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SECTION 4. ENTERPRISE ECONOMICS AND PRODUCTION 

MANAGEMENT 

 

4.1 The model of circular economy of Ukraine in the conext of European Union 

on the basis of fuzzy logic 

 

In 2001, EASAC, the Scientific Advisory Board of the European Academies, 

was launched, bringing together the national academies of the EU Member States to 

enable them to cooperate with each other in the current processes of human life, 

advising European politicians. One of the key areas of research is the development of 

the circular economy in the European community. As noted in EASAC (2015), the 

main goal of society in a circular economy is to reduce the adverse factors that arise 

from the interaction of the economy, environment and natural resources, which in turn 

contributes to the sustainability and well-being of future generations. The main areas 

on which EASAC focuses and which stimulate the transition from a linear to a circular 

economy are presented in Fig. 1. 

 

 

Figure 1. The main directions for circular economy conceptual bases. 

The EASAC approach proposes a transition from a linear economy (which views 

nature as providing resources for use in an economic system to create added value and 

then accepting waste) to a non-linear (circular) economy in which technological 

information is used to reduce waste and diversify resources, considered from the 

Factors 
contributing to 
the transition 

from a linear to a 
circular economy

Long-term 
stability between 
production and 
consumption 

patterns.

Introduction of 
production and 

consumption models 
that would reduce 

greenhouse gas 
emissions.

Reducing the negative 
environmental impact of 
extraction of resources 
on the environment and 

reducing waste.

Wider introduction of 
"green sectors of the 

economy", innovations in it, 
increasing its social impact, 
and their independence from 
the unsustainable growth of 

a linear economy 
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environment in which the newly created added value realized in the products, takes 

into account the negative impact on nature from the use of resources. The result is that 

in a circular economy, material flows and wastes are significantly reduced in turn 

minimizing the destructive impact on the environment [223]. 

As resource efficiency and waste reduction are central to the circular economy, 

material flow indicators are particularly relevant. The interpretation of material flows, 

however, depends on their type. The application of indicators may also differ 

depending on whether they apply to business (at the company level), industry (mining, 

agriculture, etc.) or the economy as a whole [224]. 

In 2000, Matthews proposed a conceptual design of the main material flows, on 

the basis of which a set of indicators was formed. According to this project, the national 

economy can be depicted as an open system in which inputs come from domestic 

production and imports, and output is absorbed by domestic and external consumption 

(exports). Products that are not consumed and at the end of their life cycle become 

waste. Such material flows in the form of waste are represented by materials that have 

no economic value, but are extracted together with useful materials and then discarded 

(for example, rocks extracted simultaneously with minerals. Here is the concept of 

"ecological backpack" [226]. 

The alternative approach for Monitoring Circular Economy Indicators in the EU, 

was performed in study by Nocca F&all, where the it was viewed from construction 

industry, with proposal to integrate Level(s) evaluation tool [230]. 

Quantitative assessment of material flows has already been established in the 

countries of the European Community. Eurostat obtains data related to the monitoring 

of the circular economy. It is on the basis of such information that monitoring systems 

are created, which allow tracking the development trends of the basic principles of the 

circular economy both at the level of individual countries and the whole community in 

terms defined by the information model and ensuring the formation of metrics for 

decision-making. 

A key element of such monitoring systems is material flow control, which 

monitors indicators such as comparisons of imports and exports of raw materials and 
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scrap, levels of reuse and recycling of materials; levels of waste utilization and 

processing as at the level of their types and individual elements; as well as at the 

industry level, such as construction waste recycling. 

However, the concentration in waste monitoring systems does not take into 

account the equally important goal of the circular economy, according to which goods 

should be used longer and more efficiently. And this can be done through repair, reuse, 

sharing of goods or services. Clearly such mechanism involves the introduction and 

monitoring of a system of indicators that characterize the course of intangible processes 

in society. Particularly relevant in this context is the process that causes social change. 

As an example of such important processes in the context of the circular economy, 

there are processes that encourage the reuse of products or services. Such process 

involves the adaptation of business models of enterprises and firms, with the inclusion 

of processes aimed at stimulating the fundamental principles of the circular economy. 

To a large extent, the processes are focused on the manufacture of durable and 

serviceable equipment. 

It is believed that the current system of indicators for monitoring the circular 

economy is closely integrated with the model of sustainable development indicators 

proposed by the UN. Thus, the circular economy is seen as the basis for increasing 

sustainable well-being, and is not in itself an end in itself for the European community 

(EASAC, 2015). The selection of sustainable development indicators is based on the 

Bellagio principles; (IISD, 1997). Such principles recognize the relevance of the 

selection process, which should, as far as possible, reflect the specific goals and 

objectives of state policies in all spheres of human life and at the same time integrate 

the accounting conventions used in the System of National Accounts (SNA) and the 

recently developed Environmental Integration System and Economic Accounts 

(SEEA). 

Given the fact that in the strategic goals of Ukraine's development the key 

reference is its integration into the common European space, all the above is the basis 

of our proposed system for monitoring the level of economic development of Ukraine 

based on the implementation of the basic principles of circular economy. countries of 
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the European Community. Within the framework of the proposed methodology, an 

information model is strictly formalized, which reflects the essence of the peculiarities 

of the functioning of the monitoring system. And its essence comes down to the fact 

that the whole set of indicators of the circular economy is classified into the following 

four sections (Table 1): 

1. Production and consumption (waste production); 

2. Circulation of materials 

3. Waste trade; 

4. Private investment, jobs and gross value added are linked to the circular 

economy; 

5. Patenting is related to the circular economy. 

Table 1. 

Sections and a set of indicators that assess the level of development of the 

circular economy 

Set of Indicators, that asses the circular economy development level 

Production and 

consumption (Waste 

production) 
Waste trade 

Private investment, jobs and gross value 

added are linked to the circular economy 

Patenting 

related to 

circular 

economy 
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1. Methodological - applied features of the comparative analysis for the level 

of Circular Economy development of the circular, European countries case study. 

Based on the above set of circular economy indicators in Table 1, integrated in 

the definition of its four sections, we have formalized the information model of the 

proposed method of monitoring its development. This model represents a hierarchical 

structure in the form of a graph, the end vertices of which are a set of input indicators 

{Ik}k=1,17, at its highest level is determined by the set of resulting composite indicators 

{SCIj}j=1,4) (In terms of content, they reflect the essential features of each of the four 

sections of the circular economy, which are monitored within the proposed system). 

Intermediate composite indicators were determined by expert method for each of the 

resulting composite indicators {𝐶𝐶𝐼𝑙𝑗}𝑙𝑗 = 1, 𝐿𝑗}. And on top of such an information 

model, we have proposed an integrated country assessment (GCI), which accumulates 

the complex effect of the whole set of input indicators and, accordingly, the whole set 

of composite indicators, which are used to assess individual sections of the circular 

economy. This data representation allows for a logical transition from strictly 
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structured data through knowledge bases to an integrated assessment of the level of 

development of the circular economy in a single of the studied countries in terms of 

each of its four controlled sections. 

The detailed structure of the information base for each of the sections of the circular 

economy is presented in table. 2. 

Table 2 

Information model of the system of monitoring the development of the circular 

economy 

N
am

e 
o
f 

se
ct

io
n
 Fragment of the graph of the information model for each of the sections of the circular 

economy 

W
as

te
 p

ro
d
u
ct

io
n
 

  

Waste production

Municipal waste 
generation per capita

Waste generation, 
excluding basic mineral 
waste per unit of GDP

Waste generation, 
excluding basic mineral 

waste for domestic 
consumption of the 

material
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ПоWaste 
management

Waste recycling

The rate of 
processing of all 
waste, except for 

basic mineral waste

Municipal waste 
recycling rate

Biowaste 
processing

Recovery rate of 
construction and 
demolition waste

Electronic waste 
recycling rate

Use of containers 
and packaging

The rate of 
processing of the 
general packing

The rate of 
processing of the 

plastic packing

The rate of 
recycling of wooden 

containers

The rate of use of 
circular material

Trade in secondary raw 
materials

Trade in secondary raw 
materials (Imports from non-EU 

countries)

Trade in secondary raw 
materials (EU internal trade)

Trade in secondary raw 
materials (Imports from non -

EU countries)
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An important element of such a formalized information structure in the form of 

an oriented graph of the system for monitoring the development of the circular 

economy is the definition of many composite indicators. The formation of such 

information structures to monitor the dynamics of complex systems, which is a model 

of a circular economy, is actively discussed in the scientific literature. The following 

three main approaches dominate - the first is based on the use of classical methods of 

economic and statistical modeling, in particular the methods of analysis of variance 

[227,228,229]; the second - on subjective expert judgments, 

The level of attracting private 
investment in the circular 

economy

Integral assessment of the 
received value added in 

absolute terms

Value added at factor value 
(million euros))

Відсоток від валового 
внутрішнього продукту 
(ВВП) у поточних цінах

Integral assessment of gross 
investment in tangible goods

Валові інвестиції в 
матеріальні товари

Валові інвестиції в 
матеріальні товари -

відсоток від валового 
внутрішнього продукту

Integral assessment of the 
number of employees in a 

circular economy

Відсоток зайнятих осіб у 
круговій економіці від 

загальної кількості 
працівників

Кількість зайнятих осіб у 
круговій економіці

Patenting in CE

Patents related to processing 
and secondary raw materials 

(per million inhabitants)

Патенти, що стосуються 
переробки та вторинної 

сировини (на мільйон жителів)
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 third - knowledge extraction using neural network technologies, genetic 

algorithms [230,231]. 

In our proposed method of monitoring the development of the circular economy, 

the structure of information databases is determined through the use of semantic 

modeling. The expediency of this approach is determined by a strictly defined logic of 

implementation of tasks within such a monitoring system. And such tasks are - the 

formation of clusters of countries according to the level of development of individual 

segments of the circular economy, which are strictly identified by a certain set of 

composite indicators. In terms of such segments, the ranking of the whole set of studied 

countries is based on a quantitative assessment of the achieved level of composite 

indicators. Each of these problems is solved using fuzzy set theory. Consider in more 

detail the features of each of these tasks. In the first step, the system of clusters is 

calculated and it is built using the c-mean algorithm. As a result, the whole studied set 

of countries is represented in the form of fuzzy clusters, represented by a matrix of 

fuzzy partitioning [232,233,234]. 

𝐹 = [𝜇𝑘𝑖],     𝜇𝑘𝑖 ∈  [0,1],     𝑘 = 1, 𝑀̅̅ ̅̅ ̅̅ ,     𝑖 = 1, 𝑐̅̅ ̅̅ ,                           (1) 

in which the k-th line contains the degree of belonging of each of the countries 

μ_k =  𝜇к = (µ𝑘1, µ𝑘2, … , µ𝑘𝑛)   ( µ𝑘𝑖 ∈  [0,1]   )to clasters 𝐴1, 𝐴2, … , 𝐴𝑘  (n is the 

number of countries). This clustering is implemented by us for each of the composite 

indicators defined in the information model. Each of these composite indicators 

assesses the level of development of the relevant segment of the circular economy. In 

this case, the information model itself strictly identifies the inputs of such a composite 

indicator, and this may be a system of input indicators or composite indicators of the 

lower level of the hierarchy of the information model. According to the c-mean 

algorithm, the whole set of studied countries X is divided into subsets (clusters) 𝐴𝑖 , 

i=1, i = 1, c with the following properties : 

             ∪ 𝐴𝑖 = 𝑋                                                                       (2) 

𝐴𝑡 ∩ 𝐴𝑠 =  ∅,   𝑠 ≠ 𝑡                                                     (3) 

∅  ∁  𝐴𝑠 ∁  𝑋, 𝑙 = 1, 𝑐̅̅ ̅̅                                                    (4) 
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In the case of fuzzy partitioning, the degree of belonging of the object to the 

cluster   𝜇𝑘𝑖 takes values from the interval [222,223], and the conditions for the fuzzy 

partitioning matrix are written: 

∑ 𝜇𝑘𝑖𝑖=1,𝑐̅̅ ̅̅ = 1,     𝑘 = 1, 𝑀̅̅ ̅̅ ̅̅ ;                                                  (8) 

0 < ∑ 𝜇𝑘𝑖𝑘=1,𝑀̅̅ ̅̅ ̅ < 𝑀,     𝑖 = 1, 𝑐̅̅ ̅̅ .                                          (9) 

The results of fuzzy clustering on a set of indicators, which are included in 

section 2 - Waste management - according to a defined information model, which 

identifies three composite indicators - Waste recycling, Use of containers and 

packaging and Use of circular material. presented in Fig. 3 - 4. 

 

Figure 2. Clusters of countries by the method of fuzzy c-averages on the 

composite indicator - Waste recycling. 

 

Fig. 3. Clusters of countries by the method of fuzzy c-averages on the composite 

index - The use of containers and packaging 
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Fig. 4. Clusters of countries by the method of fuzzy c-means on the composite index - 

The use of circular material 

To compare the achieved levels of development of the relevant sectors of the 

circular economy in terms of certain clusters, the analysis of the average values of input 

indicators (composite indicators) is quite informative, based on which the fuzzy c-

means algorithm is implemented (Fig. 5-7). 

 

Figure 5. Cluster centers for the circular economy sector identified as Waste Recycling 
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Figure 6. Cluster centers by sector of the circular economy, identified as Use of 

containers and packaging 

 

Figure 7. Figure 7. Cluster centers by sector of the circular economy, identified 

as the use of circular material 

As can be seen from Table 3 in the Waste Recycling sector, which accumulates 

five input indicators of the circular economy with the value  𝜇𝑘𝑖  = 0.562279, Ukraine 

is in the 3rd cluster of countries. In addition, countries such as Croatia and 

Liechtenstein have a high importance for the degree of belonging to this indicator. 

Whereas according to the composite indicator Use of containers and packaging 

Ukraine for the value of 𝜇𝑘𝑖   is close to such countries Lithuania, Czech Republic. 
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Table 3 

Measures of 𝜇𝑘𝑖   belonging to the relevant clusters of the state of Ukraine by 

sectors of the circular economy in the section Circulation of materials 

 

𝜇𝑘𝑖   

kl_1 
0,079981 0,24304 0,00126 

kl_2 
0,103921 0,066269 0,000333 

kl_3 
0,562279 0,095489 0,996758 

kl_4 
0,114296 0,485627 0,001585 

kl_5 
0,139523 0,109574 6,41E-05 

CE sectors Waste recycling 
Use of containers 

and packaging 

Use of circular 

material 

 

The next step of the proposed system of development monitoring is the ranking 

of countries based on the calculation of integrated estimates both in terms of its 

individual sectors, defined by the information model, and in general in the circular 

economy. 

Previously, integrated estimates were calculated for each of the countries using 

the Mamdani fuzzy inference model. Such a fuzzy inference should be understood as 

an approximation of the dependence <inputs-> outputs> on the basis of predefined, 

first, the system of linguistic expressions, and secondly, logical operations on fuzzy 

sets [237,238]. 

 The elements of such an output system are: a fassifier, which represents a vector 

of values of input factors (X) in the vector of fuzzy sets  𝑋̃, which are subsequently 

directly involved in fuzzy inference; 

fuzzy knowledge base, which formalizes the dependence Y = f (X) and is 

represented as a system of linguistic rules <if -> then> (Fig. 8.); 
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Figure 8. Fuzzy knowledge base in Mamdani inference model for the circular 

economy sector - Use of containers and packaging 

membership functions for representing term sets of linguistic variables (Fig. 9); 

 

 

Figure 9. Belonging functions for the linguistic variable The use of plastic 

packaging (YpakPlast), a term set identified by three terms - high, medium and low 

levels of use) in the Mamdani fuzzy inference model 

• the fuzzy inference machine based on the system of rules of the knowledge base 

determines the value of the output variable in the form of a fuzzy set Y ̃, which 

corresponds to the fuzzy values of the input variables (𝑋̃ ̃) (Fig. 10); 
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Figure 10. Mamdani fuzzy inference model for calculating the value of the 

composite indicator Use of containers and packaging 

 

• the dephasifier converts the original fuzzy set Y ̃ into a clear number Y. 

Mamdani's fuzzy conclusion is realized on the basis of knowledge, the rules of 

which are formalized as follows [223,224]. 

(𝑥1 = 𝑎̃1𝑗 𝛩𝑗  𝑥2 = 𝑎̃2𝑗  𝛩𝑗 … 𝛩𝑗  𝑥𝑛 = 𝑎̃𝑛𝑗  з вагою 𝑤𝑗) ⟹ 𝑦 = 𝑑𝑗, 𝑗 = 1, 𝑚̅̅ ̅̅ ̅̅ ,      (10) 

where x1,…, xn - input indicators in the system of formal model of indicators of 

the level of development of the circular economy., y - its integral assessment, a ̃_ij- 

fuzzy term, which evaluates the i-th indicator in the j-th rule of the knowledge base, 

Θ_j- logical operation that connects the individual parts of the antecedent in the j-th 

rule. In our case, only the logical operation AND was used. The result of fuzzy 

inference obtained by the Mamdani algorithm is represented as a set of fuzzy terms 

 {𝑑̃1, 𝑑̃2, … , 𝑑̃𝑚}𝑦̃∗                                                    (11) 

To display the resulting fuzzy set of integral index 𝑦̃∗    of a separate composite 

indicator on the universal set of values defined for |𝑦, 𝑦̅|, the operations of implication 

(imp) and aggregation (agg) are performed sequentially. The fuzzy value of the initial 

variable y, as a result of the logical conclusion according to the j-th rule of the 

knowledge base is as follows: 

𝑑̃𝑗
∗ =  ∫ imp (𝑑̃𝑗 , 𝜇𝑗(𝑋∗))

𝑦𝑖∈[𝑦𝑖𝑦𝑖̅]
,  𝑗 = 1, 𝑚̅̅ ̅̅ ̅̅ ,                   (12) 

Implications are realized by the operation of the minimum - "cutting" the 

function of belonging 𝜇𝑑𝑗
(𝑦) for level 𝜇𝑗(𝑋∗). 
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Throughout the knowledge base, the integrated indicator as a fuzzy value in  𝑑̃𝑚
∗ )                                           

(12) by means of operating aggregation: 

𝑦̃∗ = 𝑎𝑔𝑔(𝑑̃1
∗, 𝑑̃2

∗ , …, 

According to the above fuzzy logic, implemented using the Mamdani algorithm, 

a rating of countries according to the level of development of individual sections of the 

circular economy through the calculation of their integrated indicators. The results of 

the calculation of integrated estimates of countries for a certain set of composite 

indicators in the 2nd section of the circular economy are presented in Fig. 11. 

 

 

Figure 11. Integrated assessment of the development of the circular economy by 

section - Waste management with its details in terms of its three constituent sectors - 

Waste recycling, Use of containers and packaging and Use of circular material. 

 It should be noted that the values of indicators for many indicators for Ukraine 

were determined through a survey of experts, while for EU countries they were 

obtained from Eurostat data. 
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