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In order to ensure the integral management of water and land
resources during the implementation of environmental protection engi-
neering measures, as well as to solve ecological problems, a macro-
economic approach directed at the final results is necessary. The tra-
ditional “narrow” economics of nature use is viewed as a single cycle
of water and land resources and production waste and pollution, with
insufficient attention paid to the economy itself (“black box”). For pur-
poseful use of macroeconomics, it is necessary to build a vertical of nat-
ural productivity of each natural resource (chain), which will connect
the primary natural factors with the production of final products. An
effective concept of the rationalization of nature use and environmental
protection against debris-flow phenomena and the matching econom-
ic mechanism of nature use in sectors and complexes can be developed
and realized only after the development of the concept of development
of the sector complexes and the whole economy. Regional features of
the formation of the economic mechanism of nature use are important.

The assessment of economic efficiency indicators of environmental
protection measures during the construction of hydraulic engineering
structures is discussed. The value of efficiency obtained by environmen-
tal activities is considered by the criteria for evaluating the efficiency
of the investment project, where this criterion is called net discounted
income, net discounted value, or modern net income. Functional-value
analysis of environmental impact during the construction of hydraulic
engineering structures, including the construction of high dams, for the
realization of the analytical stage, a functional model is built based on
the orography of the social-ecological-economic system.

Based on theoretical and field scientific studies, the economic effi-
ciency of the innovative debris-flow control structure has been estab-
lished, the numerical value of which is equal to 16.15 USD per 1 longi-
tudinal meter of the structure
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1. Introduction

In case of natural disasters (floods, erosive-flood and
landslide processes, snow avalanches, etc.) in modern prac-
tice, a great role is assigned to the construction of such hy-
drotechnical structures, the technical and economic indica-
tors of which are characterized by high economic efficiency
compared to the existing ones.

The increase in the frequency of natural disasters in the
modern world has put on the agenda the construction of such
modern debris-flow control structures, which are character-
ized by the economy of construction materials, where both
secondary raw materials and local materials, such as: stone,
wood, etc., are used as construction materials.

When using debris-flow control structures, taking into
account the above, practice has shown us that in the con-
struction of such hydrotechnical structures in mountain
landscapes, in addition to economic indicators, great im-
portance is attached to the reliability of these structures,
which implies the multiple use of environmental protection
structures in engineering practice. These two issues, such
as the reliability of debris-flow control structures and the

efficiency of constructions, are directly proportional to each
other. The building is reliable, i.e., the building material cor-
responds to high strength and quality, which is also related
to its cost. All this determines the economic efficiency of
environmental engineering measures.

2. Literature review and problem statement

The circular economy movement in sustainable economic
systems is discussed in the scientific article [1]. The effects
of critical socio-economic factors such as economic and pop-
ulation growth and economic structures are analyzed. The
paper is based on panel data covering 28 European countries
with statistical indicators for the years 2010-2019. The
circularity of economic systems derives from a systemic per-
spective, which includes both production and consumption,
as well as issues of environmental protection. In particular,
additional measures targeting behavioral consumption are
needed if we are going to achieve sustainable development.

The paper [2] identifies the environmental issues of the
sea coast. Structural micro-economic models of recreation




demand and affordability among local residents and visitors
for environmental protection, in particular management of
coastal erosion processes, are evaluated. The authors of the
article have discussed the coastal safety management strate-
gy taking into account the economic indicators.

The paper [3] discusses the socio-economic losses of the
local population due to the impact of floods caused by the
possible failure of high-rise dams. Mathematical modeling is
used to predict the material and technical losses of the pop-
ulation living in the risk zones during the flood period, such
as flooding of homesteads, destruction of local industrial,
communal and social facilities, including human casualties.
Micro- and macro-economic indicators for the restoration of
the natural landscape, as well as additional investments for
the implementation of environmental protection measures,
are not evaluated in the work.

The monograph [4] presents the management of very
relevant issues for Georgia, such as mountain landscape
safety measures during natural and man-made disasters
and assessment of ecological and economic damage caused
by natural disasters. The assessment of the ecological and
economic damage of the forest massifs burned as a result of
the 2008 Georgian-Russian military action and the ways of
attracting investments using them are presented. The num-
ber of areas inundated and expected human casualties as a
result of the destructive wave of floods caused by the failure
of high dams is discussed.

The monograph [5] provides an assessment of the econo-
my of nature use in the former Soviet space and their short-
comings in the implementation of environmental protection
measures compared to the market economy. Ecological-eco-
nomic situations in the integrated management of water
resources and their management on a regional scale are
evaluated. The environmental conditions of mountain and
foothill landscapes before the construction of the structures,
after their arrangement and under operational conditions
have been evaluated when using hydrotechnical structures.
The analysis of socio-economic efficiency and safety of the
local population in the event of an increase in the frequency
of dynamic processes of natural events is discussed.

The monograph [6] discusses the dynamic processes of
destruction of natural landscapes and evaluates the limits
of ecological-economic damage of natural resources using
reliability and risk theories. The vulnerability of the natural
environment is presented according to the distribution of the
function of natural events, taking into account the appropri-
ate histogram and the theoretical curve of events. Attention
is focused on the assessment of the risks of natural disasters,
using which it is possible to estimate the ecological-econom-
ic damage.

In the paper [7], as a result of empirical research, the
authors presented the relationship between economic op-
portunities and climate adaptation, taking into account the
population of a specific research object. The risks of climate
change are discussed with the adaptation plan in mind and
the economic effectiveness of incentivizing the local popu-
lation and stimulating adaptation is given. In the article, a
negative relationship can be identified with respect to three
variables. Climate action with one group and two stake-
holder groups. This paper also fails to answer such topical
issues as the prediction of environmental protection in view
of climate change and the attraction of investments for the
implementation of ecological-economic measures at the local
and international levels.

The article [8] presents the main characteristics of eco-
logical economics as a trans-discipline, such as the focus
on the use of people and sustainable nature, and the sec-
ond — fair and efficient distribution with appropriate goals.
The work focuses on the functioning of the interdependent
system of nature and environment for the sustainability of
human well-being, which is involved in the rest of the natu-
ral evolutionary development. A broad understanding of the
interaction of social and natural capital to create sustainable
environmental well-being is presented. The work can be con-
sidered as a negative side of the neglect of some of the current
problems of humanity, such as the financial forecasting of
the fight against the world pandemic, for example, Covid-19,
which represents one of the actual challenges for the life of
the world population.

The paper [9] focuses on one of the main disasters for our
planet, such as — floods. The authors have mentioned that the
society cannot fully protect itself from floods, because risk
management during this natural disaster is a big problem,
which is one of the pressing issues of the modern world. The
paper discusses the issues of flood risk mitigation for the
population of one of the settlements in Germany, whose popu-
lation is more than 4,200 families. Flood damage can be miti-
gated by taking into account past damage, the latter of which
provides a large effect “climate adaptation signal” in flood
mitigation behavior. The paper mentions that the main role in
the management of flood risks should be played by the action
plans of the local governments, taking into account the rele-
vant benefits. The paper does not pay attention to the rules
of behavior of the local population in case of natural disas-
ter — floods, which will significantly reduce the material and
technical damage, including the number of human victims.

The article [10] discusses the ecological-economic dam-
age assessment of forest massifs burned as a result of military
action in Georgia in August 2008 and measures to protect
against soil erosion on mountain slopes.

The construction characterization of erosion control
structures is discussed in the paper, but the technical-eco-
nomic efficiency calculation of environmental protection
structures is not highlighted.

The article [11] considers the problems of developing new
approaches in the theoretical aspect of methodological support
for a comprehensive assessment of the environmental friendli-
ness of systemic natural and man-made objects based on MIPS
and risk analysis. A scheme of algorithmic support for complex
analysis for solving problems of environmental safety at the
level of natural-technogenic complexes has been formed.

However, the article does not consider indicators of
the effectiveness of the use of water and land resources, in-
cluding environmental protection, particularly debris-flow
control engineering measures, which are so relevant in the
modern world.

In the scientific work [12], the processes of managing
the cost of construction and energy projects are studied. The
unreliability of the results of applying classical methods for
planning their cost is revealed. The necessity of creating such
cost planning methods that will take into account the specif-
ics of these projects is substantiated. A method for planning
the cost of construction and energy projects has been formed,
which takes into account the change in the cost of resources
over time, investment and time constraints of the project. In
the scientific work, attention is mainly focused on the cost of
construction-energy projects and their planning flaws. The
authors have not considered and evaluated the methodology



of calculating the price of the use of water and land resources
and the methods of determining the cost.

In article [13], the study is aimed at developing tools to
support the strategic environmental assessment of develop-
ment projects of different scale territorial entities and urban
ecosystems in combination with the concept of environmen-
tal impact assessment.

A tool is proposed to support the strategic environmental
assessment of projects for the development of multi-scale
territorial entities and urban ecosystems in combination
with ETA. The applied approach makes it possible to estab-
lish a relation between the object, the ecosystem, and the
territory. The authors have mainly focused on the ecologi-
cal-strategic direction of environmental protection projects
throughout the region. In the work, the authors have not
discussed economic-ecological issues at all, and they have
not particularly focused on the economic effectiveness of
environmental protection measures.

3. The aim and objectives of the study

The aim of the study is to development of a method of
calculate the economic effectiveness of the innovative tram-
poline-type debris-flow control structure.

To achieve this aim, the following objectives are accom-
plished:

— research of the mechanisms of economic effectiveness of
the implementation of existing environmental programs under
the conditions of integrated management of natural resources;

— study of the economic efficiency of the innovative de-
bris-flow control structure.

4. Materials and methods

Field-scientific researches were carried out in the moun-
tain landscapes, and a debris-flow prevention permeable
structure built in the Telavi River gorge was selected as the
basic environmental protection structure.

The main hypothesis of the research is:

— creation of an innovative construction for the effective
regulation of a debris-flow-type river;

— calculation of economic indicators of innovative con-
struction;

— clarification of the economic efficiency of the innova-
tive debris-flow control structure in comparison with the
debris-flow control structure existing in nature;

— on the basis of the experiments conducted in the hydrau-
lic engineering laboratory, the reliable and efficient operation
of the innovative debris-flow control structure has been
confirmed, and in the scientific paper a detailed assessment
of the innovative debris-flow control structure and its general
ecological and economic indicators have been discussed.

5. Research results of a method of calculate the economic
effectiveness of the innovative trampoline-type debris-
flow control structure

3. 1. Researching the mechanisms of economic effec-
tiveness of environmental programs

During the arrangement of hydraulic engineering struc-
tures, including the construction of high dams, special at-

tention is paid to efficiency of environmental measures and
its economic efficiency indicators, the reliability of which is
related to the amount of investment [1-4].

At present, there are many indicators for assessing the
effectiveness of investment projects. Absolute and relative
efficiency criteria can be used to evaluate the effectiveness
of environmental protection measures. Capital investment in
environmental protection measures with absolute efficiency
is determined by the following equation [5]:

Ep:{zn:i(Eij—C)}/K, (1)
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where E, is a general indicator of the efficiency of capital
investment in environmental protection measures; E; - the
result of environmental protection measures i, which ex-
cludes the loss on the object j; C — annual operating costs for
the main funds that cause the effect; K — capital investment
in environmental activities.

In order to evaluate the appropriate implementation of
measures, it is possible to compare E, with the normative
coefficient of efficiency Eg=0.12. A measure will be con-
sidered economically effective only under the following
conditions — E,>Ey. Thus, the report provides established
regulatory deadlines Ty=1/Ey for collecting the amount. At
the same time, it is possible to use the efficiency index in the
natural-value form, which is called the absolute ecological
efficiency index of capital investments, which is not correct.

This indicator is determined by the following equation:

E=ABJK, 2

where AB — a reduction of harmful substances in the atmo-
sphere, soil and water:

AB:ZKJ‘(BOJ _Bu)’ )

where B,j—By; — the initial volume of residue of the j-ingredi-
ent; K — harmfulness coefficient of the j-ingredient.

The considered indicators do not reflect the dynamics of
measures implementation, do not give an idea of the avoided
losses in the public economy, do not reflect the magnitude of
the effect obtained from environmental activities. The pro-
gram of activities is considered as a set of measures, regard-
less of their sequence (order). Even the common criterion of
the minimum of the given costs cannot correct the indicated
shortcoming:

C+E,K—min. (4)

In order to compare the options of measures implement-
ed in different periods, the discounting method can be used,
based on which the criterion of relative economic effective-
ness of the measures is determined:

i(KP+KDt+Ct)(1+EHp)7[—>min, %)
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where K, — initial capital investments in environmental protec-
tion activities; Kp, — additional capital investment required for
the normal operation of the environmental protection facility
during the operational year t; C; — current expenses per year for
the operation and maintenance of fixed assets.



By comparing the annual costs of environmental mea-
sures with the achieved economic result, it is possible to
determine the annual economic effect [6]:

(P-Z)— max. (6)

This allows to determine the magnitude of the effect of the
environmental activity, but it does not correspond to the rest
of the requirements. The typical methodology developed in
1987 responds to the approach recommended in the method-
ology for evaluating the efficiency of the investment project.
This criterion is called Net Discounted Income (NDT), Net
Discounted Value (NDV), or Modern Net Income (MNI).
For its calculation, the following equation is used:

.
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where P, — the economic result obtained during the year;
K, — investments in environmental activities in year ¢; C, — op-
erating costs of the environmental facility per year for reno-
vation without transfers; T — the end of the operational year;
to — the year of starting the operation of the environmental
facility; » — discount factor.

A normative coefficient can be used as a discount factor,
the value of which is obtained in accordance with the indus-
trial methodology, by determining the economic effective-
ness of costs for environmental protection (is determined
temporarily Eyxp=0.08).

Bank rate percentage is often used as a discount factor.
These methods are focused on both state (government) and
non-state (non-governmental) projects. Usually, the evalu-
ation of investment effectiveness of commercial projects is
discussed in the literature. The assessment of the effective-
ness of the state-funded project has certain features:

1. A single discount factor is established for the project.
Usually, it is determined by the minimum internal rate of
return calculated for capital investment of private sector
with minimum risk. In most Western European countries,
the discount factor (rate) is 8-12 %.

2. Both economic and social effects are determined. If to
denote the measure by i=1, n and the year of the start of its
implementation by T, and at the end — by T,¥, let’s obtain
the option of calculating the NDI of the environmental mea-
sures program:
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where Ej;; — the result of the implementation of i-type en-
vironmental measures, expressed by the amount of avoided
loss in the economic or social i-type field in ¢-year; C;; — op-
erational measures, which are not related to the y-type mea-
sure of the t-year, without exception for renovation; K, — in-
vestments of i-type events in ¢ year; G, — the set of events
that are realized up to year ¢ and provide a result;

G, ={i:T} <t},
Jo={i: T <e<T!"}, )
where J; — the number of realization events per year.

There is another indicator along with the NDI, which is
determined by the same elements. Income index — ;.
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This indicator reflects the relationship between the
discounted result and the discounted capital costs and is
similar to the profitability indicator but takes into account
the time factor. In the case of Sy, the program does not pay
off in time ¢.

Based on this indicator, it is possible to construct a simi-
lar criterion, which is called the efficiency index (85):

i{zww)ﬂ
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This criterion is not used as an indicator of the effective-
ness of the environmental protection program (if NDC>0,
S1>1 — the program is effective, and if NDC<O0, §;<1 is inef-
fective). The following methods of evaluating the effective-
ness of environmental protection decisions are more often
used in current cost method, net profit method, profitability
method, payback period method.

The methods for evaluating the effectiveness of environ-
mental protection investments are quite simple, therefore, a
more targeted option is chosen from various alternative in-
vestment projects. However, these methods do not consider
the time factor, i. e. they have some disadvantages:

1) do not take into account the change of cost and profit
in a certain time;

2) they offer the existence of reliable information;

3) since these methods are provided for the assessment of
the investment of a specific project, in the reports, it is neces-
sary to divide the part of the profit that is due to the invest-
ments made, which essentially complicates the calculation.

Therefore, first, it is possible to formulate the main goal
of the investment project (increasing profit, reducing costs,
etc.), after which let’s use a suitable method that fully meets
the intended goal.

The essence of the method based on the rate of profitabil-
ity lies in the profitability of the given project and its com-
parison with the required profitability, the value of which is
chosen by the investor.

It is possible to compare several options for the project.
The more effective option corresponds to the maximum
amount of profitability. Profitability is determined by the
following expression:

— mnax.

(10)

S (11

Average Profit

Profitability = - .
Average Capital Used

(12)

Profitability expresses the degree of efficiency of capital
use (the amount of net profit per 1 GEL of investments of a
given environmental project). The method of evaluating the
effectiveness of investments according to the payback peri-
od, which is also called the return method (i. e. Pay off, Pay
back), characterizes the time after which the invested capital
is returned at the expense of the profit from the realized
products. The amount of profit for this period is equal to the
amount of investments:



Deadline - Investted Capl.tal . year
Average Profit

(13)

In foreign practice, there is no legal (normative) meaning
of the compensation period: any income eventually will com-
pensate the investment. The issue needs to be resolved: is it ac-
ceptable for the investor to return the money within a specified
deadline period. A project option is considered appropriate if
the payback period is less than or equal to a predetermined peri-
od that can be determined based on experience. The disadvan-
tage of the method is that it cannot cover the entire period of
operation of the project, and it is not affected by all the charges
that exist outside the scope of the payback period.

In addition, this method is focused not on the calculation
of the project’s usefulness, but on the determination of its
liquidity. The basis for determining investments is the flow
of taxes, considering the time factor.

The territorial environmental protection program is
formed with a set of measures, the implementation of which
gives us the opportunity to achieve the set goal of stability
or improvement of the ecological situation in the consid-
ered cities, districts or regions. The analysis in practice,
formed by a state and regional environmental protection
measures, shows that the measures are chosen not by a
special method, but by considering individual sectors and
inter-sectoral complexes (in separate industrial enterprises
with different branches in the field of communication, in
social security, etc.). At the same time, attention is not paid
to the fact that the goal of the en-
vironmental protection program
is divided into separate sub-ob-
jectives (e. g., pollution of a sepa-
rate area of the environment — in
the air atmosphere, in the water
environment, etc.). This leads to
the fact that the set of measures
does not meet all sub-objectives,
and their realization does not al-
low the achievement of the set

of the many methods of FCA for a systematic examination
of the costs of a specific and complex object, such as a terri-
torial environmental protection program, since when using
PCA, special methods need to be developed for this or that
facility (object), although the essence of PCA remains the
same at the methodological level. The enterprise should be
divided into constituent parts, their functions should be sep-
arated, and the importance of functions and its constituent
parts should be evaluated.

Four stages are distinguished during the realization
of the FCA: informative, analytical, creative and research.
Usually, the informational stage includes collecting, prepar-
ing and systematizing data about the facility (object).

Environmental protection program can be considered as
a complex system which should be the object of analysis and
design. It would be correct to try to transfer the methods of
FCA to the process of formation of measures for environmen-
tal protection.

It is advisable to form measures based on alternative
options for environmental protection projects (Fig. 1). It
corresponds to the research stage of FCA [9].

Fig. 1 shows the scheme of measures ensuring the real-
ization of the final goals. For example, the objective O1.1
provides two measures (activities), and the objective O1.2 —
one, while one measure of the objective O1.1 has three alter-
native options: m|,,,m;,,, m;, ; the second has two alternative
options: m,,, and m,,. Objectives M.2.1 and M.2.2 do not
have alternative options for measures.

goal In addltlon? mn the process mll.l 1 m]l.l 2 mll.Zl m;_zl m;zl m;.ZZ m;l.l. m?l:.zl m:l§.22
of forming a complex of measures,

attention is not paid to the vol- | 2 m?,, m,, mi | m,,

ume of investments, the results of _ -

their implementation, which are | m/,, m my,,
expected when the measures are

implemented, show their natural Fig. 1. Alternative options for the target tree

form — reduction of loss from

harmful substances, termination of wastewater pollution,
etc. These results do not guarantee consistency between
different measures [7, 8].

Functional-cost analysis (FCA), which includes the
formulation of target requirements and designed solutions,
is a more comprehensive complex approach to problem solv-
ing. The FCA method has gained worldwide recognition. It
was developed in the 40° of the 20 century as an economic
analysis of constructive and technological decisions. In the
1960s, FCA began to be used on a fairly large scale in ma-
chine-building and tool-equipment enterprises. In the 1970s
and 1980s, laboratories and centers for using FCA were
created, new FCA methods were developed, and computers
were used for their implementation.

The creation of FCA and its use in various fields led to
the reduction of all kinds of costs. It is impossible to use one

Solutions among the FCA alternatives are selected in the
following way: Either decisions are made from many alterna-
tives by one or more criteria, or an economic-mathematical
model is used to form the best set of decisions through se-
lection from alternative options. Both approaches have the
right to coexist, but the second one is more thorough, since
all additional decisions are considered when solving the op-
timization task [10].

In case of choosing measures of the environmental pro-
gram, it is necessary to select a more comprehensive approach,
therefore, in the first case, it is most appropriate to rely on
the information about measures: ®, — assessment of the im-
portance of events; p; — assessment of the prospects of events;
K, — amount of expenses during the realization of measures.

Choosing the best measures from alternative options re-
quires a maximum integrated assessment of measures:



N; = A0, +A,p; + A, K, (14)
where A, Ao, A3 are indicators of coefficient evaluation, which
are obtained based on the expertise (A;+As+Ag=1).

When choosing the measures of the environmental pro-
gram based on the optimization approach, for each final goal,
which has alternative options for the measure, it is possible
to draw up an economic-mathematical model:
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where n; — the number of measures that provide the j-th final
goal, including the alternative; L; — the number of alternative
options of measures for the j-th goal; J; — many alternative
i-variants of measures for j-objective.

The choice of measures determines the result of the deci-
sion of this task, which ensures the minimum costs of the to-
tal satisfaction of the j-th goal. If the majority of measures do
not allow to ensure the full satisfaction of the corresponding
goal, then the given task will not have a solution (meaning).
In order to solve the problem, it is necessary to weaken the
first constraint:

(15)

Zmin.Zgj, (16)
i=1

where €; — a sufficient value to satisfy the j-th goal (¢>0).
Satisfying a collection of measures in this way may re-
quire too much investment. In such a case, it is necessary to
highlight the most important ones from the complete set of
measures. The limit of the allocation is determined either by
the amount of transfer of financial means, or by the degree
of realization of the goal (or its individual sub-objectives).
Let’s consider the selection of measures’ options in the pro-
gram from a wider range in such a way that the costs of their re-
alization are minimal. This task is found in special literature. Its
solution lies in the minimization of costs for the realization of
measures, etc. Before that, it is necessary to solve the problem:

n/
ZZiUi — min,
i=1
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where i — a number of an alternative measure (i=1, m);
Z; — the amount of expenditure for the implementation of
i-measures; U; — searchable target variable with the follow-
ing value: if U=1 — i event is included in the program, if
U;=0 — i event has been postponed. &; — improvement of the

Ziel.jU.zEj,szn,
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jindicators at the expense of the realization of the i measure;
Ej — value of improvement of j-index that should be achieved.

In some cases, it is possible to use the reverse model when
selecting measures:

n
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where @ — the volume of investments allocated for the imple-
mentation of the environmental protection program.

The use of these models is justified, for example, to select
the necessary one from the options of technological process-
es or to control atmospheric pollution. To solve this task, it
is necessary to use the hierarchical representation of criteria
in the form of a tree, the last peaks of which are specific indi-
cators. In this case, it is determined by:

x =2 a,X,
icJ,

(18)

(19)

where j; — the set of i-th criteria that produces the j-th criteri-
on; a;; — the constant of the influence of the j-th criterion on
the i-th criterion; x, and x; — the value of the i and j criteria.

In order to find the optimal set of measures that provide
the value of x, — criteria ieJt ) it is necessary to solve
the problem:

m
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where x;’ — the base value of the j-index; /* — the set of final
values at level % (at the top of the tree).

To solve the inverse problem, it is necessary to change
the “face” of the model:

s 0 0 . k
mln{(x/[xj—xj]/xj}emax, ie ],

x= Y ax, ie ) k=k k-1, @1
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where a; — the meaning (priority) of thej-th criterion: ) a; =1;
ie "
F — the amount of investment allocated for the realiéation of
the project. Relative magnitude of improvement of maximum
criteria (x : —x?) / xj.) in the proposed model. Since in general
cases the number of improved criteria is more than one, then it
is necessary to solve the multi-criteria problem by improving
all criteria i e J* simultaneously. To do this, it is purposefully
possible to use the maximum criteria, which realizes the Che-

byshevsky principle of equal concession:
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Since the ie]k‘ criteria can have different values, it is
possible to consider the value of the criteria (priority) with
the help of the a;— coefficient. The value of the criteria is de-
termined through expertise. When determining the impor-
tance of criteria, it is necessary to consider the role of each in
the overall criterion. For this it is necessary to use the PERT
method. The value of an individual criterion should be evalu-
ated according to the individual branch of the criterion tree.

Based on the performed calculation, it is easy to deter-
mine the value of £ level criteria, which is included in the
objective function of the multi-criteria task formed above:

. k
ai:ij,ze_] ,
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(23)

where L; — the set of criteria between the i-th criterion and
the common criterion. The direct and indirect tasks of form-
ing a set of measures of the territorial environmental pro-
tection program given above belong to the class of discrete
mathematical programming tasks with objective variables.
A random search method can be used to solve these types
of problems.

For such a specific object of analysis as measures of the
protection program, it is necessary to perform the following
important activities:

1) revealing and forming the functions of the object, both
as a whole and its constituent parts;

2) allocating high-cost zones, revealing functional re-
serves;

3) building a functional model;

4) evaluation of function value;

5) confronting the tasks of finding options for the re-
alization of functional models with the necessary quality
assurance and functionally acceptable costs.

Basic, auxiliary and useless functions are distinguished
in FCA methods. Using the analysis of the environmental
protection program, the function of the measures can be de-
termined based on the analysis of the socio-ecological-eco-
nomic model of the region’s functioning. It was mentioned
above that the implementation of a systematic investigation
of the functioning of the region is effective using the oriented
graphs that are based on the modelling. In order to reveal the
functions of measures, it is necessary to connect orientation
graphs with contours. Then the functions will be formed
according to the contours of this graph. Let’s note that one
measure can be associated with several contours (Fig. 2).

In order to assess the development of the socio-ecologi-
cal-economic system, it is necessary that the goals belonging
to one of the levels of the structural-objective model should
exist in the form of peaks of orientation graphs. As a result, it
is possible to highlight the impacts of primary contaminants
on these peaks and provide a link between structural-objec-
tive and functional models [11].

The full effect of the impact of the j-th factor on the /-th
factor, which is one of the goals of the social-ecological-eco-
nomic system, is calculated by the following equation:

{ZEJ‘H L, J 1:[1—4 }

(24)

where E(‘ﬂ — the separable effect of r open path from j to [
Ly —reverse effect of s-ring providing relevant feedback;
R — number of open paths from j to /; § — number of s-rings
providing relevant feedback; {}" — operator that indicates
that firstly the numerator and denominator are multiplied,
then the terms equal to the derivatives of the effects are re-
moved, and only then the division is performed.

If to determine the full effect of the influence of the fac-
tor T before and after the realization of the measure T(
then the change in the effect will be:

AT, =T' =T, (25)

In order discuss the change of factor in detail, T(;;) can be
expressed as a function of contour coefficients:

T], =/ a,m=1,M .

The change of the effect due to the impact on the contour
of the measure can be determined by the following equation:

b s (26)
" da,’
where b,, — the magnitude of the change in coefficient m.
The sum of the effect change according to individual arcs
is equal to the total effect change:

T =% I,
AT . =
ot ,,,Z{ " da,
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As a result, based on directed graph analysis, it is possi-
ble to construct the functional model shown in Fig. 3.

This model has two levels: level of objectives and level of
measures. The contours from the j-measure move towards
the goal if AT{;;,=0. In Fig. 3, part of the contours is marked
with “+” sign, the other part is marked with “~” sign. This
is since based on AT(;;, wit is possible to identify beneficial
(improvement of the values of the system indicators, which
helps to achieve the goal — sign “+”) and harmful (deterio-
ration of the values of the system indicators, which prevents
the achievement of the goal — sign “~”) actions.

The structural-functional model provides a comprehen-
sive evaluation of each measure, evaluation of their blocks,
directed to the structural goal. According to the structural
model, the completeness of the achievement of the structural
goal is evaluated directly, according to the functional model —
the beneficial and harmful effects of the measures and their
blocks. At the stage of the analysis of the systematic investiga-
tion of the measures of the program, it is necessary to analyze



the costs necessary for the implementation of the measures
and determine their compliance with the expected result.

The method of comparing the costs of functions with
the point estimate of the value of the function is based on
the fact that the value of the function is considered to be the
normalized condition for the allocation of costs. When using
the systematic analysis of the event, it is possible to modify
this method and call it the method of comparing the cost of
the measure with the result assessment. The result of the
measures can be evaluated according to the indicators of the
proportionality of the measures. In addition, when formu-
lating the method, the word function disappears, and to the
extent that a complex of measures is considered, the method
can be called complex-value analysis. For its realization, it
is possible to use the structural-value scheme and priority
assessments on the goal tree (Fig. 4).

Complex-value analysis can be performed for any level
of the hierarchical level of the Goals’ Tree, starting from the
first level. For this, it is possible to construct a diagram -
“costs-results” (Fig. 5).
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Measures

Fig. 3. Functional model of goal realization based on measures

Main Goal

Fig. 4. A Tree of goals
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If to find the dependence of costs on the result, then in
the case when this dependence is less than 1, there is a degree
of reliability and it is not necessary to specify measures and
costs, and if the dependence is greater than 1, then the source
of information should be specified, the set of measures should
be improved.

5. 2. Calculation of the economic efficiency of the in-
novative Debris-flow control structure

Regional features of the formation of the economic mech-
anism of nature use are important. The principle issue of the
economic mechanism can be formulated as follows: orienta-
tion to the rationalization of nature use and environmental
protection, expansion of the scale of use of natural resources
in the economy (type of economic mechanism with compen-
satory, soft restrictions) or stabilization and reduction of
the scale of use of nature (rigid and stimulating type mech-
anisms). This dilemma may not even be formulated in such
an obvious way, and it turns out to be the result of choosing
economic or social goals outside the ecological context.

The second formulated prin-
ciple logically follows from the
above — it is impossible to create a
local economic mechanism for the
use of nature, which will operate
in the first stage of the vertical
(chain) of “nature-products” and
separate from the regulatory mech-
anisms of the processes of natural
resources protection.

The mechanism of nature use
should become part of the general
mechanism regulating individu-
al measures on the environmen-
tal vertical and should be focused
on the final result. Taking into
account all of the above, the im-
plementation of environmen-
tal protection measures and the
evaluation of its effectiveness are
functionally related to the complex
evaluation of the economic-ecolog-
ical mechanism.

As an illustration, let’s consider a
practical example: in order to protect
the city of Telavi (East Georgia)
from debris-flow, three debris-flow
control barrages were built in the
bed of the Telavi river gorge, the cost
of one longitudinal meter of which
was 863 USD (Fig. 6).

If to regulate the debris-flow
in the bed of the Telavi river gorge
50 with an innovative debris-flow con-

trol construction of the arch-step
trampoline type, the construction
material of which is used second-

Level 0

Level 1

Level 2

Goal 1

20 —T
-40

ary raw materials (for example,
scrapped metal rails), then the
cost of one longitudinal meter is
175 USD (Fig. 7).

If to calculate the economic
effect using equation (1), then the
annual economic effect is:
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= 863-175 /42.6=16.15%.
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Fig. 6. Debris-flow control structure in the bed of Telavi river gorge

Fig. 7. General view of the innovative debris-flow control
structure

Thus, the obtained result allows to recommend the present-
ed innovative flood protection structure for its use in practice.

6. Discussion of the research results of the economic
effectiveness of environmental protection hydraulic
engineering structures

Scientific studies have shown that the trend of climate
change in Georgia has significantly increased the probabili-
ty of occurrence of natural disasters in mountain landscapes.
In order to reduce the damage caused by natural disasters
(e.g. debris-flow, floods, avalanches, etc.) the creation of
innovative and reliable environmental protection hydraulic
engineering structures was on the agenda. The engineering
structure presented in Fig. 7 [4] is an innovative construc-
tion, the reliability of which has been confirmed on the basis
of experiments (modeling) conducted in the hydraulic engi-
neering laboratory.

On the basis of field-experimental scientific investigations
carried out on the flood control structure built in the bed of
the Telavi river gorge (Fig. 6), it was established that in the
case of movement with catastrophic parameters of the flood,
the failure of the structure’s nodes is common, which signifi-
cantly reduces the reliability of the hydraulic engineering
structure. It is for this purpose that an innovative trampo-
line-type anti-flooding structure was developed at the above
mentioned scientific-research institute (Fig. 7). In order to
develop a recommendation for the use of this structure in
practice, it was necessary to determine the economic effi-

ciency of the construction, which was calculated by us using
equation (28). During the period of the conducted studies,
which were related to the evaluation of the economic efficien-
cy of the innovative hydraulic engineering
structure, there were difficulties related to
the evaluation of the design data and cost
accounting documents of the flood control
structure built in the bed of the Telavi
river gorge (Fig. 6), which economic indi-
cators were calculated in 1970 in Soviet
period’s currency — rubles.

A feature of the proposed study is the
calculation of the technical and economic
efficiency of an innovative flood control
structure, which, compared with the ex-
isting methodology, is due to the innova-
tiveness of the design.

As for the limitations of the study, the construction
material of environmental protection structures, which can
be secondary raw materials (including scrap metal rails or
ropes) or local building material — e.g., lime, or stonean
cause it. The inflation of the national currency in the coun-
try should be also be taken into account, which will make
the budget for the construction of environmental measures
more expensive.

It should be also be noted that the world practice of
planning and implementation of environmental engineering
measures has made it clear that the complete solution of the
fight against natural disasters with engineering-ecological
measures is a priority of those countries that have a sustain-
able economy and a big-budget.

Climate change has led to an increase in the risks of
natural disasters, which requires accurate forecasting and
the development of effective and reliable constructions of
engineering structures, which is also related to the effective
management of environmental-economic issues.

Considering all of the above, in order to manage effec-
tively the issue in the future, a regional solution of environ-
mental measures is recommended, where several countries
will be involved in the project, taking into account the per-
centage share with the appropriate budget.

g Sl i

7. Conclusions

1. After studying and analysing the theoretical and prac-
tical environmental programs, a methodology was devel-
oped, using which the mechanisms of economic efficiency of
environmental programs under the conditions of integrated
management of natural resources were evaluated.

2. Using the economic indicators of the base structure
selected in nature, the economic efficiency of the innovative
debris-flow control structure is established, the numerical
index of which is 16.15 USD per one longitudinal meter of
the structure.
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