimizing the operating
costs of the micro-irrigation system against
the background of almost the same crop yield.
Without an irrigation, the sunflower cultivation
was at the minimum level of profitability
(+12.2 = +12.6 %).

It is necessary to note the economic parameters
in the variant with the implementation of the
pulse water supply mode, where due to the higher
grain yield and the specific saving of irrigation
water, the highest indicators of the technology
were achieved: gross income — 80.51 thousand
UAH/ha, conditional net profit — 21.24 thousand
UAH/ha, the cost of 1 ton is UAH 10.6 thousand
and the level of profitability of production
is 35.8 %.

Conclusions. The results of experimental
studies proved that the method of laying
irrigation pipelines of micro-irrigation systems
reliably affects the parameters of the formation

of the water regime of the soil and the yield of
sunflower hybrids in the conditions of the Dry
Steppe. It was established that the introduction
of subsoil drip irrigation is more appropriate for
growing sunflower hybrids, which is explained
by the drought resistance of the culture. For the
cultivation of this agricultural crop, the variant
with in-soil laying of irrigation pipelines of
drip irrigation provided almost identical yield
parameters with lower coefficients of plant water
consumption. The minimum coefficient of water
consumption (1077.8 m*/t) was obtained under
the condition of implementation of the pulse
water supply mode.

Higher economic parameters of
agrotechnology  for  growing  sunflower
hybrids were also obtained with subsurface
drip irrigation: conditionally net profit
(17.11-18.17 thousand UAH/ha), lower cost
price (11.03—-10.90 thousand UAH/t), and
a higher level of profitability of production
(31.10-32.62 %) (laying of irrigation pipelines
after 1.0 m regardless of the sunflower hybrid).
Due to the higher grain yield and the specific
saving of irrigation water under the impulse
mode of water supply, the highest economic
parameters of the technology were achieved:
gross income — 80.51 thousand UAH/ha,
conditional net profit — 21.24 thousand UAH/ha,
cost price of 1 ton — 10.6 thousand UAH and the
level of profitability of production — 35.8 %.
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BO/IHUI PEXKUM TA EOEKTUBHICTbH BUPOLLYBAHHS I'IBPUAIB COHALIHUKY
3AJIEZKHO BIJI EJIEMEHTIB TEXHOJIOT'TI KPAIIJIMHHOTI'O 3POLUEHHA

B.B. Kadgineii!, A.Il. lllaTkoBcbKUii', TOKT. C.-T. HAYK
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Anomauyia. Y cmammi nagedeno pe3ynvmamu eKCnepuMeHmanbHux OO0CHIONCeHb 3 GUEUEHHS GNIUGY
KOHCMPYKYitl cucmem MiKpoO3pOuleHHs: Ha GOOHUIL PEACUM, NPOOYKMUBHICIb Ma eheKmUBHICIb 8UPOUY-
BAHHA COHAWHUKA. 3a YbO2O PO3PAXOBAHO OCHOBHI eKOHOMIUHI napamempu azpomexHoLo2il 6UPOUY8aAHHSL
consiunuxa. Ilonvosi Kopomxomepminosi 0ocniodcernss npogedero y nepioo 2020-2022 pp. na 3emnsix
bpuniscoroco docnionozo nons Inemumymy eoonux npoonem i meniopayii HAAH (Xepconcoka obnacme,
niosona Cmeny Cyxozo). [{ns 06pobKu exchepumenmanbhux OaHux 6UKOPUCAHO AHANIMUYHT | cmamu-
cmuuni memoou. Cxemor noivbogux 00caioig 6y10 nepeddaueHo pisHi eapianmu YKAAOAHHS NOTUSHUX
mpybonpoeodie cucmem MiKpO3pOULeHHs (V 20pU3OHMATbHIN MA 8EPMUKATbHIL NIOWUHE) Ma peanizayis
iIMRYIbCHO2O pedicumy 600onooavi (emanon). Konmponvuum 6ye eapianm 6e3 3powenns. 3a pe3yibma-
mamu  eKCnepuMeHmanbHux O00CHiONCeHb 0068€0eH0, WO CNociO YKIa0auHs NOIUSHUX mMPYyOONposodie
cucmem MiKpo3pouients 00CHMOGIPHO GNIUBAE HA NAPAMEMPU POPMYBAHHI BOOHO20 PEANCUMY IPYHIY Md
spodicatinicmo 2iopudie consiunuxy 6 ymosax Cmeny Cyxoco. Bemanoeaneno, wo enpogaoicents niorpyn-
M0B020 KPANIUHHO20 3POWEHHS € OiNbl OOYITbHUM 34 BUPOWYBAHHA 2IOPUOIE COHAWHUKY, WO NOSC-
HIOEMbCSL NOCYXOCMIUKICMIO Y€l KYIbmypu. 3a 6Upowy8anHs COHAUWHUKY 8aAPIAHM i3 GHYMPIUHbOIPYH-
MOBUM YKAAOAHHAM NOTUBHUX MPYOONPOBOOIE KPANIUHHOZ0 3POUEHHS 3a0e3NneUUs NPaKmuiHo i0enmuyHi
napamempu 8PONCAUHOCMI 30 HUNCHUX Koepiyicnmis 6000cnodicusanis pociun. Minimansnuil koegiyienm
sooocnooicusannst (1077,8 m*/m) ompumano 3a ymosu peanizayii iMnyiscHo2o pesicumy 6000nooayi. Buuyi
EeKOHOMIYHI napamempu azpomexHono2ii 6Upousy8ants 2iopudie COHAUHUKA OMPUMAHO 3d NIOTPYHMOBO20
KPANJIUHHO20 3POULEHHS: YMOBHO yucmuil npudymox (17,11—18,17 muc. epn/ea), nHudxcyy codieapmicmo
(11,03—10,90 muc. epn/monny), a maxoxic suwutl pisens penmadenvrocmi supoornuymea (31,10-32,62 %)
(YKIaOanmst noaueHux mpyoonposodis uepes 1,0 m ne 3anexcro 8io 2iopudy COHAUWHUKA). 3a paxyHOK euulol
8POICAUHOCII 3epHA | NUMOMOI eKOHOMII NOAUBHOI 800U 3A IMNYILCHO20 PeNCUM) 8000N00AUl 00Cse-
HYMO HAUBUWUX eKOHOMIYHUX napamempis. 6anosuti 0oxio cmarnosus 80,51 muc. epr/ea, ymMogHO wucmuil
npubymoxk — 21,24 muc. epu/ea, cobisapmicme 1 mounu 3epra — 10,6 muc. epn ma pigens penmabenbHocmi
supobrnuymea — 35,8 %.

Knrwouogi cnosa: kpannunne 3pouiens, niotpyHmose KpaniuHHe 3pOulents, iMnYIbCHULL PEACUM 8000NO-
oaui, eeanompancnipayis, 600HULL PeXcUM TPYHNTY, eKOHOMIUHA eheKmugHicmy, COHAUHUK
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METHODICAL APPROACHES TO THE DETERMINATION
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Abstract. The relevance of the issue is caused by the presence of significant (more than 20% of
the normative indicators) filtration losses from most reservoirs built in Ukraine without anti-filtration
protection. Based on the results of analytical and experimental field studies of the constructive elements
of anti-filtration protection of reservoirs, calculations of structural parameters, and generalization of
scientific research materials, the main areas and trends of improving screen structures of these reservoirs
have been determined. It was established that the selection of the designs of anti-filtration screens is
based on the optimization of the main indicators of the evaluation criteria of technically and economically
expedient designs. The criteria for evaluating the anti-filtration protection design are filtration losses,
filtration coefficient, coefficient of performance, coefficient of anti-filtration efficiency, filtering resistance
of the structure, optimal parameters of the soil base (density and moisture) of different types of soils, an
indicator of environmental safety, and technical and economic efficiency. Creating new types of designs
of anti-filtration screens for reservoirs was justified, and the trends of their improvement were specified.
Methodical approaches to the selection of optimal screen designs were developed. Prospective designs of
anti-filtration screens of reservoirs when using the latest materials and modern technologies are proposed.
The design parameters of anti-filtration screens of artificial reservoirs were established depending on the
depth of their filling and the physical and mechanical properties of the soil of the reservoir bowl base. The
economic efficiency of new types of designs of anti-filtration screens, compared to the traditional ones, is
in reducing filtration losses and increasing the efficiency water reservoirs.

Keywords: reservoir, protective structures, filtration coefficient, methodology, methodical approaches,
anti-filtration screen, types of screens

Introduction. More than 350 large reservoirs
were built in Ukraine. About 90% of them are
not equipped with anti-filtration protection
structures; which leads to significant losses of
water as a result of filtration.

According to the “Irrigation and Drainage
Strategy in Ukraine for the period up to 2030 [1],
the restoration of existing irrigation systems in
an area of 1.0-1.2 million hectares is planned.
The implementation of this Strategy requires
a significant amount of restoration, capital repair,
reconstruction, and construction of artificial
reservoirs and canals with high and reliable anti-
filtration properties.

Analysis of the latest research and
publications. The research shows [2; 3; 4] that
the performance coefficient of the reservoirs in an

earthen bowl is 0.77, and when using traditional
anti-filtration protection it is 0.85, which does not
correspond to the normative indicators according
to SBS B.2.4-1-99 within 20% [5]. In this
regard, the development of reliable anti-filtration
structures of reservoir screens, which would ensure
not only high anti-filtration efficiency but also high
operational reliability and durability, is relevant.

In international practice, one of the modern
ways of increasing anti-filtration efficiency is
the use of geomembranes in combination with
protective geosynthetic materials, which are used
in Europe, the USA, and also in Ukraine [6; 7].

However, in Ukraine, their use is limited due
to insufficient regulatory, methodological, and
technical support for the use of these materials
and technologies.
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The purpose of the research is to analyze
methodical approaches to the assessment of
the technical condition of the designs of anti-
filtration screens of reservoirs and to justify their
promising types.

This goal can berealized following the working
hypothesis of creating new types of anti-filtration
screens in the form of a multilayer structure,
which takes into account both the anti-filtration
and protective functions of the screen and the
base, which would allow combining the anti-
filtration properties of new polymeric materials
and the protective properties of geosynthetics
and traditional local materials to ensure optimal
waterproofing, strength, and reliability.

This especially applies to the latest materials
and technologies, the use of which requires an
update of methodological approaches regarding
the determination of physical and mechanical
properties, calculation and application of these
materials in prospective designs of anti-filtration
screens, evaluation of their criteria, selection, and
justification.

Research materials and methods. Analytical
and experimental field research methods were
applied. The research methodology includes
examination and assessment of the technical
condition of anti-filtration screen structures of
reservoirs under current requirements [8; 9].
To calculate the parameters of anti-filtration
screen structures all types of loads during their
construction and operation were taken into
account. The values of filtration losses of different
types of linings were obtained when monitoring
the technical condition of the HTS on the main
irrigation systems of Ukraine (Kakhovska, North-
Rohachytska, Krasnoznamyanska, Inguletska,
Danube-Dnistrovska, Nyzhnyodnistrovska), as
well as hydrotechnical structures of the cascade
of protective facilities of the Dnieper reservoirs
(Orilska protective dam, Western-Kryukivska,
and Verkhnyodniprovska dams) [9; 10].

Research results. In the course of the research,
an assessment of the technical condition of anti-
filtration screen structures of the reservoirs was
carried out, the main types of damage were
identified, and methodical approaches to the
creation of new screen designs were developed.

It was established that the selection of
anti-filtration screen designs is based on the
optimization of the main indicators of the design
evaluation criteria.

The following criteria for evaluating screen
designs were considered: filtration losses,
0O,., filtration coefficient, K ,,; performance
coefficient, #; coefficient of anti-filtration
efficiency, E; filtration resistance of the structure,

@, ; optimal parameters of the soil base: density
(p,) and moisture (W) for different types of
soils; environmental safety factor; technical and
economic efficiency [10].

Filtration losses. According to the data of
long-term field studies carried out at the Institute
of Water Problems and Land Reclamation, the
filtration losses of various types of screens, which
were widely implemented in the 50-80s of the
last century on irrigation systems, were developed
and evaluated, and by normative and methodical
recommendations [10; 11], the filtration
coefficients of linings were determined (Table 1).

It should be noted that the filtration losses of
these structures vary from 0.0015 to 0.250 m3/day
from the reservoir bowl of 1 m2 Monolithic
concrete coatings with or without a film have
the smallest filtration losses (filtration losses
g = 0.0015 or 0.003 m*/day from the reservoir
bowl of 1 m?). Coverings made of reinforced
concrete NPK slabs have the largest losses, from
g = 0.010 to 0.020 m*/day from the reservoir
bowl of 1 m?. This also applies to the designs of
anti-filtration screens of irrigation canals, which
are practically identical in their technical and
economic characteristics [7].

Filtration losses from reservoirs in an
earthen bowl are 0.25-0.30 m*/day from 1 m? of
surface [13; 14].

However, the screen filtration coefficient is
not a sufficient characteristic of efficiency, as
it does not take into account the properties of
the “screen-soil base” system, which makes
it necessary to determine the anti-filtration
efficiency coefficient, especially for the designs
of anti-filtration screens of reservoirs.

Coefficient of anti-filtration efficiency. The
anti-filtration efficiency of screens of various
designs, regardless of soil conditions, is
characterized by the coefficient of anti-filtration
efficiency of the screen £ [11]:

E _ er - Q{Jéﬂ ,
QZP
where Q,, —filtration losses from the reservoir in
the earth bed, m*/day; Q,,, — filtration losses in
reservoirs with a screen, m*/day.

The coefficient of anti-filtration screen
efficiency (£) takes into account the combined
efficiency of the screen and the soil base and
varies within 0 < £ < 1: £ = 1 — there are no
filtration losses (if there is a screen); £ = 0 —
filtration losses did not decrease after installing
the screen.

The conducted research on determining the
coefficient of anti-filtration efficiency led to the
need to fundamentally change methodological
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L
1. Filtering properties of screen linings of various designs
Filtration losses ¢, Filtration
Lining type m’/day from 1 m? | coefficient of
of reservoir bowl |lining, K, m/s

Monolithic reinforced concrete of 0.12-0.15 m, loam 5
preparation of 0.20 m, p, = 1.67 g/cm’ 0.009 2.35x10
Monolithic reinforced concrete of 0.12—0.15 m, polyethylene 0.002 593%10°
film of 0.2 mm, loam preparation of 0.20 m, p,= 1.67 g/cm? ' '

NPK slabs, polyethylene wide film of § m wide, loam preparation 0.004 8 24x10°
of 0.20 m, p, = 1.67 g/cm?’. Highly careful execution of work ' ’

NPK slabs, polyethylene film of 3 m wide, loam preparation of 3
0.20 m, p, = 1.67 g/cm®. Usual execution of works 0.020 4.36x10
Monolithic reinforced concrete of 0.12-0.15 m, polyethylene

film of 0.2 mm, loam preparation of 0.20 m, p,= 1.67 g/cm? 0.0028 3.06.10-7
NPK slabs, polyethylene film of 3 m wide, loam preparation of

0.20 m, p, = 1.67 g/cm®. Usual execution of work, pouring of 0.010 1.8x10°®
cement mortar into the sub-slab space

Monolithic concrete of 0.08 m, polyvinyl chloride film of 0.27 mm 0.0017 0.9x10°
Monolithic concrete of 0.08 m, polyethylene film of 0.25 mm 0.0024 1.62x10°
Monolithic concrete of 0.08 m, polyolefin film of 0.52 mm 0.0015 0.88x10°
Precast and monolithic (along the bottom with an outlet at

0.7 m of canal slope — monolithic reinforced concrete 0.14 m; 0.003 2 08x10°
on the slopes — NPK slabs), along the entire perimeter of the ) )

canal there is polyolefin film of 0.52 mm

Precast and monolithic (similar design), polyvinyl chloride 0.008 6.48x10°
film of 0.27 mm

Precast and monolithic (similar design), polyvinyl chloride 0.015 138%10°
film of 0.25 mm

Reservoir without lining in loamy soils 0.250 —

approaches to the use of the latest materials, which
would ensure the improvement of the quality of
various types of screen structures (Table 2). This
especially applies to the increase in filtration
resistance when using the latest materials for

lining structures, the dynamics of changes in the
anti-filtration effect, and the assessment of the
state of the structures during their operation.

It was established that, by the coefficient of
anti-filtration efficiency, monolithic concrete

2. The coefficient of anti-filtration efficiency of various types of lining structures

Lining type Coefﬁcient qf anti-
filtration efficiency, £
Monolithic concrete lining, = 0.12 m 0.94
Monolithic concrete, 1= 0.15 m 0.90
Monolithic reinforced concrete = 0.12—0.15 m, polyethylene film of 0.2 mm 0.90
Monolithic concrete £ = 0.07 m, polyvinyl chloride film of 0.27 mm 0.87
Soil film lining (Geosynthetic materials) 0.85
Monolithic concrete lining, = 0.07 m 0.84
Reinforced concrete slabs, 0.2 mm polyethylene film of 8 m wide 0.80
Polyolefin film of 0.52 mm, sand layer = 0.38 m 0.70
Polyvinyl chloride film of 0.27 mm under a sand-gravel layer z = 0.38 m 0.60
Reinforced concrete slabs, cement-sand joints, polyethylene film of 0.4 mm 0.54
Polyethylene film of 0.52 mm under the sand-gravel layer £ =0.38 m 0.50
Reinforced concrete slabs with reinforcement outlets with a thickness of = 0.08 m 0.40
Monolithic concrete £ = 0.05 m 0.38
Precast fastening with plates, polyethylene film of 0.2 mm 0.35

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2022



MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 2 » 2022

@

anti-filtration coatings with or without a polymer
film (£ = 0.87-0.94) are the most effective ones
among traditional screen designs. The precast
reinforced concrete coatings (E = 0.35-0.40),
which are used in hydrotechnical structures of the
reclamation facilities of Ukraine, have the lowest
anti-filtration efficiency [11; 12; 13; 14].

The main shortcomings of the structures were
identified, the elimination of which requires
improvement of the quality characteristics of
the structural components of the screen structure
and compatible work in general. To compare
the filtration resistance parameters of different
designs of screens, both traditional and modern
designs were considered.

Filtration resistance of the structure. The
anti-filtration effect of various screen designs
is characterized by the value of the filtration
resistance of the screen design @,,..

The filtration resistance of various designs
of anti-filtration screens of reservoirs based on
the research and analytical calculation data and
analysis of the materials of design solutions is
given in Table 3 [5; 10; 11].

Current building regulations in Ukraine
CH 551-82 (Instructions for the design and
construction of anti-filtration screens made of
polyethylene film for artificial water bodies)
is the only normative document that regulates
the entire process of design and construction of
film screens of traditional structures. The use of
polymer films with a thickness of 0.2-0.4 mm
provided by this document currently does not
meet modern requirements for reliability, safety,
and anti-filtration efficiency, and screen lining

structures based on them are out-of-date. This is
confirmed by the research materials of traditional
structures of anti-filtration screens, which are
currently subject to reconstruction and overhaul.

Recently, polymer geomembranes began to be
used, which, compared to films, were developed
and are widely used as anti-filtration screens
on reservoirs. Based on field, laboratory, and
theoretical (including analytical) studies, technical
conditions, requirements, and recommendations
for the use of polymer geomembranes along with
geosynthetic materials have been developed.

When choosing optimal screen designs when
using the latest geosynthetic materials, there is
a need for normative provision and refinement
of methodological approaches to the calculation
and generalization of evaluation criteria, which
will make it possible to perform the selection
and justification of certain materials and types of
structures.

It is proposed to use the coefficient of filtration
losses and performance indicators as generalized
criteria. They were used when calculating technical
and economic indicators both for traditional and
modern structures on reservoirs of reclamation
and water management area. Table 4 shows the
results of calculations of the assessment of the anti-
filtration efficiency of screen designs (traditional
and modern structures) by the above criteria.

Based on the results of the analysis of
technical and economic indicators given in
Table 4, it can be stated that the latest designs of
anti-filtration screens when using geomembranes
and protective geosynthetic materials increase
the maximum service life by 1.5-2.0 times (up to

3. Filtration resistance of various designs of anti-filtration screens of reservoirs

Lining type

Filtration
resistance @,

Traditional designs

t=02m,p,=1.67 g/cm®

Monolithic concrete, = 0.15m 95
Polyolefin film of 0.52 mm under precast monolithic concrete (along the bottom with 30
an outlet at 0.7 m of canal slope — monolithic reinforced concrete of 0.14 m

Polyvinyl chloride film of 0.20 mm under precast monolithic concrete (the design of 7
the concrete lining is similar to the previous one)

Polyethylene film of 0.25 mm under precast monolithic concrete (the design of the 36
concrete lining is similar to the previous one)

Reinforced concrete slabs, polyethylene film of 0.2 mm, 8 m wide, loam preparation 65

The latest designs (structures of anti-filtration linings with the use of geosynthetic materials)

Geomembrane with a protective coating made of concrete 96
Geomembrane with a protective coating made of soil 95
Geomembrane with a protective coating made of a stone coat 96
Geomembrane with a protective coating made of gabions and geogrids 96

Anti-filtration coating when using bentomats

97
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L
4. Technical and economic indicators of various types of anti-filtration screen designs of reservoirs
. Reduction of
. . Sgrwce filtration losses
Ne Anti-filtration screens life ¢,
compared to an
Ye4rs | earthen bed o, %
Traditional designs
1 |Monolithic concrete with polyethylene film of 0.2 mm thick 2040 up to 95
2 |Reinforced concrete monolithic with polyethylene film of 0.2 mm thick | 30—40 up to 93
3 Precast mgnolithic reinforced concrete with polyethylene film of 30-40 88
0.2 mm thick
4 |Precast reinforced concrete with polyethylene film of 0.2 mm thick | 3040 85
5 | Asphalt concrete with a polyethylene film of 0.2 mm thick 5-10 90
6 |Clay 10 70
7 |Soil compaction 3-5 50
8 |Soil colmatation 12-15 60
Latest designs
9 |Monolithic concrete with geomembrane of 0.4 mm thick at least 70-85 98
10 Reinforced concrete monolithic with geomembrane of 0.4 mm thick 70-85 9
at least
1 Precast monolithic reinforced concrete with geomembrane of 70-80 08
0.4 mm thick at least, protected by geosynthetic material
12 Geom_embrane with a protective soil layer, protected by geosynthetic 80-90 97
material

90 years) compared to the traditional ones and 2. Based on the results of the research, the

reduce filtration losses by 1.5 times (96-98 %).

Conclusions

1. Based on the results of analytical and
experimental studies on the assessment of the
technical condition of hydrotechnical structures
during their operation within the main irrigation
systems of Ukraine, when using traditional designs
of anti-filtration screens, it was established their
being unable to provide effective anti-filtration
protection, and the filtration losses at that exceed
the standard indicators by an average of 20 %.

coefficient of filtration losses and performance
indicators as generalized criteria for selection and
justification of prospective designs of anti-filtration
screens when using geomembranes and protective
geosynthetic materials has been justified.

3. The use of the proposed methodical
approaches to the selection and justification
of promising designs of anti-filtration linings
enables to increase in the anti-filtration capacity
of the screens by 1,5 times as well as their service
life up to 90 years.
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Anomauyin. Axmyanvuicmv NUMAaHHL SUKIUKAHA HAAGHICMIO 3HAYHUX, NoHad 20 % 6i0 HOpMamueHux,
Qinempayivnux empam 3 OilbWOCMI 8000UM, N0OYO08aHux 6 Yipaini Oe3 npomupirempayilinozo
3axucmy. 3a pe3ynemamamiu AHATIMUYHUX MA eKCNepUMEeHMAanbHO-NONbOBUX O00CHIONCeHb KOHCMPYK-
TMUBHUX elleMeHmi8 NPOMUPLIbMpayitiHo2o 3axXucmy 6000LM, PO3PAXYHKIE NAPpAMEempie KOHCMPYKYIl ma
V3a2anbHEeHHsI MAMepianie HayKo8UX 00CIIONCEeHb BUSHAYEHO OCHOBHI HANPIMU I MeHOeHYTl YOOCKOHAICHHS
KOHCMPYKYIU eKpaHie yux 6000um. Bcmarnosneno, wo 8ubip KOHCmpyKyiil npomu@itbmpayiiinux expanie
b6azyemvcsi Ha ONMUMI3ayii OCHOBHUX NOKAZHUKIE KPUMePiie OYIHIOBAHHS MEXHIYHO 1l eKOHOMIUHO OOYLIbHUX
KOHCcmpyKyil. 3a kpumepii OyiHIOBAHHSA KOHCIMPYKYIL NpOmuinempayitino2o 3axucmy nputiHamo: Qin-
mpayiini empamu, Koepiyicum inempayii; koegiyienm xopuchoi 0ii; xoeiyicum npomuginompayiinoi
eexmuenocmi,; Qinompayitinull onip KOHCMPYKYIi;, ONMUMATbHI NAPAMEmpu TPYHMOBoi OCHO8U (Wilb-
HICMb [ 80102ICb) PISHUX MUNIE IPYHMIB, NOKASHUK EKOLO2IYHOI De3neKu; MmexHiKO-eKOHOMIYHA egek-
mueguicms. OOIPYHIMOBAHO MONCIUBICG CIMEOPEHHSI HOBUX MUNI6 KOHCMPYKYIL npomu@itempayiunux
eKpanie 6000LUM ma 6CMaHogieHo menoenyii ix yoockonanenns. Chpopmosano memoouuni nioxoou ujo0o
8UOOPY ONMUMATILHUX KOHCMPYKYIL eKPAHI6. 3anponoHo8ano nepcnekmuehi KOHCmpyKyii npomuginompa-
YIIHUX eKPAHI8 B000UM I3 GUKOPUCTIAHHAM HOGIMHIX MAMEPIAnie ma CyudacHux mexnonoeii. Bcmarnosneno
KOHCMPYKMUBHI napamempu npomu@itempayiinux eKpanie wmy4Hux 6000UM 3A1eAHCHO 8i0 nUOUHU ixX
HanognenHs ma Qi3uKo-mMexaHiunux e1acmusocmeti pyHmie ocnosu yauii eoooumu. Exonomiuna egex-
MUBHICMb HOBUX MUNTE KOHCMPYKYIU NPOMUDITbMPAYIUHUX eKPAHIE, NOPIBHAHO 3 MPAOUYTUHUMU, NOJIAAE
V 3MEHWeH I QIMbmpayiiinux empam ma niosuuyeHHi Koegiyicnma KopucHoi 0ii 6000UM.

Knrouosi cnosa: soootima, 3axuchi KOHCmpyKyii, Koegiyienm inompayii, Memoouxa, MemoouyHi nioxoou,
npomu@inempayiinull eKpan, munu eKpaHie
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Abstract. As a result of Russian military aggression in the south-eastern region of Ukraine, water
supply pipes and structures of centralized water supply systems were destroyed, and therefore water
supply was practically stopped. The solution to the problem can be the use of mobile water treatment
stations which use local sources of water: canals, lakes, ponds, or underground water. A feature of water
treatment technologies in the field is the need to reliably ensure the process of water disinfection. Existing
water disinfection technologies have low efficiency, taking into account the growing number of chlorine-
resistant microorganisms, therefore, the implementation of alternative methods of disinfection during
water treatment is urgent. One of these methods is liquid disinfection by electric current discharge. The
results of the research on disinfection of different types of surface water in Kyiv and water contaminated
with E. coli (Escherichia coli (E. coli)) are described. The research was carried out on a laboratory setup
with a circulation pump and an ejector-type reactor with integrated electrodes where a water-air mixture
is formed through which an electric discharge passes. The discharges initiate the formation of various
highly reactive chemicals such as radicals (OHe, He, O¢) and molecules (H,0,, H,, O, O;). All physical
and chemical processes that occur during discharge ensure the formation and action of short-term radicals
and relatively long-term oxidants. The study of the influence of the concentration of microorganisms on the
speed and completeness of water disinfection was carried out on technical (tap) water with the addition of
washings from two tubes with test culture to the reaction tank, which provided the initial concentration of
E. coli equal to 3.4-10° CFU/cm’. Water treatment for 30 seconds reduced the number of microorganisms
to 5.4-10" CFU/cm?. After 1 minute of treatment this indicator decreased to 1.7-10° and after 3 minutes the
value of 5.2 CFU/cm?® was recorded in the samples, that is, the treated water had indicators of practically
pure water. Experiments have proven the effectiveness of plasma disinfection for liquids with high
concentration of microorganisms.

Key words: water, water supply, disinfection, bacteria, plasma, electric discharge

Relevance of the problem. As a result of
the military aggression of Russian Federation
in the south-eastern region of Ukraine, water
pipes and structures were destroyed, and, as
a result, water supply in Donbas, Zaporizhzhia,
Luhansk, Mykolaiv, and Kherson regions was
practically stopped. First of all, rural settlements
were affected to which water was transported
tens of kilometers by big group agricultural
water pipelines that include water intake and
treatment facilities, transfer pumping stations,
water discharge facilities. Such powerful objects,
due to their considerable dispersion, are prone
to damage and therefore to the cessation of
functioning.

An effective alternative solution for
restoring water supply can be mobile water
treatment stations which can use existing local
water sources: canals, lakes, rivers, ponds, or

underground (especially mineralized) water.
A specific feature of water treatment technologies
under war conditions is the need to reliably ensure
the process of effective water disinfection.
Analysis ofrecentresearch and publications.
In recent years, studies on the quality of tap
drinking water in Ukraine have revealed
a tendency towards an increase in the frequency
of deviations from hygienic requirements in
terms of sanitary-chemical and bacteriological
indicators [1-4]. The increase in the number of
samples that do not meet the regulatory sanitary
and chemical parameters is due to organochlorine
compounds (OCs). Trihalomethanes, the marker
of which is chloroform (CH), are considered
prioritized among OCs. The largest share of
tap drinking water samples (according to the
data of the laboratory of natural and drinking
water hygiene of the State Enterprise «Institute
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of Public Health named after O.M. Marzeev of
the National Academy of Medical Sciences of
Ukraine») [5; 6], the quality of which does not
meet the hygienic requirements according to
sanitary and toxicological indicators, belongs to
CH (36.6%).

The current sanitary-epidemic situation is
caused by a number of factors including the
decrease in the effectiveness of classic chlorine-
containing disinfectants. This is explained by
the mass spread of chlorine-resistant forms
of pathogenic microorganisms. The problem
is currently being solved by using new water
treatment technologies [5-7] as well as
increasingly expensive, toxic, but insufficiently
effective disinfectants [8—10]. Therefore, it is
necessary to develop new technological principles
that guarantee stable disinfection of a wide range
of microorganisms in natural waters.

One of the possible technological directions
is the use of high-energy water treatment during
electric discharge. The authors of the paper
proposed water purification technology when
using local water sources. The schematic diagram
of the water treatment station is shown in Fig. 1.
In this technological solution the question of the
efficiency of the generator of complex oxidizers
is insufficiently investigated.

The goal of the work is to experimentally
determine the effectiveness of the method
of inactivating microorganisms in water

4~

11,

(0]

using the influence of cold plasma of pulsed
electric discharge in a heterogeneous water-air
environment.

Materials and methods. The research was
carried out on a laboratory setup (Fig. 2) at the
Institute of Environmental Geochemistry of the
National Academy of Sciences together with the
employees of the Institute of Water Problems and
Land Reclamation of NAAS [11; 12]. The setup
ensures a cyclic flow of water into the reactor
where the decontamination process takes place.
The decontamination reactor is served by an
ejector with inserted electrodes to which electric
current pulses are transmitted.

The electrodes are located in the vacuum
zone of the mixing chamber of the ejector.
Cavitation «boiling» of the treated water flow
occurs in the ejector ensuring the formation
of a water-air mixture in the ejector’s vacuum
zone. The water-air mixture formed in this way
makes it possible to significantly reduce the cost
of electricity for the generation and maintenance
of plasma compared to discharges in a purely
aqueous environment [2—4].

Discharges initiate a large spectrum of
different physicochemical phenomena, such
as a strong electric field, intense ultraviolet
radiation, shock waves of excess pressure, and,
especially, the formation of wvarious highly
active chemical compounds such as radicals
(OHe, He, Oe, HO,*) and molecules (H,O,,

/7

Birporeseparop

N

Conavuni barapei

. 1
I'enepaTopn

BHYTPIIIHBOTO
3TOPaHHA /

1

AKaMyTATOPH

Fig. 1 Schematic diagram of a mobile water treatment station:
1 — power sources; 2 — line of input water supply; 3 — pump; 4 — lines of water supply for treatment;
5 — generator of complex oxidizers; 6 — microfiltration module; 7 — tank of clean water;
8 — pump of second lift; 9 — hydropneumatic accumulators; 10 — line of clean water supply;
11 — automated power supply cabinet with ARS, inventor, and stabilizer; 12 — line of power supply
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decontamination
reactor

Fig. 2 Scheme of the experimental electric discharge installation for water disinfection:
1 — tank of input water; 2 — circulation pump; 3 — power supply unit; 4— discharge chamber — ejector;
5 —electrodes; 6 — manometers; 7 — tap for sampling

H,, O,, O;) [3; 5; 7]. These physic-chemical
processes, which occur during the discharge
itself, determine the effect of disinfecting water
from microorganisms. Accordingly, there is an
assumption that the use of such processing will
ensure high efficiency in disinfecting water from
virtually all types and forms of microorganisms:
viruses, bacteria, fungi, algae, cysts, protozoa,
etc. The productivity of the experimental setup
was Q = 0.45 m’/h at the working pressure at
the ejector inlet equal to 0.3 MPa. The volume
of treated water was 5 liters. The total duration
of the output pulses of the current generator was
5+ 7 s, the frequency of the pulses was 15 kHz,
the amplitude of the pulses was about 5 kV.

The test object was the culture of E. Coli,
strain B-926, from the collection of the Institute
of Microbiology and Virology named after
D.K. Zabolotny National Academy of Sciences
of Ukraine.

Experiments were carried out on model
samples of tap water (here and further referred to
as «technical») with the sowing of E. coli culture
grown on meat peptone agar (MPA), as well as
on natural water: river water — the Dnipro River,
which was collected in mid-July in the coastal
zone of park named after Primakov, and from
lake Seredne, which is part of the cascade of
Holosiiv Lakes in Kyiv.

For tap water, cultures were washed in a sterile
vial and shaken thoroughly. After introducing the
bacterial culture, the content of the container was
mixed well and a sample was taken aseptically
to determine the initial concentration of the test
culture in the water. The initial concentration of
the microbial culture, as well as the content of
microorganisms after exposure to plasma in the

experiments was determined by the method of
water limit dilutions.

The effect of the concentration of microbial
contamination was studied on technical water
samples, where the washings from two test tubes
of E. coli B-926 culture on MPA were added.

The total microbial number of the initial
water samples and after exposing them to
plasma was calculated by the method of limiting
dilutions, i. e., in all conducted experiments,
tenfold dilutions were prepared from the selected
samples. Next, 0.1 cm? of water of each dilution
was sown on the appropriate medium (Endo
or MPA) with three repetitions. The cultures
were incubated for 24 hours at the temperature
of 37 °C. After incubation, the total number of
colonies was counted and the total microbial
number was calculated according to the formula:

x=-2, ()
C
where X is the total microbial number of
colony-forming units of viable microorganisms
(CFU)/cm?; 4 is the average colony count from
replicates; B is the sample dilution; C is the
amount of seed material, cm’.

Technical water was inoculated on E. coli-
selective Endo medium and natural water
samples were inoculated on MPA to determine
total microbial numbers, as well as on Endo
medium to record the presence of fresh faecal
contamination.

Samples were coded as follows: total
microbial number — ZM; D — a sample of river
water from the Dnipro river; O — sample from the
lake; T — technical water sample; content of E.
coli — Ecol.
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Results and discussion. The study
of the influence of the concentration
of microorganisms on the speed and
completeness of water disinfection was
carried out on technical (tap) water with
the addition of washings from two test-
culture tubes to the reaction tank. This
provided an initial E. Coli concentration
of 3.4-10° CFU/cm®. Water treatment for
30 seconds reduced the concentration
of microorganisms by two orders of
magnitude (down to 5.4:10%). After
1 minute of treatment, this indicator
decreased to 1.7-10> CFU/cm?, and after
3 minutes, the value of 5.2 CFU/cm? was
recorded in the samples, that is, the treated
water corresponded to the parameters of
practically pure water [13].

To find out the influence of the degree of
pollution on the nature of water disinfection,
an increased amount of test culture was
introduced into the technical water. This
provided an initial cell concentration of
810" CFU/cm?, which corresponds to
the characteristic of «heavily polluted
water» [14]. This led to a decrease in the
speed of water disinfection. The results of
the experiments are presented in the form
of graphs (Figs. 3, 4) of the dependence
of the change in the amount of CFU in the
studied samples on the time of exposure to
the electric discharge plasma.

Lake water samples were tested for total
microbial numbers. Analyzes showed that
the water sampled in the park zone far from
the sources of pollution was quite clean
according to microbiological indicators, the
CFU in the samples was not many orders of
magnitude higher than the requirements for
drinking water — 100 CFU/cm? [13].

Experiments have established that
7—-12 colonies of different species could
be observed on one cup when sowing fresh river
water. On Endo’s medium, Escherichia coli ceases
to germinate quite quickly; the growth of gram-
negative, oxidase-positive microorganisms was
observed, however, for a final conclusion about
the belonging of these bacteria to the intestinal
group additional studies must be conducted.

At the same time, water treated with plasma
and stored for 7 days in the laboratory without
sterile conditions showed a spike in insemination,
including E. coli. Sowing of this water on MPA
showed the value of 1.9-10°, on Endo medium —
4.1-10° CFU/cm’.

Conclusions. 1. A significant relationship
between the time of plasma treatment and the

Total microbal number, CFU/cm3
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Trends in changes in the CFU content of E.coli in

amount of CFU was confirmed, regardless of
the genesis of the sample, species and type of
microorganisms.

2. The water treatment time is influences not
only by the initial concentration of microorganisms,
but also by the presence of an additional organic
component. This can be explained by the fact
that significant part of the synthesized oxidants is
activated to oxidize the organic component.

3. Under the studied conditions, the use of
high-energy water treatment proved its high
water disinfection efficiency and, therefore,
confirmed the hypothesis about the feasibility of
using this method of water disinfection in mobile
water purification plants in modern conditions.
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JOCJUIIZKEHHS MPOLECIB 3HE3APAKEHHSA BOAU
IHPU 3ACTOCYBAHHI IMITYJIBCHOI'O EJIEKTPUYHOTI'O PO3PAAY
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Anomauia. Buacniook eiilicbkosoi aepecii pgp y nisdenno-cxionomy pecioni Yxpainu 6io6ynocv pyiiny-
8aHH5L 800060018 I CNOPYO YEHMPALIZ08AHUX CUCHIEM B000NOCMAYANHS, d OMIICe NPAKMUYHO NPURUHEHO
sooonocmavanhs. Bupiwennam npobnemu moogice cmamu 3acmocy8anis MOOIIbHUX CIANYIL 8000Ni020-
MOBKU 3 BUKOPUCHIAHHAM MICYeUX 0dcepesl B000NOCMAYAHHA. KAHATIB, 03ep, CIABKI6 ab0 NiO3eMHUX 800.
Ocobnusicmio mexHonoz2iti 6000Ni020MoBKYU 8 NOALOBUX YMOBAX € HEOOXIOHICMb HAJIIHO20 3a0e3NeYeHHs
npoyecy sHezapadicents 6o0u. Icuyloui mexnono2ii 3uesapasicents 800U MaOmMv HU3bKY epekmusHicmy,
8PAX0BYIOUU 3POCMAIOYY KINbKICMb XA0PPE3UCHEHMHUX MIKPOOP2aAHI3Mie, omoice aKmyanibHUM € 6npo-
BAOHCEHHSL ANbMEPHAMUSHUX MEMOOI8 3HEe3APANCEHHs npu 6000niocomosyi. OOHuUM i3 maxux memoodis
€ 3He3apadicents piounu pospadom erekmpudnoeo cmpymy. Onucano pesyibmamu 00CiONHCeHb 3He3apa-
JHCeHHsT 800U PI3HUX MUNI6 i3 nosepxnHegux oxcepen m. Kueea ma 600u, 3apasicenoi KUMKOBOIO NATUUKOIO
(Escherichia coli (E. coli)). Jocrioscenns 30ilicHeni Ha 1a00pamopHiil YCMAaHO8Yi 3 YUPKYIAYIIHUM
HACOCOM | Peakmopom ediCeKmopHo20 Muny 3 iHmMe2posanumiu enekmpooamu, oe (Popmyemucs 6000-
nosimpaua cymiut, uepes AKy npoxooums eiekmpudrull po3psao. Pospaou iniyitoroms YMEopeHHs Pi3sHUuX
BUCOKOAKMUBHUX XIMIUHUX ped0osuH, makux aAx paouxaiu (OHe, He, O¢) ma monexyiu (H,0,, H, O,, O;).
Vei gpizuxo-ximiuni npoyecu, axi 8i00ysaromvbcs npomsicom pospaody, 3a6e3neuyoms YmeopeHHs ma oio
KOPOMKOMEPMIHOBUX PAOUKANIE | NOPIGHAHO 00820MPUBANUX OKUCTI08AYI8. Bueuenns eniugy KoHyem-
mpayii MIKpoOpeaHizmMieé Ha WEUOKICMb | NOBHONTY 3HE3APANCEHHS 800U NPOBOOULU HA MEXHIUHIU (8000-
npPOGIOHiLl) 800i i3 BHECEHHAM 00 PeaKyiliHoi EMHOCTI 3MUBY 3 080X NPOOIPOK MeCm-KYIbMypu, o 3aoe3-
neuuno nouamrosy konyenmpayiio E. coli 3,4 - 106 KYO/cm?. Obpobra 600u npomsizom 30 cekyHo 3nusuna
Kinbkicms mikpoopeanizmie 0o 5,4 - 104 KYO/cym®. Qepes 1 xeununy o6pobKu yeti NOKA3HUK 3HUZUBCS 00
1,7 - 102, a nicas saxinuennsn 3 xeunun y npobax peccmpysamu 5,2 KYO/cm?, mobmo obpobnena éooa
Mana NOKA3HUKU NPAKMUYHO 4ucmoi 6oou. Jlocniou dosenu eqhekmusHicCms 3He3apadCceHHs Naa3MO8UM
Memooom 05t PIOUH i3 BUCOKOIO KOHYEHMPAYIEK MIKDOOP2AHIZMIG.

Knrwouoei cnoea: 6ooa, 6ooonocmauanns, sne3apasjcents, baxmepii, niasma, ereKmpuiHuil po3psao
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Abstract. In the conditions of progressive contamination of surface sources of water supply and
inefficient wastewater treatment when using existing water treatment technologies, the research problem
and the justification of the use of sorption materials for the retention of specific pollutants, in particular
heavy metal ions and radionuclides, is urgent. The parameters that determine the efficiency of sorbents are
indicators of their sedimentation rate. The purpose of the experiments was to determine the sedimentation
rate indicators for bentonite and copper ferrocyanide, build sorbent sedimentation graphs, and establish
the estimated sedimentation rate of sorbents in the sedimentation tank based on the studied data considering
temperature regime. Deposition of the sorbent in settling tanks occurs with the non-stop movement of water
at a low speed in the direction from the inlet to the outlet. The experiments are aimed at substantiating
the efficiency and criteria of a universal facility, which is able to work equally effectively with sorbents in
different aggregate states. The process of sorbent sedimentation in water is characterized by the kinetics
of sorbent flakes conglomerates sedimentation. These processes are displayed in the form of deposition
kinetics graphs. The experiment used powdered bentonite and a solution of copper ferrocyanide, consisting
of yellow blood salt and copper sulphate in a given proportional ratio. In the course of the study the
following parameters were determined. the hydraulic grain size of bentonite powdery clay, the dependence
of the sedimentation rate on the temperature regime. The liquid layer was divided into layers that show
changes in the amount of suspended substances depending on the depth, which made it possible to determine
the dimensions of the settling tank, the height of the liquid overflow, which, in turn, made it possible to
conduct simulation experiments on virtual machines with a full-scale clarifier-absorber in accordance to
geometric parameters.

Key words: water treatment facilities, preliminary water treatment, bentonite, clarifier-absorber,

hydraulic gain size, suspended particles, sorbent

Actuality of problem. In the conditions of
progressive contamination of surface sources of
water supply and inefficient wastewater treatment
by existing water treatment technologies,
problems of the study on the use of various
sorption materials for the retention of heavy metal
ions and radionuclides with further development
on the basis of these studies of the appropriate
technological facilities where adsorption and
sedimentation processes will take place are urgent.

The results of studies of the effectiveness of
various sorbents are necessary for choosing the
most effective of them; it is their hydrodynamic
characteristics that will directly determine the
design of the facility. In modern conditions, it
has become possible to set the parameters of
a technological facility with the help of computer
Computational Fluid Dynamics modeling by
Volume of Fluid technique — the modeling
of the free flow of liquid by the free surface
method. To reduce the model to the permissible
30-50 million elements, it is necessary to
accurately  determine the  hydrodynamic

characteristics of sorbent particles. Currently,
there are no data on the hydrodynamic
characteristics of the vast majority of sorbents in
the reference literature. This especially applies
to colloidal conglomerates formed during the
introduction of liquid reagents, the combination
of which causes the formation of solid phases of
uncertain hydrodynamic properties. An example
is one of the most effective sorbents, copper
ferrocyanide (Cu,[Fe(CNy)]), which is formed
from a mixture of two solutions: potassium
ferrocyanide (yellow blood salt) (K,(Fe(CN)y))
and copper sulphate (CuSO,) directly in purified
water. The hydrodynamic characteristics of
a promising combination of copper ferrocyanide
with bentonite clay powder are also unknown.
Exactly the hydrodynamic characteristics of
the most promising sorbents were determined
for the further development of the universal
design of the clarifier-absorber, capable to work
effectively both with liquid reagents and with
solid fractions of sorbents, similar to powdered
bentonites and zeolites.

© Marysyk S.V., 2022
2022 « Ne 2 MEJIIOPALIIS I BOOHE 'OCIIOAAPCTBO



I'IJIPOTEXHIKA

Analysis ofrecentresearch and publications.
In papers [1-7] the authors investigated the
influence of various sorbents on technologies and
water quality during the extraction of heavy metal
ions. Technologies based on the use of biological
factors are considered in works [8—12] and
sorbents based on bentonite clays are considered
in [13—-16]. Researches [3; 4] show bentonites
and zeolites as the most promising sorbents
mainly due to their availability and technological
convenience.

The aim of the research is to study
hydrodynamic characteristics of promising
sorption materials for their use in determining the
parameters of facilities for effective retention of
pollutants in natural and wastewaters.

Methodology of research. The experiments
were aimed at studying the hydraulic
characteristics of the most available domestic
sorbents — powdered bentonite and copper
ferrocyanide solution.

The process of sorbent sedimentation in water
is characterized by the kinetics of sorbent flakes
conglomerates sedimentation. These processes
are displayed in the form of deposition kinetics
graphs. During the experiment we used bentonite
clay powder with fraction size of 0.1-0.072 mm
and a solution of copper ferrocyanide
((Cu,[Fe(CNy)]) consisting of yellow blood salt
((K4(Fe(CN)y)) and copper sulphate (CuSO,) in
proportional ratio of 1.356 g of copper sulphate
per 1 g of yellow blood salt. Mixing takes place
in a measuring cup with the addition of no more
than 50 ml of distilled water per 10 g of dry
mixture. The solution of copper ferrocyanide
is prepared exclusively before use, otherwise
the effectiveness of the solution decreases with
a delay.

Fig. 1. shows the laboratory model of a settling
tank with the following geometric parameters:
height — 700 mm, internal diameter — 176 mm, total
volume — 17 dm?, and working volume — 15 dm?®.

The experiment is carried out as follows: the
sedimentation tank is filled with water up to the
“working volume” mark with zero indicators of
suspended particles and the absence of color,
the working volume is 15 dm®. The sorbent is
being added in accordance with the proportion of
20 g/dm?® to the tank and mixed until the sorbent
is evenly distributed over the working volume.
After the disturbances caused by mixing have
stopped and the suspension has reached a state
of rest, the sedimentation time is counted and
data is collected according to the accepted time
intervals: the amount of sediment at the bottom
is measured using a ruler, cm; with the help
of a pipette water is taken for the analysis on

[os ]

a photocolorimeter and a pH meter in the zones
(Fig. 1) A, B, C, D; temperature measurements
are carried out continuously in the working
volume of the cylinder, °C. Water sampling was
made taking into account the deviation from
the classical method [17-18] to increase the
reliability of the obtained results.

&0

g

&0

.
™
=4

)

Fig. 1. The model of a vertical clarifier:

1 — the zone of accumulation of precipitated
particles, 2 — the zone of collection of
material (A, B, C, D) for the analysis with
a photocolorimeter (turbidimeter); 3 — the height
of the working volume of the settling tank.

The obtained data are summarized in a form
of tables and graphs of the dependencies of
hydraulic size (Fig. 2—4).

The following devices were used in the
experiments: “Milwaukee Mi415” turbidity
meter; Photocolorimeter “Hach DR28007;
Electronic  thermometer with temperature
sensor “NTCI10K”; electronic scales with
a resolution of 0.01 g; stopwatch.

According to the research results, a model
of the sorbents deposition is built and the speed
of their deposition is established (Fig. 2-4),
Table 1 [18].

Calculation of hydraulic size [17; 18]:

1000HK
= ; (D

o~ . _n
. (HKJ
hl

where H is the depth of the working part of the
settling tank, m; K is the coefficient of settling
volume utilization; ¢, is the duration of settling in
a laboratory cylinder at the layer height /#,, during
which the required lighting effect is achieved; n is
the coefficient of proportionality, which depends
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Fig. 2. Dependencies of the hydraulic grain size of the copper ferrocyanide solution
for the duration of the experiment of 4 hours and the temperature of the suspensions of 7-9 °C
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Fig. 3. Dependencies of hydraulic grain size of bentonite for the duration
of the experiment of 56 hours and the temperature of suspensions of 14—16 °C

on the agglomeration of suspended particles of
substances in the process of sedimentation in
different layers of water (4, > h,) and is calculated
using the formula:

— lgtl ngZ , (2)
Igh, —Igh,
where h, and h, are the heights of settling layers,
cm; t, and t, are the durations of settling in the
corresponding layers, sec.

The efficiency of the sedimentation of the
suspension is calculated as the difference between
the values of the concentration of suspended
substances in the water before and after the
sedimentation:

_ uinput - “’i

P -100 3)

uinput
where p;,,, is the content of suspended substances
in the input water; L, is the content of suspended
substances in settled water, g/dm’, after the
settling time [19].

Research results. During the study, the
following parameters were determined: the
hydraulic grain size of bentonite powdery clay
and copper ferrocyanide, the dependency of the
sedimentation rate on the temperature regime,
and the full settling cycle.

Note. Turbidity A, Turbidity B, Turbidity C,
Turbidity D are the turbidity samples taken at the
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Fig. 4. Graphs of dependencies of the hydraulic grain size of bentonite
and copper ferrocyanide mixture for the duration of the experiment
of 2 hours and 20 minutes and the suspension temperature of 8 °C

1. Calculated data of hydraulic grain size

(mixtures of bentonite clay powder, zeolite and copper ferrocyanide)

o Hydraulic | Coefficient of | Concentrations
Settling time, o : .
Ne Name ¢ hours grain size, |proportionality,| of suspended
’ U,, mm/sec. n substances, P, %
1 Copper ferrocyanide 6 1.44 0.54 87.9
Bentonite 56 0.11 1.39 98.26
3 | Bentonite + copper ferrocyanide 2.20 6.185 0.29 99.8

same time from different depths of the settling
tank. From the bottom of the sedimentation
model, A = 60 cm, B = 45 cm, C = 30 cm,
D =15 cm (Fig. 1).

The best result of 99.8% precipitation of
suspended particles and complete decolorization
of purified water from copper ferrocyanide
residues was recorded in an experiment with
a mixture of bentonite powdery clay and copper
ferrocyanide solution in the proportion of
2/0,5 g/dm?® of dry matter.

Based on the obtained data empirical models
were built to describe the change in water
turbidity depending on the settling time.

The change in water turbidity over time during
settling of the sorbent — copper ferrocyanide — is
described by Equation (4)

CK =0,287 + 2717 1), (4)

where CK is the turbidity concentration, mg/dm?;
t is the settling time, hours.

Multiple correlation of the model is R = 0.987;
explained variance — 97; p < 0.00001

The change in water turbidity over time
during settling of the sorbent — dusty bentonite —
is described by Equation (5)

CK =16,589—0,781- 1 +14,506 -/t —

. (3)
—19,007 - In(t)—-11,171- Gj

where CK is the turbidity concentration, mg/dm?;
t is the settling time, hours.

Multiple correlation of the model is R = 0.983;
coefficient of determination — R> = 0.965;
adjusted determination — R, = 0,953; Fisher’s
F(4.20)=139.37; p <0.00000; standard estimated
error — 0.71870.

The change in water turbidity over time
during settling of a mixture of sorbents — copper
ferrocyanide and dusty bentonite — is described
by Equation (6)

CK =0,20267 + 7773770 ()

where CK is the turbidity concentration, mg/dm?;
t is the settling time, hours.
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Multiple correlation of the model — R = 0,999;
explained variance — 99; p < 0,0001.

These equations in the further modeling
of suspension sedimentation processes in the
adsorber-settler make it possible to move away
from “pseudo bitmaps” arrays of particles with
billions of dimensions to “pseudo-vector”
calculations already with tens of millions of
“vector” particles and thus significantly reduce
the requirements for computer performance,
which makes it possible to move away from the
use of computer clusters and conduct simulations
on an individual workstation.

Conclusions. Physical modeling of the sorbent
deposition process using a model of settling
tank made it possible to determine the hydraulic
grain size of the sorbents, which will be used in
the future to justify technological and structural
parameters of the combined adsorber-clarifier
facility, which ensure effective extraction, first of
all, of heavy metal ions and radionuclides from
natural and sewage water.

The empirical equations of water/sorbent
suspension sedimentation built on the basis
of experiments will significantly reduce the
requirements for computer capabilities.

Prospects for further research. On the basis
of the received data, it is planned to carry out
simulation experiments using the virtual machine
“FlowVision simulation CFD (Computational
Fluid Dynamics)”, which works on the basis of
the finite element method (FEM) and the finite
volume method (FME). Experiments are carried
out by modeling in a virtual environment using
a software package for working with spatial
models.

In the virtual experiment, a simplified model
of'the clarifier-absorber is used, since the clarifier-
absorber with a vertical flow has an axisymmetric
geometry, the three-dimensional flow modeling
mode can be simplified to a two-dimensional
model with the corresponding possibilities
of saving resources and ease of working with
the model.
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VJIK 628.16
BU3HAYEHHS T'IJIPABJIYHOI KPYITHOCTI
NPUPOIHUX I LITYYHUX COPBEHTIB_
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Anomauia. B ymosax npocpecyiouoeo 3a6pyonents nosepxunesux oxcepen 6000N0Cmayanis ma neegex-
MUBHO20 OYUWEHHS CIMIYHUX 800 NPU GUKOPUCANHI ICHYIOUUX MEXHO02I 6000NI020MOBKU AKMYATbHUM
€ 3a680aHHs 00CHIONCEHHs MA OOIPYHNYBAHHS 3ACMOCYBAHHSL OISl 3AMPUMAHHI CReYU@DIUHUX 3a0pYOHens,
30Kpema I0HI8 BAXNCKUX Memanie ma padionykuioie, copbyiinux mamepianie. Ilapamempamu, wo eusHna-
yaromo eghexmueHicmos copbenmis, € NOKAZHUKY WeUuoKocmi ix ocadcysanisi. Memoro excnepumenmis
6Y10 GUHAUEHHSI NOKA3HUKIE WEUOKOCIE 0CAddiCcelHs 0Nl benmonimy ma gepoyianioy mioi, no6yoosa
epagixie ocadicenns copbeHmie ma 6CMAHOBNIECHHSL 3a OOCTIONCYSBAHUMU OAHUMU PO3PAXYHKOBOL WUEUO-
KOCmi 0caodcenns copbenmis y IOCMIUHUKY 3 YPAXy8aHHAM memnepamypuux oauux. OcadxceHus
copbenmy y 8I0CMIIHUKAX 8i00y8acmbCst npu 6E3yNUHHOMY PYCi 600U 3 MATOK WEUOKICIIO 8 HANDIMKY
8I0 6x00y 00 6uxo0y. Jocniou cnpsamosani Ha OOIPYHMYSAHHS eeKmusHOCmi ma Kpumepiie yHisep-
canvhoi cnopyou, sika 30amHa 0OHAKOB0 epeKMUBHO NPAylo8amu 3 cOpOeHmMamu y pizHux azpezamHux
cmanax. Ilpoyec cedumenmayii copbenmy y 600i Xapaxmepusyemucsi KiHemuKol 0CaA0NACeH s KOH2TOMe-
pamie niacmisyie copbenmy. [ani npoyecu 8i0obpaxcaromvca y 6uenadi epa@ikie KiHemuku 0Ca0HCeHHs.
B 0ocnioi suxopucmogysascsi nyoponoodionuil benmonim ma posuun gepoyianioy mioi, o cKIa0aemovcst
3 21c08MOI Kp0o8 'anoi coni ma cynvany mioi y 3a0anomy nponopyituHomy cniegionouweHnui. B x00i docnio-
JIcenHsl OYI0 BUHAYEHO HACMYNHI napamempu: 2iOpasiiuHa KpynHicms OenmoHimogoi nyoponoodionoi
2NIUHU, 3ANEHCHICTD WUBUOKOCNE 0CAOINCEHHS 810 memnepamypHozo peicumy. Tosuy piounu 6yio po3oiieHo
Ha wapu, AKi NOKaA3yloms nepenaou KilbKoCmi 3a8UCTUX PEeHOSUH 8 3aNeXHCHOCMI i0 2nubUHU, ujo 0ano
3MO2Y BUBHAYUMU PO3MIpU 8IOCMIUHUKA, BUCOMY Nepenusy PiOUHU, Wo, 8 C80I0 Yepay, 0dE 3MO2) NPO6O-
oumu iMimayitiHi 00CHiou Ha BIPMYATLHUX MAUWUHAX 3 NOBHOMACUWMAOHUM OC8IMI8AYEM-A0COPOepoM
¥ 8IONOBIOHOCHI 00 2eOMEMPUUHUX NAPAMEMPIB.

Knrouosi cnosa: 600oouucui cnopyou, 6000niocomoexa, 6eHmonim, adcopoep-8iocmilHux, 2iopasuiuna
KpynHicmo, 3a8UCti 4acmku, copbenm
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